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Errata

The following amendments to this thesis should be noted

Chapter 2, pp.10 and 21: for 'Hartyl' read 'Hartl'

Chapter 3, p.25: for 'asses' read 'assess'

Chapter 3, p. 30: for 'hierachical' read 'hierarchical'

Chapter 3, p. 36: for'G. graminis'read'G. graminis'

Chapter 5, p.73: for'reproduceability'read'reproducibility'

Throughout the text: For Read For Read

'BamH I'
'Dra I'
'Hae III'
'Hind III'

'BamHl'
'Dral'
'HaeIII'
'HindIlI'

'Hpa II'
'Pst I'
'Pvu II'

'Hpa ['
'Pst I'
'PvuII'

The following is a typical example of an isozyme gel (Chapters 3 and 6).

Figure Allozyme phenotypes of 18 G. graminis isolates at the glucose-6-

phosphate isomerase (GPI) locuS. Relative mobility (R¡) values of each

allele are given in parenthesis. Lanes: l-18; Ggt- 500 (0.94), Gga- I92l:N{

(1.00), Ggg- 51.652 (1.00), CV16 (0.94), NN17 (0.94), WN14 (0.94),

BB26 (0.94), DN12 (0,94), Ggg- H4 (1.06), MD27 (0.88), WI14 (0.88),

HM28 (1.00), BT22 (0.94), HS13 (0.94), TVr15 (0.88), Wp30 (0.94),

GM30 (0.94),TM24 (0.94). See tables 3.1 and 6.1 for identities of isolates.
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Summary

This project sought to assess the extent and distribution of genetic diversity within

and between populaúons and va¡ieties of the take-all pathogen Gaeutnannomyces

graminis, throughout the cereal belt of southern Australia- A prerequisite for this study

was the establishment of a range of genetic ma¡kers to differentiate benveen the th¡ee

taxonomic va¡ieties of the pathogen (G. graminis va¡. tritici - Ggt, vaÍ. cmenoe - Gga

and va¡. graminis - GçÐ.Isozyme, RFLP and PCR techniques were used to assess

levels of genetic diversity within a representative collection of twenty isolates. Each

method provided a number of variety-specific ma¡kers. High levels of genetic diversity

were detected within Ggg (Shannon's index: H00.978 and 1.506 for isorymes and

RFLPs, respectively) an¿ Ggr (H0 0.760 and 1.450) in comparison to Gga (Hg 0.305

and 0.466). Cluster analyses of genetic simila¡'i¡¡"r revealed that Gga and Ggt isolates

formed discrete groups, whereas Ggg was divided into two subgroups, one showing a

closer relationship with Ggr ttran Ggø and the other dissimila¡ to both va¡ieties. These

results justify the designation of the three pathogenic and morphologic variants as

separate tÐ(a.

The genetic structurc of 16 pathogen populations (totalling 480 isolates) from three

cereal species was examined by analysis of va¡iation with isoryme, RFLP and PCR

ma¡kers. The turonomic composition of pathogen populations was determined by low-

copy RFLP phenotypes and PCR directed amplification of sequences derived from

intron-exon splice junctions. Isozyme and DNA repeat-sequence phenotypes were

highty variable within and between populations and were of limited value in

determining the taxonomic identity of pathogen isolates.

Population analyses have indicated the widespread distribution of Ggt and Gga

throughout the cereal producing regions of southern Australia and also their coexistence

within many populations. The ability to discriminate berween va¡ieties existing within

the one location implies that inter-variety sexual hybridisation must be a ra¡e event.

RFLP phenotypes of Gga isolates from turf grass (Agrosfi's spp.) were not detected in
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populations isolated from cereals and implied that Gga may be differentiated into

pathotypes which are adapted to parasitising cereals and turf grasses. RFLP and PCR

analyses indicated that Ggg was absent from a¡eas of inænsive cereal production.

High levels of genetic diversity were detected within G. graminís in comparison to

folia¡ plant pathogenic fungi. The RFLP and PCR analysis revealed approximately

twice as much diversity (Hsp 2.212 and,2.539, respectively) as that resolved with

isorymes (Hsp 1.001). In general, populations which were dominated by Ggr exhibited

greater variation, whereas those populations which contained high frequencies of Gga

contained lower levels of genetic diversity.

Each analysis indicated that most of the diversity was apportioned between

populations of G. gramínís. This distribution of variation implied that self-fertilisation,

coupled with asexual propagation, may be the primary modes of reproduction and

suggests that populations a¡e evolving in relative isolation in the absence of high levels

of inter-population gene flow. Consequently, most of the differentiation berween

populations may be attribuæd to genetic drift.

Cluster analyses of the genetic identities among populations showed no correlation

between their genetic and geographical identities. This implied that geographically

restricted pathotypes have not evolved within Australia. Populations were grouped

according to their taxonomic composition (Ggt or Gga) and revealed two distinct

evolutionary lineages within G. grarninis, u/ith average overall genetic identities of 0.60

and 0.15 for isozymes and RFLPs, respectively. By the criterion of genetic

differentiation applied in deflrning species limits, these values were low enough to

indicate that Ggt and Gga may represent different species. Analyses of genetic

similaritiss estimated from DNA repeat-sequences indicated a random distribution of

phenotypes between populations, which did not correlate with the genetic identities of

populations estrmated from isozyme or low-copy RFLP loci.

It is concluded that G. graminis is a highly va¡iable species. This may be a

¡eflection of the broad host range of the pathogen and the apparent lack of resistance in

many of its host speæies. The relative intensity of host-mediated selection appears to be
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an important factor affecting levels of genetic diversity within populations. Cultivation

of oats applies strong selection which results in a predominance of genetically

homogeneous Ggø isolates within populations. In contrast, exposure to susceptible

hosts, such as wheat and barley, appears to maintain va¡iation within populations by not

actively selecting out particular genotypes of the pathogen. Consequently, the genetic

constitution of individual populations appear¡¡ to be strongly influenced by genetic drift

and fluctuations in size and taxonomic composition, resulting from host-mediated

selection.
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Chapter I Introduction

Gaeutnannomyces grarninis is a soil-borne, filamentous, ascomycete fungus known

to parasitise a diverse range of Gramineous hosts (Scott, 1981; Nilsson and Drew

Smith, 1981). The species has been taxonomically divided into three va¡ieties on the

basis of limited morphological characteristics and differences in pathogenicity upon

cereal host species (rWalker, t972).

Take-all (caused by the fungus Gaeutnannomyces graminis (Sacc.) von Ant &

Olivier var titici V/alker - henceforth referred to as Ggr) is the most serious root

disease of wheat'and bartey occurring throughout the cereal producing regions of

southern Australia (Cotterill and Sivasithamparam, 1989). G. gramin¡s va¡. (nerute

(Turner) Dennis (GSa) also causes take-all in wheat and barley and is distinguished

from Ggr by its pathogenicity upon oats. G. gratninisvar. grarninis (Ggg) colonises the

roots of wheat and barley, but is only mildly pathogenic and does not cause severe take-

all symptoms (Walker, 1972).

G. grarninis is tnown to cause substantial and chronic yield losses in cereal crops

and has resulted in the cessation of wheat production in some a¡eas of high disease

incidence in the southern portion of the Western Australian cereal belt. Yield losses

attributed to take-all in the cereal belt of southern Australia average 5-107o (Rovira,

1980; Murray and Brown, 1987) and can reach 4O7o (Cottenll and Sivasithamparam,

198e).

Wheat cultiva¡s exhibiting resistance to G. graminís have not been identified,

despite the screening of thousands of genotypes (Scon, 1981). Currently, the only

effective method for short term disease control involves attempts to reduce inoculum

levels by the use of non-susceptible hosts in regular rotation with cereals (Cotterill and

SivasithamFâfâñ, 1988).

The widespread and uniform susceptibility of wheat contrasts with the levels of

resistance shown by the other temperate cereals, e.g. barley generally shows an

increased tolerance to take-all, rye is considered to be moderately resistant and oats a¡e

I
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highly resistant to Ggt but susceptible to Gga (Scott, 1981). rÙfithin crops of these hosts

the effects of take-all are not uniform, indicating that the pathogen populations exhibit

considerable va¡iation in vi¡ulence (Asher, 1981; Hollins and Scott, 1990). The

combination of pathogen va¡iability and contrasting levels of host susceptibility raises

several important questions concerning the genetic composition of pathogen

populations likely to be parasitising these crops:

(Ð Do populations of G. graminis parasitising highly susceptible crops,

exhibit comparable levels of genetic diversity with populations

parasitising less susceptible crops?

(iÐ Do strains capable of parasitising different host species coexist within the

one pathogen population? If so, do these strains represent the three

taxonomic va¡ieties of G. graminis or a¡e they different pathotypes

(races) within the one variety?

(üi) What are the genetic relationships between the ta¡ronomic va¡ieties of G.

grarninis? Do they represent distinct gene pools which are reproductively

isolated or are they arbitrary subdivisions of the one broad gene pool?

Answers to these questions require that pathogen populations bc screened with

molecula¡ markers, capable of resolving various levels of genetic diversity. Intra-

specific classification of G. graninis by morphological and pathogenic char¿cteristics

often proves to be inconclusive (Cunningham, 1981; Yeates, 1986). Therefore,

biochemical ma¡kers, such as isoz¡'mes and direct genetic matkers, such as DNA

polymorphisms, are necessary. Ma¡kers useful in detecting intra-population variation

need to resolve differences between closely related individuals, which may require

targeting highly va¡iable regions of the genome. Variety-specific ma¡kers, however,

require the deæction of conserved sequences within va¡ieties but differentiation of these

sequences between varieties (Michelmore and Hubert, 1 987).

