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Molecular tediniques facilitated the identification of ericoid mycorrhizal 

fun@ associated with an ericaceous plant, sala1 (Gaultheria shallon Purch), 

dominant in some reforestation sites in the Canadian West Coast. The 

polymerase Chain reacüon (PCR) was used to arnpMy the DNA coding for the 

interna1 transaibed spacers (US1 and RS2) of the nudear ribosomd repeat of 28 

fungal isolates. Restriction fragment length polymorphism (RFLP) pattems of 

these isolates obtained using a set of four restriction enzymes were compared 

and a synoptic key that differentiates these isolates into 14 groups was aeated. A 

fungal specific primer (ITS1-F) was used to amph@ DNA of salal mycorrhizae 

obtained under axenic conditions with specific combinations of sda l  plants and 

fun@ inoculum. Cornparison among RFLP pattems of the fun@ isoIates with 

salal mycomhizae showed that the fungal specüic primer (ml-F) allowed the 

preferential amplification of the fungal component of the mycorrhizal 

association. RFLPs of fungal isolates and salal mycorrhizae were identical. 

Mycorrhizal root hagments from a sald plant were collected at a 

reforestation site on Vancouver Island. From one set of mot fragments, DNA 

was extracted and amplified by PCR Subsequent RFLP patterns obtained 

indicated the presence of a selection of various fungi. A second set of 5 mm 

mycomhizal mots fragments were plated on Petri dishes and 20 fungal isolates 

were obtained. The in vitro capaaty to form mycorrhizae with sald was tested 

for a l I  isolates and only five were confirmed mycorrhizal with salai. Known 

RFLP pattems were detected from two new isolates: one matched the RFLP 



iii 

pattern produced by Oidiodendron +es and the other matched a 

nonsporuiating fungus (Unknown 2) desaibed from previous work The RFLP 

patterns of the other 18 newly isolated sterile fungi, including three isolates that 

formed in vitro mycorrhizae with salal, were different from those of a l l  known 

ericoid mycorrhizal £un@. The fifteen new isolates that did not form ericoid 

mycorrhizae in vitro corresponded with seven RFLP patterns and their roles in 

association with salai roots is unknown. 

To create a method that w d d  d o w  the direct assesment of the presence 

of known ericoid mycorrhizal fungi in salal roots collected from the field, the 

internal transcribed spacer ITS2 region and 3' end of the 5.8s rRNA gene (400 

base pairs) of 24 fungal isolates were amplified and sequenced. Sequence data 

analysis segregated the mycorrhizai isolates into two main groups, one including 

species of O id iod end ron, and the second including Hymen os cy p hus and allied 

taxa. Accordingly, three different specific primers were designed, the first to 

amplify Oidiodendron species, and the second and third, to idenhfy clusters of 

isolates from the Hyrnenoscyphus group. Tests perfomed using the new 

primers with fun@ DNA mixtures of known mycorrhizaI isolates and non- 

mycorrhizal fungal isolates detected only the fungal DNA. 
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Chapter 1 

Introduction 

Mutualistic symbiotic associations between fun@ and plant roots are 

known as mycorrhizae. Fungi (mycobiont) associated with roots (phytobiont) are 

adapted to explore the soil around the rwt system and to acquire water and 

mineral nutrients. Phytobionts photosynthesize and produce energy- rich carbon 

compounds (Kendridc, 1992). The fungus-root interaction develops after a series 

of events leading to the formation of a new functioning structure establishing a 

nutrient exchange interface (Peterson and Fmquhar, 1994). 

Growth of mycorrhizal plants is almost always enhanced compared to that 

of non-colonized plants (Harley, 1%9). Mycorrhizal associations are common in 

nature and therefore of great importance in various biomes (Harley and Smith, 

1983), as they may regdate plant cornpetition (Fitter? 1977), plant communities 

and succession (AllenI 1984; Francis and Read, 1995). Ecological factors such as 

climate, edaphic conditions, and anthropogenic activities can influence the 

success of particular types of mycorrhizae. Complex interactions between 

mycorrhizal species within and across ecosystems have yet to be understood 

(Read, 1991). 

Identification of the fungal symbionts of some groups of mycorrhizae can 

be very diffïcult because the morphology of fungus-root assoaations formed by 

different h g i  is not distinct between the species. Use of traditional culturing 

techniques to isolate mycomhizal £un@ may be selective for some speaes over 

others present at sampling tirne. Furthemore, some d t u r e s  of fungal isolates 

remain indefinitely as sterile mycelium. Thetefore, the study of species 



composition and dynamiçs of mycorrhizal communities using traditional 

culturing techniques is very diff idt .  Two additional important factors add to the 

complexity of studies of mycorrhizal communities. The first is that ecosysterns 

such as forest or alpine type are composed of d e d  plant species, each of which 

may be associated with totally different mycorrhizal fungi, and individual pIants 

may be assoaated with various mycorrhizal fungi. The second is that plant roots 

are swrounded by soü organic and inorganic particles that harbor additional 

microbial s p e d ,  many with roles yet to be defined. At present, molecular 

techniques can be used to identify fungd symbionts in an effiaent and prease 

manner in situ and to da* phylogenetic relationships (Giovannetti and 

Gianinazzi-Pearson, 1%). Furthennore, molecular techniques are being used to 

gain better understanding of the complex mechiuusms controhg development 

and integration of both symbionts to produce a fundional structure 

(mycorrhiza), and operation at the cellular and molecular level. Use of 

moledar characters of mycorrhizd fun@ will allow ecologists to monitor and 

diaracterize changes in the fungal communities after anthropogenic 

inter ference. 

In this literature review mycorrhizae are descnbed, and their symbiotic 

components and interaction with ecosystems are discussed. Within this context, 

the application of molecular techniques to study mycorrhizal fun@ are reviewed. 

Ln particular, the ericoid mycorrhizal fun@ associated with sala1 (Gaultheria 

s ha1 lo n Pursh) plants present at a reforestation site on Vancouver Island, British 

Columbia, are discussed. 

Types of Mycorrhiue 

The different types of mycorrhizae have been classified according to 

p w t h  of fungal vegetative filaments (hyphe) in relation to the host rmt tissue 



(Kendrik 1985). Adhesion occurs upon contact of the fun@ hyphae with root 

cells. The basic mechanisms controllhg the developmental stages of any type of 

mycorrhizae are largely unknown. Depending on the fungus and plant taxa, the 

fungus hyphae undergoes changes and produces specialized structures on the 

root surface in order to penetrate between or into epidermal and cortical ceIIs of 

plant roots (Tagu et al., 1993; Martin et al., 1995; Lambais and Mehdy, 1995; 

Perotto et a1.,1995). 

The ectomycorrhiza is characterized by fungal hypha growth around the 

root, forming a fungal mantle or sheath. The hyphae of the ectotrophic type only 

penetrates and grows b e t w m  cortical cells to prprode the hyphd network called 

Hartig net. Around 2000 species of host plants form ectomycorrhizae, including 

some of the most economicdy important forest trees that bdong to the families 

of the Piceae  (pine, spruce, £ir etc.), Fagaceae (beech, oak, southern beech), 

Betdaceae, Myrtaceae (eucalyptus), Dipterocarpaceae and Leguminoseae (Isaac, 

1992). The identified fun@ assWated with these plants are mainly 

basidiomycetes (around 5000 species) involving fun@ of the orders of Agaricales, 

Aphyllophornles, Gautieriales, Hymenogastrales, Lycoperdales, Melanogastrales, 

Phalleles and Sclerodermatales . AIso, two orders of the Ascomycetes form 

ectomycorrhizal associations; the Pezizales and the E lap ho m yce tales (Kendrick, 

1985). 

In general, endotrophic mycorrhizae are the most common. In this 

assoaation, hyphae of the fun@ symbiont enter the cortical cells of the host root 

and microscopie intracdular interfaces are produced. UsuaIly, only a loose 

network of hyphae can be observed on the mot surface (Jackson and Mason, 

1984). ArbtscuIar, ericoid, monotropoid and orchid mycorrhizae represent the 

three main types of typical endotrophic mycorrhizae. 

The most common kind of endotrophic mycorrhizd association is the 



arbusdar mycorrhiza (AM). Phylogenetic analysis using DNA sequences of 

genes that code for small ribosomal subunit of rRNA estimate that ancestral 

endomycorrhizal fungi originated in the Paleozoic era, between 353-462 Myr ago 

(Simon et a l ,  1993). These fun@ may have been important in the colonization of 

land by plants (Pirozynski and Dalpé, 1989). About lûûû genera of plants have 

been reported to asmciate with AM fungi, corresponding to around 80% of 

vascdar plants species (Hadey, 1989). These indude most of the a@cuIturally 

important crops, herbs, and tropical trees (Kendrick, 1992). About 130 fungal 

species of AM fun@ have been described, based on spore morphology and 

asexual spore-bearing structures formed at the tip of undifferentiated hyphae. 

These fun@ bdong largely to the class Zygomycetes, order Glomales and include 

six genera; Acaulospota, Entrophosgora, Gigaspora, Glomus, Sclerocystis and 

Scutellospora (Morton and Benny, 1990). 

Orchidaceous mycorrhizae are formed by thousands of species of the 

Orchidaceae and the fun@ are members of the basidiomycetes, oHen of the genus 

Rh izo c to  n ia. This association is very important for successful seedling 

establishment. In orchidaceous mycorrhizae, the fungus supplies carbon to a 

subterranean, adilorophylIous plant structure (Peterson and Farquhar, 1994). 

Some types of mycorrhizae display characteristics of both endotrophic and 

ectotrophic mycorrhizae. These are known as ectendomycorrhizae. Often a small 

mantle is present, but a Ha* net does not necessarily exist. Intracellular 

penetration of cortical c d s  occurs and hyphal coils are formed (Hadey and 

Smith? 1983; Isaac, 1992). Interesangly, fun@ of the same species can fonn either 

ectomycotrhiza or ectendomycorrhizae depending on the host plant. For 

example, a fungus of the genus Wilcoxina (E-strain), foms ectendomycorrhizae 

with Pinus and Lmrk speties, but ectomycorrhizae with Picea, Betula, Abies, 

Tsuga, Pseudotsuga and Populus (Laiho, 1965; Scales and Peterson, 1991; 



Peterson and Farquhar, 1994). Arbutoid and monotropoid mycorrhizae, named 

after the group of host plants, have edendomycorrhizal charaderistics. 

The term "arbutoid mycorrhizae" has been used to describeci assoaations 

of plants of the order Ericdes, including plants of the genera Arbutus, 

Arctos taph ylos and Pyrola (woody s h b s  and trees), fonning mycorrhizal 

associations with fungi of the basidiomycetes (Zak, 1976; Molina and Trappe, 

1982) and Ascomycetes (Fusconi and Bonfante-Fasolo, 1984). 

Monotropoid mycorrhizae are formed between plants of the family 

Monotropaceae , which indude achlorophyllous herbaceous plants, and fungi of 

the basidiomycetes (Isaac, 1992). 

Ericoid rnycorrhiza 

The ericoid mycorrhiza is accepted as one of the common types of 

endotrophic association and is present in the majority of the Ericales (Haley, 

1%9). Plants involved are of the genera Calluna, Rhododendron, Eriuc, 

Vaccinium, Gaultheria and also some genera in the families Epachridaceae and 

Empetraceae (Isaac, 1992). Ericaceous plants predominate on mor humus rich 

soils of high latitude and altitude, forming dwarf-shrub heaths. They dso grow 

as understorey species of the boreal forest, and in mediterranean ciimates (Read, 

1992). These plants have fine mots (hair mots) composed of one to three layers 

of cortical c d s  around a srnaIl stele (Isaac, 1992). The fungal hyphae are present 

around the mot surface where they form a loose weft of mycelium (Stoyke and 

Cmah, 1991). Cortical ceiis are penetrated, and microscopie intracellular 

interfaces are formed. Host cell plasma membrane and an interfaad matrix 

surround the hyphae (Bonfante-Fasolo and Gianinazi-Pearson, 1982). 

Apparently, colonization of each epidermal c d  takes place independently from 

adjacent epidermal cells (Bonfante-Fasolo and Gianinazi-Pearson, 1982). 



Colonized cells are filled with dense coiis (Brook, 1952). The morphology of 

ericoid mycorrhizae formed by different fun@ Iooks çimilar in al1 the spe& of 

ericaceous hosts. 

Ericaceous plants have the capacity to grow and sometirnes become 

dominant in acid (pH 2 to pH 4), strongly leached, nutrient poor soils with a low 

rate of organic matter decomposition (Read, 1984). In these soils, mineral forms 

of nitrogen (N) and phosphorus (P) are limiting or absent, even though total 

organic forms of N and P are high (Read, 1991). Ericoid mycorrhizal h g i  have 

the ability to provide access to nutrients (N and P) that are part of soii organic 

molecules (organic phosphates, amino acids, peptides and proteins) to roots of 

ericaceous plants (Bajwa et ~2.~1985; kake  and Read, 1989; Read, 1984; Read and 

Bajwa, 1985). For example, the well-known ericoid mycorrhizal fungus, 

Hymenoscyphus ericae (Read) Korf & Kernan, has some ability to degrade chitin 

(Leake and Read, 1990), lignin (Haselwandter et al., 1990), and tannins (Leake, 

1987). In addition, H. ericae produces an iron-specific hydroxamate siderophore 

that prote& the plant from toxic effects when iron is present in excess 

concentration (Schuler and Haselwandter, 1988; Shaw et al  ., 1990). 

Fun@ folLning ericoid mycorrhizae are found in the hyphomycetes and in 

two orders of the Ascomycetes; the Onygenales and the Leotiales. The taxonomy 

of several sterile ericoid mycorrhizal fun@ is still unknown (Haselwandter 1987; 

Pearson and Read, 1973; Perotto ef al., 1990,1994,1995; Xiao, 1994). 

In the Leotiales, the taxonomy of the first ericoid rnycofihiza.1 isolate was 

detetrnined in pot culture of Caffuna vulga ris (L.) Hull, when the formation of 

sexual stnictures, apothecia, confirmed the perfect state of the speaes 

Hymenoscyphus ericae (Read) Korf & Keman (Read, 1974). Later, French ericoid 

mycorrhizal isolates obtained from Rhododendron and Calluna mots formed 

apothecia similar to the ones produced by two English isolates of H. ericae (Vegh 



et al, 1979). Although severai isolates from North America have been putatively 

classified as H. ericae , the sexuai stage has never been observed in the field in 

North America (Litten et al. ,1985). 

Although not isolatecl from ericaceous roots, a group of fun@ of the 

families Myxo trichaceae and Gy mnoas caceae (Onygenales) formed ericoid 

mycorrhizae in vitro with Vaccinium angustifolium (Dalpé, 1989). The 

Myxotrichaceae includes the species Myxotrichum se tus u m (Eidam) Orr, Kuehn 

& Hunkett, and Pseudogymnoascus roseus Raillo, with Oidiodendron and 

Geomyces anamorphs, respectively (Currah, 1986). The Gyrnnoascaceae includes 

the species Gyrnnascella dankaliensis (Castellani) Currah, which has an 

Oidiodendron anamorph (Currah, 1986). 

The k t  ericoid mycorrhizal fungus identified in the hyphomycetes was 

the species Oidiodendron griseum Robak isolated from roots of Vaccinium 

angustifolium and V. corymbosum L., (Couture et al. , 1983). Later, 0 t h  fungal 

species of the genus Oidiodendron fomed ericoid mycorrhizae under axenic 

conditions, including O. r ho d og en u m Robak (Dalpé, 1986), 0. mai u s Barron 

(Douglas et al., 1989), 0. chlamydosporicum Mord, O. citrinum Barron, O. 

flavum Sziivinyi, O. pericoinioides Morral, and 0. scytaloydes (Daipé, 1991). 

Other identified hyphomycetes inciude the species Scytalidium uaccinii (Dalpé, 

1989), S tep hanospo riu m cerea Lis (Thum.) Swart (Dalpé, 1991), and one unusual 

mycorrhhl species, Acremonium strictum W. Gams (Xiao, 1994). Some 

basidiomycetes xnay fonn ericoid mycorrhizae with mots of Callu na (Bonfante- 

Fasolo and Gianinazzi-Pearson, 1979; Bonfante-Fasolo, 1980). A species of 

Clavaria was detected in thin sections of roots of Rhododendron by an 

immunocytochemical detection technique (Mueller et al,. 1986). However, 

inoculation of Rhododendron plants with the h g u s  Clavaria argillacea had 

previously failed (Read, 1983). 



Some of the ericoid mycorrhizd fun@ grow slowly in d t u r e  compared to 

other rhizosphere fun@. Many of these remain sterile indefinitely under 

laboratory conditions (Read, 1983). Since positive identification and classification 

of fungal species requires the presence of reproductive structures, th& absence is 

a main obstade to the study of the biodiversity of s t d e  ericoid mycorrhizal 

isolates or to the study of fungal population dynamics in ecosystems in which 

ericaceous plants are dominant. 

Isolation of the fungal syrnbiont from surface-sterilized ericoid 

mycorrhizal rwts was h t  performed by Bain (1937) and it has since been used 

routinely. Pearson and Read (1973) successfully isolated a large number of dark 

slow-growing mycelia from suspensions of cortical cells of fine mots of 

ericaceous plants which were sampled at a series of sites, surface-sterilized and 

macerated. In the later study, for practical reasons, only some of the isolates 

obtained per site were selected to test the2 capacity to synthesize ericoid 

mycorrhiza (Pearson and Read, 1973). Priesently, even though the techniques of 

Bain (1937) and Pearson and Read (1973) d o w  successful isolation of sterile 

mycelium from ericaceous roots, researchers are confronted with similar 

practical problems as in the past, due to the la& of reproductive structures in the 

isolates. Due to practical laboratory considerations, researchers testing the 

capaaty of new isolates to form ericoid mycorrhizae in vitro , usually have to 

select a fraction of the isolates per study site. Seledion of sterile isolates is based 

on cultural and colony characteristics (Pearson and Read, 1973; Stoyke and 

Cmah, 1991; Xiao, 1994). These approaches can Iead to seledion of isolates that 

do not fully represent the biodiversity of ericoid mycorrhizae fun@ from a given 

site. 

In order to overcome the difficulties of isolation and identification, an 

immunocytochemical procedure was used to detect in situ fun@ of the genera 



Clavaria and Perizella present in the roots of Rhododendron. Using an 

immunogold labeling technique, three distinct fun@ types were detected in thin 

sections of these roots (MueUer et al., 1986). The presence of more than one 

ericoid mycorrhizal fungus in a single mot segment has also been reported in a 

study of fungal isolates grown out of surface-sterilized roots (Hambleton and 

Currah, 1994), as wd as in a study involving molecdar techniques (Perotto e t  

al., 1994). 

Use of moledar biology techniques to study mycorrhhe 

At present, a range of cellular and molecular technologies are being used 

to study mycorrhizal fungd / plant interactions. These include symbiosis- 

regulated genes, as well as several aspects of individual symbionts (plant or 

fungus) such as taxonomy, evolution, phylogeny, genetics, physiology, and 

molecular eco10gy (Gianinazzi-Pearson et al., 1995; Simon et al., 1993; Lambais 

and Medhy, 1995; Perotto et al., 1995; Martin et al., 1995; Gardes and Bruns, 1993; 

Bruns et al., 1991). Molecular biologicd techniques allow detedion of 

biosynthesis of enzymes formed de n O v O in fungd mycelium as well as in plant 

cells during establishment and development of the h g d /  plant mycorrhizal 

interaction (Isaac, 1992). 

Temporal or spatial expression of symbiosis-regulated h g a l  and plant 

gene-products is king characterized for ectomycorrhizae, arbuscular 

mycorrhizae, and ericoid mycomhizae symbioses. For example, genes for the 

production of fungal c d  wall polypeptides are produced during the early stages 

of interaction between Eucalyptus spp. and Pisolithus tinctorius (Martin et al., 

1995). 

Studies on arbusdar mycorrhiza (AM) interactions have been carried out 

(recognition, compatibiiity or resistance) using mutant pea plants unable to form 



root nodules (nod-) and aiso resistant to colonization by mycorrhizal fun@ (myc-) 

(Duc et a Z., 1989). 

Plant defense genes which have been identified operating in arbuscular 

mycorrhizae include those that code for chitinases and B-1,3 glucanases. Those 

types of enzymes degrade fungal cell walls. Also, those genes that code for 

enzymes such phenylalanine ammonia lyase, chdcone s ynthase and chalcone 

isomerase have been identified and they are involved in the biosynthesis of 

flavonoid phytoalexins, and biosynthesis of proteins like hydroxyproline-rich 

glycoproteins, which are involved reinforcing the plant cell wall (Spanu et a l ,  

1989; Dumas-Gaudot et al., 1992; Harrison and Dixon, 1993, 1994; Lambais and 

Medhy, 1993; Volpin et al ,  1994; Franken and Gnadinger, 1994; Bowles, 1990). 

Lambais and Mehdy (1993) showed transient indudion of endochitinase and 0- 

1,3 endoglucanase acüvity foilowed by suppression under bo t .  high and low P. 

Possibly the ability to form a mycorrhiza may be controlled by a differential 

expression of these defense genes dependkg on the P availability to the plant. 

Further understanding of the effect of P availability on gene expression of fun@ 

and plant syrnbionts of AM mycorrhizae could provide a basis for management 

decisions in sustainable agricdturd systems. The studies of gene regulation in 

arbuscular rnycorrhizae could guide investigations into regulation of other 

mycorrhizal typesf including ericoid mycorrhizae. 

MoIedar approaches to the study of taxonomy, phylogeny and ecology of 

mycorrhizae 

Efforts to obtain isolates and identify different mycorrhizal fungal taxa 

£rom plant roats are only partially successfd, and labor intensive. Also, field- 

sampled mycorrhizal rmts are surrounded by inorganic soi1 particles (sand, silt 

and clay), organic material (humus, plant and animal debris), water, and 



different kinds of rhizosphere microorganisms. Furthermore, mycorrhizal roots 

may host a diverse community of mycorrhizal fungi. In addition to traditional 

isolation techniques, the task of studying mycorrhizal communities can be 

undertaken by using molecular techniques which may provide p a t e r  specificity 

and sençitivity in anaiysis of mycorrhizal fungi on soi1 samples and complex 

mixtures of plant and fungal species. One of these techniques involves in vitro 

amplification of minute amounts of spedic fragments of DNA. Such DNA 

amplification is accomplished by using the polymerase chah reaction (Pa) 

( M a s  and Faloona, 1987). The PCR reaction involves sequenial cycles of 

reactions that accomplish the fouowing three essentid steps: denaturation of the 

targeted DNA ternplate, annealing of two synthetic oligonucleotide prirners to 

the denatured DNA strandç, and primer extension by a thermostable DNA 

po1ymerase. The primer sequences define the speaûcity of the reaction, since 

they anneal to sequences flanking the target DNA. Newly synthesized DNA 

products of each seriai reaction serve as ternplates for the next set of reactions. 

The amplification is carried out exponentialIy, which explains why twenty cycles 

of PCR yields about a million-fold increase in copies of the target DNA fragment 

(Erlich, 1989; Mullis, 1990; Henson and French, 1993). 

Since its invention, use of the PCR reaction has expanded to d fidds of 

biological sciences because it offers many advantages to molecular biologists. 

These advantages include the fact that minute amounts of DNA or mixed DNAs 

can be used and amplified products can be kept hozen indefinitely. Various other 

molecular protocols have been improved by PCR. For instance, tedious 

conventional molecular cloning protocols and template preparation for 

sequencing c m  be circumvented by using PCR (White et al. , f 989). 

Moledar characterization of biologicai spehens  can be accomplished by 

using PCR products in analyses such as restriction fragment length 



polymofphism (RFLP) of the nbosomal DNA, random amplification of 

poiymorphic DNA (RAPD), DNA-sequencing and the use of taxon-specific 

prirners and probes. 

RFLP analysis involves the digestion of PCR products with restriction 

endonudeases that recognize and cleave specific sequences of base pairs, and the 

separation of the fragments by gel electrophoresis, producing a banding pattern 

that aliows cornparison between isolates. RFLP d y s i s  has been used in 

combination with morphological characteristics to identify steriIe septate fungi 

isolated from mots of a subalpine shrub heath in the Aiberta Rocky Mountains 

(Stoyke et al. , 1992). By using a known ectomycorrhizal fungus (Cenococcum 

g eo p h i 1 um Fr.), an erïcoid mycorrhizal h g u s  (H. ericae (Read) Korf & Kernan), 

and three known mot endophyte speaes (Phialocephnla fortinii Wang and 

Wiicox, Phialocephala dimorphospora Kendrick , and Phialophora finlandia 

Wang and Wiicox, Stoyke et al. (1992) demonstrated that two-thirds of the 

isolates were closely related or conspecific with P. fortinii and five of the isolates 

represented species different from known ones. 

Likewise, colony morphology and molecdar techniques, including the 

PCR reaction, RFLP patterns and sequencing andysis of the ribosomal DNA, 

were used to investigate the anamorph-teleomorph connetion between the 

known ericoid mycorrhizal fungi Scy talidium vaccinii (anamorph) and H. er icae 

(teleomorph) (Egger and Sigler, 1993). Morphologicd as weli as molecular 

techniques were usecl to investigate the h g a l  biodiversity present in roots of 

£ive individual plants of Calluna vulgaris obtained h m  an ericaceous heath in 

northern Italy (Perotto et al., 1994). Molecular data obtained using the RAPD 

technique showed that different ericoid mycorrhizal fungal species as well as 

individuals of the same species can d s t  in the same rmt system (Perotto et al., 

1994; Perotto et a 1,1995). 



Ectomycorrhizd fungi, in particular Laccaria spp., have been studied 

using RFLPs of the nuclear ribosomd RNA genes ( h s t r o n g  et al., 1989; Gardes 

et al., 1990; Henrion et al., 1992). RFLP patterns from the ribosomal RNA genes 

were isolate-specifïc for nine isolates of L. bicolor and L. laccata coIIected from 

different geographic locations of North America. They did not show unif orm 

dorninant band pattems whkh allowed separation of the isolates at the genus or 

species level (Armstrong et al., 1989). In spite of the RFLP pattern variability 

shown by the Laccaria spp, Armstrong et al. (1989) suggested Lhat the RFLP 

fingerprinting technique codd be us& to compare patterns of new isolates 

with previously obtained isolate-speci£ic RFLP patterns. RFLP analysis done on 

European and North American isolates of Laccaria spp., including 29 isolats of 

L. bicolor, eight of L. laccata, three of L. proxima, and two of L. arnethystina, 

showed that the RFLP patterns distinguished the four Laccaria spp., and four 

biologicd species within L. laccata (Gardes et al., 1990). In a more detailed study, 

the intemal hmcribed spacer regions (ITS) of the ribosomal repeat, and the 

rnitrochondrial genomes were amplified and evalwted for length, RFLP analysis 

(Pst 1, Hind III, Mbo 1, and Rsa 1) and sequence analysis. Those analyses identify 

strains, speaes and genera of ectomycoxrhizal fungi, including 22 isolates of 

Laccaria s spp, and seven other ectomycorrhizal fun@, induding the genus 

Amanita, Boletus, Hebeloma, Paragyrodon, Suillus and Thelephora (Gardes et 

al., 1991). Fhdings of this study showed that RFLP analysis of the ITS region did 

not distinguish between four species of Laccaria, but RFLPs produced by the 

restriction enzyme Mbo L codd discriminate between all the different fun@ 

genera. Gardes et al. (1991) performed PCR and RFLP analyses on 

ectomycorrhizae from nursery-grown seedlings of Jack pine (Pinus ban ks ia na) 

and black spruce (Picea maria na) previously inoculated with L. bicolor 0101. The 

RFLP patterns of Mbo 1 and Rsa 1 indicated that a fungal contaminant was 



present in some of the Jack pine mycorrhizae, and the RFLP pattern 

corresponded to the one produced by the isolate Thelephora terrestris 0095. 

Furthermoref a mixed Mbo 1 RFLP pattem of one mycorrhiza of Jack pine 

suggested the coexistence of two fun@ in a single mot system, since the 

restriction fragments corresponded to a combination of both 7'. terrestris 0095 

and L. bicolor O101 (Gardes et al., 1991). 

Morphological characteristicsi, as weLl as restriction fiagrnent patterns 

(RFLPs), were used to darify whether taxa of the E-strain mycorrhizai h g i  

isolated from mots have teleomorphs in the genus Wilcoxina (Egger and Fortin, 

1990). Results of the previous study indicated that the morphoIogy of the taxa 

studied could be cotrelateci with the RFLP analysis, and that the majority of E- 

strain isolates beIong in two species of the genus Wilcoxina, W. mi ko lae and 

W. re h mi i (Egger and Fortin, 1990). 

RAPD analysis requires the use of single arbitrarily chosen oligonucleotide 

primers in a PCR reaction that r e d t s  in the amplification of random segments 

of genomic DNA. The segments generated by the RAPD products can be used as 

moledar markers. RAPD markers can be used to map traits, fingerprint 

individuals, and for analysis of moledar taxonomy and population genetics 

(Welsh and McClelland, 1990; Williams et al., 1990; Rafalski et al., 1991). The 

RAPD technique hm been used for genetic anaiysis of homokaryons representing 

each of four mating-types obtained from a single basidiome of Laccaria bicolor 

(Doudrick et al., 1995). 

Direct DNA sequencing can be carried out on PCR products using a DNA 

sequencing machine (Gibbs et al., 1989). The sequencing reaction requires the use 

of a PCR-pmduct as a template, one primer, a nucleotide mixture and 

thermostable polymerase. Sequencing data can be used for phylogenetic studies 

and to create a data-base that can be used to design more speafic moledax tools 



such as genus- or species-spedtic probes or primes. Partial DNA sequences of the 

IVE region of the ribosomd genes using direct DNA sequaices were used to 

study intraspecific variation between three isolates of Laccaria bicolor , and 

i n t e q d i c  variation with the species of L. laccata, L. proxima and The lephora 

terres tris . Furthermore, based on the intraspecific variation between L. bicolor 

isolates, a probe was wated that was specifically able to distinguiçh one isolate 

from another, based on a single base difference (Gardes et al., 1991). 

Moledar studies have also been done on the fun@ fonning 

ectendomycorrhizae known as the E-strain (Laiho and Mikola, 1964). Sequence 

andysis of the nuclear-encoded ribosolnal RNA genes studied the phylogeny of 

taxa of the E-strain mycorrhizal fun@ of the genus Wilcoxina and their 

relationship to the genus Tricharina, both of the order PePzales (Egger, 1996). In 

this study, phylogenetic analysis dearly segregated the genus Wil CO x ina fr om 

Tricharina, suggesüng they should be kept as separate genera. W. r e h m i i and W. 

m i ko la e could be distinguished by RFLP analysis (Egger and Fortin, 1990; Egger et 

al., 1991) as well as by ascoarp mwphology (Yang and Korf, 1985b), and culture 

morphology (Yang and Korf, 1985a; Egger and Fortin, 1990). Furthermore, a new 

species of Wilcoxina was revealed by the phylogenetic study, describeci in the 

study as Wilcoxina sp. nov. 

To study edomycorrhizae and rust h g i ,  two taxon specific-primers, one 

specific for fun@ (ITS1-F) and the other for basidiomycetes (ITSeB), were 

designeci for the intemal tratlscfibed spacer (IE) region of the nudear ribosomal 

repeat unit (Gardes and Bruns, 1993). Their results showed that when paired 

with the universal primer ITçl or fungal-specific primer ITS1-F, the 

basidiomyœte-specific primer (ITç4-B) efncidy amplified DNA from al1 

basidiomycetes tested, but the DNA's of the ascomycetes were not amplified. 

Although with certain plants the basidiomycete-specifïc primer (ITS4-8) 



produced a srnaIl amount of PCR product, in mixtures of fun@ and plant 

DNAs, the fungal DNA was amplified preferentially, apparently excluduig the 

amplification of the plant DNA. The results of amplification with the h g &  

specific primers @El-F and ITM-B) of mycorrhizae collected immediately below 

a basidiocarp of Ammita francheti showed the same RFLP pattern as the 

basidioarp collected above them. Another mycorrhiza sample amplined with 

the same primas, yielded a RFLP pattern different from that obtained from the 

basidiocarp colleded on the surface, and the fungus could not be identified 

(Gardes and Bnins, 1993). 

Fungal-specific prirners can be used to study mycorrhizal fun@ in 

different ecosystems to avoid misidentification of the fungal partner and to 

avoid the need to obtain a culture of the mycobiont (Gardes and Brunst 1993). 

The fungal specific primer ITSI-F (Gardes and Bruns, 1993) was selected as a 

moleculat tool for use in the present research to identify ericoid mycorrhizal 

fun@ (Gardes and Bruns, 1993). 

Encoid mycorrhizal fun@ in nforestation sites of the West Coast of Canada 

In the coastal forest ecosystems of Canada, salal (Gaultheria s ha1 lu n Pursh, 

Ericaceae) is an abundant understory plant. Sala1 is a dominant species in the 

coastd forest ecosystems of British Columbia, coveMg an estirnated forest area 

of 10,000 hectares, including the maritime subzone of the Coastal Western 

Hemlock (CWH) biogeoclimatic zone (Weetman et a l ,  1990). To avoid slash 

accumulation and heavy cover by salal plantst and to obtain better conifer 

regmeration, cutover areas of old-growth cedar-hemlock forest, known as CH 

phase, were slashbumed and planted with Sitka spruce (Picea sitchensis (Bong.) 

Carr.). However, after 6 to 8 years, the spnice plantations showed poor growth 

and signs of chlorosis and stagnation, indicating severe nutrient deficiency. In 



contrast, after dear cutting and slashburning, sald plants grew quickly without 

showing signs of nutrient deficiency, and became the dominant speaes of the 

sites, reaching a maximum cover of about 60% within four years (Messier and 

Kimmins, 1991). Two main factors seem to have affected tree growth at the CH 

sites; the low availability of inorganic N, and the dominant presence of salal 

(Messier 1991; Weetman et al. 1989). The salal root system is composed of 

rhizomes that produce numerous fine mots. The rhizomes and mots account for 

a Iarge bdow-ground biomass located mainly at the organic layer of the CH sites; 

this organic laye varied in thidcness between 20 and 40 cm (Messier 1991; 

Messier and Kimmins 1991). The dominance of sala1 at the CH sites presents a 

serious probIem for the forest indus- (Weetman et al., 1989). In order to 

understand the problem and fhd a solution to the reforestaaon problems at the 

CH sites, a long-term research effort was initiated at the maritime subzone on the 

Coastal Western Hemlodc (CWH) bioclimatic zone, the Sald Cedar Hemlock 

Integrated Research Program (SCHIRP). 

Interestingly, forest trees responded to nitrogen fe-ation at  the CH site 

while salal did not seem to show d&ciency in nitrogen (Weetmann et al., 1989). 

The main source of nitrogen at the CH sites is in the organic layer (Messier, 1991). 

In Europe, work on the dominance of Calluna oulgaris (L.) Hull), an ericaceous 

plant, has shown that the associated ericoid mycomhWl fungus Hymenoscyp hus 

ericae (Read) Korf and Keman, provides the ericaceous host with nutrients 

(Read, 1987). Studying the role of ericoid mycorrhizal fun@ in the dominance of 

sala1 thus became part of the Sala1 Cedar Hemiock Integrated Research Program 

( S m )  (Xiao, 1994). 

Xiao (1994) isolated fun@ from salal roots sarnpled at the SCHIRP site and 

tested the capacity of the isolates to form ericoid mycorrhizae with salal plants 

under axenic conditions. Using colony morphology and cultural characteristics, 





mycorrhizal fungi, molecular techniques used dongside traditional culturing 

techniques would help to study fungal population dynamics and community 

structure. The assessment of the impact of anthropogenic intervention on 

mycorrhizal populations in proceses such as Iogging, could be done at a faster 

rate using molecular techniques. Periodic assessment of performance and 

geographic distribution of mycorrhizal inocula, hcluding s t d e  isolates, will be 

possible. AIso, fungal taxonomie diversity within a single rwt system as well as 

between root systems can be possible by ushg techniques such RFLP, RAPD, 

sequencing of seiected genes, or molecular probes. 

Objectives 

Xiao's research (1994) provided important information about the identity 

and role of ericoid mycorrhizal fungi present at reforestation sites in British 

Columbia. However, questions concerning taxonomy, biodiversity, phylogeny, 

and ecology of the ericoid mycorrhizal b g i  of salal stili need to be addressed. 

The focus of this thesis's research was to deveiop molecular techniques 

and to use them concurrently with traditional techniques to expeditiously 

evaluate the presence of funga.1 isoIates associated with roots of encaceous plants 

in reforestation sites. Such moledar techniques could be used to evaluate 

ericoid mycorrhizea present in forest and alpine ecosystems. The objectives of 

this thesis are as follows: 

(a) To use molecular techniques in addition to traditional methods to 

determine the genetic identity of known ericoid mycorrhizal fungi and 

some mot-associated £un@. 

(b) To aeate a synoptic key for identification of ericoid mycorrhizal isolates, 

based on an RFLP pattern database. 

(c) Using the PCR reaction, to establlish if fungus-spdc prirners would 



amphfy DNA of the mycobiont from synthesized mycorrhizae and from 

mycorrhizae obtained in the field. 

(d) To test the usefulness of the RFLP database for identification of newly 

acquired isolates from the field. 

(e) Using sequence data, to design taxon-specific ericoid mycorrhizal 

primers. 

(f) Using sequence analysis, to develop an understanding of the 

p h y l o g d c  relationships between the taxa of the ericoid mycorrhizal 

fun@ studied. 



Restriction Fragment Length Polymorphism of Ericoid Mycorrhizal Fung. 

Abstract 

To facilitate the identification of ericoid mycorrhizal fun@ associated with 

salai (Gaulfheria s hallo n Pursh) and to generate a database of ericoid mycorrhizal 

RFLP patterns, the polymerase Chain reaction (PCR) was used to ampiify the 

DNA that codes for the entire interna1 transcribed spacer region (ïïS1 and ITS2) 

and the 5.8s rRNA gene of the nudear ribosomal repeat of 34 fun@. Restriction 

fragment length polymorphism (RFLP) patterns of fungal PCR products obtained 

ushg a set of four restriction enzymes were compared and a synoptic key that 

divides these fun@ into 16 groups was created. A fungal specific primer (ITS1-F) 

allowed preferential amplification of fungal DNA from axenicaliy synthesized 

mycorrhizae obtained with specific combinations of salal plants and fimgal 

inocdum. RFLPs of fungal isolates from pure culture and h m  axenic 

mycomizae were identical. 

From a single field-collected salai rhizome, DNA was extraded h m  a 

series of approxhnately 5 mm long mot fragments of mycorrhizal roots and 

amplified by PCR using a h g a l  specific primer (ITSI-F). Resttiction digests of 

fungal DNAs yielded complex fragment patterns, suggesting that more than one 

fungus was associated with each 5 mm root fragment. Alço, to establish whether 



RFLP screening wodd be usefd in identification of field isolates, 20 fun@ were 

dtured from 3 mm mycorrhizal mots fragments from the same rhizome. Five 

of the 20 isoIates formed mycorrhizae in resynthesis experiments, two of which 

had similar cdony morphology and RFLP patterns to known mycorrhizal fungi. 

Two ericoid mycorrhizd fungi lacked diagnostic morphological characters and 

exhibited new RFLP patterns. These experiments suggest that RFLP patterns may 

be useful in revealing diversity among cultured ericoid mycorrhizal fun@ that 

lack diagnostic sporulation features. 