The ability to differentiate between the three va¡ieties of G. grarni¿Ís is of primary

importance as it will provide information on take-all epidemiology and may indicate if
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host-mediated selection is a factor responsible for changes in the genetic composition of

pathogen populations (I-eung and Y/illiams, 1986; O'DeU et a1.,1989). Furthermore,

the development of discrete, variety-specifrc ma¡kers may also determine if inter-

variety hybridisation can be implicaæd in the evolution of pathotype diversity within G.

grarninis. Documentation of these events is crucial in developing an understanding of

the evolutionary dynamics of pathogen populations (Burdon and Ma¡shall 1981; Levy

et a1.,1991; Priestley et al.,1992).

The description of existing and potential va¡iation within G. graninis, underlaid

with knowledge of the agroecological and biological bases for va¡iation, is of value in

predicting changes within the genetic structure of pathogen populations and should

provide information on the evolutionary capacity of the pathogen to respond to conFol

methods. In the absence of broadly effective host resistance, long-term control of take-

all will only be achieved through an enhanced knowledge of the genetic diversity

within G. graninis and its genetic interactions with its cereal hosts.

In light of the above, this project was developed with the following aims:

1. To establish a suite of molecula¡ ma¡kers which could be used to

differentiate between the three taxonomic varieties of G. grarnirus. These

ma¡kers could also be used to determine the evolutionary relationships

benveen the va¡ieties.

2. To establish the extent and distribution of genetic va¡iation within and

between populations and va¡ieties of G. graminls using a b,road range of

genetic loci. The variety-specific ma¡kers would be used to determine the

ta¡ronomic composition of G. graminis populations and to identify inter-

variety hybrids.

3. To determine the factors responsible for the generation and maintenance

of genetic va¡iation within and beween populations. This will provide

much needed information concerning take-all epidemiology and the

evolutionary dynamics of interactions between the pathogen and its

cereal hosts.
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This investigation seeks to complement res€arch concerned with the agtoecology

and biological control of G. grømínis, with an integrated approach leading to the

deveþment of more effective control ûreasures.

l:

i

i'

l

i

I

I

I

I

i

l
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Chapter 2 Literature Review

2.1 Taxonomy and distribution of G. graminß

Take-all was fust recognised as a disease of cereals in South Australia in 1852,

although the causal agent of the disease was not identifred until 1904. The fi¡st correct

assignment of the take-all fungus with diseas€ symptoms on wheat was in France, in

1890, where the pathogen was identifred as Ophiobolus gruún¡s Sacc. (Garrett, 1981).

h tgszvon Anc and Olivier recognised that the wheat take-all fungus did not belong in

the genus Ophiobolus, and established the new genus Gaeutn¿nnomyces, type species

G. granúnis (Walker, 1981).

rù/alker (1972) divided the species into three taxonomic va¡ieties. Ggr is the causal

agent of the take-all disease in wheat and barley and is ranked among the most

da-aging root disease of these crops world wide. Ggø causes take-all disease in oats

and n¡rf grasses, in addition to wheat and barley, and generally has longer ascosporcs

than Ggr. Both of these varieties also produce simple hyphopodia and distinction

between them is based entirely upon ascospore length and pathogenicity toward oats

(Walker, 1972). Ggg is only mildly pathogenic upon g¡asses and cultivated cereals,

apparently due to its inability to invade the vascula¡ tissues of the root (Skou, 1981).

Nevertheless, it is known to colonise the outer cortical layers, and has been suggested

as a possible biological control agent in preventing infection by Ggt and Gga (Wong,

1981). Ggg produces both lobed ¿¡d 5imple hyphopodia and has ascospores in the same

size range as the other two va¡ieties (W'alker, 1972). Consequentty, Ggg isolates with

simple hyphopodia may only be differentiated from Ggt and Ggaby their inability to

colonise stela¡ tissues and produce sevet€ take-all symptoms.

Yeats et al. (1936) reported that isolates capable of infecting oats but

morphologically characterised as Ggt were widely distributed throughout Vy'estern

Australian cereal crops. Comparisons with Gga type specimens isolated from Agrosrls
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spp. (turf grass) showed that these oat-attacking isolates should be included as a

specific race within Ggr, rather than reclassifred as Ggø. Chambers and Flentje (1967),

however, considered that pathogenicity upon oats was a more reliable criterion for the

separation of Ggt and Gga than ascospore length. Avenacin in oat roots, confers

resistance to Ggt (Maizel et aI., ß64). The enzyme avenacinase, produced in high

concentrations by only Gga, degrades this compound providing a mechanism to

overcome the resistance (Osbourn et a1.,1991).

G. grarninis has a cosmopolitan distribution in temperate climates and also occurs

in cereal crops at high attitudes in subtropical and tropical regions (Ga¡rett, 1981). It is

known to parasitise a diverse range of plant species within the family Gramineae, most

of which are highly susceptible to infection (Scott, 1981; Nilsson and Drew Smith,

1981). Severe take-all occurred in wheat crops in the first season of production after the

land had been cleared of native vegetation (Garrett, 1981; Cotterill and

SivasithnmFaram, 1989), indicating that G. grarninis was indigenous to Australia and

was not introduced from Europe with the advent of cereal cropping. Consequently, G.

grarninis probably has a long history of coevolution with a diverse range of

Gramineous hosts.

2.2 E,rcolog¡r of G. grømínis

Of critical importance to the evolutionary dynamics of plant pathogens is the

environment in which they exist. This is composed of biotic factors (other organisms

and especially their host plants) and abiotic factors (climatic and edaphic conditions).

Inoculum of G. graminis can be either soil-borne or wind-borne. Soil-borne

inoculum is considered to be the primary source for repeated outbreaks of take-all

within the cereal belt, whereas wind-borne inoculum, in the form of ascospores and

infected plant materials, is thought to be of limircd importance for the perpetuation of

the disease (Hornby, 1981).

G. graminis parasitises many native and introduced annual grasses and the

mycelium already present in the roots acts as the source of initial inoculum when
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cereals are planted. Within the cereal-producing regions of southern Australia the

absence of alternative host species (e.g. annual grasses) during the summer months is

thought to restrict G. graminis to surviving saprophytically in host debris between

cropping seasons (Cotterill and Sivasithamparam, 1989). Under more temperate

conditions, G. graminis may be maintained berween growing seasons in its parasitic

form on the living roots of weed grasses and self-sown cereals, as well as

saprophytically in host debris.

The density of inocuhrm changes due to reproduction, death and migration. The

reservoir of inoculum in soil is increased or maintained by the parasitic potential of the

fungus and its saprophytic activity. Death of inoculum results from antagonism and

autolysis. Antagonism is a broad term that describes mechanisms that involve direct

damage to the inoculum by biological agents other than the host and include

competition and antibiosis. Autolysis, due to a shortage of either endogeneous or

exogeneous nutrients, is considered to be the most important mechanism responsible for

the reduction of soil-borne inoculum (Baker, 1968).

Dnring the saproph¡ic phase, G. grarnínis may be subject to microbial antagonism

associated with the decomposition of colonised host debris (Rovira and Wildetmuth,

1981). In southern Australia a decline in infectivity and propagule number has been

shown to occur between harvest and sowing of consecutive wheat croPs, probably

associated with the microbial degradation of colonised host debris during the wa¡m-

moist conditions in late aununn or early winter (Cotterill and Sivasithamparam, 1988).

In contrast, increases in infectivity of G. graninís were observed when soils were hot

and dry, conditions which do not support large populations of antagonistic microbiota.

The nature of the microbial populations is a major factor which determines whether

soils a¡e conducive or suppressive to pathogens. In general, nutrient-poor, sandy,

alkatine soils a¡e very favourable for saprophytic growth of G. graminis and a¡e

relatively conducive for pathogenic growttr of the fungus (Yarham, 1981). Severe take-

all has also been reported on sandy acidic soils, cha¡acteristic of much of the Western

Australian cereal belt (Glenn and Pa¡ker, 1988).
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Microbial antagonism of G. graminis is thought to be prevalent in temperate

climates in soils which are more organically rich and support relatively high

populations of soil microbiota (for a review see Rovira and V/ildermuth, 1981). In these

environments continuous cereal cropping often results in a build up of antagonistic soil

bacteria which act to reduce the severity of the disease. This suppression of fungal

infectivity is known as take-all decline (T.A.D.). In the southern Australian cereal belt,

however, the Mediterranean climate combined with the prevalence of leached, nutrient-

poor soils results in lower numbers of antagonistic soil microrganisms and a

perpetuation of G. gramínis inoculum. Consequently, saprophytic survival, in the

absence of microbial antagonists, is thought to be a significant aspect of disease build-

up, commonly observed in the Ausralian grain belt.

The broad host range and widespread distribution of G. grørninis throughout the

cereal belt of southern Australia i-ply that the fungus is expected to exhibit high levels

of genetic variability among isolates recovered from different locations or host species.

This is supporred by studies of other ph¡opathogenic fungi where pathogens which

lack host specialisation, such as Atkinsonella hyporylon (I*uchtma¡rn and Clay, 1989)

and Peridermíum harknessii (Tuskan et al., 1990) showed considerable genetic

heterogeneity. In contrast, rwo host-specialised pathogens, Magnaporthe grisea (Leung

and \Yilliams, 1986) and Erysiphe grarninÍs f. sp. hordei (Koch and Kohler, 1991),

were genetically homogeneous.

23 Factors responsible for the generation and maintenance of genetic

diversity

Fundamental to understanding the evolution of G. grømi¿is is information about the

amount and nature of genetic va¡iation in populations and why such va¡iation exists.