Introduction 

One type of plant mot endotrophic association, the ericoid mycorrhiza, is 

present in the plants of the order Ericales (Harley, 1969). The exact number and 

diversity of ericoid mycorrhizd fungi remains uncertain and only a small 

number of taxonomically diverse ascomycetes have formed ericoid mycorrhizae 

under in vitro conditions (Shaker, 1996). Several studies indicate that both dark 

and light sterile rnycelial isolates form ericoid mycorrhiza but no reproductive 

structures (Freisleben, 1933, 1934; Bain, 1937; Couture et al., 1983; Pearson and 

Read, 1973; Xiao, 1994). Lacking reproductive structures, sterile h g i  cannot be 

classified even when they are grown in pure culture. Furthermore, the 

morphoIogy of the symbiotic structure (ericoid mycorrhiza) is similar in a l l  host 

plants. Moledar bioIogy techniques, such as PCR used to arnplify specific DNA 

regiom, random amplification of polymorphic DNA (RAPD), restriction 

fragment len@ polyrnorphisms (RFLPs), and DNA sequencing, used in 
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combination with morphologicd and culturai properties, c m  contribute to 

understanding the taxonomy, phylogeny and ecology of ericoid mycorrhizal 

fun@. 

Known ericoid mycorrhizal fun@ include those in the ciass Ascomyceies, 

order Leotiales and order Onygenales. The ericoid species Hyrnenoscyphus ericae 

(Read) Koif & Kernan (Read, 1974) has a Scytalidium anamorph Myxof ricum 

se tosum (Eidam) Orr, Kuehn & Plunkett (Dalpé, 1989) and Gymnascella 

dankaliensis (Castellani) Currah @aIpé, 1989) both have Oid iodend ron 

anamorphs, and Pseudogyrnnoascus roseus Raülo (Dalpé, 1989; Xiao, 1994) has a 

Geomyces anamorph. In the Hyphomycetes, species of the genera Oid iodendro n, 

Stephanosporium, Scytalidium and A c r e m o n i u m  have been proven to form 

ericoid mycorrhiza in syntheis experirnents, including: 0. ci tr in  u m Barron 

@alpé, 1986), 0. chlamydosporicum Morrd @alpé, 1991), 0. maius Barron 

(Xiao, 1994), O. fZavum Szilvinyi amend. Barron (Dalpé, 1991; Xiao, 1994), 0. 

griseum Robak (Couture et al., 1983; Dalpé, 1986; Xiao, 1994), 0. rhodogen u m 

Robak (Daipé, 1986), 0. scytaloides Gams & Soderstrom (Dale ,  1991), 0. 

periconioides MorraU (Dalpé, 1991), Scytalidium oaccinii Daipé, Litten and SigIer 

@alp6,1989; Xiao, 1994), Step hanosporiu m cerealiç (Th  u m .) Barron (Dalpé, 1986), 

and Acremon i u m  s t r ic tu  m (Xiao, 1994). Using transmission dectron microscop y, 

dolipore septa characteristic of basidiomycetes were observed in roots of Callu na 

vulgaris L. (Bonfante-Fasolo, 1980) and Rhododendron (Peterson et al., 1980). 

Furthemore, using an immunocytochemicd detection technique, Clavaria 

species was detected in thin sections of Rhododendron mots (MuelIe. et al., 
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1986). However, to the present, experinients to synthesize ericoid mycorrhiza 

from basidiomycetes have failed. 

Molecular techniques have been used to study mycorrhiza, including both 

ecto- and endomycorrhizd type, helping to darify fungal taxonomy, phylogeny 

and population ecology of the different fungal groups (Gardes et al., 1990; Gardes 

et al., 1991; Stoyke et al ,  1992; Perotto et al., 1994; Egger and Sigler, 1993). Evidence 

obtained from cultural and from molecular data induding RFLP pattenis and 

partial ribusornid RNA gene sequences was used to suggest that the ericoid 

mycorrhizal fungi, Sqtalidiurn vaccinii and H. ericae, are anamorph and 

teleomorph stages of a SingIe taxon (Egger and Sigler, 1993). In the Alberta Rocky 

Mountain region, sterile septate fungal isolates from roots of subalpine s h b  

heath were characterized and grouped by colony morphology. In an attempt to 

iden* these isolates, RFLP andysis of 18 selected cultural groups were 

compared to the ectomycorrhizal fungus Cenococcum geop hilu m Fr., the ericoid 

mycorrhizal fungus H. ericne, and the mot endophytes Phialocephala fortinii 

Wang and Wilcox, Phialocephala dimorphospora Kendrick, and Phialophora 

finlandia Wang and Wicox (Stoyke et al., 1992). RFLP andysis showed that two- 

thirds of the isolates were conspecinc with or closely rdated to P. fortinii. In a 

natural heathland in northern Italy, ericoid mycorrhwl isolates obtained from 

mots of Calluna vulgaris were studied using conventional and PCR-RAPD 

tediniques (Perotto et al., 1994). The study concluded that several ericoid fungal 

species were present in a single plant root system, and that high genetic 

polymorphism exists among the same speaes of ericoid mycorrhizal hm@. Also, 



h g a l  isolates with the same DNA h g e r p ~ t  were detected in mots growing 

distant £rom each other (Perotto et a 1. ,1994). 

Sala1 (Gaultheria shnllon Pursh), an ericaceous s h b ,  is the most 

abundant understory plant in the CO- forest ecosystem of the USA Pacific 

Northwest. In Western Canada, on certain reforestation sites located in the 

Coastal Western H d o c k  (CWH) biogeodhatic zone, s d a l  has become a 

dominant speaes. On these sites, poor growth of conifers (Sitka spruce, Western 

hemlock, Western red cedar and Amabîlis fir) includes symptoms such as 

chlorotic foliage and growth check after 6 to 8 years. In order to find a solution to 

diis problem, the Sala1 Cedar Hemlock Integrated Research Program (SCHIRP) 

was initiated in a maritime subzone on the Coastal Westem Hernlock (CWH) 

biogeodimatic zone, located between Port Hardy and Port McNeiII, in northern 

Vancouver Island, British Columbia. Those oId-growth sites, prior to dearcuthg 

and slash buming, had two major overstory speaes, western red cedar (Thuja 

plicata Donn), and western hemlock (Tsuga he terop h y lIa (Raf.) Sarge), and are 

known as CH forest type (Prescott and Weetman, 1994). Forest floors of the CH 

forest type are low in N availability and the salal understory produces tannins 

that further interfere with N mineralization (Keenan, 1993; Minore 1983; Rescott 

and Weetman, 1994). At the SCHIRP site, most mots of plants are found in the 

organic layer (Prescott and Weetman, 1994). One of the factors affecthg the 

dominance of salal plants in CH reforestation sites in British Columbia may be 

salal's association with ericoid mycorrhizal fun@ (Prescott and Weetman, 1994). 

As part of the SCHIRP project, Xiao (1994) isolated and identified fun@ that 
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formed ericoid mycorrhiza with salal. Axenic studies showed that ail the ericoid 

mycorrhizal l g i  idated at the SCHIRP site have the capacity to use simple 

forms of organic nitrogen, such as the amino ac5d gIutamine, and Oid iodend ron 

griseum and an unidentified fungus (Unknown 2) utilized the peptide 

glutathione. Acremonium strictum utilized a protein as a source of nitrogen, 

bovine serum albumin (Xiao, 1994). Furthermore, dry weights of axenically- 

grown mycorrhual salal plants showed that the amino acid glutamine was a 

good source of N for colonized salal plants, and that the peptide was a good 

source of N for sala1 plants inocdated with Oidiodendron griseum. Sala1 plants 

inoculated with Acremonium strictum grew wd in ai i  sources of N, including 

glutamine, glutathione, BSA and (NH,), HPO,. Also, results of in vi tro studieç 

of the interactions among four ericoid myconhizal fun@ of salal and three 

species of ectomycorrhizal fun@ associateci to Western hemlock showed that d l  

three ectomycorrhizal fun@ were inhibited by the ericoid mycorrhizal fungi of 

salal (Xiao, 1994). 

Fungal colony morphology and when possible, asexml fniiting bodies, 

were used to characterize the ericoid mycorrhizal fun@ of the SCHIRP site (Xiao, 

1994). The most commonly found speQes sporulated and was identified as 

Oid iodend ron gris eu m Rob& The second most common sponilating species 

was Acremonium s trictum W .  Gams. Colonization morphology produced by the 

isolates of A. strictum was different than the trpicai ericoid mycorrhizae and it 

was defined as a pseudomycorrhizai assoaation. A. stric t u  m in salai produced 

fungal hyphae loosely arrangecl inside the cortical celis of salal instead of 



producing the typid hyphal complexes (Xiao, 1994). Two other 

with distinct cultural and morphologicd colony characteristics 
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groups of isolates 

did not sporulate 

under laboratory conditions and they were named Unknown 1 and Unknown 2. 

According to Xiao (1994), colony morphobgy of taxon Unknown 2 resembled 

that of two well known ericoid mycorrhizal isolates of the speaes 

Hyrnenoscyphus ericae (100 and 101) obtained from Dr. D. J. Read. In the absence 

of semial or asmal  reproductive structures, however, it was only possible to 

s p d a t e  further about the identity of the two sterile taxa. Taxonomie diversity 

and distribution of ericoid mycorrhizal fun@ in this ecosystem is çtill not clear. 

The present research is aimed toward devdoping molecular techniques to 

characterize known and new ericoid mytorrbal isolates as well as toward 

devdoping molecular techniques to study the distribution of ericoid mycorrhizal 

fungi in situ, directly from colonized roots taken from the field. 

Objectives 

The main goals of this research were: 

(a) To use moledar charaders, in this case RFLP patterns, in addition to 

aiready established morphological and cultural characters, to evaluate the geneiic 

identity of currently known ericoid mycorrhizal fungal isolates and some mot 

associateci fungi. 

(b) To deveiop, based on a RFLP patterns database, a synoptic key for 

identification of ericoid mycorrhizal isolates. 

(c) To determine whether fungus-specific primers would amplify the 
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h g a i  partner only h m  DNAs of axenicaily synthesized mycorrhizae. 

(d) To determine whether a fungus specific primer wodd amplify a single 

fungus from mycorrhizae obtained from the field. 

(e) To assess whether the RFLP database will be useful in identification of 

known ericoid mycorrhizal fungi among a newly acquired set of isolates from 

colonized field roots. 

Materiah and Methods 

Fungal isolates 

The 34 fun@ idates used in this study were obtained from the 

University of Alberta Mycological Herbarium (UAMH), from the Canadian 

National Collection of Fungus Cultures (DAOM), from Dr. D. J. Read (UK) and 

from G. Xiao (UBC) and M. Monreal (UBC), Departments of Botany and Soif 

Science of the University of British Columbia (Table 2.1). 



Table 21 Fungal isolates used in this study, source of isolates, mycorrhizal status, and isolation data. 

Fungal isolate Source Mycorrhizal 

-- 

Isolation data 

Acremonium strictum UBC S232 + Roots of Gaul theria shallon, 

Vancouver Island,B.C., Canada. 

UBC S214 + 

UBC S228 + 

UAMH 6045 

UAMH 6598 

Hymenoscyphus ericae UAMH 6561 i- Roots of Vaccinium angustifoliumn, 

Maine, USA. 

Roots of Vaccinium nngust~oliirm, 

Windsor, Ontario, Canada. 

Roots of Vaccinium angust~olium, 

Alma, Quebec, Canada. 



Table 1 Continued. 

Hymenoscyphus ericae UAMH 6663 + Rootsof Vaccinium corymbosum, 

Alma, Quebec, Canada. 

READ,D. J. 101 + Roots of Calluna vulgaris, 

Bolsterstone, U K. 

UAMH 6735 + $1 II 

Oidiodendron citrinurn UAMH 1525 + Soi1 of cedar bog , Aberfoyle, Ontario, 

Canada. 

Oidiodendron flavu m UAMH 1524 + II VI 

- --- 

Oidiodendron griseu m UAMH 4080 t Wood chips and bark in logging 

truck, Westlock, Alberta, Canada. 

UBC S4 + Roots of Gauttheria shallon, 

Vancouver Island, B.C. , Canada. 

UBC SI8 + $1 H 

UBC Sm + 11 II 

UBC M l 0  + $1 I t  
- - - - -- - 

Oidiodendron maius UAMH 1540 + Peat soi1 cedar hg, Guelph, Ontario, 



Table 1 Continned. 

Oidiodendron per iconioides DAOM 197506 + Soil, Candle Lake, Saskatchewan, 

Canada. 

Oidiodendron scytaloides UAMH 6521 + Forest mil, Sweden 

Phialocephala fortinii UAMH 6815 - Roots of Cassiope mertensiana, Jasper 

National Park, Alberta , Canada 

Phinlucephaln dimorphospora UAMH 7527 - Slime in pulp mill, New Brunswick, 

Canada. 
- - 

Phialophoru finlandia UAMH 7454 + Roots of Pinus sylves tris seedling, 

Finland. 

Pseudogymnoascus roseus UAMH 1658 t Vacciniu m angus tif01 ium seedlings. 

Scytalidium mccinii UAMH 5828 + Roots of Vaccinium angustifolium, 

Maine, USA. 

Unknown 1 UBC S9 + Roots of Gaultheria shallon, 

Vancouver Island, B.C., Canada. 

UBC s222 + It 91 

UBC S245 + I V  l t  
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DNA extraction, PCR and RFLP pattenu of isolates 

Prior to DNA extraction, fun@ isolates were grown for three we& at 25 

C in the dark on modifiecl Melin Norkrans agar (MMN) (Mm, 1969). DNA 

extractions were carried out on suaped mycelium from the edge of the fungal 

colony (Lee and Taylor, 1990). The DNA region including the internal kanscribed 

spacer I (ITS 1) , the 5.8s rRNG gene, and the internal transcribed spacer 2 (ITS 

2) of the nuclear ribosonid repeat was amplified using PCR (Mullis and Faloona, 

1987). 

PCR conditions for DNA amplification from pure fun@ culture were a 

denaturation step at 95 C for 2 min., followed by 30 cycles of denaturation at 95 C 

for 1 min., a n n e h g  at 48 C for 1 min., and an initial extension at 72 C for 45 sec. 

Subsequent extension times were increased by 4 sec per cycle. The final extension 

step was 10 min. To test for contamination, negative conkols were used in every 

PCR reaction. PCR products were agarose purified. Purified product was 

reamplified with the same primers to hcrease amount of product. 

RFLP analyses were performed on 8 pl of PCR product, following 

instructions given by the restriction enzymes manufadurers. A total of 8 

enzymes were used: Msp 1 (New England Biolabs), Rsa 1 (New England Biolabs), 

Cfo 1 (Promega), Alu I (Promega), Bt 1 (New England Biolabs), Barn I 

(Boehringer-Mannheim), n i n d  IJI (Boehringer-Mannheim), and EcoR 1 (New 

England Biochernicd). The restriction fragments were electrophoresed in 0.5 % 

(wt / vol) Synergel (Diversified BioTech) / 1 % (wt / vol) agarose gel, run at 80 V for 

4 hours. The gels were stained for 30 min in a solution of ethidium bromide, 
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destained in distilled water for 30 min, and photographed under a UV 

transilluminator. Restriction fragment sizes were estimated using the method 

d d b e d  by Southem (1979). 

Synthetic said mycorrhizae 

To obtain axenically grown ericoid mycorrhizal roots, salai seeds were 

surface sterilized in 3û% hydrogen peroxide and rinsed in  sterilized distilled 

water. Drained seeds were placed on the surface of water agar (10 g 1-1) in Petri 

dishes that were sealed with a strip of parafilm. The growth chamber was kept at 

a maximum of 25 C under 18 h light at 310 p o l  m-2 secsec1 and 6 h dark (Xiao and 

Berch, 199'2). After Ieaf emergence, one seedling of salal was placed at the center 

of a Petri dish with half of the media disc rut out. The growth medium consisted 

of 0.1 14 bovine senrm aibumin @SA) and 8 1-1 of Difco Bacto aga, basic salts 

of MMN, with the exclusion of mineral-N, thiamine, malt extract, and glucose. 

Fungai plugs of 5 m m3 were placed on the cut edge of the medium at about 1 cm 

£rom the salal plant. Several Petri diçhes were inocuiated with each fungal 

isolate. The £un@ used were Scytalidium vaccinii (UAMH 5828), Oid iodend ro n 

griseu m (UBC S4), Unknown 1 (UBC S222), Unknown 2 (UBC S246) and the root 

endophytes, Phialocephala fortinii (UAMH 6815) and Phialophora finlandia 

(UAMH 7454). The Petri dishes were kept in the growth chamber for three to 

four months. Rootts were examined under the light microscope to see if they 

were mycomhizal. 



PCR and RFLP of synthesized mycorrhizae 

At hanrest, mycorrhîzal mots were washed in distilled water and DNA 

was extractecl. Because of the need for preferential amplification of fungd DNA 

£rom mycorrhizae of sald roots, a fungal specific primer, ITSI-F, flanking the 5' 

end of the rrSl spacer (Gardes and Bruns, 1993) and universal primer, ITS4, 

Banking the 3' end of the ITS2 region (White et al., 1990) were used. Flanking the 

same DNA region, the universal primers ITS 5 and ITS 4 (White et al, 1990) 

were used to ampiiry salal DNA and these PCR products were used as controls. 

PCR conditions were an initial denaturation step at 95 C for 2 min., followed by 

30 cycles of denaturation at 95 C for 1 min., annealing at 52 C for 1 min. and 

extension at 72 C for 45 sec, increasing the extension time of each cycle by 4 sec 

per cycle and ending with a final extension step of 10 min. PCR products were 

agarose p d e d  and reampMed to inaease the amount of product. PCR 

pmducts were digested with a set of four endonucleases (Rsa 1, Cfo 1, Alu 1, and 

Msp I). DNA fragments generated by the digestion were electrophoresed as 

desaibed for fungal isolates. To test for DNA contamination of PCR reation 

mixtures, negative and positive controls were used in every PCR reaction. The 

negative controls contained only distilled water. Undigested salal PCR product, 

undigested fungal PCR produd, the digests of pure fungal isolates, and the 

negative control, were electrophoresed alongside digestion fragments generated 

by digested DNAs of mycomhizae synthesized by a known fungal taon. 
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Field samples of sdd mycorrhizae 

In October 1994, sala1 mots were collected at the SCHIRP study site, dong a 

h.aü in Block 7, a reforestation plot of an old-growth Cedar Hemlodc (CH) 

cutover, dorninated by growth of s a l d  (Prescott and Weetman, 1994; Xiao, 1994). 

In the laboratory, salal fine mots were selected from one underground shoot 

(rhizome) of approximately 8 cm. They were washed in distilled water and 

examined under the light microscope to determine the presence of erïcoid 

mycorrhizae. Two approaches, direct PCR amplification and culturing, were used 

to study the presence of fungi in these ericoid mycorrhizd rmts. For the direct 

amplification, DNA was extracteci hom one set of twentyone 5 mm root 

fragments. A second set of thvty 3 mm root fragments was used for fungal 

culturing. DNA extraction (Lee and Taylor, 1990) was followed by K R  and RFLP 

analysis. 

M o l e d u  study of field ericoid mycorrhizal mots via d k c t  DNA extraction 

DNA was extracted fiom a set of twenty mot fragments, each 

approximately 5 mm long. Each mot fragment was placed in 1.5 centrifuge tubes, 

covered by 30 @ lysis M e r  (50 mM Tris-HCi (pH &O), 50 mm EDTA, 3% SDS, 1% 

B-mercaptoethanol) and the root tissue was crushed with a micropestle. Lysis 

buffer was added to each centrifuge tube to complete a volume of 750 pl and 

incubated at 65C for 1 h (Lee and Taylor, 1990). Dry pellets of DNA were 

suspended in 20 pI TE (low EDTA) and placed in a water bath at 60 C for 5 min. 
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Before PCR amplification, 10 of the DNA stock solutions were further diluted 

in 45 p l  of sterile distilled water, resulting in a 5.5 fold dilution. The diiuted 

DNAs were PCR amplifid using fungal-specific primer ETSI-F and primer ï ïS4. 

The resulting band was purified by cutting each agarose band and melting the 

agarose in 100 pl of sterile distilled water and reampfified (PCR) to inmement the 

field of PCR product. RFLP analysis foliowed after digestion with the enzyme 

Msp L 

RFLP of fun@ in pure culture, isolated from ericoid mycorrhizae 

Sixty mot fragments of about 3 mm lengths were excised and placed on 

Petri plates with either potato dextrose agar @'DA) or MMN. Three root 

fragments were placed in each plate. A total of twenty plates waç used, ten with 

PDA and ten with MMN. Fungal isolates growing from these root pieces were 

transferred to new plates after a week They were grown for another two weeks 

and DNA was extracteci. This was foilowed by PCR and RFLP analysis. Each 

isolate of the new fungal cultures was inoculated ont0 several Petri dishes with 

axenically grown sala1 seedlings to determine if the isoIate formed ericoid 

mycorrhizae. 



Length variation of PCR amplified DNAs h m  h g i  in pure culture 

The length of the PCR products obtained by using the fungaI speâfic 

primer I ï S  I- F and the universal primer ITS 4 varied between 980 bp and 590 bp 

(Fig. 2.1). Three of the isolates representing the species Acremonium strictum 

(UBC S232,5214, and S228) and Phialocephala d imo rphos pu ra (UAMH 7527) had 

fragment lengths that varied in size between 630 and 620 bp. Three of the 

putative North American isolates of Hymenoscyphus ericae (UAMH 6561,6045, 

and 6598), as well as Scytalidium vaccinii (UAMH 5828) and Phialophora 

finlandia (UAMH 7854) were 980 bp long. New sterile isolates from the SCHIRP 

site, Unknown 3 (M8 WC), and Unknown 4 (Ml9 UBC and M . 0  UBC) were 980 

bp (Fig. 2.3) and 1 1 0  bp (Fig. 2.4) long respectively. The remaining 22 isolats, 

including three isolates of H. ericae (UAHM 6663, UAHM 6735, and Read, D. J. 

101) had similar IengtIis of 590 bp. 

Restriction fragment Iength polymorphism of fungai isolates h m  pure cuiture 

Restriction pattems h m  endonudeases with six base pair recognition 

sites were not variable enough to be useful in identification of fungal isolates. 

No restriction fragments were produced by Bt 1 (CïGCA/G) in any of the 

isolates. The restriction enzyme Barn M ( GfGATCC) produced two fragments of 

510 and 130 bp in ody one isolate, Phialocephala dimorp hos para (UAMH 7527). 

The enzyme Hind Iïï (A/ AGCIT) produced two fragments of 840 bp 160 bp in 



Figure 2.1 PCR products of the ITS region of 29 isolates of ericoid mycorrhizal 
fungi and rmt associated fungi. M = fragment size marker; lane 1 = H. ericae 
(Read, D.J. 101); lane 2 = H. ericae (UAMH 6735); lane 3 = P. dimorphospora 
(UAMH 7527); lane 4 = H. ericae (UAMH 6663); lane 5 = H. ericae (UAMH 
6598); lane 6 = S. vaccinii (UAMII: 5828); lane 7 = H. ericae (UAMH 6561); 
lane 8 = H. hcae  (VAMH 6045); lane 9 = P. finlandia (UAMH 7454); lane 10 
= P. fortinii (UAMH: 6815); lanes 11, 12, and 13= Unknown 2 (UBC S246, 
UBC S203, UBC S226); lanes 14,15, and 16 = Unknown 1 (UBC S9, UBC S222, 
UBC S245); lanes 17, 18, and 19 = A. strictum (UBC S232, UBC S214, UBC 
S228); lanes 20,21, and 22 = O. griseum (UE5C S4, UBC S18, UBC =O); lane 23 
= O. griseurn (UA- 4080); lane 24 = O. periconioides (DAOM 197506); 
lane 25 = O. f l a  o u m (UAMH 1524); lane 26 = O. ma i u  s (UAMH 1540); Iane 27 
= O. citrinurn (UAMH. 1525); lane 28 = O. scytaloides (UAMH 6521); lane 29 = 
P. roseus (UAMH 1658). 
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two of the Hymenoscyphus ericae idates CrJAMH 6598 and 6561) and in 

Scytalidium vaccinii (UAMH 5828). The enzyme EcoR 1 (G/ AATTC) produced 

two fragments in aU the isolates studied (Table 2.2). 

However, four endonucleases that cleave the DNA when they recognize a 

sequence of 4 base pairs worked effectively; Rsa 1 (m/ AC), Cfo 1 (GCGI C), A lu 1 

(AG/CT), and Msp 1 (C/CGG). Each enzyme produced a number of fragments of 

different &es which were used as character states in a synoptic key. Based on 

brightness of the bands some of the DNA digests were composed of two 

fragments of approxirnateiy the same size, and these are describeci as "doublet" in 

the synoptic key and in Table 2.2. The 34 fungal isolates fell into sixteen RFLP 

groups and numbers 1 to 16 were assigned to each one of them (Table 2.2). 

The restriction enzyme Msp 1 revealed the most variation, generating 

different pattern for 14 out of the 16 RFLP gnnips of isolates (Fig. 2.2). The RFLP 

pattern generated by Group 15 (Unknown 3, isolate UBC M8) and Group 16 

(Unknown 4, isolates UBC Ml9 and UBC M20) are shown on Fig. 2.3 and Fig. 2.4, 

respectively. Based on RFLP patternç of fungal isolates from the SCHiRP site, six 

morphological groups of the ericoid mycorrhizal fun@ Uicluding Acre mu n iu m 

strictum, Oidiodendron griseum, Unknown 1 (UBC S9, UBC S222, UBC S245) 

(Fig. 2.41, Unknown 2 (UBC 5246, UBC S203, UBC S2.26, and UBC MS), Unknown 
L I 

3 (UBC M8), and Unknown 4 (UBC M19, and UBC MîO), can be disthguished. 
' 

Sterile isolates Udqtown 1, UnFpown 2, Wnlcnown 3, and Unknown 4 remain 

unidentified as their RFLP pattern did not match any identified mycorrhizal 

isolates used in @s shidy (~abie  2.2). 



Figure 2 2  RFLP patterns of PCR-DNAs of fungal isolates digested with the 
restriction enzyme Msp L M = molecula. hagrnent size marker; lane 1 = 
Group 1 (H. ericae , UAMH 6735); lane 2 = Group 4 (S. vaccinii , UAMH 
5828) ; lane 3 = Group 5 (H. ericae , UAMH 6561); lane 4 = Group 6 (H. ericae, 
UAMH 6045) lane 5 = Group 2 (P. dimorp hospora, UAMH 7527); lane 6 = 
Group 3 (P. finlandica, UAMH 7m);  lane 7 = Group 7 (P. fortinii, UAMH 
6815); lane 8 = Group 8 (Unknown 2, UBC S246); lane 9 = Group 9 
(Uiidcnown 1, UBC S9); lane 10 = Group 10 (A. s t ric f u m, UBC S232); Iane Il = 
Gmup I l  (0. griseum, UBC S4); lane 12 = Group 12 (0. griseum, UAMH 
4080); lane 13 = Group 13 (0. periconioid es, DAOM 19706); lane 14 = Group 
14 (P. roseus, UAMH 1658) 



Figure 2.3 RFL2 patterns of PCR products of fungal isolate Unknown 3 (UBC M8, 
Group 15), using the restriction enzymes Alu ï, Rça I, Cfo 1 and Msp L M = 
molecular fragment size marker; lane 1 = undigested fungaI DNA; lane 2 = 
negative control (no D ~ A  template); lane 3 = digest with Alu & lane 4 = 
digest with Rsa F lane 5 = digest with Cfo I; Iane 6 = digest with Msp L 



Figure 2.4 RFLP patterns of PCR products of fungal isolate Unknown 4 (UBC 
Ml9 and M20, Group 16), using the restncüon enzymes Alu I, Rsa I, Cfo 1 
and Msp t M = molecula. fragment size marker; lane 1= undigested fungal 
DNA; lane 2 = negative control (no DNA template); lane 3 = digest with A lu 
C: Iane 4 = digest with Rsa & lane 5 = digest with Cfo I; lane 6 = digest with 
Msp 1 
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The synoptic key including the restriction enzymes? the number and size 

of fragments produced. and the correspondhg assignment to RFLP groups 

number are as follows: 

Msp I: 

....................................................... 2 fragments of 920 and 115 (doublet) bp J 6  

or 670 and 140 (doublet) bp ......................................................... 15 

or 485 and 125 bp ............................................................................. 1 

or 460 and 130 bp ............................................................................. 7 

or 450 and 180 bp ............................................................................. 8 

or 260 and 170 (doublet) bp ............................................... 9 13 

3 fragments of 560. 205 and 125 (doublet) bp ............................................... 5 

................................................. or 560, 150 and 115 (doublet) bp 6 

or 385, 16û and 110 bp .................................................................... 2 

or 270, 145 and 135 bp .................................................................. 11 

4 fragments of 415. 220. 195 and 110 bp ............................................................. 3 

......................................................... or 260. 150. 120 and 110 bp 12 

......................................................... or 210. 180, 120 and 110 bp 14 

......................................................... or 195. 160. 140 and 130 bp 10 

cf0 1: 

2 fragments of 220 and 180 (doublet) bp ......................................................... 12 

............................................... or î5û and 190 (doublet) bp 1 8. 14 

or 260 and 160 (doublet) bp ...................................................... -10 
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or 320 and W )  bp .......................................................................... 9 

or 700 and 225 bp ........................................................................ 15 

3 fragments of 345, 150, and 110 bp .............................................................. 7 

or 490, 250 and 190 bp ................................................................. 4 

............................................................... or 610, 240 and 180 bp 16 

or 360, 250 and 190 bp ................................................................. 3 

or 315, 250 and 205 bp ................................................................ .5 

................................................................. or 740, 250 and 190 bp 6 

or 190 (doublet), 130 and 110 bp ....................................... 11. 13 

4 fragments of 360,250, 180 and 120 bp ......................................................... 3 

Alu 1: 

1 fragment of 620 bp ........................................................................................... 2 

or 540 (doublet) bp ...................................................................... 3 

................................................................................. or 590 bp 8, 10 

2 fragments of 400 and 195 bp ......................................................................... 14 

......................................................... or 390 and 210 bp 1. 9.12. 13 

or 480 and 150 bp ......................................................................... 7 

or 450 and 150 bp ....................................................................... 11 

or 670 and (175 doublet) bp ..................................................... 15 

or 740 and (150 doublet) bp ....................................................... 5 

or 740 and 118 (doublet) bp ....................................................... 6 

3 fragments of 580, 210 and 145 (doublet) bp ................................................ 4 
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4 fragments of 500. 190. 150 (doublet) and 125 bp ...................................... 16 
Rsa I: 

......................................................................................... 1 fragment of 590 bp 10 

2 fragments 

3 fragments 

...................................................................... of 360 and 240 bp 1 8 

or 360 and (320 doublet) bp ....................................................... 3 

or 340 and 230 bp .................................................................. 9 14 

or 450 and 210 bp ....................................................................... 2 
...................................................................... or 450 and 150 bp 11 

of 250. 36û and 425 bp ................................................................ 16 

or 240,230. 150 bp ......................................................... 7. 12, 13 

.............................................................. or 210. 245 and 355 bp 15 

....................................................... or 360, 290. and 240bp 4 5. 6 



Figure 2.5 Identical RFLP patterns from synthesized ericoid mycorrhizae and 
£rom fun@ in pure culture for isolate UBC S9 (Unknown 1). M = molecular 
fragment size marker; 1 Sdal PCR produd; 2 undigested fungal DNA; 3 
undigested mycorrhizd DNA. Odd lanes 5-12 = h g a l  DNA; even lanes 5 
12 = mycorrhizd DNA. S d d  was amplified with universal primers ITS4 
and ITS5. Fungal and mycorrhizd DNAs were amplified with fungus 
specific primer ITS1-F and IE4. Restriction enzymes used for the digests 
were: 5,6 =Al  u 1; 7,8 = Rsa 1; 9,10 = Cfi 1; 11,12 = MspE. 



Table 2 2 RPLP group number assigned to fungal species with the same RFLP pattern, h g a l  speaes and source 

of isolate, fragment length of PCR product and fragment length of digest produced by restriction enzymes 

Msp 1, Cfo 1, A 1 u 1, Rsa 1 and ECO R 1. 

RFLP Fungus species and isolate Total length of tength of digestion hgments (bp) 

P U P  source PCR producte generated by restriction enzymes 

number Ibp) 

MspI Cf01 AluI  RsaI EcoR 1 

1 Hymenoscyphus ericae 590 485 250 390 360 345 

UAMH 6663 125 190 d 210 240 285 

Hymenoscyphus ericae 590 

Read, D.J. 101, U.K. 

Hymenoscyphus ericae 590 

UAMH 6735 

2 Phialocephala dimorphospora 620 385 345 620 450 345 

UAMH 7527 160 150 210 285 

110 110 



RFLP Fungus species and isolate Total length of Length of digestion fragments (bp) 

P U P  

number 

PCR produee generated by restriction enzymes 

(bp) 

MspI Cf01 AluI  k b I  EcoRI 

3 Phialophoria finlandia 980 415 360 540 d 360 660 

UAMH 7454 220 250 320 d 285 

195 190 d 

4 Hymenoscyphrcs eticae 980 560 490 580 360 66û 

UAMH 6598 205 250 210 290 285 

125 d 190 145 d 240 

Scytalidium vaccinii 980 

UAMH 5828 

5 Hy rnenoscyphus ericae 980 560 315 740 360 660 

UAMH 6561 205 250 150 d 290 285 

125 d 205 d 240 



RFLP Fungus species and isolate Total lengb of Length of digestion fragments (bp) 

P U P  source PCR produce generated by restriction enzymes 

nurnber (bp) 
- 

MspI Cf01 AluI RsnI EcoRI 

6 Hymenoscyphus ericae 980 560 740 740 360 660 

UAMH 6045 150 250 118 d 290 285 

115 d 190 240 

7 Phialocephala fortinii 590 460 345 480 240 345 

UAMH 6815 130 150 150 230 285 

110 150 

8 Unknown 2 590 450 250 590 360 345 

UBC S246, UBC S203, 180 190 d 240 285 

UBC S226, UBCMS 

9 Unknown 1 590 260 320 390 340 325 

UBC S9, UBC 222, 170 d 250 210 230 285 

UBC 5245 



RFLP Fungus species and isolate Total length of Length of digestion fragments (bp) 

P U P  source PCR pmducs generated by restriction enzymes 

number (bp) 
-- -- 

MspI Cf01 AluI  RSRI €CORI 

10 Acremonium sirictum 630 195 260 590 590 345 

UBC S232, UBC S214, 160 160 d 332 

UBC S228 140 

130 

11 Oidiodendron citrinum 590 270 190 d 450 450 345 

UAMH 1525 145 130 150 150 285 

135 110 

Oidiodendron griseum 

UBC S4, UBC S18, 

UBC 580 

Oidiodendron maius 590 

UAMH 1540 



Table 2 Continued. 

RFLP 
-- 

Fungus speaes and isolate Total length of Length of digestion fragments (bp) 

P U P  source PCR pmducs generated by restriction enzymes 

number 0) 

Msp 1 Cfo 1 A l u I  RsaI EcuRI 

11 Oidiodendron sp. 590 

UBC Ml0 

12 Oidiodendron flnvum 590 260 220 390 390 345 

UAMH 

Oidiodendron griseu m 

UAMH 4080 

Oidiodendron periconioides 

DAOM 1975û6 

Oidiodendron scytnloides 590 

UAMH 6521 
Vi 
t4 



Table 2 Continued. 

RFLP Fungus species and isolate Total length of Length of digestion fkagments (bp) 

P u P  source PCR pmduee generated by restriction enzymes 

number (bp) 

MspI Cf01 A l u l  REaI -RI 

14 Pseudogymnonscus roseus 590 210 250 40 360 ND 

UAMH 1658 180 190 d 195 220 

120 

110 

15 Unknown 3 

UBC M8 

16 Unknown 4 1100 920 610 500 425 ND 

UBC M19, UBC M20 115 240 190 360 

180 150 d 250 

125 

DAOM Canadian National Collection of Pungus Cultures. Agriculture and Agn-Food Canada, Ottawa, Ont., Canada. 
UAMH: University of Alberta Mold Herbarium and Culture Collection, Edmonton, Alberte, Canada. 
UBC: Isolates of G. Xiao (1994) and M. Monreal(1994), Deparhnent of Soil Science, University of British Columbia, B.C., Canada. 
ND: Not determined and & possible doublet. W 
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Synthesized saial mycorrhizae 

Al1 tested known ericoid mycorrhizal species formed synthetic 

mycorrhizae. Also, the known ectendomycorrhizal species Ph iulop hora fin land in 

(UAMH 7454) formed the typical ericoid mycorrhizal morphology in s a l d  roots. 

However, the non-mycorrhizal isolate of Phialocephala fortinii (UAMH 6815) 

formed intracdular sderotia instead of the typical ericoid mycorrhizal mils 

(Fig 2.7 b). 

Amplification and RFLP in DNAs from mycorrhizae 

The fungal DNAs of synthesized ericaceous mycorrhizal roots were 

preferentidy amplified over the sdal DNA when the ftmgd specific primer 

ITS1-F (Gardes and Bruns, 1993) and the universal primer ITS4 were used. 

However, PCR products of salal DNAs were obtained when the universal 

primers, and ïïS4 (White et al., 1990) were used. These primers produced a 

fragment of 780 bp for sahi DNA, which was 200 bp longer than the fungal DNAs 

without inserts and about 200 shorter than the isolates with inserts (Fig. 2.6, lane 

marked S). 

Al1 the RFLP patterns generated h m  the PCR produds of mycorrhizal 

DNAs were identical to the RFLP's generated by the pure isolates (Fig. 2.6). RFLP 

patterns produced by Phialocephala fortinii (UAMH 6815) were identical to the 

ones produced by digest of the PCR products of DNA extracts of the intracellular 

sclerotia (Fig 2.7b). 



Figure 2.6 Identical RFLP patterns from synthesized ericoid mycorrhizae and from 
h g i  in pure culture. Salal DNA was exduded £rom PCR amplification of 
mycorrhizae with a fungai specific primer. S = Salal PCR product amplified 
with universal primer$; F a = undigested fun@ DNA amplified with 
fungal-specific primer; F b = undigested mycorrhizd DNA amplified with a 
fungd-spedic primer; under each enzyme name, a = digested h g a l  DNA; 
b = digested mycorrhizal DNA. 3r = Group 11(0. griseum, UBC S4); 3b = 
Group 4 (S. vaccinii, UAMK 5828); 3c = Group 9 (unknown 1, UBC S9); 
Restriction enzymes wereAlu 1; Rsa 2, Cfo 1 and Msp & M = molecular 
fragment size marker 



Figure 2.7. Identical RFLP patterns of the endophytic fungus Phialocephala 
fortinii (VAMH 6815) hom pure culture and hom dual cultures with salal. 
S = Sala1 PCR product arnplified with universal primers ; F a = undigested 
PCR product of fungal DNA ampiified with a fungal-specific primer. F b = 
PCR product £rom DNAs of salal roots with formation of inhacehdar 
sderotia using a fungal-specific primer; M = molecular fragment size 
marker. Restriction enzymes used were Alu I, Rsa I, Cfo 1 and Msp L 

P i p e  2% Cortical cells of salal nuits showing intracellular sdemtia (500r). 
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RFLP of mycorrhizd saial slmpled in the fieid via direct DNA extraction 

PCR amplification of the I'lS regions from fieldcollected mycorrhizae 

using ITS4 and the fungal speciûc primer ITSI-F produced multiple, faint bands 

varying between 580 and 1000 bp. The initial PCR ploduct was agarose purified 

and single bands from each sample were selected for re-amplification. Re- 

amplification produced a single, bright band for some DNAs. However, 

restriction digests of the re-amplified products yielded compIex, dim patterns 

(Fig. 28). Since the combined sizes of the restriction fragments exceeded the 

initial sïze of the PCR produ& at least two different DNAs must have been 

present in each amplification. 

h an attempt to arnpüfy a single fungal ï ï S  region out of the mixed 

DNAs, the initial PCR product was seriaiiy diluted 10, 100, 1000, 10,000 and a 

1,000,000 fold. Each of the dilutions served as template for PCR re-amplification. 