There a¡e five major factors which contribute to changes in gene frequency in

phytopathogen populations; mutation, migration, finite population size, genetic drift

and natural selection.
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23.1 Mutation

G. graninis is haploid throughout the majority of its life cycle (Asher, 1981) and

consequently any mutations which do a¡ise will be expressed in the phenotype of the

organism and if non-lethal, will directly contribute to the overall diversity within

populations. Mutation may involvs simFle point mutations and/or relatively large scale

genomic rearrangements. The nuclea¡ genomes of eukaryotes are subject to continual

nrnover through unequal exchange, gene conversion and DNA transposition, processes

which are known to operate both rvithin and between chromosomes. These molecula¡

mechanisms of genome reaÍangement constitute a mechanism for the generation of

genetic diversity and the origln of evolutionary nwelties (Dover, t982).

Some fa¡nilies of repetitive DNA s€quences are subject to continual changes in their

composition, copy number and chromosomal location and signifrcantly contribute to

overall levels of genetic diversity within species (Flavell, 1986). Some of these families

consist of sequences which are primarily heterochromatic regions of DNA @oolittle

and Sapienza, 1980) and are not under strong selective pressure. Consequently, large

changes in their numbers or sequence may have little or no effect on the survival of the

organism and genomic variation can accumulate. Other families of repeat sequences are

transcribed into functional RNA, such as the ribosomal or transfer RNAs. Variation in

these repeats may a¡ise via duplication of entire families of sequence, or through

accumulation of mutations in the intergenic spacer regions between the tandemly

rcpeated ribosomal genes (King and Schaal, 1989).

23.2 }ligration

The epidemiological consequonces of long-disønce migration have been well

documented in some folia¡ pathogens where disease is seasonal and episodic. For

example, in Australia, populations of Puccinia graninis f.sp. tritici have periodically

undergone drastic changes when a new exoúc race supplants the existing endemic races

of the pathogen (Burdon et al., 1982: Burdon et al., 1983). Where diseases a¡e

persistent, however, the importance of migration may not be so readily apparent. This
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may be the case with G. graminis where inoculum is soil-borne and can sun¡ive

saprophytically between successive cereal crops.

Wind-borne inoculum may provide for migration of genetically diverse isolates

between populations and may account for some of the variation within populations of

G. graminís. Ascospores have þE¡ implicated as a source of inoculum to account for

the spread of take-all to locations which were previously disease free (Garrett, 1981). In

contrast, Brooks (1965) found that ascospores were unlikely to infect roots because of

competition by antagonistic microflora for root exudates, which provide a food resor¡rce

for the germinating ascospore. Furthermore, ascospores become inviable after a few

days of dry conditions and a¡e considered to be epidemiologically insignificant \+,ithin

the cereal bett of southern Australia (Hornby, 1981). Migration of individuals be¡veen

populations may occur via wind dispersal of fine particles of infected plant materials,

but the frequency of successful establishment of isolates in new locations is unLnown.

23.3 Population size

When a limited number of individuals establish a new population, the gene

frequencies in the founding population may differ significantly from those in the

population from which they were originally derived (Hartyl and Clark, 1989). The new

population generally shows reduced genetic diversity compared with the population of

origrn and is said to exhibit a founder effecL Changes in the genetic composition of the

Australian stem rust population are thought to have resulted from founder effects due to

migration, establishment and asexual proliferation of a restricted number of pathogen

genotlryes (Budon et al.,1982).

The supposed infrequency of successful establishment of G. graminis by dispersal

of wind-borne inoculum implies that pathogen populations only rarely a¡ise from

founder effects (Hornby, 1981). The widespread distribution of endemic populations

implies that G. grørninís is and has been a cornmon component of the Australian soil

mycoflora (Garren, 1981; Cotterill and Sivasithâmparam, 1989).
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Since phytopathogenic fungi are largely dependent upon their host plants, the

density and distribution of host species rnay be important factors affecting population

size and therefore, genetic diversity within G. graninis. For example, greater numbers

of Ggr propagules were recorded in soils which had been in pasture the previous season

in comparison to those under wheat (Cotterill and Sivasithamparam, 1988). This was

attributable to a bener distribution and greater biomass of grass roots relative to that of

wheat roots. Greater densities of susceptible host species should provide reduced

competition between individuals for host resources, leading to the maintenance of

larger, potentially more variable, pathogen populations.

Exposure of G. graminis to non-susceptible hosts would restrict the fungus to

surviving saprophytically on host debris from the previous crop. In this state isolates

would be susceptible to microbiat antagonism and autolysis,leading to the decreases in

the size and genetic diversity of pathogen populations. Non-susceptible crops (e.g. grain

legumes) a¡e often used as a means of reducing the inoculum of G. granÍ¿¡'s within the

soil to prevent high incidences of take-all in successive cereal crops (Cotterill and

Sivasitharnparam, 1989).

23.4 Genetic drift and natural selection

Genetic differentiation between populations is thought to be primarily associated

with the evolutionary forces of genetic drift and natural selection. The neutral theory of

molecula¡ evolution proposes that genetic drift is the primary force driving molecular

evolution (Kimura, 1983). Genetic drift occurs in all natural populations and is a

function of population size and stnrcfl¡re. Neutral mutations a¡ise at random, and chance

determines which mutations go to flrxation and which a¡e lost within and between

populations. In large populations, many neutral mutations arise and slowly drift to

frxation or loss. High levels of genetic diversity a¡e thus expected to accumulate in

these large populations. In small populations, however, drift is rapid, new mutations a¡e

quickly fixed or lost and consequently tittle diversity persists (Ayala, 1982; Kimura,

1e83).
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Natural selection affects levels of intra-population va¡iation at selected and linked

neutral sites within the genome. If the intensity of selection va¡ies over space and time

it can lead to considerable genetic differentiation between populations. For example,

directional selection tends to sweep favor¡red va¡iants through a population to fixation,

eliminating much of the va¡iation attributable to neutral mutations. Selection, therefore,

tends to cause reductions in levels of genetic variation below those which may result

from genetic drift alone (Aquadro, 192).

Studies of the plant-pathogenic fungi Erysiphe graminis on cereals (O'Dell et al.,

1989), Leptographiwn wageneri on conifers (Zambino and Ha¡rington, 1989) and

Magnaporthe grisea on rice and grasses (I-evy et a1.,1991) have indicated a division of

pathogen populations into host-based groups, presumably resulting from host-mediated

selection and infrequent sexual recombination between pathotypes specialised on

different hosts. These results implied that the host genotlrye applies varying degrees of

selection pressrres and if intense, as would be expecæd in the case of tolerant or

resistant hosts, can have significant effects on the genetic composition of pathogen

populations.

Host-mediated selection of plant pathogens requires va¡iation within the pathogen

population for virulence on their respective hosts. G. granin¡"s exhibits considerable

va¡iation in virulence in naturally occurring populations isolated from field crops

(Asher, 1981). Intensive cereal production and the use of hosts which differ in their

susceptibility to infection (e.g.rye, oats and possibly barley) may be expected to apply

varying intensities of selection prcssure upon G. grarninis populations. This may result

in the selection and subsequent accumulation of pathogen genotypes which are better

adapted to parasitising different hosts. For example, cultivation of oats would be

exp€cted to select o:ut Gga pathotlpes from a ta:conomically mixed population of G.

graminis and suppress Ggr andGgg. The inoculum density of Gga pathotypes should

increase relative to that of the other two va¡ieties, leading to significant changes in the

overall genetic composition of the population. Consequently, intense host-mediated

selection may force pathogen populations through evolutionary bottlenecks resulting in
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reductions in population size and decreased genetic diversity in the recovering

populations (Ayala, 1982;Hartyl and Cla¡k, 1989).

2.4 Thegenetic bases of variation within G. graminß

The b'reeding biology determines the relationship berween the frequencies of genes,

genotypes and phenoty?es, thei¡ rates of change and the generation of new gene

combinations by recombination. Therefore, consideration of the breeding system is

crucial to determine factors responsible for the generation and maintenance of genetic

variation within populations of G. graninis.

G. grarninis is a homothallic ¿rscomycete which is haploid throughout the vegetative

phase of its life cycle. The mycelium is composed of two cell types; Yoüg, hyaline

infective cells which are generally uninucleate and older pigmented cells which form

the ectotrophic runner hyphae and may be multinucleate. Since the fungus is

homothallic, an isolate which a¡ises from a single uninucleate cell can produce a

perithecium (fnriting body) and undergo recombination resulting in identical selfed

progeny (ascospores) (Blanch et a1.,1981). Asexual phialidic conidia are produced in

soil but af€ apparently inviable, whereas those produced in culture are larger and have

been shown to germinate (Asher, 1981).

2.4.1 Parasexuat Recpmbination

Laboratory studies have shown that several fungi have the potential to generate

asexual va¡iaúon through parasexuality (Crawford et al.,1986; I¡ftus et a1.,1988).

Parasexuality involves heterokaryosis, karyogamy, mitotic recombination and

segregation (Michelmore and Hubert, 1987), process€s which can affect the raæ of gene

frequency change within populations. Vegetative compatibility genes have been

cha¡acterised in several ascomycetes, and identical alleles at several loci are required

for vegetative heterokaryon formation (Finchan et al., t979). Consequently, only

closely related isolates are likely to anastomose. The existence of these hyphal
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incompatibility systems may break up populations into reproductively isolated,

genetically diverse suÞpopulations.

Somatic hyb'rids of G. grarninu have been induced in the laboratory, resulting in the

formation of heterokaryotic isolates (Asher, 1981), but no information is available as to

the frequency of these events in the freld. Rawlinson et al. (1973) have shown that

hyphal anastomosis occurs in culture between isolates sampled from a population of G.

graminis but its frequency is isolate-dependent, with many of the pairings between

isolates failing to produce somatic hybrids. The occu¡rence of limited somatic

hybridisation does indicate that the development of genetically diverse isolates could

result from mitotic recombination beween different nuclei. The frequency of mitotic

recombination in heterokaryons, however, is apparently low and therefore is unlikely o

gencrate much genotypic va¡iation within populations over short periods of time

@lanch et a1.,1981).