The re-amplified PCR products were 580 bp. long, indicating that a fungus DNA, 

not the sala1 DNA had been amplified (Fig. 2.9). However, even after a 1,000,000 

fold dihtion, the RFLP pattern showed too many bands to be consistent with the 

digestion of a single h g d  DNA (Fig. 2.9). 

RFLP of fun@ in pure culture hlated h m  field ericoid mycorrhizal mots 

In addition to direct amplification of DNAs of ericoid mycorrhizal root 

fragments subsampled £rom a single rhizome, a second set of molecular data was 

obtnined £rom 20 pure fungal isolates obtained £rom sixty 3 mm root fragments. 

The new set of isolates generated 11 diffetent RFLP patterns using the restriction 
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enzymes Alu I, Rsa 5 Cfo I, and Msp 1 (Fig. 2.10). Synthesis experiments 

confirmed the capacity to fotm mycorrhizae of isolates UBC M5, UBC M8, UBC 

M10, UBC Ml9 and UBC MO. Again, the enzyme Msp 1 proved to be a good 

diagnostic enzyme distinguishing two known ericoid mycorrhizal RFLP patterns, 

Group 11 (Table 2.2) (Oidiodendron speciesf isolate UBC MlO) and Group 8 

(Table 22) (Unknown 2, isolate UBC M5). Three new sterile isolates generated 

two new RFLP patterns and they were included in the RFLP synoptic key as 

Groups 15 (isolate UBC M8) and 16 (isolate UBC MîO).  Isolate UBC Ml9 had 

similar RFLP pattern and colony characteristics to isolate UBC M20. The isolate 

UBC Ml9 fonned ericoid rnycorrhiza with sala1 under axenic conditions, 

however it was tested once, compared to two consecutive tests performed with 

isolate UBC M20 (Table 2.2). The rest of the isolates, a total of 15, produced seven 

new RFLP patterns, but failed to form ericoid mycorrhizae. 

Discussion 

PCR products of the isolates 

Fragment length of PCR products of most of the isolates in this study were 

simiiar within species, with only smail variation between genera, 40 bp at the 

most (Fig. 2.1). However, a set of North American isolates including pre-existing 

isolates of H. ericae, S. vaccinii, P. finlandia, and the new isolates UBC M8, UBC 

Ml9 and UBC M20 produced PCR products between 390 and 510 bp longer than 

the rest of the isolates (Fig. 2.1). In a study on ectomycorrhizal fungif Gardes et al. 

(1991) used the prirners lTS1 and ITS4 to ampii£y the entire ï ï S  region. They 



Figure 2.8 Cornparison of dim, cornplex RFLP patterns £rom field colletted 
ericoid mycorrhizae (Lanes 1 to 21) with bright, clear RFLP patterns from 
pure sala1 DNA (lane 23) and £rom pure fungal DNA (lanes 22, 0. griseum 
(UBC S4); lane 24, H. ericae (UAMH 6735); lane 25, P. dimorphospora 
(UAMH 7527); lane 26, Unknown 2 (UBC S246); lane 27, Unknown 1 (UBC 
S9)). The universal primas l'E4 and TTS5 were used to amplify sala1 DNA. 
For the other samples, fungal-specific primer ITS1-F was used in the PCR 
amplifications, and PCR products were digested with Msp 1. 



Figure 2.9 Restriction digests of PCR product £rom field colIected ericoid 
mycorrhizal DNAs show complex banding patterns (7-1413 -14) even after 
several serial dilutions of template DNA. DNA extracted hom field- 
collected mycorrhizae was PCR ampiIfied once and the product was 
diluted, re-amplifie& and digested. Lanes 3-6 show the bright undigested 
PCR bands from a single, re-amplified mycorrhizal DNA. Templates for 
the reactions in lanes 3-6 were IO, 1 0 ,  1QOûû and 1,000,000 fold dilutions 
of the initial PCR product, respetivdy and digests of these mycorrhizal 
DNAs are in lanes 7-10, respectivdy- Templates for readions in lanes 11 
and 12, were respectively, lûûû and 10,ûûû fold dilutions of a second 
reamplified mycorrhizal sample, with theV digests in lanes 13 and 14. 
Lanes 15 and 16 show digests of pure fungal DNAs that were the dosest 
known matches to patterns in 13 and 14. Note that the field mycorrhizae 
produced more RFLP bands than the single fungd DNAs. Lanes M = 
moledar fragment size marker; 1 = undigested salal; 2 = negative control; 
15-17, restriction digests; 15 = 0. griseum, UBC S4; 16 = P. roseus UAMH 
1658; 17 = digested salal DNA. Msp 1 was w d  in aU digests. 



Figure 2.10 EIeven different ICFLP patterns £rom 20 fungd isolates from 
mycorrhizae of a single sald rhizome (Ianes 1-20). Of the twenty, five 
fonned mycorrhizae with sdal in vitro . Mycorrhizal isolates include four 
sterile, unidentifiable isolates: lane 5, Unknown 2 (UBC M5); Iane 8, 
Unknown 3 (LJBC MB); ianes 19,20, Unknown 4 (UBC Ml9 and UBC M20). 
One of the mycorrhizd isoIates spodated: lane 10, Oidiodendron sp. 
(UBC M10). M = moledar fragment size marker. 
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found that PCR products of ITS region varied in length between 600-800 bp for 

h g i  of different genera. However, length of PCR products of the ITS region was 

approximately the same among 20 isolates belonging to four species of the genus 

Laccaria . 

RFLP synoptic keg of known ericoid mycorrhizal fan@ 

Known ericoid mycorrhizai fungal isolates from the SCHlRP site can be 

identified by RFLP patterns generated with four restncüon enzymes. RFLP 

pattems of Groups 8 (Unknown 2), 9 (Unknown l), 10 (Acremonium stricturn), 

11 (Oidiodendron griseum), 15 (Unknown 3), and 16 (Unknown 4) coincided 

with four morph01ogical groups of fungal isolates obtained by Xiao (1994) and 

two additional new groups obtained by Monreai. Interestingly, new isolates UBC 

M8 and UBC M20 represent previously unreported ericoid mycorrhizal fungi for 

the extensively-çurveyed SCHIRP site (Xiao, 1994). Because the RFLP patterns of 

sterile isolates fiom the SCHEP site (Unknown 1, Unknown 2, Unknown 3, and 

Unknown 4) differed from the patterns of aii known mycorrhizai species, they 

remain unidentified species. 

Six speaes of the genus Oidiodendron generated only three groups of 

RFLP patterns (Table 2.2), indicating either that this moledar method is not 

specific enough to differentiate between the species of this genus or that there are 

taxonomie problems at the species level. Isolates of Oidiodendron griseu rn from 

the SCHIRP site (UBC S4, UBC S18, and UBC SM) had the same pattern as two 

other species, 0. citrinurn (UAMH 1525) and O. maius (UAMH 1540) (RFLP 
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Group Il), whiIe O. scytaloides (UAMH 6521) and 0. periconioides (DAOM 

197506) s h e d  the same RFLP pattern (RFLP Group 13). However, an O. griseum 

isolate (UAMH 4080) hom Alberta, Canada had the same RFLP pattern (RFLP 

Group 12) as an isolate of O. fla û u m (VAMH 1524), from Ontario, Canada and a 

different pattem than other 0. griseum isolates (RFLP Group 11). The isolate 

UAMH 4080 was probably misidentified (Siglerf personal communication). 

Detailed taxonomic study of species and isolates in O id iod end ron, including 

observations of colony morphology and asexual structures, c d d  help to dady 

these moledar findings. 

In contrat to the Iliuformity of RFLP patterns among Oidiodendron 

speees, isolates of the species Hyrnenoscyphus ericae segregated into four RFtP 

patterns (RFLP Groups 1, 4, 5, and 6) (Table 2.2). Either H. ericae is polymorphic 

or isolates are misidentified. Supporthg the hypothesis that H. ericae amplified 

ITS regions are poly-morphic, Egger and Sigler (1993) found insertions in the 

ribosomal RNA genes of most of the North American isolates with the exception 

of only one isolate (UAMH 6663) that segregates into RFLP pattern Group 1 dong 

with two European isoiates (UAMH 6735 and Read, D.J. 101). Less probably, the 

PCR product size difference may indicate taxonomic heterogeneity among 

Hyrnenoscyphus ericae isolates. Egger et al. (1995) demonstrated that one isolate, 

UAMH 6562, had a large putative group 1 intron in the 5' end of the 18s gene. 

This intron would be included in the DNA region I amplified with primers ITSI- 

F and ITÇ4. Introns can be lost or gained through horizontal transfer and the 

presence or absence of the intron could e x p h  the length variation among 
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strains of H. ericae . Intron sequences evolve very quicklyr and changes in intron 

sequence codd explain the diversity of RFLP patterns found in H. ericae isolates. 

The North American isolates of H. ericae have been identified based only on 

colony type, the formation of arthroconidia (schizolitic dehiscence) forming 

zigzag chains, and their capacity to form mycorrhizae with various Ericales 

(Egger and Sigler, 1993; Litten et al., 1995; Perotto et al., 1990). In contrast, the 

European isolate of H. ericae (Holotypus IMI 182065) produced çexual fruiting 

structures, smail apothecia (1 mm diameter) when seedlings of Calluna vulgaris 

L. HuIi. were p w n  and ïnodated with fungus in soi1 sterilized by gamma 

irradiation (Read, 1974). Aiso in France, ericoid mycorrhizal h g i  obtained from 

Rhododendron and Ericn produced s t d e  myceiia and apotfiecia under 

controed Iaboratory conditions, similar to the ones produœd by the English 

isolates H. ericae (Vegh et al., 1979). However, apothecia have never been 

obsecved in North American isolates of H. ericae, either in the field or under 

culture and so isolate identification remains tentative. 

The RFLP patterns of endophytic species Phialocephala fortinii (UAMH 

6815) and Phialocephala dimorphospora (UAMH 7527), Groups 2 and 7 

respectively, were different than aii the ones produced by the ericoid mycorrhizal 

fungi of tks study. Since these endophytic species generate distinct RFLP 

patternsr they can be separated from ericoid mycorrhizal fun@ even though they 

also inhabit ericaceous roots. Phialocephala fortinii fonns intracellular sderotia 

in the cortical ceiis of sala1 mots rather than hyphal coils (Fig 2.7b). It dso forms 

sclerotia on roots of Menziesia ferruginea (Ericaceae) (Stoyke and Cmah, 1991) 
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and in Lupinus latifolius (Legurninosae) (0'DeI.l et al., 1993). As reported in 

previous studies P. for tinii it is dearly not a typical ericoid mycorrhizal fungus, 

though it could easily be detected in mots. P. fortinii is d a t e d  with roots of 

subalpine dwarf shmb heath, including pi& of the Ericaceae (Stoyke et al., 

1992). 

RFLP identincation of in vitro salai mycorrhizae 

DNA extradai from in vitro mycorrhwe and arnplified with a fungal 

s p d c  primer combination produced ciear, bright RFLP patterns (Fig. 2.5, 2.6). 

Patterns h m  the mycorrhizae were identicai to those produced by DNA digests 

of fungi grown in pure culture (Fig. 2.5, 2.6). Thse tests were necessary since 

mycorrhizae, composed of plant and fungaI ceils, have mixed DNAs. 

Furthermore, the fungal specific primer @El-F) had been reported to exciude 

DNA amplification for some, but not of all, plant species (Gardes and Bruns, 

1993). This was the h t  time the primer iTS 1-F was tested with salal plants and 

salal DNA was dearly not amplified (Fig. 2.5,2.6). 

LimiQ to direct amplification and RFLP identification of fun@ h m  field- 

collected rnycorrhizae. 

Complex RFLPs resulted from digests of DNA amplified from field 

coiiected mycorrhizae, suggesting that more than one fungus was present in each 

5 mm mot segment (Fig. 28). That the complex patterns indicated the presence of 

organisms other than fun& cannot be d e d  out However, several pieces of 
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evidence indicate that DNAs from fun@ predominated. Roots were initially 

washedf eliminating most of the organisms dinging to their outside surfaces. 

More extracting DIVA, each root was examined microscopically. Since the hair 

root fragments were oniy about 2 mm in diameter and since the cortical tells are 

clear (for example, see Fig. 27ù), many of the cells were observed dirdy .  No 

contaminating organisms were seen. Bacteria were certainly present but they lack 

the ITS spacer regions that that would have been amplified with our primers. 

Plant DNA was acluded h m  amplification with a fungus-specific prima, ITSi- 

F. Confirming that salal DNA was not amplifiedf the size of the PCR bands from 

the mycorrhizae, about 600 bp (Fig. 2.9), were significantly smaller than the bands 

produœd by amplificd salal (Fig. 2.9). The 6ûû bp PCR band size is common 

among ascomycetous fun@ (Fig. 2.1). 

The diversity of fwigi cultured from mots collected at the same site 

corroborates the results from direct amplification. Twenty different h g i f  five of 

which formed ericoid mycorrhizae in vitro were isolated from sixty segments, 

aproximately 3 mm each, of the fine rwts of an 8 cm salai rhizome. Finding high 

divasity is aIso consistent with reports of very diverse popuIations of 

mycorrhizal and non-mycorrhizal endophytes in individual root systems of 

Calluna zrulgaris that were coIlected on natural heathlands in northern Italy 

(Perotto et al., 1994). 

The diversity of ericoid mycorrhizal £un@ on a s m d  sale complicates 

h g a l  identification foLIowing direct PCR amplification. This contrasts with the 

situation in edomycorrhizae, where a single fwigus can usuaily be amplified 
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£rom a single root (Gardes and Bruns, 1993). Possible approaches to untangling 

the diversity indude PCR amplification followed by cloning to separate the 

different DNAs; culturing of h g i  to obtain pure fungal cultures; or as discussed 

in C H  3, design of specific primers that wül seletively ampIify a speâfic, known 

ericoid mycorrhwl fungus from a root. 

Testing the synoptic key 

Listed first in the synoptic key, the restriction enzyme Msp I generated the 

greatest number and most varied lengths of fragments among the isolates 

studied, including 14 RFLP groups out of a total of 16. Therefore, Msp 1 is 

recommended to be used first as a diagnostic enzyme to study new ericoid 

mycorrhizal isolates, followed in order by Cfo T# Rsa I and Alu L Afterwards, use 

the RFLP synoptic key to check if hagment &es correspond to patterns of known 

isdates. If the isolate fits a known RFLP pattern, the next step would be to 

confirm identity with morphological characteristics and synthesis of mycorrhiza 

on sala1 or other Ericaceae. In a further step, amplified DNA fragments of new 

isolates, induding ITS1, the 5.8s rRNA region, and ITS2 could be sequenced and 

results compared with available sequence data (GenBank) . 
The RFLP synoptic key proved to be useful to saeen out the known 

ericoid mycorrhwl h g i  UBC M5 (Group 8) and UBC Ml0 (Group II) from the 

20 new isolates from the SCHIRP site. The listing of known RFLP pattern 

should allow faster screening of large number of isdates with effiaent use of 

manpower and laboratory resouces. Cultured new isolates matching known 
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mycorrhizal RFLP patterns can be speedily selected, and their abiüty to form 

mycorrhizae confirmed through inoculation of host plants. The synoptic key is 

not complete. Out of 20 fungal cultures, three new ericoid mycorrhizal h g i  

were deteded with new RFLP patterns, indicating that even wd-studied sites are 

likely to have additional unknown species. 

A total of £ifteen isolates which grouped under 7 new RFLP patterns M e d  

to form mycomhizae with salal plants. Because no one knows how many fungi 

might a s d a t e  with salal mots, the mycorrhizal potential of new isolates with 

unknown RFLP patterns should be tested. However, laboratory conditions used 

to conhrm synthesis of mycorrhiza with new isolats may not be ideal for alI  

taxa, and even Emgi h t  do not fom mycorrhizae in vitro may be mycorrhizal 

in nature. Further work developing new conditions for ericoid mycorrhizd 

synthesis would help to sort out the role of fun@ assoaated with sald roots. 

The direct use of PCR and RFLP techniques for field ericoid rnycorrhiza 

proved to have a iimited application. Aithough suggesting the presence of a large 

diversity of fun@ in salal roots, their taxonomic classification could not be 

confirmed. In order to detect known taxonomic groups of ericoid mycorrhizae 

from rmts sampled in the field, the second part of this research concentrated on 

more s p d c  molecuIar technique, the design of specifïc primers, based on DNA 

sequences of the ITS2 region of the ribosomal repeat genes. 



Chapter 3 

Taxon Specific Primers to 1 dentify Ericoid Mycorrhizai Fungi 

Abstract 

In order to create a method that would detect the presence of known 

ericoid mycorrhizal fungi within a mixed fungai population, the interna1 

transccibed spacer 2 (ITS2) of 27 fungai isolates was amplified and sequenced. 

Anaiysis included sequence data of nine fun@ from Gedank. Sequence data 

analysis segregated the mycorrhizal isolates into two main groups; the 

Oidiodendron p u p  and the Hymenoscyphus p u p .  To distinguish three 

commonly encountered mycorrhizai isolates from each other and from other 

non-mycorrhizal fungi, three different specific primers were designed. The new 

prirners anneal to the 3 end of the ITS2 region, approximately 45 bp upstream of 

the 5' end of the 28s rRNA gene. For PCR reactions the new primers were paired 

with the fungal speafic primer ml-F ta anneai to the 3' end of the 18s rRNA 

gene. Tests performed using the new primers with fungal DNA mixtures of 

known mycorrhizal isolates and non-mycorrhkal fungai isolates deteckd only 

the targeted fungal DNA. 
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Introduction 

The taxonomic identification of fungd symbionts of ericoid mycorrhizae 

cannot be done in planta since the morphology of hgus-root associations 

fonned by different fungal çpecies are alike under microscopie examination, 

showing the typicd presence of hypM c d s  in the cortical cells of the plant's fine 

roots. The use of traditional dturing techniques to identify isolates obtained 

from ericoid mycorrhizae limits taxonomic classification to the speàes forming 

semial or asexual reproductive structures. Apothecial formation confVmed the 

perfect state of the ericoid mycorrhizal species Hymenoscyphus ericae (Read) 

Korf and Kernan, and formation of conidiophores and conidia confirm identity 

for species of Oidiodendron (Couture et al., 1983). However, the taxonomy of 

several s t d e  mycelia of ericoid mycorrhizal fun@ isolated over the y e m  

remains unresofved (Haseiwandter 1987, Perotto et al., 1994, 1995; Stoyke and 

Cmah, 1991; Xiao, 1994). 

Using dtural and morphologid colony characteristics Xiao (1994) found 

two new sets of s t d e  exicoid mycorrhizal isolates and named them Unknown 1 

and Unknown 2. Xiao (1994) indicated that colony morphology of Unknown 1 

isolates did not resernble any of the known ericoid mycorrhizd species, although 

Unknown 2 isolates resernbled the species Hymenoscyphus ericae. However, 

Xiao (1994) could not confirm this hypotht-sis since the isolates remained sterile. 

In Chapter î, Monreal describeci an additional two fungi, Unknown 3 and 4, 

distinguished h m  each other and from previous unknowns by RFLP patterns. 

Several studies of morphology of intradular hyphae of ericoid 
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mycorrhizae showing sinipie septa with the presence of Woronin bodies suggest 

that the endophytes are Ascomycetes (Pearson and Read, 1973; Bonfante-Fasolo 

and Qaninazzi-Pearson, 1979). 

Known ericoid mycorrhizal fun@ are taxonornicdy diverse and indude 

the species Hymenoscyphus ericae (Read) Korf & Keman (Read, 1974) in the 

Leotiales, Myxotncum setosum (Edam) Orr, Kuehn & Plunkett, and 

Gy mnas cella dan kaliens is (Castellani) Cmah in the Onygenales (Dalpé, 1989), 

and hyphomycetes belonging to Stephanosporium, Scytalidium, Acremoniu m, 

and Oid iod end ron. Several Oid iodend ton species form mycorrhizae in pure 

culture, including O. griseum Robak, O. citrinuln Barron, O. chlamydosporicum 

Morrall, O. maius Barron, O.flavum SPIvinyi amend. Barron, O. rhodogenum 

Robak, and 0. scytafoides Gams & Soderstrom (Couture et al., 1983; Dalpé, 1986; 

Daipé, 1991; Xiao, 1994). 