2.4.2 Sexual Recombination

V/ithin G. graminis, novel combinations of genes could be produced by sexual

recombination between genetically diverse isolates. The frequency of the occurrence of

outcrossing can have profound effects on the rates of change in gene frequencies and

accordingly on the rate of genetic response to selection pressul€s.

G. graninis is a homothallic fungus and is, therefore, self-fertile but Blanch ¿f ¿I.

(1981) were able to cross isolates of Ggt. The numbers of hybrid perithecia were

observed to be low in relation to those that had a¡isen through selfing, indicating that

the primary mode of reproduction may still have been self-fertilisation. Examination of

hybrid perithecia which had formed upon wheat roots indicated that sexual

recombination had occurred between these isolates. Where crossing had taken place in a

perithecium all asci within that perithecium were observed to have a¡isen from

heterozygous diploid nuclei. Therefore, G. graminis is potentially capable of

outbreeding and genetic variation within the species may be generated from the

pfocesses of sexual recombination.



15

Crossing berween genetically diverse isolates requires hyphal anastomosis within

the developing perithecia for the exchange of nuclei and the generation of hybrid

progeny. Given the assumption that somatic hyb'ridisation v/ithin G. graninis is rare, it

is unlikely that sexual recombination between isolates occurs frequently enough to

generate high levels of recombination and genotypic diversity within a limited number

of generations. This implies that mutation may be a major source of genetic variation

and that heterogeneous populations may be composed of a numbcr of independent

vegetative units. The use of molecula¡ ma¡kers to assess levels of genetic diversity

within and bet$,een populations of G. graminis should provide information on the

genetic structure of populations, which may be useful in determining the pathogen's

primary mode of reproduction in the freld (Brown and Weir, 1983).

25 Molecular markers for anatysis of G. gramínß populations

Genetic studies of any organism require precise, easily scored cha¡acters or

ma¡kers. Molecular ma¡kers have several advantages over morphological marken, for

s¡ampl€ (a) numerous molecula¡ ma¡kers can be identified; (b) most a¡e codominant

(i.e. heterozygotes can be distinguished from homozygotes) and (c) numerous alleles

may eúst for many ma¡kers (Michelmore and Hubert, 1987).

Molecular techniques have provided three classes of ma¡kers that allow detailed

genetic analyses of phytopathogenic fungi. These are isozymes, DNA restriction

fragment length polymorphisms (RFLPs) and DNA sequences amplified by the

Polymerase Chain Reaction (PCR).

25.1 Isozymes

Isoryme analysis offers one method of quantifying genetic diversity and has been

used in population genetic analyses of a number of ph¡opathogenic fungi (Leung and

Yy'illiams, 1986; Leuchmann and Clay, 1989; Tuskan et a1.,1990). Isoryme analyses

have proved useful in deveþing an understanding of disease epidemiology and can aid

in identifying factors affecting the dynamics of pathogen populations. For example,
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isozyme frequency data have provided assessments of the frequency of sexual

reproduction within populations of. Puccinía graminis (Burdon and Roelfs, 1985) and

its importance in generating genetically variable pathogen genotypes within

Pþtophrtøra inf,estans (Tooley et al., 1985). These data may also be useful in

determining the evolutionary history of pathogen populations, with low levels of

genetic diversity often being related to the founding of new populations (Spieth, 1975),

or to the passage of populations through bottlenecks, resulting in signifrcant decreases

in effective population size (Hartyl and Cla¡k, 1989).

25.2 Restriction fragment length polymorphisms

Studies of genetic va¡iation using restriction fragment length polymorphisms

(RFLPs) have cla¡ified taxonomic divisions berween closely related ph¡opathogenic

fungr which were difficult to discriminate by other means (Braithwaite et a1.,1990;

Vilgalyis and Gonzalez, 1990). Studies of mitochond¡ial DNA diversity have allowed

the discrimination of G. grarninis from other closely relaæd fungi and indicated that

Ggt and Gga are more closely related to each other than either is to Ggg (flenson, 1989;

Bateman et a1.,1992). Nevertheless, these studies did not clearly differentiaæ be¡veen

these taxonomic va¡ieties.

RFLP analyses have been reported to detect greater diversity than isozymes within

a number of plant pathogenic fung (Hamer et a1.,1989; O'Dell et ø1., 1989; Good$'in

et al., L992). DNA repeat-sequences have proved panicularly useful in detecting

va¡iation \ilithin populations which were relatively homogeneous at isozyme loci. For

example, repeat-sequence diversity has provided differentiation beffieen closely related

isolates in a number of ptant pathogens including Globodera pallida (Schnick et al.,

1990), Magnaporthe grisea (Levy et ø1., 1991) and Cryphonectiø parasiticø

(Milgroom et al., 1992). Therefore, RFLPs should prove useful in analyses of G.

gruninis populations which may exhibit low levels of genetic diversity as a result of

extensive self-fertilisation.
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Recent studies examining the diversity of repetitive sequences within G. graminís

have indicated genetic differentiation both within and between varieties of the

pathogen. In particula¡, ribosomel DNA (rDNA) repeats appeared useful in variety

identification (V/a¡d and Gray, L992) and were also capable of differentiating between

rye and wheat pathotypes within Ggr (O'Dell. et al., t992). Nevertheless, the banding

patterns resolved in these hybridisation experiments did not provide a discrete variety-

specific marker, classifications being based on the overall similarities observed within

varieties relative to the variation detected berween va¡ieties.

25.3 Polymerase chain reaction

The polymerase chain reaction (PCR) provides an altErnative means of generating

genetic ma¡kers and has advantages over RFLP analyses in that it is generally less

expensive and is technically simpler to use. The sequence of the DNA amplifred is

dependent upon the type of primer used and the conditions of the reactions (Saiki,

1989). If sequence information is available, specific primen can be designed and highly

diagnostic DNA products amplified. For example, a cloned fragment of Ggt

mitochondrial DNA, known to be diagnostic for the pathogen (Henson, 1989), was

pa¡tially sequenced and primen designed to amplify an inærnal region of this cloned

sequence (Schesser et a1.,1991). The resulting products were unique to G. graminis and

have proved useful in the accurate diagnosis of disease. This apprcach has been applied

successfully in the detection of. G. granrirus from infected plant tissue (Henson, t992).

The PCR method circumvents the laborious process of DNA hybridisation experimens

to detect G. graninis and provides a more rapid method for pathogen identification.

The PCR products were, however, monomotphic between varieties of G. granirus and

could not be used to differentiate them.

Polymorphisms identifred by the PCR are in the length of DNA amplifred between

two short target sequences, so if that region is highly va¡iable the likelihood of

detecting polymorphisms increases (Saiki, 1939). One rcthod of increasing the yield of

polymorphic products involves targeting highly conserved se4uences which are known
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to flank variable spacer regions, e.g. the consensus sequences for intron splice

junctions. Introns are cornmon to rnany eukaryotic genes and the junctions to introns

are highly conserved sequences (Hawkins, 1988) which should facilitate consistent

amplification of sequences from a diversity of talra. The inoons, however, are generally

thought to be highly va¡iable in sequence and length and provide ideal sources for

polymorphic ma¡kers (Weining and Langridge, 1991). Use of primers specific for

intron splice junctions may resolve numerous polymorphisms beween closely related

isolates of G. grani¿ls. Additionally, as introns are thought to be present in many genes

it may be possible to target nunrerous genetic loci over many chromosomal locations.

2.6 Applications

2.6.1 Taxonomy and Phylogenetic Relatiotuhips

Molecula¡ ma¡kers may make a significant contribution to classiflrcation at the

species level, when morphological differences are subtle and ambiguous. \ù/ithin G.

graninis, only slight morphological differences exist between va¡ieties and there is

significant intra-specific va¡iation for these cha¡acters (Walker, 1981). Tanonomic

identification requires the detection of markers that a¡e conserrred within but differ

between va¡ieties of G. graninis.

Multilocus electrophoretic phenotypes of isozyme polymorphisms have been used

in the taxonomic identification of intra-specific varieties within some plant pathogenic

fungi (Burdon and Ma¡shall, 1981; Zambino and Ha¡rington, 1989; Simcox et al.,

1992). These analyses, however, require the examination of numerous loci and inta-

specific variation may be too low to resolve ta¡ronomic divisions within some species

(I-eung and Williams, 1986). In contrast, a small number of RFLP and/or PCR markers

may provide virnrally unambiguous identification of the taxonomic status of isolates

(O'Dell et al., 1989; Chen et al., t992) and may prove useful for discriminating

benveen varieties of G. gratninis.
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Classification of isolates is most difficult, but also most critical, when a single host

is parasitised by several va¡ieties of the pathogen, e.g. wheat and barley are susceptible

to both Gga andGgt.Tt.re ability to distinguish berween these va¡ieties and to determine

the frequency of the respective pathotypes within populations may be crucial in limi¡i¡g

the severity of disease expression over time, as it has implications for the timing and

choice of which non-susceptible hosts should be used in controlling the pathogen. If the

different varieties coexist within populations, inter-variety hybridisation events might

provide pathogens with a ready source of variation for adaptation to a new host, for

example, Ggt may acquire ftom Gga the capacity to infect oats. Variety-specific

ma¡kers should allow the detection of inter-va¡iety hybrids within populations of G.

graminis.It is likely, however, that the frequency of inter-varietal hybridisation is low,

due to the restrictions on anastomosis and heærokaryon formation between genetically

diverse isolates discussed above.

Many families of repetitive DNA tend to be uniform in sequence within and

between individuals of an interbreeding taxon, but a famity that is sha¡ed be¡veen

different taxa often reveals considerable diversity @over, 1982). This suggests that

there are mechanisms which maintain homogeneity of repeat sequences within a species

and when a new va¡iant a¡ises within a family it is either corrected or spreads

throughout the family. These va¡iants may eventually become fixed within an

interbreeding population as a consequence of stochastic and directional changes

operating within the genome by a process lnown as molecula¡ drive (Dover, 1982).

Consequently, some repetitive DNA s€quences may provide a sor¡rce of ma¡kers for

identification of taxonomic varieties within G. graninis, as has been shown by O'Dell

et al. (1992).

For a character to be useful in elucidating evolutionary relationships within species,

it must exhibit diversity but also be conserved to some extent. The degree of

conservation velsus diversity dictaæs the taxonomic level for which a ma¡ker will be

useful. Repeated DNA elements have been shown to accumulate polymorphisms at a

high rate, probably due to processes of genome rearrangement resulting from
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mechanisms of inter-chromosomal exchange and amplifrcation of sequences (Flavell,

1936). Sequence variants, however, can become fixed within interbreeding or

genetically isolated populations in relatively short periods of evolutionary time and

result in differentiation between populations (Dover, 1982). Therefore, molecula¡ drive

may be a contributing factor in speciation events since mrurimising homogeneity within

a population tends to maximise the discontinuities berween populations.

Analyses of repeat-sequence va¡iation among poultry strains (Kuhnlein et a1.,1989)

and island populations of foxes (Gilbert et a1.,1990) were found io reflect the known

genetic relationships of these different populations and were used to reconstruct their

recent evolutionary histories. Repetitive sequences may be good markers for

determining phylogenetic relationships within G. gramin¡ï due to the conservation of

different va¡iants within the reproductively isolated va¡ieties (O'Dell et al., L992).

Consequently, the distribution of repeat-sequence variants within and between

populations of G. grøminis may provide clues to the mechanisms and processes that

have affected the recent evolution of the species.

2.6.2 Epidemiolog¡r and Population Genetics

Both evolution of and differentiation between, natrual populations appear to be

governed by a combination of factors i¡çluding the prevailing mode of reproduction,

the intensity of natural selection and the degree of genetic drift, the latter being

modiflred by the extent of inær-population gene flow. Population genetic models make

it possibte to ascertain the primary mode of reproduction and the extent of gene flow,

by examining the distribution of genetic va¡iation within and between populations

(Tibayrenc et a1.,1991). The type of evidence required is the frequency distribution of

genotypes, which can be obtained by isozyme, RFLP and FCR analyses.

Isoryme studies of nan¡ral plant populations have demonstrated a general trend of

high variability in outcrossing populations and lower levels of va¡iation in selfing

populations (Hamrick et al., L979). This obsen¡ation was confirmed in studies of the

plant patlrogenic fung Puccínia graninis (Budon and Roelfs, 1985) and Phytophtløra
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ir{estaw (Goodwin et al., L992\ which indicated that asexual or self-reproducing

populations exhibited less variation at isozyme loci than did populations which were

thought to be reproducing sexually. Therefore, exnmination of the overall levels of

genetic diversity within populations of G. graminis may provide an indication of the

relative frequency of sexual reproduction within populations.

A survey by Loveless and Hamrick (1934) found that species which reproduce by

self-fertilisation had a greater proportion of their genetic va¡iation distributed benveen

rather than within populations. This distribution of va¡iation would also be expected to

be found between populations of ph¡opathogenic fungi which reproduce asexually.

Therefore, the distribution of va¡iation berween populations may be used to determine

the predominant mode of reproduction and may indicate the extent of inter-population

gene flow. For example, if there are significant levels of gene flow, the various

populations will effectively act as one large panmictic population and exhibit relatively

low levels of genetic differentiation (Hartyl and Clarh 1989). If, however, there are

restrictions on levels of inær-population gene flow, the individual populations may be

expected to show considerable genetic differentiation.

As discussed previously, self-fertilisation and asexual reproduction are widely

accepted to be the primary modes of reproduction within G. grantinis. Since the

pathogen is haploid" all of the progeny resulting from self-fertilisation u/ill be identical

to the parental strain. This implies that populations may be composed of a series of

clonal lineages of isolates. The presence of a particular multilocus genotype in high

frequency is reported to be the most robust and significant evidence of clonal

reproduction (Tibayrenc et al., l99l). For example, molecular analysis of repeat-

sequence variation within a population of Septoria triticí indicated that clonal

reproduction war¡ extensive, the population being composed of a limited number of

RFLP multilocus genoqrpes compared to the numbers expected under random mating

(McDonald and Martinez,l99l). Clonal population stn¡cture has also been reported in

Phytopluttorø ir{estars (Goodwin et al.,1992), where analyses of isoryme, RFLP urd

mating type variation detectei ¿ limi¡ed number of multilocus genotypes within some
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populations, even though both mating types were present. These results indicated that

the genotypes \Ãrere replicating ar¡ separate units, without the genetic reorganisation that

results from sexual recombination.

When genetic data have been derived from high resolution methods, such as DNA

frngerprinting with repeat-sequence probes, the multiple occurrence of an identical

genotyp€ implies that sexual recombination is absent, an observation that does not

require statistical testing (Tibayrenc et al., 1991). It is possible, howevcr, to use

statistical tests whic¡ sxamine for non-random associations between loci (linkage

disequilibrium), known to be indicative of clonally propagaæd populations (Weir,

1e90).

2.7 Sumnary

D€tailed population genetic studies of a number of phytopathogenic fungt indicate

that levels of genetic diversity can vary considerably between species. The main factors

affecting genetic diversity within and be¡peen populations are associated with the rates

of mutation and inter-population migration, the intensities of environmental and host-

mediated selection and the breeding biology of the pathogen.

G. graminis is known to exhibit considerable va¡iation in vin¡lence in naturally

occurring populations isolated from freld crops. This observation, combined with the

brcad ecogeographic and host ranges of the pathogen, implies that the species should be

highly variable. In ærms of the breeding biology, mostresults suggest an extremely low

frequency of hyphal anastomosis and out-crossing. Consequently, the oppornrnities for

the exchange and re-assortrnent of genetic material benveen strains would app€ar to tle

limited. The implication is that genetically heterogene¡ous populations, generated by

mutation, may be composed primarily of clonally propagated lineages resulting from

asexual or self-reproduction.

Within clonally reproducing populations, variation may be maintained as a rcsult of

relatively low host-mediated selection pressures, provided by exposure to and

coevolution with a diversity of host genotypes, most of which are highly susceptible to
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the pathogen. In conmst, exposufe of populations to tolerant or resistant hosts, such as

rye or oats, would be expected to exeft intense selection upon the population resulting

in the suppression of isolates poorly adapted to these hosts. C-onsequently, intense host-

mediated selection is expected to have dramatic effects on the genetic composition of

G. gramínis populations, probably resulting in signifrcant decreases in genetic diversity.

The development of variety-specific ma¡kers will make it possible to ascertain the

effects of host-mediated selection upon the taxonomic composition of G. graminis

populations and may also aid in determining if the barriers to inter-variety hybridisation

observed in the laboratory also occur in nature. These aspects a¡e of considerable

importance in understanding take-all epidemiology and the evolution of pathotype

diversity within G. grarninis.

The use of molecular ma¡kers to assess levels of genetic diversity within and

between populations of G. graminis should provide information on the genetic stnrctur€

of populations, which may be useful in determining the predominant mode of

reproduction in the field and the exænt of inter-population gene flow. It is likely that

isozymes urill be easier to use than RFLP or PICR markers due to the more involved

procedures for DNA extraction and manipulation. However, recent studies have

indicated that RFLP and FCR ma¡kers will be more applicable than isozymes for

developing variety-specifrc markers and in sftdies of populations which are expected to

be genetically homogeneous.
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Chapter 3 Isozyme variation within and among varieties of G.

graninß

3.l lntroduction

Intra-specific classification of G. grarninl's by pathogenicity testing and inducing

perithecial production is a slow and laborious process and often proves to be

inconclusive. For s¡emFl€, many Australian isolates have been reported to parasitise

oaß (only susceptible to Gga), but have spore lengths in the range characteristic of Ggr

(Yeats, 1986). Furthermore, many G. graninís isolates lose thei¡ pathogenic and

reproductive abilities after prolonged periods in culture (Cunningham, 1981). The

genetic basis of the similarities and differences between the pathotypes is not

understood, so a gfeater knowledge of the genetic variation within and benveen the

varieties is required for reliable classification of isolates.

Attempts to differentiate the three varieties of G. graninÍs by electrophoresis of

total protein profiles indicated thatGgt andGga were more closely related to each other

than to Ggg. The differences in the banding patterns were too slight, however, to

provide reliable separation of the wheat and oat take-all fungr (Abbon and Holland,

1975; Maas et al., 1990). Gel electrophoresis of isozymes, in contrast" has been used

successfully to determine taxonomic relationships (Burdon and Ma¡shall, 1981; Liu et

al.,l99}i Simcox et al., t992) and the population biology (Brudon and Roelfs, 1985;

Leuchmann and Clay, 1989) of relaæd fung. Furthermore, isorymes provide ma¡kers

useful in the genetic analyses of phytopathogens (Linde et al., 1990; Spielman et al.,

1990).

The objectives of this research were to evaluaæ the amount of genetic diversity at

isozyme loci within and betr*,een varieties of G. gramiru's. The distribution of diversity

between varieties will aid in identifying loci and/or alleles which may be useful for
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discriminating tua. Assessmens of intra-variety va¡iation will also determine those

loci likely to be most useful for analyses of G. grarninis populations.