Some studies suggest that a basidiomycete of the genus Clavaria may also 

form ericoid mycorrhizae (Englander and Hull, 1980; Peterson et al., 1980; 

MueUer et al., 1986). Also, observations of colonized c d s  indicated the presence 

of basidiomycetes in Calluna and Rhod O d e nd r O n (Bonfante-Fasolo, 1980; 

Peterson et al., 1980; MueUer et al, 1986). Up to the present, however synthesis 

experiments with b g i  of the genus Clavaria have failed (Read, 1983; Mueiler et  

al., 1986); for example, R hod od end ro n plants inoculated with Clavaria nrgillacea 

failed to form mycorrhizae (Read, 1983). 

If the I'IS regions of the ribosomal genes of ericoid mycorrhizae can be 

preferentially amplified from field-collected roots using fungal-speâfic primers 
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and PCR, then the mycorrhizd fun@ could be identified by RFLP or sequence 

andysis. Specific primers and PCR-based detedion have been used successfuliy 

for fungi. The interna1 transcribed spacer regions ITSl and ITç2 of the nbosomd 

genes of DNAs £rom ectomycorrhizae and rust-infected tissues were 

preferentially PCR arnplified using the fungus specific primer ITçl-F and the 

basidiomycete-speci6ic primer ITS4-B (Gardes and Bruns, 1993). Gardes and Bruns 

(1993) study showed that the fungal components in edomycorrhizd roots and 

rust-infected tissue were amplified efficiently using basidiomycete-specific 

primers and that the prirners did not ampidy ascomycete DNAs. When tested 

with 15 plant DNAs, the primers produced some PCR product in some of the 

plant species. Nevertheless, when fungus and plant DNA were present, the 

fungd DNA was arnplified preferentiaiiy over plant DNA. 

In Chapter 2 of this thesis the fungus specific primer ITSl-F and the 

universal primer ITS4 were used to exdude plant DNA whiie arnplifying DIVA 

from in vitro synthesized ericoid mycorrhizae. The RFLP patterns of PCR 

products differentiated among the fungal isolates. However, when the fungal- 

specific set of pRmers was used to amplify diredly from field-coiiected ericoid 

mycorrhizae, more than one type of band was arnplified. The mhed DNAs in the 

amplification suggested that more than one fungus may be present in close 

proxixnity in the mycorrhizae of sala1 mots in nature. Another obstacle in 

obtaining a single PCR product and clear RFll)s from DNAs of ericoid 

mycorrhizal roots as compared to ectomycorrhizae, rnight be the smali amount 

of totai fun@ biomass available from colonized saial mots as compared to the 
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large amount of fungal biomass in ectomyeorrhizae. In ectomycorrhizae the 

b g a l  biomass is colleded from the m a d e  whüe the ericaceous mycorrhizal 

fungi present in salal roots are limited to the outer layer of cortical cells (Xiao, 

1994). Another factor in favor of RFLP analysis of ectomycorrhizae was that both 

primers used to perform PCR on DNA were fungai çpeafic primers; one was 

KSI-F and the second was the basidiomyeete-specific primer ITSeB (Gardes and 

Bruns, 1993). Although RFLP analysis is a g d  molecular technique to 

differentiate among ericoid mycorrhizal isolates in pure culture, it does not 

disthguish fieldcollected ericoid mymhizal hingi £mm other root-associated 

h g i  and therefore molecular techniques tailored to s p d c  detection of known 

ericoid mycorrhizai fungi are needed. 

Strategy for design of prime= for s p d c  amplincation of ericoid mycorrhiul 

h g i .  

In order to create a set of primers for ericoid mycorrhizal fungi, sequence 

data for the ITS2 region of a representative selection of known ericoid 

mycorrhizal fun@ was needed. Having an alignment for the representative fungi 

would permit selection of sequence regions unique to each target fungus. Specific 

p h e r s  about 19 bp and compiementary to the unique re,@ons could then be 

designed. Ideally, these selective primers should anneal near the 3' end of the 

ITS2 region, so that the combination of the specific primer and a fungal-specific 

primer (ITSl-F, Gardes and Bruns 1993) Iocated at the 3' end of the 18s gene 

would amph@ the complete ITÇI region and most of the ITç2 region. That way, 
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either RFLP analysis or sequencing of the PCR product would permit verification 

that the target fungus had been amplifiecl. 

One objective of this research was to design a set of taxon-specific ericoid 

mycorrhizd primers, to be used concurrently with traditional culturing 

techniques, that would d o w  expeditious surveys of exicoid mycorrhizal fun@. A 

second objective was to use sequence data obtained in this study to explore 

phylogenetic relationships between the taxa studied. 

Materials and Methods 

Fungai isolates and DNA extraction 

In this study, 27 fungd isolates were grown for thtee weeks at 25 C in the 

dark on modified Melin Norkrans aga. (=(Marx, 1969). After three weeks, 

DNA was extracted from each fungal isdate (Table 3.1) from myceliun scraped 

from the edge of the fun@ colony (Lee and Taylor, 1990). 

PCR amplification of DNA extracted h m  cuItured fun@ isolates 

Using PCR (Mullis and Faloona, 1987), the region that contains the ITSI, 

5.8s rRNA, and the ITS2 was amplified. A h g a l  specific primer, ITSI-F, was 

used for the region flanking the E l  spacer (Gardes and Bruns, 1993). A 

universai primer, ï ïS4 was used to flank the US2 region ( White et al., 1990). 

PCR conditions were a denaturation step at 95 C for 2 min., foliowed by 30 

cycles of denaturation at 95 C for 1 min., annehg  at 48 C for 1 min., and an 

initiai extension at 72C for 45 sec, with the extension time inaeased by 4 sec per 



Table 3.1 Fungai isolates ambers used in the phylogram (Fig. 3.4), hxon name, b o n  source8 mycorrhizal 

status, and if applicîble, the GenBank number. 

Taxon 

number 

Souce of isolate Mycorrhhl GenBank 

status number 

Acremonium sMctum 

Cladospotium jùlvum 

Fusariurn sambucinum 

Hymenoscyphus ericae 

Hymenoscyphus ericae 

Myxottichum setosum 

Neurospora massa 

Oidiodendron chlnrnydosporicum 

Oidiodendron ciMnum 

Oidiodendrm pavum 

Oidiodendron griseum 

Oidiodendron p'seum 

UBC S232 

READ8D. J. 101 

U A M H  6735 

UAMH 3835 

UAMH 6520 

UAMH 1525 

UAMH 1524 

UAMH 4080 

UBC s4 

Oidiodendron griseum UBC SI8 + 4 Vi 



Oidiodendron gtiseum 

Oidiodendron like sp. 

Oidiodendron maius 

Oidiodendron periconioides 

Oidiodendron rhodogenum 

Oidiodendron scytaloides 

Penicillium dendritricum 

Phialocephala dimorphospora 

Phia locephala fotfinii 

Phialocephala fortinii 

Phhlophora Pnlandia 

Phialophoru-like sp. 

Pseudogymnoascus roseus 

Sclmtiniu sclerotiorum 

Sclerotinia trifoliomm 

Scytalidium vaccinii 

UBC S80 + 
UBC Ml0 + 
UAMH 154û + 
DAOM 197506 + 
UAMH 1405 + 
UAMH 6521 + 

UAMH 7527 

UAMH 6815 

UAMH 6816 

UAMH 7454 + 

UAMH 1658 + 

UAMH 5828 + 



Table 3.1 Continued 

18 Talarom yces wortmannii 

20 Themtomyces lanuginosus 

32 Unknown 1 UBC S9 

33 Unknown2 UBC S2% 

28 Unknown 4 üBC M20 

27 Unknown 3 UBC M8 

34 Unknown 5 UBC M5 

GeneBank identification number of the isolate. 

DAOM Canadian National Collection of Fungus Cultures. Agriculture and Agri-Food Canada, 

Centrai Experimental Centre, Ottawa, Ontario, Canada. 

UAMH Univemity of Alberta Mold Herbarium and Culture Collection, Edmonton, Alberta, Canada. 

UBC Isolates obtained by G. Xiao (Ph.D. Thesis) preceded by letter S, Department of Soil Science, 

University of British Columbia, B.C., Canada, 

UBC Isolates obtajned by M. Monreal (Ph.D. Thesis) preceded by letter Mg Department of Soil Science, 

University of British Columbia, B.C., Canada. 
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cycle. The final extension step was 10 min. To test for contamination, negative 

controls were used in every PCR reacüon. PCR products were agarose gel 

purified. P d e d  product was reamplified with the same primers to inaease 

amount of product. 

DNA Sequencing 

Sequences of the ITS2 region, including a portion of the 5.8 S gene, were 

determined in both directions by directly sequencing double-stranded PCR 

productç with primers ITS3 and ITS4 (White et a l ,  1990). Cyde sequencing 

reactions were carried out foUowing Appiied Biosystems (Mississauga, Ontario) 

instructions, using their P R I S W  TaqDyeDeoxy TM Terminator cycle sequencing 

kit. FoUowing sequencing, excess dideoxy terminators were removed uçing 

Centri-SepTM columns (Princeton Separations Inc., Adelphia NJ). Product was 

analyzed on an Applied Biosystems 373A DNA sequencer. 

Analysis of DNA sequmces 

Assembly of sequences from opposite strands was carried out using the 

program CAP2 (Xiaoqiu, 1991). In addition, ITç2 sequences of 9 fungal taxa from 

GenBank were included in the alignment (Table 3.1). DNA sequences were 

aLigned with the program Seqapp version 1.9a169 @.G. Gilbert, c. 1993) and 

manuaily edited. 

Gaps introduced to improve the alignment were coded as missing data 

and exdudeci from the phylogenetic analyçis (Fig. 3.1). Charaders that were 
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cgc?gTPAMmC?????M ??CTE?tgaatgttgacctc ggatca? 
?????-??? TT?lTttac?aggttgacctc ggatcag 
?????A?-?T? TT??Cta???aggttgacctc ggatca? 
?????A?AA?????????TC TrllCaa???aggttgacctc ggatcag 
.................... TIiC?c??????ggttgacctc ggatca? 
gtC??ACM?CV??G?t?AT zwmtaccacggttgacctc ggat??? 
?????A?uu~cc?????M AT?lT?tctatggttgacctc ggatcag 
?????A?AMOCC?????M AT?TP?tctatggttg(ICCtc ggatc?? 
ct???G?MWrC?????M llCllCca??aggttgacctc ggatcag 
?????AG?MCCCCC????? ???m??tatggttgacctc ggatcag 
?????AO?AAMX3CCC???? ???lT??ctatggttgacctc ggatcag 
?????AG?M?WOCt??M ??CTX??tatggttgacctc ggatcag 
?????AGCM?WX???M ??CT?Ccctatg&tgacctc ggatcag 
?????AG?M?CQCP???M A?CT?tXcg?tggttgacctc ggatcag 
?????AG?M?OCCC???M ??ClTC!??tatggttgacctc ggatcag 
?????hG?lUCaCCWC?M ??CT?Ctg?atggttgacctc ggatcag 
? ? ? ? ? ?  ??m?Ctg??tggttgacctc ggatcag 
?????AG?- ??CT?Ctg??tggttgacctc ggatcag 

?????AG?AMC13CC13CCAA ??CP?Ctg??tggttgacctc ggatcag 
?????AG?M?IXCXXil???Ah ??CT?Ctc?gtggttgacctC ggatcag 
?????AG?MmXC???At A??TTPtac?aggttgacctc ggatcag 
? ? ? O ? ? ? ?  ??CCEC ta?aggttgacctc ggatcag 
?????m%McUCC???M TCPP tttc?aggttgacctc ggatcag 
?????MiCMOCCCC???M ??Cfi???????????????????????? 
?????MmUCîXC???M ??cm2 ta?aggttgacctc ggatcag 
 A an an !IT?TP? ac?aggttgacctc ggatcag 
?????MmMXUX???AA ??CïTt?ta?aggttgacctc ggatcag 
?????AG?MCCOCC???M ? ? C l l C  tcaaggttgacctc ggatcag 
?????AT?hACCaZ????A ???TiïXTtacggttgacctc ggatcag 
?????A-??Am ????matgggtgacctc ggatcgg 
?????ATWACCUX???M ???tXTkta?gtttgacctc ggatcag 
? ? ? ? ? A A m ? ? ? A A  ??Cl'?- NNNMJNN 
?????MTAMXCCC???TA ? T ? m  tctaggttgacctgggatcagg 
sggtagw- ?7CITA??????????????????????? 
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written in lower case (a, t, g or c) were considered unalignable and were also 

excIuded kom the analysis (Fig. 3.1). The final data set consisteci of 350 aligned 

sites for 33 taxa 

Parsimony trees were inferred using the program PAUP 3.0s (Swofford, 

1991). To speed up the analysis, sequencs from three isolates, 0. scyfuloides 

(UAMH 6521) and 0. griseum (isolates UBC SI8 and UBC S4), were excluded 

from the parsimony search. Each of the exciuded isolates was almost identical to 

an isolate sequence retained in the analysis (Fig. 3.1) so the absence of the three 

removed little phylogenetic information. Fifty heuristic searches were performed 

with random addition of the 30 remaining taxa. To estimate the support of the 

data for the branches, neighbor-joining was used to infer trees from 500 bootstrap 

repiicates of the data set (PHYLIP 3.55c, Felsenstein 1993). The distance matrices 

for the bootstrapping were calculated using a Kimura correction with a 

transition/ transversion ratio of two. 

Primer design 

To sdectively amplify known ericoid mycorrhizal fun@ from colonized 

sala1 mots, thtee bon-specific primas were designed basai on the sequence 

alignment and phylogenetic analysis. Each primer is composed of 19 nucleotides 

that were visually seleded to be complementary to the 3' end of the LTS2 for the 

target isolate but not the 0 t h  fun@ (Fig. 3.1). The phylogenetic analysis of 

sequences grouped the ericoid mycorrhizal species of this study into two main 

groups, the Oidiodendron group and the Hymenoscyphus group (Fig. 3.4). To 



Primer 

Oidiodendron groupl 0.g. 

Hymenoscyphus groupl M8 

Hymenoscyphus gmup/ S246 Sr- AGCGAGGATA'ITTACTACG3' A 
ACCCITGGAGCGAGAGCTG -3' 

AGCGAGATAAATTACTACG -3' 

Figure 3.2 Set of three prirners selected after sequence alignment and 

phylogenetic anaiysis. 

/ 
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amplify DNAs £rom fungi in the Oidiodendron group, primer 0.g. was designed 

to match the sequences of the species Oidiodendron griseum. To amplify DNAs 

from the Hymenoscyphus group, primers S246 and M8 were designed as perfect 

matches for the sterile isolates Unknown 2 (UBC S246), and Unknown 3 (UBC 

Mg) (Fig. 3.2), respectively. Ali three primers anneal to the 3' end of the ITS2 

region, at 59 and 67 bp from the 28s gene for the primers 0.g. and S2% 

respectively (Fig. 3.2). Pnmers M8 and S246 anneai to homoIogous sites (Fig. 3.1). 

Each of these primas c m  be paired with the fimgal speciiîc primer ITS1-F 

(Gardes and Bruns, 1993) or the universai primers ITS5 or iTç1 in mder to obtain 

a PCR product encompassing the ITS1 and most of the ITS2 regions of the 

ribosomal repeat. 

Prim- test for optimum PCR conditions and specificity with closely related taxa 

To optimize stringency of primer binding each new selective primer was 

tested for its abiIity to ampIifv target DNA at 52 C, 56 C, 59 C and 62 C. The 

Oidiodendron group spedic primer 0s. was tested with Oid iod end ron species; 

two 0 .  griseum isolates, one Oidiodendron sp., and Oidiodendron maius. The 

primer M8 was b t e d  with unidentified isolates Unknown 3, Unknown 4, S.  

vaccinii, and H. ericae (Fig. 3.5). Primer S246 was tested using unidentified 

isolates Unknown 1,2 and 5, and H. ericae. 

Primer test with different fangal DNA concentrations 

A set of serial dilutions of fungal DNA was used to establish the 
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minimum fungal DNA concentration at which the selective primas would 

produce a visible PCR product Genomic fungal DNAs of the unidentified 

isolates UBC S246, UBC M8 and the species Oidiodendron griseum were used in 

concentrations ranging kom 3 ng/pl to 8 x 1p ng/pl to test the PCR reaction 

with each primer set (Table 32). 

Tests of primers with artificiaI mixtures of fungal DNAs 

Since each of the three new primers represented a group of the ericoid 

mycorrhizal fun@ used in this study, the primers were tested for their ability to 

amplify only the target DNA in artificial mixtures with DNA of ericoid 

mycorrhizd fungus of a non-target group. PCR tests for each set of ptimers were 

carried out with artificid mixtures of two fungal DNAs at a tirne, as weU as with 

artificial mixtures of each fungai DNA with salal DNA (Table 3.3). The annealing 

temperature used was 56 C (Table 3.3). 

Test of primer 0.g. with fungi of diverse taxa 

PCR reactions were performed to test the specificify of the three ericoid 

mycorrhizal s p d c  primers using genomic DNAs of a wide range of non- 

mycorrhizal fungal taxa. The anneaiing temperature used was 56 C (Table 3.4). 

DNAs obtained h m  various fungai species (Table 3.4) were diluted 100 fold and 

amplified using the universal mers ïïS4-TTS5. The PCR products were diluted 

lûû-fold. The diluteci product was then reamplified with two sets of primers: the 

universal primers (rrseITS5) and a set induding the fungal specific primer 



Table 32 PCR products obtained with the primer O.& when using 
O. griseurn genomic DNA at different DNA concentrations. 

DNA concentration Total DNA PCR 
in reaction mixture per PCR reacüon 

hg/ fi) product 



Table 3.3 C a .  new, specific primers distinguish target DNA from a DNA 
mixture? The left column gives the concentration of target and non-target 
DNA per PCR reaction. Specific primers used in each reaction are Listed 
aaoss the top. + indicates a single band of PCR product when the expected 
PCR band size for the two DNAs was the same; - indicates no 
amplification; -/+ indicates amplification of only the second DNA when 
the expected PCR band laigths of the two DNAs were different; +/+ 
indicates amplificaton of two DNAs with different PCR band &es; +/- 
indicates amplification of only the k t  DNA; -/- indicates that neither 
DNA amplified. 

- 

DNA mixtures [ns(pB PCR Producîs 

S246/0.griseum Primer S246 Primer M8 Primer 0.a. 

O / 6  - -1- + 
15/43 + -1- + 

313 + -1- + 
45/13 + -1- + 
6/0 + -1- - 
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Table 3.4 PCR products obtained £rom DNA of a variety of fungal isolates 
when using a set of universal primers and a set of a fungal specific 
primer ITS1-F with the group specific primer 0.6 

Fungai isolate 

Aspergillus nidulans (Eidam) Winter + 

Botrytis cinerea Pers. $r.j lini van Beyma + 

Caprionia pilosella (Karsten) E. Muller et al. + 

Cucurbidofhis pitophila Petrack + 

Fusarium avenaceum (Corda: Fr.) Sacc + 

Neurospora terricola Gochenour and Backus + 

Oidiodendron griseum + 

Saccharorny ces cerevisiae Hansen 

Schizophyllurn commune VailI.:Fr. 

Ustilago bullata Berk 

Us filago kolleri Wille 



(IlSI-F) and the specific primer 04. 

Sequence Andysis 

The data matrix shown on Fig. 3.1 includes the sequence alignment for al1 

the taxa used in this study. The nucleotide sequences include a portion of the 

5.85 gene, the Il32 region and the beginning of the 28s gene. AU Oidiodendron 

isolates showed low levels of sequence divergence in the ITS2 region 

(approximately 180 aligned sites). The difference between O. griseum (UBC S18) 

and 0. niaius, and between 0. griseum (UBC S18) and 0. citrinurn was only 0.5 

percent. The percent basepair difference between O. griseum (UBC SIS) and 0. 

flan u m was 9.4 percent. The percent basepair difference between 0. citrinum and 

O. maius was 1 percent. Higher percent differences characterized other pairs of 

isolates, including the unknown taxa. The percent difference between O. gr iseum 

(UBC S18) and the taxon Unknown 3 (UBC M8) and Unknown 2 (UBC S246) was 

15 percent and 12.8 percent? respectively. 