3.2 Materials and methods

3.2.1 Or¡gin of isotates and culture conditions

A collection of 24 isolates representing the three va¡ieties of G. gramin¡s was used

in this srudy (Table 3.1). Isolates were selected on the basis of ecogeographic origin and

host diversity and also to provide a repr€sentative sample of the genetic diversity within

the species in southern Australia-

Wheat (cv. Spear) and oats (cv. Echidna) were exposed to each isolate, firstly to

asses the pathogenic potential of each isolaæ and secondly to provide fresh, vigorous

fungal cultures for subsequent experiments. Small pots (10 cm diam. x 15 cm deep)

were half-filled with sterile sand and the fungal inoculum was inuoduced as pieces of

agar culnue (Hornby et ø1.,1977). The inoculum was covered with a thin layer of sand

and 5 seedlings of each host species were planted into each pot. Each of the host x

isolate treatments was replicated twice. After 3-4 weeks growth in a glasshouse

(constant temperature 18'C) plants were han¡ested and the roots scored for the presence

or absence of take-all symptoms. No attempt rvas made to score the severity of

infection.

All isolaæs lvere reisolated from infected root material before being prepared for

electophoresis. Root s€gments were surface-sterilised n L% silver nitraæ (AgNO3) for

1 minute, washed n 54o sodium chloride (NaCl), rinsed nvice in sterile distilled water,

air dried and plated onto potato dextrose agar (PDA) supplemented with 100 mg/litre

streptomycin sulphate. Plates were incubated in the dark at22"C. Upon emergence from

the root, hyphal tips were removed and subcultured onto fresh PDA and stored at 4"C

until required.
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Table 3.1. Fungal isolates: Origms and pathogenicity to wheat and oats.

Host I-ocation Source pathogenicity

wheat oats

Ggt

KM69

wLtF143

23152

23L25

c3
500

800

23580

EBI

17916

KSI

51463

Triticwt aestivutnL.

Hordeutn trurinumL.
Triticutn aestivurn

Trítícutn aestivun

Horfuuttt murirutn

Triticwt aestivun

Tríticwn aestivwn

Triticurn æstivunt

Hordeutn vulgøre L.

Triticun æstivutn

Triticwt æstivt'un

Triticwn acstivun

Tamworth, N.S.W.

Beverley, V/.4.
Gerogery, N.S.W.

Urana, N.S.V/.

Cou¡rq N.S.V/.

V/.4.
Avon, S.A.

w.A.
Eire

Dubbo, N.S.W.

Kapunda S.A.

Palmer, S.A.

P.T.V/. V/ong +

O. Glenn +

J. Walker +

J. Walker +

P.T.\¡/. V/ong +

C.A. Pa¡ker +

A.D. Rovira +

P.T.W. Vfong +

P.T.W. V/ong +

J. V/alker +

A.D. Rovira +

J. \Valker +

Walker

Walker

+

+

+

+

+

+

+

Ggø

l37T
23LM

t92M.

35793

Gss

30577

30584

23t48

5r652

V/2P

ADI
23L47

Agrosrls sp.

Agrosru sp.

Agrosris sp.

Avena sativaL

Stenotqlvuttr
secunfututn
(Walt) Kuntze

Paspalídiwt sp.

Pennisetwn
clandcstirurn
Hochsr ex Chiov

Cynofun fuctylon
Pers

Eragrostis setifolis
Nees

Pøspalidium sp.

Aristifu sp.

Bromus cathuticus
Vahl.

Inverell, N.S.W. J.

Tr¡rramurrò N.S.YÍ. J.

N.S.\V. P.T.V/. Wong +

Concord, N.S.V/. P.T.V/. Wong +

N.S.V/. P.T.\I/. Wong +

Yerong Cbeek, N.S.\V. J. V/alker +

Afiannon, N.S.}V. J. V/alker +

+

+

+

+

+

+

H4

Perth, W.A. J. Walker

Warialda, N.S.W. P.T.W. rWong

Walcha" N.S.V/.

Tamworth, N.S.V/.

Rydalmere, N.S.W.

P.T.W. V/ong

P.T.W. V/ong

J. V/alker +
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3.2.2 Wotein extraction for electrophoresis

Mycelium of G. graminis for enzyme extraction was grown in 100 ml flasks

containing 25 mlof sterile NDY m€dium (Appendix A) inoculated with small pieces of

stock culnue. Flasks were incubated at 22"C on a rotary shaker (100 rpm) fot 2-3

weeks. Mycelium was ha¡vested and blotted dry on chromatography paper ffiaman

3MM) and was processed immediately or frozen at -80'C until required. Small pieces

of mycelium (approx. 200 mg fresh weight) were frozen in liquid nitrogen and ground

into a viscous slurry in the presence of 0.2 ml extraction buffer (Appendix A). Samples

were placed on ice for 10 minutes before being centrifuged at 12,000 rpm for 5 minutes

to remove cell wall debris. The clea¡ supernatant lvas transferred to 1.50 ml

polypropylene tubes and chilled on ice before being loaded onto the gel.

3.2.3 Electrophoresis

Cellogel (Chemetron:Milan) electrophoresis was conducted as described by

Richa¡dson et al. (1986). Gel slices (20 x 15 cm) were soaked in 300 ml of

electrophoresis buffer for 3 hor¡rs at 4"C before being placed in gel trays containing 700

ml cold (4'C) electrode buffer. The gel trays u/ere designed such that the gel made

direct contact with the eleccode buffer. Loading wells (0.5 x 0.2 cm) were indented

upol the surface of the gel using a drawing pen. Approximately 5 ¡tI of sample was

plpetted into the wells and allowed to soak into the gel prior to electrophoresis. All gels

were run at 4"C under the conditions listed in Table 3.2.Enryme names with enzyme

commission (EC) numb€rs, abbreviations, buffer systems for each enzyme and

modifications to the enzyme staining solutions (from Richa¡dson et al., 1986) a¡e

shown in Table 3.3.

Alleles for each of the enzymes were determined by repeated side by side

comparisons. In the final analysis all isolates were nrn on a single series of gels for a

complete inær/intra-variety comparison.
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Table 3.2. Electr,ophoretic conditions used in isozyme analysis.

System Buffer

11.6 mM Na2HPO4

8.4 mM NeùIzPO¿

15 mM Tris

5 mM Na2EDTA

10 mM MgCl2

100 mM Tris

I mM Na2EDTA

1 mM MgCl2

220V 1.5 h. at 4oC

220V 1.5 - 2.0 h. at 4oC

22OV 1.5 h. at 4oC

3.2.4 Scoring of gels and data analyses

Relative mobility (R¡) values were assigned to each band of enryme activity. Ggg

isolate 5|652was used as a standard and was included on all gels, the bands resolved at

each locus being assigned an R¡value of 1.0. The total number of alleles per locus was

determined and each isolate assigned a binary value indicating the presence (1) or

absence (0) of a particular allele within each locus. An electrophoretic phenotype was

determined for each isolate, defined as the presence or absence of a band of activity for

each allele at each locus

As srossing experiments were not conducted betrveen any of the isolates, the acn¡al

genetic basis of electrophoretic va¡iation in enzymes could not be dercrmined, so an

analysis of phenotypic, rather than genotypic, diversity was employed. The frequencies

of the electrophoretic variants were calculaæd and phenotypic diversity was estimated

using Shannon's Index tlo = Epi lo*tpi, where p¡ is the phenotypic frequency at a

particular enzyme locus (Peet" 1974; Mc Cain et ol.,1992). Nei's gene divenity, which

treats the va¡iants as alleles at separate loci, was also computed and the different

measrúes compared. Gene diversity (Nei, 1973;'Weir, 1990) was calculated from allele

frequencies ar the respective enzyme loci as follows. If puis the frequency of the r th

allele at the lth locus the gene diversity at this locus is D, = I 'h2U.

Electric
ctrÍent

Dr¡ration of
Electrophoresis

1

2

3



Table 3.3. Composition of staining solutions for detection of isozymes.

Enzyme

Aconiøse

Fumarase FI.JM

GOT

G6PD

GPI

GSR

HKHexokinase

Isociraæ IDH
dehydrogenase

Malatedehydr,ogenase MDH

At¡breviation EC No. Buffer
system

ACON 42.1.3 I

42.1.2 I

Stain composition

Glutamate-oxaloacetate
trursaminæe

Glucos+Gphosphaæ
dehyùogenase

Glucose-phosphaæ
isomerase

Glutathione reductase

Malic enzyme

óPhosphogluconaæ
dehyùogenase

Phosphoglucomuøse

2.6.r.1 I

1.1.1.49

5.3.1.9

t.6.4.2

2.7.r.1 I

t.t.t.o I

r.r.r.37 2

3

2

2

2 ml 0.1 M Tris-HCl buffer pH8.0, 0.25 ml aconitate (100 mg per ml pH 8), 0.! ml N4Dl_(29 mg pef

ml),0.1 ml MTT (20 mg per ml), 0.1 ml PMS (20 mg per ml), 0.2 ml Mgcl2 (0.2 M), 50 pl IDH (r0 mg

per ml)

2 ml 0.1 M Tris-HCl buffer pH 8.0, 0.25 ml fuma¡aæ (75 mg per ml pH 8), 0.1 ml NAD (25 mg per ml),

0.1 ml MTT (20 mg per ml), 0.1 ml PMS (20 mg per ml), 10¡tl MDH (10 mg per ml)

l0 mg fast garnet GBC salt, 2 ml 0.f M Tris-HCl buffer pH 8.0, 0.25 ml c - ketogluta¡ate (75 mg per ml
pH 8) 025m1L - aspartate (75 mg per ml pH 8)

20 mgglucoseóphosphate, 2 ml 0.1 M Tris-HCl buffer pH 9'0'9.1_ ml NADP (20 mg per ml), 0.1 ml
DffT (20 mg per ml), 0.1 ml PMS (20 mg per ml), 0.2 rnl MgCIZ (0.2 M)

15 mg frucose-Gphosphate,Z mlO.l M Tfis-HCl bgffer pH qr0,_9.1 ml NADP (20 mg per ml), 0.1 ml
IvfITi2[ mg per ml¡, ti.t rntpt'tS (20 mg per ml), 0.2 ml MgCl2 (0.2 M), l0 pl G-6PD (r0 mg per ml)

35 mg oxidized gluøthione,6 mg NADPH,2 ml 0.1 M Tris-HCl buffer pH 8.6, 0.1 d MT't (20 mg per

ml), 0.1 ml DCIP (20 mg per ml)

15 mg glucose, 15 mg l{fP,2 ml0.l M Tris-HCl buffer pH 8.6, 0.1 ml NADP (20 mg pef ml), 0.1 ml
lvflT (20 mg per ml).0.1 ml PMS (20 mg per ml), l0 Fl G6PD (10 mg per ml)

40 mg D¡--isocitric acid,2 ml0.l M Tris-HCl buffer pH 8.0,O._l ql NADP (20 mg per ml),0.1 ml MTT
(20 mg per ml), 0.1 ml PMS (20 mg per ml),0.2 ml MgCIZ (0.2 M)

2 ml0.l M Tris-HCl bufferpH 8.0, 0.25m1malaæ (75 mg per mlpHS), 0.1 ml NAD Q5 meper ml),0.1

ml MTT (20 mg per ml), 0.1 ml PMS (20 mg per ml)

2 ml0.l M Tris-HCl buffer pH 7.4,0.25 ml malate (75 mg per ml pH 8), 0.1 ml NADP (25 mg per ml),

0.1 ml MTT (20 mg per ml), 0.1 ml PMS (20 mg per ml), 0.2 ml MgCl2 (0.2 M)

20 mg Gphosphogluconic æid,2 ml0.l M Tris-HCl buffer pH 8.0, 0.1 ml NADP (20 mg per ml), 0.1

ml MIT (20 ng p€r ml), 0.1 ml PMS (Ð mg per ml), 0.2 ml MgCIZ (0.2 M)

90 mg glucose-l-phosphate, 2 ml0.l m Tris-HCl buffer pH 8.0,0.1 ml NADP (20 mg.p9r ml),0.1 ml
IvflT (20 mg per ml), O.f m PMS (20 mg per ml), 0.2 ml MgCl2 (0.2 M), 20 pl G-6PD (10 mg per ml)

ME 1.1.1.40

6PGD t.t.r.4

2

3

2PGM 2.7.5.1

l\)\o
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To complement the analyses based on diversity indices, simila¡ities among the

elecuophoretic phenot¡ryes wer€ calculated using the simple simil¿¡'i¡y statistic (S), S"y

= 2N¡/(N¡ + Ny), where N¡ and Ny are the number of bands in individual x and y

respectively, and N4, is the number shared by both (Lynch, 1990). Pairwise

comparisons were made befween all isolates and the values used to generate a simil¿¡i¡y

matrix. To infer genetic identities between isolates a cluster analysis was performed on

these similarity values using the group average method (Sneath and Sokal, 1973). The

simil¿¡i¡y between t$ro groups is defined as the average simil¿¡'i¡y of all points of unit

involving a member of each Foup. These ¡esults were used to generate a dendrogram

displaying the hierachical associations between all isolaæs.

GENSTAT 5, release 1.3 (Rothamsted Experimental Station, 1989) was used for

data analysis.

33 Results

33.1 Pathogenicity tests

Each of the isolates listed in Table 3.1 was observed to infect wheat roots. Isolates

classified as Ggt and, Gga produced stela¡ lesions and ectotrophic runner hyphae,

whereas those classified as Ggg heavily colonised the epidermal layer of the roots with

no apparent penetration of the stele. Ggø isolates infected oat roots although the level of

infection was lower than that observed in wheal Ggt and Ggg produced only very

slight symptoms upon oats relative to wheat, with very few sæla¡ lesions.

There were few disagleements with the original classification of isolates.

Exceptions werc Ggt isolate 500 and Ggg isolate 23147 which produced more stelar

lesions and ectotrophic runner hyphae on oats compared with the other non-Gga type

isolates. Ggg isolates 23147 and23l48 also produced a few small stela¡ lesions upon

wheat roots but to a lesser extent than those classified as Ggt mdGga.
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3 3.2 Lsozyme variabilitY

All of the enzymes showed well resolved bands and revealed electrophoretic

va¡iation between the isolates of G. grarnirus. In 9 of the 12 enrymes a single band per

isolaæ was resolved, whereas glutamate-oxaloacetaæ transaminase (GOT), hexokinase

GIK) and malate dehydrogenase (MDH) resolved 2 bands per isolate. The respective

bands showed large differences in relative mobitity and varied independently.

Consequently, these bands were presumed to be the products of separate loci and were

scored accordingly, grving a total of 15 scorable enzymes. Electrophoretic va¡iants at

these loci were assumed to be allelic forms of the enzymes.

The number of alleles resolved at each of the enzpe loci ranged from 2 in both

6pCiD and MDH to 5 in ME (Table 3.4). Isolates of Ggr and Ggg accounted for the

Table 3.4. List of enzymes showing number of putative loci and number of alleles

resolved per locus.

Enzyme No. Loci No. Alleles

ACON

FI.JM

GOT

G6PD

GPI

GSR

HK

IDH
MDH

ME

6PGD

PGM

I
1

2

3

3

4 (GOr-l)
4 (GOT-2)

3

3

3

3 (HK-l)

3 (HK-2)

3

2 (MDH-l)

3 (MDH-2)

5

2

3

1

1

1

2

1

2

1

1

1
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Table 3.5. Descriptive isozyme data for isolates representing the 3 va¡ietíes of G.

graninis.

Variety Polymorphic Average No.
læi(%) alleleVlocus

Ggt

Gga

Ggs

G. gratninis

87

33

87

100

2.r3

1.33

2.33

3.13

majority of va¡iation within the collection with 877o of thcir loci exhibiting

polymorphisms (fable 3.5). The number of alleles per locus was slightly higher n GSS.

In contrast Ggø isolates showed a much lower level of va¡iation with only 337o of the

loci identified as polymrphic.

33.3 Estimates of genetic diversity within and between varieties o1G. grømínís.

Gga exhibited low levels of variability, \yith the 3 isolaæs being invariant at 10 of

the 15 loci (Tables 3.6 and 3.7). In contrast Ggt and Ggg showed high levels of

diversity with only 2læi being monomorphic within each of these varieties. Ggg was

found to be the most div€rse of the 3 varieties. Both measures of diversity supported

these observations.

Diversity indices were used to partition diversity into within- and benveen-variety

components (Tables 3.6 and 3.7). More of the diversity (54%) occurred within varieties

of G. graninis than benveen them (Table 3.6). Nei's gene diversity indicaæd the same

partitioning of diversity, s'ith an average of 59Vo of the divenity found to reside \+,itÌtin

va¡ieties (Table 3.7).

The proportion of variation \¡/ithin and benveen varieties differ€d berween loci with

ME detecting the most and MDH-I the least within-variety divenity. The enryme ME

was found to be the most va¡iable across all G. grwninis isolates. Both diversity indices

indicated that the loci GOT-L, GOT-2, GSR and 6PCID partitioned more diversity
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Tabte 3.6. Estim¿tes of genetic diversity (Ho) within and between varieties of G.

grarninis.

Locus V/ithin varieties

lJtitici Hø,enæ IjfgrØninß Hvu Hcoll

Total
within

collection

koportion
within

varieties

Hvæ
flco-tt

Proportion
between
varieties

Hcoll-Hvar
Hcoll

ACON

FI.JM

GOT.I
GOT-2

G6PD

GPI

GSR

HK-1

HK.2
IDH
MDH.l
MDH.2

ME

6PCID

PGM

Mean

1.430

o.7æ

0.500

0.s00

0.500

0.7ffi
0.500

0.000

0.7æ

1.430

0.760

0.760

1.747

0.000

0.990

0.7ffi

0.000

0.000

0.000

0.000

0.000

0.915

0.915

0.000

0.000

0.915

0.000

0.915

0.915

0.000

0.000

0.305

0.811

1.310

1.310

0.557

0.81r

t.4L7

0.000

r.500

0.811

0.958

0.000

1.4t3

1.500

0.9s8

1.310

0.978

o.747

0.690

0.604

0.352

o.437

1.031

0.472

0.500

0.524

1.101

0.253

1.030

1.387

0.319

o.76t

0.681

Ln9
t.236

1.883

1.648

0.748

1.513

1.458

0.922

0.922

1.581

0.69
1.353

1.983

0.881

1.188

Lnt

0.584

0.558

0.321

0.214

0.585

0.681

0.324

0.542

0.568

0.696

0.5¿t0

0.761

0.699

0.362

0.645

0.539

0.416

0.42
0.680

0.786

0.415

0.319

0.677

0.458

0.432

0.304

0.458

0.239

0.301

0.638

0.355

0.461

berween rather than within varieties of G. gramiru's and therefore could provide markers

to discriminat€ between va¡ieties. Locus @T-2 clearly differentiated the 3 va¡ieties

with the exception of Ggg isolate H4 which had the l.Ul Ggt allele (Figure 3.1). Isolate

5t463 (Ggr) had a unique allele (Rf = 1.11). I-oci GOT-I and GSR appeared to clearly

differentiate Ggg (R¡=1.00) but there was considerable consen¡ation of alleles between

Ggt and, Gga.T\e en4yme 6PGD discriminated between the Ggt andGgø isolates, but

there was no clea¡ distinction between these and isolates classifïed as Ggg. The

majority of Ggt and Ggg isolates showed ttre 1.00 fuma¡ase (FLIM) allele. Ggawas
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Table 3.7. Estimates of Nei's gene diversity (D) within and berween va¡ieties of G.

grarninis.