For fun@ of the Hymenoscyphus group, uncorrected pair-Wise percent 

substitution arnong two of the unknown taxon, Unknown 3 (UBC M8) and 

Unhomi 4 (M20) and Hymenoscyphus ericae (Read, D.J. 101 and UAMH 6735) 

varied between 0.55 and 2.77 percent (Table 35). However, the percent pair-Wise 

substitution for H. ericae and the taxa Unknown 1,2 and 5 (UBC S9, UBC S246, 

and UBC M5) varied between 7.77 and 15.55 percent. AU of the unknown isolates 
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showed pairwiçe percent substitution that varied between 6.11 percent and 11.66 

percent when compared to Phialophora fidandia (Table 3.5). 

Table 3.5 Uncorrecteci pair-Wise percent substitution for fungi in the 

Hymenoscyphus group. 

PF7454 Hel01 Svacci H6735 M8 M20 M5 S246 
- 

m454 

HelOl 

Svaca 

H6735 

M8 

M . 0  

M5 

s246 

S9 

Phylogenetic A d p i s  

Phyiogenetic analysis of the ITS2 region of the nuclear ribosomal repeat using 

the program PAUP with 50 replicated heuristic searches (Swofford, 1991) 

generated 140 equally parsimonious trees of length 458 mg. 3.3). Ericoid 

mycorrhizal fun@ dustered in two main groups, the Oidiodeadron group and 

the Hymenoscyphus group. For the parsimony trees the consistency index was 

0.623. Three endophytic Phialocephala species clustered apart from the ericoid 

mycorrhizai fungi (Fig. 3.3,3.4). The Hymenoscyphus p a p  segregated into two 



Figure 3.3 One of 140 equaily parsirnonious trees of length 458 found in 50 replicated 
heurisbic searches with random addition of taxa using PAUP. In ails phylogram, branch 
lengths am proportional to subsWution nurnbers. The numbers are the number of 
changes that map to the branches. 



O i d i o d e ~  chlamydosporicum (3) 
Oidiodendron scytaloides (4) 
Myxoaichum setosum (5) 
Oidiodendrrw griscum (6) 
ûidiodendrcm citrinum (7) 
Oidiodcndron griseum (8) 
ûidiakndron griscum (9) 
OidiodenrIron maius (10) 
Oidiodendron-like sp. (1 1) 
Oidiodehdroii flavum (12) 
ûidiakadron piconioides (13) 

Oidiodendron 
QmuP 

1 Phialocephala 

Hymenoscyphus 
QmuP 

Figure 3.4 Consensus tree generated from neighbor-joinhg analysis of 500 
bootstrap replicates. F m t a g e  are bootshp peentages. OnIy groups 
receiving 50% or more support are shown. 



Figure 3.5 Cornparison of PCX products frorn target fungal DNAs amplified 
using either the new selective genus-specific primer MB or the fungus 
specific primer ITçl-F. For each pair of lanes, the k t  lane contains a 
longer fragment amplined with ITS1-F and ITçQ. The second lane of each 
pair contains the shorter fiagrnent amplified with genus-speafic M8 and 
ITS4. The genomic templates and their dilutions were: Lanes 1-4; 
Unknown 4 (isolate Mg). 1, 2, 10 fold dilutions; 3, 4, 100 fold dilution; 5-8, 
Unknown 3 (isolate M O ) ,  5, 6, 10 fold dilution; 7, 8,100 M d  dilution; 11- 
12, Scytalidiurn vnccinii, 100 fold dilution; 13-14, Hymenoscyphus ericae. 
M = molecular 8ze marker; - negative control. 
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sub-groups in this phylogram; one brandi induded the @es Hymenoscyphus 

ericae , Scytalidium vaccinii and sterile isoIates (Fig. 3.3, 3.4). Isolates UBC M8 

and UBC M20 clustered cioseiy with the isolates of H. ericae. The other branch of 

the Hymenoscyphus group included the species Phialophora finlandia and 

sterile isolates UBC 5246, and UBC S9 (Fig. 3.3,3.4). The taxa of the Oidiodendron 

p u p  clustered as fo11ows; Myxofrichurn set os u rn clustered with Oid iodend ron 

chlamydosporicum. Oidiodendron citrinurn ,O. griseum , O .  maius and the UBC 

Ml0 (Oidiodendro n-like sp.) clustered together. An O. gris eu m isolate (UAMH 

4080) that sometirnes clustered doser to O. flavurn (UAMH 1524) than to the 

other O. griseum isolates was pbabIy rnisidentified (Sigler, personal 

communication). Although a member of the Onygenales, the isdate 

Pseudogyrnnoascus roseus was distant from the other spe& in the 

Oidiodendron group. The unusual ericoid mycorrhizal fungus Ac r emo n i u  m 

strictum was very different from ali the other fungai taxa used in this analysis 

(Fig. 3.3). 

The consensus tree generated by neighbor-joining bootstrap anaiysis with 

500 replicates shows that the Hymenoscyphus and Oidiodettdron groups receive 

64% and 80% btstrap support, respectively. 

A cluster uniting the three isdates of the endophyhc h g i  of the genus 

P hialocephala received 97% support. 

Within the Oidiodendron group the branch uniting M. setosum, 0 .  

chlam ydospo ricu m, and O. scy faloides showed 91% support. The branch 

including the taxa 0. griseu m (UBC S4, UBC SI 8 and UBC SSO), O. cif  rinu m and 
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O. maius received 92% support. In the bootstrap consensus tree, the branching 

order of taxa including 0.fZavu m, 0. periconioides, 0. rhodogen u m, O, griseum 

(UAMH 4080) and P. roseus) was not resolved. 

The Hymenoscyphus groap imluded two sub-groups. One of the sub- 

groups of Hymenoscyphus included H. ericae, S. oaccinii , and the sterile isolates 

M8 and M20 with 65% support. Within this group, the duster induding isolates 

UBC M8, UBC M20 and H. ericae (Read, D.J. 101) received 81% support. The 

second Hymenoscyphus subgroup included the isolates Phialophora finlandia 

and the steriie isolates UBC S9 and UBC S246 with 66% support, with the two 

sterile isolates clustering closer together with 74% support. Although the sterile 

isolate U8C M5 clustered within the Hymenoscyphus group, it did not cluster 

with either sub-group. 

Primer test for optimum PCR conditions and closely related taxa 

Three seiective primers were designed to ampiiry three different clusters 

of ericoid mycorrhizal isolates. m l - F  has a calculated melting temperature of 60 

C (Maniatis et al., 1982). The three seiedive primers had caldated melting 

temperatures of 62 C, 52 C, and 54 C for 0.5, M8, and S246, respectively. When 

using annealing temperatures over 59 C, ITS1-F, MS, or S246 probably failed to 

anneal and a single-stranded PCR product resulted. Therefore, the seleded 

annealing temperature was 56 C for each of the three seiective prirners paired 

with ITS1-F 

Each of the three seletive primers paired with the fungal specific primer 
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ïE1-F (Gardes and Bruns, 1993) amplified the ITS regions when tested with 

target DNA as foiiows: primer 0.g with ITS1-F amplified isolates UBC M10, 0. 

griseun (UBC 518, UBC SBO), and 0. maius (UAMH 1540); primer S U 6  with 

ITSI-F amplified isolates UBC S246, UBC S9 and UBC M5; and primer M8 with 

ml-F amplified isolates UBC MB, UBC M20, S. vaccinii (UAMH 5828), and H .  

ericae (Read, DJ. 101) (Fig. 35). 

Primer test for different fungal DNA concentrations indicated that the 

minimum concentration of genomic DNA was 0.025 ng/pl for each PCR reaction 

of a total volume 25 pl. That was equivalent to 0.625 ng of genomic DNA per 

PCR reaction (Fig. 3.8). 

Tests of primer specifiaty with artinciai mixtures of target and non-target ericoid 

mycorrhizal DNAs. 

When th& target DNA was present in the PCR reaction, a i i  three 

selective primers, 0.6 , M8, and 5246, produced a PCR product. Target DNAs 

were atnplified even when they constituted only 25% of an artificial DNA 

mixture (Fig. 3.6 and Fig. 3.7). Prirners 0.g and M8 showed higher specificity than 

primer S246, since primers 0% and Mt3 yielded a product only when their target 

DNA was present. However, when the primer S246 was used in DNA mixtures 

of taxa M8 and S246, two bands were detecid in electrophoresed agarose gel, one 

corresponding to the expected PCR product length of UBC Mt3 (approximately 980 

bp) and the second corresponding to the expeded length of UBC S246 

(approximately 590 bp). These molecular data mggest that primer S246 might 



Figure 3.6 Use of genus-spedic primer M8 to ampli@ target DNA from a mixture 
of total genomic DNAs. PCR product formed only when target Unknown 
3 (UBC M8) DNA was present (lanes 6-12, and 15). The combinations of the 
genomic templates in the reactions were: Lanes 1-5, with DNAs mixtures 
of Unknown 2 (UBC S246)/ 0. griseum (UBC S18) with concentrations 
expressed in ng/~l; lanes 1,610; 2, 45/15; 3, 313; 4, 15/43; and 5, 0/6; 
laneç 6-9, mixtures including target DNA with concentrations expressed in 
ng/ pl tatget Unknown 3 (LBC Mg)/ ng/ pl Unknown 2 (UBC S246), lanes 
6, 610; 7, 4511.5; 8, 313; 9, 15/4.5. Lanes 10-12, mixtures in ng/ J U ~  target 
Unknown 3 (UBC Mg)/ ng/ d O. griseu m (UBC SI$), lanes 10, lS/ 4.5; 11, 
313; 12, 45/15. Lane 13, mixture included only salal DNA at a 
concentration of 6 ng/pl. Lane 14, mixture included sdal DNA and 0. 
griseum (WC S18) with DNA concentrations of 3 ng/ pl each. Lane 15, 
mixture included target DNA of Unknown 3 (UBC M8) and salal DNA at a 
concentration of 3 ng/p1 each. Lane (-) = negative control. M = molecular 
size rnarker. 



Figure 3.7 Use of genus-specifïc primer 0.g. to amplify target DNA from a 
mixture of total genomic DNAs. PCR product formed only when target 
Oidiodendron griseum (UBC SM) DNA was present &mes 1-4,10-12, and 
14). The combinations of the genomic templates in the reactions were: 
Lanes 16, mixtures in ng/ pl of target 0. griseum (UBC SIS) and Unknown 
2 (UBC S246); lanes 1,6/0; 2, 4.5 / 1.5; 3,313; 4,1.5/4.5; and 5, 0/6.  Lanes 10- 
12, mixtures in ng/pl of target O. griseum (UBC S18) and Unknown 3 
(UBC M8); lanes 10, 4.5115; 11 313; 12 1514.5. Lanes 6-9, mixtures 
including non-target DNA with concentrations expressed in ng/vI target 
Unknown 3 (UBC MS) and Unknown 2 (UBC S246), Ianes 6,610; 7,4.5/ 1.5; 
8, 313; 9, 1.5f4.5. Lane 13, mixture included ody salai DNA at a 
concentration of 6 ng/pI. Lane 14, mixture induded s d a i  DNA and target 
DNA O. griseum (UBC SIS) with DNA concentrations of 3 ng/~l each. 
Lane 15, mixture induded non-target DNA of Unknown 3 (UBC M8) and 
sala1 DNA at a concentration of 3 ng/pl each. Lane (0) = negative control. 
M = molecular size marker. 



Figure 3.8 Establishg the minimum concentration of Oidiodendron griseu rn 
genomic template for successful amplification with the primer 
combination 0.g. / and ITS1-F. DNA concentrations in the PCR reaction 
mixture, in ng/ pl, were: Iane 1, 3.0; 2, 1.5; 3, 0.5; 4, 0.25; 5, 0.05; 6, 0.025; 7, 
0.005; 8, 0.001; 9, 2 x 18 , 10, 4 x IO5, 11, 8 xlOd. The minimum 
concentration for amplifications was 0.025 ng/pl. M = Moledar size 
marker . 



Figure 3.9 Universal primers ITS4 and lTS5 amplified DNAs from diverse fun@ 
(lanes 1-4,5); the genus specific primer combination O.gi/ITSl-F amplified 
only target O. griseu rn DNA (lane 13). + = positive control, genomic DNA 
of 0. gris eum; - = negative control, no DNA; the test genomic DNAs were 
from: Schizophyllum commune,  Ush'lago bullata, Aspergillus nidulnns, 
and Botrytis cinerea. 
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ampw a broad number of taxa within the Hyrnenoscyphus p u p .  In contrast, 

primer M8 did not ampli@ DNA of the taxon S246, indicating a higher degree of 

specifiaty withui the Eymenoscyphus group. Primers S246 and M8 did not 

produce PCR product when tested with DNA of 0. griseum. PCR products of 

araficial mixtures of each of the three taxa with sdd DNA, as s h o w  by length of 

bands in electrophoresed agarose gels, indicated that only the fungal component 

of the mixture was amplified each time. Therefore, salal DNA would not affect 

the performance of any of these new primers. 

Tests of primer O.& with nui@ of diverse taxa. 

Positive PCR products were obtained with DNAs of the fungal isolates of diverse 

taxa when amplified with the universal primers ITSl and ITS4. When primers 

ITSl-F and 0.6 were tested with a set of DNAs from diverse fungi, PCR products 

were obtained only when the fungus b o n  present was O. griseum (Table 3.4, 

Fig. 3.9). 

Discussion 

Phylogenetic p u p s  generated by data analysis 

This molecular phylogenetic analysis of ericoid mycorrhizal fungal 

isolates supports the separation of the exicoid mycorrhizal isolates into hvo 

prinapal groups: the Oidiodendron group and the Hymenoscyphus group (Fig. 

3.3, 3.4). In addition, the unusual ericoid mycorrhizd fungus Acre mo n iu m 

strictum W. Gam constitutes a third distantly related group. The three separate 
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ciusters are consistent with morphological taxonomy, which wodd place 

Oidiodendron and teleomorphs Myxotrichum and Pseudogymnoascus in the 

Onygenales (Currah, 1985), Hymenoscyphus in the Leotiales (Korf, 1973) and 

Acremonium s fric t u  m pmbably in the Hypocreales (Kendrick and CarmichaeI, 

1973). 

The iTS2 region is highly variable. The high variability makeç the region 

useful for recogpizing dosely-related species and for designing prima but it dso 

leads to alignment ambiguity and convergent substitutions among sequences of 

distantly-related taxa. Where clusters in Fig. 3.3 conflict with other 

morphological and sequence-based phylogenies, high lev& of sequence 

divergence are probably to blame. In the trees from the ES2 regions, for example, 

Hymenoscyphus and Sclerotinia do not cluster together, even though they are 

both in the Leotiales (Korf, 1973). Penicillium and allies do not cluster with 

Oidiodendron and the Onygenales, even though they are a l l  plectomycetes 

@enne& 1973). The polytomy at the base of the bootstrap tree (Fig. 3.4) reveds 

the lack of support for branching order of the deeper divergences. 

Rooting the trees 

Trees are shown with the root at the base of the pyrenomycetous taxa (Fig. 

3.4) or midpoint rooted among the pyrenomycetes (Fig. 3.3). With the possible 

exception of Cladosporium f u 1 vu m, the isolats in the data set probably belong to 

the pyrenomycetes, the Leotiales or the plectomycetes. Based on the much longer 

and more conserved 18s rRNA gene sequences, the plectomycetes are &arly 
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monophyletic and Leotiales are probably also monophyletic (Gargas et a 1.. 1995) 

and thefore the root should not be within one of these higher groups. 

Howeva, which groups should be basal remains undear and placing the 

pyrenomycetes at the base was arbitrary. 

Phylogenetics and the identity of the unknown eiicoid mycorrhizal fun@ 

Sequences of five groups of sterile mycelial isolates (Unknowns 1-5) did 

not match any hown fun@ but the phylogenetic trees and sequence simïlarities 

suggest that they are pmbably Leotialean fun@ related to Hymenoscyphus. 

Fungal isolates in the same speaes, and fungi in clody dated spedes usually 

have almost identical ITS2 sequences. In our data set for example, the basepair 

differences between pairs of O id iod end ron species including 0. gr iseu m, 0. 

citrinum, and O. mai us were less than 1%. Small percent differences have also 

been reported for closdy related taxa of Armillaria (Anderson and Stasovski, 

1992). The differences among treeLaccaria speaes varied between 3% and 5% and 

1 to 2% within L. bicolor (Gardes ef al. ,1991). The ITS regions of isolates H. ericae 

and its possible anamorph S. vaccinii differed by less than 35% (Egger and Sigler, 

1993). Similady, steriie fun@ Unknown 3 and Unknown 4 differ from H. ericae 

by less than 3%, suggesting that they may be congeneric, or perhaps even 

conspecific, with H. ericae. 

In contra& the pairwise percent differences in our lTS2 data set among the 

sterile fun@ Unknown 1 and Unknown 2 were high. Hymenoscyphus ericae was 

the closest teleomorph to Unknown 1 and Unknown 2 (Fig. 3.3, 3.4). However, 
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Unknown 1 and Unknown 2 sequences differed from that of H. ericae by over 

8%. In RFLP analysis (Ch2), sterile mycelial isolate UBC M5 ITS region digests 

were identical to digests from Unknown 2. However, because sequence analysis 

showed that UBC M5 differed from Unknown 1 and 2 by over 8% and from H.  

ericae by over 7%, the isolate was given its own group, Unknown 5. The 

phylogenetic trees show that the Unknown 1,2, and 5 isolates probably belong to 

the Hymenoscyphus p u p  ip(Fig. 3*3, 3.4). Possibly, the unknowns are al l  isolates 

of H. ericae and the species just has unusually high ES2 substitution levels. If 

the cor~elation between ITS2 substitution levels and species limits are typical for 

fungi, however, Unknowns 1,2, and 5 are not conspedic with each other, with 

& ericae or any other identified ericoid mycorrhizal spe~es. As the data base of 

sequences for identified Leotiales Ïmproves, it may become possible to identify 

the unknown isolates with confidence. At present, the unknowns serve to 

suggest that a duster of Leotiales speaes distinct from H. ericae may be important 

in formation of ericoid mycorrhizae. 

In the Hymenoscyphus group, the species Hymenoscyphus ericae is placed 

in the Leotiales (Read, 1974) and Scytalidium vaccinii Dalp6, Litten and Sigler 

was inferred as its possible anamorph based on molecular data (Egger and Sigler, 

1993). In our analysis of ITS2 sequences, S. vaccinii, steriie isolates Unknowns 1-5 

(UBC M8, UBC MO, UBC MS, UBC S9, UBC S246), and the ectendomycomhizaI 

species Phialophora finlandia aU clustered closely with Hymenoscyphus ericae. 

Reported in Chapter 2, under axenic laboratory conditions, the isolate P. 

finlandia (UAMH 7527) produced typical ericoid mycorrhizal coils when 
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inodated into axenicdy grown salal plants. Our results showing a dose 

rdationship between P. finlandia and H. ericae (Fig. 3.3, 3.4) are consistent with 

those of Stoyke et al. (1992), who reported that based on RFLP analysis of ITS 

regions, H. ericae (DAOM 185550) and P. finlnndia (FAG-15) differed by fewer 

than 0.01 nucleotide substitutions per site. The authors found this result 

puzzling since colony morphology in the two species differs and H. ericae 

produces arthroconidia while P. finlandia produces phialoconidia. 

Within the Hymenoscyphus p u p ,  sterile isolates Unknown 1 UBC S9 

and Unknown 2 UBC S246 are particdarly dose to P. finlandia (Fig. 3.3; 3.4). 

Whether the Unknown 1 and 2 would resemble P. finlandia producing 

phialoconidia and ectendomycorrhizae with forest trees under appropriate 

conditions rernains an open question. It might help, in order to provoke 

sporulation of the dco id  mycorrhizal sterile isolates, to keep them at zero 

degrees for six months in the rehigerator, in a similar manner that non- 

spodating species were treated by Wang and WiIcox (1985). Wang and Wilcox 

(1985) placed 6-week-old cultures of sterile isolates that formed 

ectendomycorrhizae with pine on MMN agar plates and incubated them at low 

temperature (5 C) for 6 months to a year. Once sporulation was achieved, they 

describecl the species Phialophora finlandin and Phialocephala fortinii. 

The genus Acrenzo niu m has over 100 species and they are ubiquitous in 

soils and plants (Domsch et al., 1980). Because they are common in soil, the 

saprophytic Acremonium species would have to be saeened out to permit 

molecular detection of the mycorrhizal species. Molecular phylogenetic studies 
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of the genus are in progress and the I'E sequence data base may mon be complete 

enough to design spedic primers for the ericoid mycorrizal Acremo n iu m 

species (Glenn et al. ,19%). 

The most parsimonious tree obtained with sequences andysis of the ITS2 

region alone resolved the rdationships among the ericoid mycorrhizal fun@ of 

the Hymenosc yphus group, the Oidiodendron p u p ,  and the endophytic fungi 

of the genus Phialocephala. However, within each group, some branches of the 

tree did not have enough support to d e h e  the relationship among species of the 

group. To overcome that problem, the sequences of the ïïS1 region will help to 

strengthen the analyis. A h ,  the analyçis was not sensitive enough to show the 

rdationship among the Hymenoscyphus group, the Oidiodendron group and 

the other groups of Ascomycetes. To define the relationship to other fun@ from 

the Ascomycetes, sequences of the ïïS1 and ï i32 region should be included in 

the phylogenetic analysis. 

Encoid myconhizai gmup specific primers 

Newly designeci spedfic primers selectiveiy ampiified the target DNA of 

fungal taxa of closely related groups, the Oidiodendron group and the 

Hymenoscyphus group. Primer O.& specificaiiy amplined only target DNA when 

tested in DNA mixtures of ericoid mycorrhizal fungi, i.e.; it did not amplify DNA 

of the Hymenoscyphus groap, or DNA of a diverse seledion of non- 

mycorrhizal fungi. Primer M8, ampIified only target DNA, which included 

DNAs from H. ericae and Unknowns 3 and 4. Primer M8 did not amplify DNAs 
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from Unknowns 1 and 2, the other taxa in the Hymenoscyphus group. Primer 

S246 was less specific and amplified D N h  of all the isolates tested from the 

Hymenoscyp hus group. Primer S246 can be used in sets of isolates involving a 

wider range of diversity of taxa repremted in the Hymenoscyphus group, 

while primer M8 may detect more readily taxa closely related to the species 

Hyrnenoscyphus ericae. 

Use of these sets of primers might aiiow a faste screening of new isolates 

£rom forest and alpine ecosystems, in which plant species belonging to the 

Ericales are present. Furthmore, since most of the isolates of the 

Hymenoscyphus group remain s t d e  under laboratory conditions, primers S246 

and M8 can be used as a molecular tooIs for detection alongside the traditional 

cultural and morphologicai techniques. At the same tirne, there is potential to 

further explore the use of these primers to detect related taxa present in root 

systems of other plant species. 

Huwever, with the exception of primer M8, the specificity of these primers 

is at the genus level, therefore the molecular methods to confirm the t aon  

identity from ericaceous roots taken from the field wiU have to be more 

stringent. Based on RFLP patterns from salal rwts sampled at the SCHlRP site 

(Chapter 2), a large fungal diversity was detected, indicating the possibility that 

related taxa might be present in close proximity in the same r m t  system (5 mm) 

and therefore more than one closely related fungal taxa DNA could be co- 

amplified. 



Chapter 4 

Synthesis 

Territories occupied by evergreen dwarf-shrubs Iargely belonging to the 

Ericaceae are known as heathland. Ericaceous heaths occur in Europe, A£rica 

(fynbos), Australia (kwongan), and North and South America (chaparral) (Read, 

1991; Straker, 19%). A combination of geography (high altitudes and latitudes), 

climate (relative cool temperature regimes), soils (organic layer of mor humus type 

and/or podzolic inorganic soi1 types), and biotic (vegetation) and anthropogenic 

(deforestation) factors affect the formation and dominance of ericaceous heathlands 

(Gimingham, 1972; Read 1991). Soüs of such ericaceous systems have low pH, loss 

of base cations, accumulation of organic matter due to inhibition of minerdization, 

high content of organic aads, high C/Nratios and high solubility of metallic cations 

(Read, 1991). Since rates of ammonification and nitrification are low or completely 

inhibited in these systems, vegetation growth can be limited by the lack of inorganic 

foms of the major essential nutrients such nitrogen (N) and phosphorus (P) (Read, 

1991). The association of mycorrhizal fungi with ericaceous plants is mainly a 

nutritional benefit since the ericaceous fun@ access elements fixed in organic forms 

(Bajwa et a 1. ,1985; Read, 1984; Leake and Read, 1989). 

In one coastal forest ecosystem of British Columbia, sald (Gaultheria shallon 

Pursh) becomes the dominant species on reforestation sites in which the previous 

major overstory species, western red d a r  (Thuja plicata Dom) and of western 

hemlock (Tsuga heterophylla (Raf.) Sarge) have been clear cut and slashburnt. 

Reforestation efforts on such sites have ben hampered by poor growth of conifers 

(Sitka spruce, western hemlock , westem red cedar and Amabilis fir), as indicated by 
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symptoms such as chlorotic foliage and minimal height growth (Prescott and 

Weetman, 1994). To find a solution for this problem, the Sald Cedar Hemlock 

Integrated Research Program (SCHIRP) was initiated in an area of northern 

Vancouver Island. As part of the SCHIRP project, ericoid mycorrhizal fungi 

associateci with sda l  mots were isolated (Xiao, 1994). Xia0 (1994) isolated and 

identified the ericoid pseudomycorrhizal f ungus Acrernonium s f rictu m W. Gams 

and three erïcoid mycorrhizal fungi. One of these taxa was identified as 

Oidiodendron griseum Robadc and the other two fun@ remained sterile under 

Iaboratory conditions and were designated as Unknown 1 and Unkrïown 2. In vitro 

studies of these isolates demonstrated that they can use organic forms of Nf that the 

&caceous mycorrhizal fungi were antagonistic to some ectomycorrhizal fun@ of 

western hemlock, and it was proposed that they therefore may contribute to the 

dominance of salal in these systems (Xiao, 1994). 

In cornparison to other groups of mycorrhizal fungi, the ericoid mycorrhizal 

fun@ are composed of a relatively small number of taxaf although taxonomicaily 

diverse (Starkerf 1996). They are found in the Ascomycetes, induding speaes in the 

order Helotiales and Onygenales (Pearson and Read, 1973, Dalpé, 1989). The best 

known spedes in the Helotiales is Hymenoscyphuç ericae (Read) Korf & Kernan 

(Read, 1974). In North America several isolates have been putatively classïfïed as H. 

ericae , although the apotheaa have never been observed (Litten et al., 1985). In 

addition, some taxa are Hyphomycetes, including speaes of O id iod end ro n, 

Scytalidium and Acre mo niu m (DaIp4, 1986, 1989, 1991; Xiao, 1994). Some sterile 

mycelia have also been reported to form ericoid mycorrhizae (Haselwandter, 1987; 

Pearson and Read, 1973; Perotto et al., 1994, 1995; Xiao, 1994). Finally, there is some 
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indirect evidence of an ericaceous mycorrhizal assoaation of a basidiomycete wid 

Rhododendron plants (Muekr et al., 1986). 

So far primarily cultural and morphoIogica1 techniques have been used tc 

detect fungal taxa in mycorrhizae of ericaceous plants. However, ericoid mycorrhiza 

fun@ grow slowly in culture compared to potential contaminants and many remaii 

sterile under laboratory conditions which can limit the success of this approad 

(Read, 1983). Practical laboratory constraints make it difficult and tirne-consurning tc 

pmcess and to test the mycorrhizal potential of a large number of isolates, anc 

usuaily only a sub-sample of al1 isolates is tested. When isolates remain sterile, thq 

are usually selected only based on colony morphology. At present, the exact numbe 

of e15coid mycorrhizal fungal taxais unknown (Straker, 19%) and we may be awarl 

of a mail percentage of them. In the present study, molecular techniques were usec 

to study known ericoid mycorrhizal fungi with the airn to explore their possibll 

application to the assessrnent of biodiversity, population dynamics and communi~ 

structure of these fungi. 

The polymerase chah reaction (PCR) that allows amplification of minut 

amounts of genomic DNA was used in this study (MulIis and Faloona, 1987 

Restriction fragment length polymorphism (RFLP) and sequence analysis of th 

L'El and ITS2 region of the nuclear ribosomal RNA genes were used to identif: 

ericoid mycorrhizal fungi and o h  endophytic fungi. 

RFLP patterns segregate all known ericoid mycorrhizal fun@ and variou 

endophytic fungi into 14 Groups. The four morphological groups of fun@ isolatei 

by Xiao (1994) and two additional isolates obtained by Monreal at the SCHIR,F' sit 

segregated into six different RFLP p u p s .  This indicates that RFLP techniques cou11 
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be useful to search for known ericoid mycorrhizal fungi from dorestation sites 

dominated by salal. 

Six Oidiodendron m e s  generated only tluee RFLP patterns suggesting 

some degree of polymorphism within the genus. These patterns induded O. 

griseum, O. citrinum and 0. maius in RFLP Group 11, O. flan u m and one isolate 

identified as 0. griseum (UAMH 4080) in Group 12, and induded 0. periconio ides 

and O. sqtaloides in RFLP Gmup 13. The dose relationship of 0. gris eu m, 0. mai us 

and 0. citrinum was later confirmed by sequence analysis. Also, a new isolate (UBC 

M10) obtained from the SCHIRP site produced RFLP pattern of Group 11 and 

sequence analysis that clustered it close to Oidiodendron mai u S.  Sequence analysis 

confirmed that the isolate O. g riseum (UAMH 4080) clustered closely to 0. fla a u m, 

suggesting that the isdate had been misidentified. 

At the SCHIRP site, twenty new isolates were a l l  obtained from fragments of 

the same root system. RFLP results and axenic test with inoculated salal showed that 

five isolates formed ericoid mycorrhizae with sald and presented four different 

RFLP patterns, two prevïously known and two new ones. These resdts suggested 

that a relatively large number of taxa might be present in a fairiy small amount of 

mycorrhizal roots. Additional direct PCR reaction and RFLP analysis of fungi from 

fragments of field roots confiraed that a large fungal biodiversity might be 

associated with salal mots. RFLP's of field root fragments produced many bands for 

each fragment andyzed indicating that two or more fun@ were present in each 

seiected mycorrhizal fragment. 

Results indicated that the RfrtP synoptic key created as part of this study wiU 

be useful to identify new isolates to the genus Ievel. Morphological characterization 
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would have to be used to confirm the final identity of the fungus. RFLP analysis of 

synthetic mycorrhizae using more than one isolate might confirm the capacity of 

many h g i  to associate with same ericaceous root system. The RFLP synoptic key 

codd be usefd in that case since the band lengths of the isolates used would be 

kno wn. 

Six isolates of Hymenoscyphus ericae segregated into four RFLP groups, 

suggesting large polymorphism within that species or misidentification of isolates. 

From four of the North American isolates of H. erifae only one had the same EUW 

pattern as the European isolates (UAMH 6735 and READ, D J. 101) that apparentfy 

represent authenticated material. Large polymorphism among the Hymenos cyphus 

ericae isolates has been attributed in the past to the presence of insertions (Egger and 

Sigler, 1993). Egger et al. (1995) dernonstrated that one isolate, UAMH 6565 had a 

large putative group 1 intron in the S end of the 1ûS gene. This intron would be 

included in the DNA region 1 amplified with primers KSI-F and W. ïntrons can 

be lost or gained through horizontal transfer and the presence or absence of the 

intron codd explain the length variation among strains of H. ericae. Intron 

sequence codd explain the diversity of RFLP patterns found in H. ericae isolates. 

Analpis of sequence data showed that ail known ericoid mycorrhizal fungi 

can be dassified into two main groups: the Oidiodendron group and 

Hymenoscyphus group, with the exception of the pseudomycorrhizal 

fungusAcremonium strictum . Some spedes of the Oidiodendron group had pair 

wise percent differmces of Iess than 1%. However, the Hymenoscyphus group 

branched into two sub-clusters. Moledar analysis suggest the species 

Hymenoscyphus ericae , Scytalidiurn vaccinii and two sterile isolates kom the 
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SCHIRP site, Unknown 3 (UBC M8) and Unknown 4 (UBC M20), may be congeneric 

or conspedc. Interestingly, the second sub-duster of the Hymenoscyphus group 

included the species Phialophora finland ia which dustered with several sterile 

isoiates from the SCHlRP site induding the taxa Unknown 1 (UBC S9), Unknown 2 

(UBC S246), and Unknown 5 (UBC M5). B a d  on the Spical ITS2 substitution levels 

for fungi, the fun@ Unknown 1 (UBC S9), Unknown 2 (UBC S246), Unknown 5 

(UBC MS), & ericae and P. finlandia are not coqecific with each other. However, 

the moledar data indicating a dose rdationship among Phialophora finlandia and 

the sterile isolates of the SCHIRP site is important since it suggests that the 

techniques used by Wang and Wilcox (1985) to encourage sporulation of P. finlandia 

could be used to provoke spodation on the sterile mycelia. This finding might 

have important ecological implications since P. fidandia is a known 

ectendomycorrhizal fungus. Some suggestion from this study that it might form 

ericoid mycorrhizae needs to be confirrned. At the same tirne the potential of the 

ericoid mycorrhizd sterile isolates to form edendomycorrhizae with forest trees 

could be tested. 

Sequence data was w d  to mate ericoid mycorrhiza h g a l  specific primers. 

Primer tests indicated that the sdected primers for the h o  sub-clusters of the 

Hymenoscyphus group, primer S246 and M8, had different specifiaty within the 

targeted species of the Hymenoscyphus group. Primer S2% ampIified taxa of both 

sub-groups. J?rimer Mt3 amplified DNAs of taxa closely related to the species & 

ericae and it did not amplified taon S246. Primer O.& proved to be genus-specific 

and selective when tested with DNA of diverse fun@ taxa. 
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The DNA sequences produced in this dudy d the ericoid mycorrhizal fun@ 

could be used in the future to mate h g a l  specific probes to be used under more 

stringent conditions. Also the sequences can be used as a data-base, dongside the 

RFLP synoptic key, to confirm the identity of new isolates of ericoid mycorrhizal 

fungi. 

Communities of plants and mycorrhizal fun@ form complex relationship 

and they are dependent on edaphic conditions where these mot-fungal relationships 

develop. HoweverI mycorrhizal relationships in complex edaphic conditions are 

~ W c u l t  to study. Available molecular techniques fan help disdose some of the 

unknowns of these interactions. Phylogeny, taxonomy, biodiversityI and ecology of 

each of the graips of mycorrhizal fun@ can be addressed in a manner simüar to that 

used in research presented here. New findings will provide an expanded database 

on which to rely to expeditiously evaiuate the presence of fungal isolates associated 

with roots of ericaceous plants in reforestation sites and in undisturbed forest and 

alpine ecosystems. 
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PuMcation protocol for PCR products 

This is a modified protocol to obtain high yields of pure PCR-DNA 

fragments (Qian, L. And M. Wilkinson. 1991), to be used with Taq Terminator 

Chemistry (Nucleic Aad-Protein Service Unit, University of British Columbia, 

Canada). The use of glas wool columns was introduced by Mr. Dean S. Mulyk 

(Ph.D. Student, Department of Botany, University of British Columbia, Canada). 

Use 1 5  % Sea Plaque low melting agarose (FMC Bioproducts Rockland 

ME). When casting the gel, use combs big enough to hold 35 pl (x3 wds), 50 pl 

(x2 wds) or a lûûpl wd. The goal is to obtain between 1 to 5 ag of clean PCR 

products. Electrophorese at 80 volts for approximatdy 30 minutes. Stain the gel 

with EtBr (0.5 pgl ml) in a 100 ml bath for 10 minutes. Rime in a distilled water 

bath for 10 minutes. 

Prepare the glasswool filtration columns while electrophoresing the gel as 

foUows: pierce the bottom of a 0.5 ml microcentrifuge tube with a 25 Gauge 

needle. With a pair of steriIized forceps, pack a s m d  amount of autodaved glass 

wool at the bottom of the tube. Place the 0.5 ml tube inside a labelled 15 ml 

microcentrifuge tube. Locate and cut the band(s) using a W light 

hansilluminator (use transparency to protect surface of transilluminator). W he n 

cutting the band, keep ody fragments containing DNA and exclude as mu& of 

the excess agarose as possible. Place the slice(s) containing DNA into a 1.5 ml 

microcentrifuge tube. Depending on the amount of gel to be processed, use 

between 150 and 25û pl of TE buffer (10 m M  TRIS at pH. 8.0 and 1 rnM EDTA at 

pH 8.0). 



To melt the gel, incubate the tube at 6û C for 10 minutes. Then tap the tube 

6 times vigororously. Qui& freeze the sample for 5 to 10 minutes (overnight if 

you need to) in  a -70 C freezer. Thaw the sample and vigorously tap the tube to 

disrupt the gel structure. Centrifuge the sample at maximum speed (13,000 x 

rpm) for at least 1 minute. Look through the tube agauist the light to locate the 

agarose pellet. If some of the gel has not precipitated completely into a pellet, 

centrifuge again for a longer period of thne (2 to 3 min.). The supernatant 

contains the DNA. 

The supernatant is pipetteci out from the miaotube and put into the glass 

wool filtration columns. This is then spun at 3000 rpm for 45 seconds. To obtain 

dose to 100% of the DNA use a "melted pipette tip (size Plûûû) to mash the gel 

pellet with 50 to 100 pl TE buffet. Place used glass wool column on a new label 1.5 

microcentrifuge tube. Spoon the mashed agarose on top of glass column using 

the mdted pipette tip. Repeat spinning process (3000 rpm for 45 sec). CoUect al1 

filtrates of a sample in one 1.5 mi microtube. 

To precipitate the DNA add 3M NaAc (pH 5.2) at a rate of 10 % of the total 

nitrate volume and isopropanol (iced-cold) at a rate of 80 % of total fiitrate 

volume. Mu the sample by inverting the capped tube several times (5x). Leave 

the sample sit at -20 C overnight (or at least 4 hours). Centrifuge the sample at 

maximum speed (13,ûûû rpm) for 15 to 40 minutes, preferable on refrigerated 

centrifuge (4 C). Pour off supernatant. Wash the DNA pellet with ice-cold 70% 

ethanol. Pour off supernatant. Vacuum dry the pellet (approximatdy 5 to 15 

minutes). Care should be taken not to over dry the sample. Heat should not be 

applied when drymg the pellet. 



Resuspend the pellet in desire amount of &Q water (20 to 30 pl) 

depending on the concentration needed. The protocol of the 373 DNA Sequencer 

requires DNA suspended in water. 

Calculate your DNA concentration by using a specttophotometer equipped 

with a microcuvette which only requires 65 pl volume of sample (5 pl of 

suspended DNA in 60 pl distilled water). Another 5 pl of concentrated DNA can 

be nui dong side with a DNA marker with bands of known molecular weight, 

on 1 or 2 % agarose gel. Your sample is now ready to be sequenced. To the 

sequeming laboratory you need to send miaotubes with the DNA templates and 

priniers required for the sequencing reaction, specifymg dearly their respective 

concentrations. 

The Applied Biosystems, Inc. Amplitaq DyeDeoxy Terminator Cycle 

Sequencing provide a four base readion premix of 9.5 pl. Total volume of the 

reaction is 20 pl, therefore there are 11.5 pl left to add the DNA template and 

primer. To obtain consistent results, keep primer ( in excess of 3.2 pmoles) 

concentration and volume content for a given length of template in base pairs 

(Table A). 



Table A 

Length of DNA template (bp) Amount of template (ng) to use 

with 3.2 pmoleç primer mass. 

1500 147 
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