Locus Within varieties Total
within

collection

hoportion
within

va¡ieties

Dvar

Proportion
benveen
varieties

Dt¡itici Davenac Dgrminis Dvu Dcoll Dcoll-Dvar
Dcoll Dcoll

ACON

FI.JM

GOT.l
GOT.2

G6PD

GPI

GSR

HK-1

HK.2
IDH
MDH-1

MDH.2

ME

6PGD

PGM

Mean

0.592

0.345

0.197

0.r97

0.r97

0.345

0.197

0.000

0.345

0.592

0.345

0.345

0.666

0.m0

o.494

0.3v4

0.000

0.000

0.000

0.000

0.000

0.444

0.444

0.000

0.000

0.444

0.000

0.444

0.444

0.000

0.000

0.119

0.375

0.531

0.531

0.219

o.375

0.5E4

0.000

0.625

0.375

0.69
0.000

0.5E4

o.625

0.69
0.531

o.420

o.322

o.243

0.292

0.139

0.191

0.4,61

0.214

0.208

0.2û
0.502

0.115

0.461

o.579

0.156

o.342

0.298

0.515

0.505

0.715

0.635

0.265

0.635

0.615

0.3¿lO

0.3,()

0.6ó5

0.1E0

0.555

o.720

0.420

0.515

0.s08

0.626

0.481

0.409

0.218

0.720

0.726

0.348

0.613

0.706

0.755

0.639

0.831

0.804

0.372

0.ffi
0.594

o.374

0.519

0.591

0.782

0.280

0.274

0.652

0.387

0.294

0.245

0.361

0.169

0.t97

0.628

0.337

0.406

inva¡iant for the 1.06 allelE which was also present within a few Ggt md Ggg isolates,

therefore indicating no clear differentiation be¡veen the three va¡ieties at this locus.

To complerrþnt the diversity analyses, estimaæs of similarity between isolates were

conducted bas€d upon the cornmon occurrence of alleles at each locus. All isolates were

observed to be electrophoretically distinct. All pairs of isolates were compa¡ed and a

simil¿¡'i¡y matrix was constructed (Table 3.8). Those found to be the most similar wer€

Ggø isolates 192M and35793 (95.77o) and those least similar Ggt 51463 andGgg
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23L47 (46.8Vo). The overall average simil¿¡'i¡y benveen all isolates was approximately

60Vo.

Figure 3.1. Electrophoretic phenotypes of putative taKonomic ma¡kers identified for

G. graninis.
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Table 3.E. Genetic aimil¿¡i¡igs among isolates of G. graminis based on the number

of sha¡ed alleles at the 15 isozyme loci. Figures indicate the percentage

simil¿¡i¡y between isolates.

KM69

wuFl43
23125

c3
5m
235W
EBI
t7916

51463

r3T1

ryzM
35793

30577

30584

23148

51652

H4

w2P
ADI
23r47

70.2

74.5

70.2

78.7

78.7

87.2

87.2

70.2

6r.7

57.4

61.7

57.4

57.4

57.4

66.0

70.2

6t.7

48.9

59.6

78.7

83.0

70.2

70.2

70.2

61.7

6r.7

57.4

61.7

6ó.0

6t.7

6r.7

57.4

66.0

6t.7

57.4

70.2

5r.l

74.5

83.0

78.7

83.0

74.5

74.5

61.7

57.4

6t.7

48.9

66.0

6t.7

70.2

66.0

57.4

6t.7

5r.r

74.5

78.7

78.7

70.2

78.7

6ó.0

6t.7

6ó.0

61.7

66.0

6t.7

70.2

74.5

70.2

70.2

51.r

74.5

78.7

70.2

70.2

66.0

66.0

6r.7

48.9

66.0

6r.7

70.2

6ó.0

66.0

57.4

59.6

91.5

83.0

74.5

70.2

57.4

6r.7

53.2

6t.7

66.0

70.2

70.2

66.0

57.4

55.3

9r.5

83.0

74.5

6r.7

66.0

6r.7

6r.7

61.7

70.2

78.7

70.2

57.4

55.3

70.2

57.4

6r.7

53.2

6t.7

53.2

66.0

70.2

6t.7

57.4

ß.8

83.0

78.7

57.4

6t.7

53.2

61.7

6ó.0

70.2

6t.7

5r.r

83.0

6ó.0

53.2

57.4

57.4

53.2

53.2

6t.7

70.2

6r.7

48.9

5l.l

KM69 WUFI43 23125 C3 500 23580 EBI 17916 5l¡163 l3Tl

t92lûi{

35793

30577

30584

23t48

51652

H4

\v2P

ADT

23147

95.7

57.4

66.0

48.9

66.0

6t.7

74.5

70.2

63.8

57.4

6ó.0

48.9

66.0

6t.7

74.5

70.2

63.8

6r.7

70.2

6r.7

74.5

70.2

66.0

72.3

6.0
83.0

70.2

74.5

83.0

59.6

74.5

74.5

6ó.0

61.7

68.1

70.2

63.8

70.2

6r.7

59.6

70.2

74.5 83.0

72.3 68.1

r92M 35793 30577 30584 23148 51652 H4 W2P ADI 23147
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Figure 3.2.Dendrogram showing phenetic relationships within G. graminis,

generated by group average cluster analysis of genetic similarities at

isozyme loci.

KM69
23580

EBI
1791ó

5t463
trtltct

23r25
500

wuF143
C3

attenoe

r 377
l92M
35793

30584

5t652

w2P
ADI

,granlt trrs
30517

23141

23148
H4

100 90 80

% sinriliu'ity

10 60

A cluster analysis of the similarity values grouped the isolates and prduced a

dendrogram (Figure 3.2) showing the hierarchical associations between isolates. The

dendrogram had2 pnmary clusters, one containing only Ggg isolates, shown to have an

average 5imil¿¡'i¡y of approximately 68Vo. The other primary cluster contained isolates

from all three va¡ieties with an overall ave¡¿rge simit¿¡-¡¡t of approximately 62Vo. Wirhin

this cluster there were two subgroups, one specific for all the Ggt isolates and the other

further suMivided into two distinct groupings of Gga and, Ggg. The Ggr isolates

showed an overall similarity of over 70Vo, whercas the Ggø isolates formed a discreæ

group with an average simil¿¡-i¡y of 80%. The Ggg isolaæs within this clustcr had an
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overall simila¡i¡y of 7 57o and were apparently more closely related to Gga and Ggr than

to the remaining Ggg isolaæs.

3.4 Discussion

The electrophoresis of soluble enzymes can be used to determine the extent of

genetic differentiation within and benveen varieties of G. grarninÍs. Isozymes revealed

gfeater genetic simil¿¡'¡6"r within va¡ieties than berween varieties and provided a suite

of markers to discriminate between these groups. The degree of isozyme differentiation

between va¡ieties generally agreed with the separation of the species into different taxa

according to the taxonomic criteria of morphology and host range.

The isolates used in this study were originally classifred on the basis of ascospore

length and pathogenicity upon their original hosr This snrdy generally supported these

classifications by testing their pathogenicity upon wheat and oats. Two Ggg isolates

(23L47 and,23l48), however, were observed to parasitise wheat but to a lesser extent

than the Ggt and Gga isolaæs. Additionally,23I4T and isolaæ 500 (Ggt) were capable

of infecting oats.

The combination of the genetic resistance of oats to Ggt and Ggg and its

susceptibility to Ggø is a more reliable criærion for separating the va¡ieties than is

ascospore length (Chambers and Flentje,196íl). The use of a continuous variable such

as spor€ length, is ambiguous since it involves a subjective detenninaSon of acceptable

levels of variation within a variety. This is emphasised by the fact that many Western

Australian isolates, with ascospore lengths in the range attributed to Ggt, are capable of

parasitising oats (Yeats, 1986). Isolaæ 500 originated frrom a region of West Ausualia

known to have a high incidence of these types (Yeats et al., 1986). Consequently,

isolates 500 and 23147 might have required reclassificatioito Gga.Isozyme analysis,

in contrasL indicated that these isolates were mor€ related to Ggt and Ggg, rcspectively,

and ta¡<onomic revision was not required-

Extensive polymorphisms were revealed within and between varieties of G.

graninis at the isozyme loci used in this study. Only two of the fifæen loci were
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invariant within Ggr and Ggg, whereas the majority rvere rnonomorphic within Gga. On

average Ggg showed the highest levels of genetic diversity followed by Ggt and Gga.

Cleady, a g¡eater number of isolates needs to be examined for accurate determination

of the levels of genetic diversity within the respective va¡ieties.

Electrophoresis is useful in discriminating berween ta¡ronomic goups only when

the within-Foup differences are smaller than those observed between groups (Burdon

and Marshall, 1981). Electrophoretic va¡iation deæcted in this study indicated that on

average a gÍeater proportion of variation was found within rather than between

va¡ieties, indicating that there is a continuum of isozyme variation within the pathogen.

This tends to imply that studies of isozyme va¡iability may not be useful in

identification of the taxonomic surtus of isolaæs. Nevertheless, some €nzymes resolved

a greater proportion of diversity between varieties and may provide the key information

for the separation of the ta¡ra These loci were GOT-I, GOT-2, GSR and 6PCID and

with a few exceptions, the alleles detected at these loci were specifrc to a variety of G.

graminis (Figure 3.1). Consequently, these ma¡kers may be useful for the taxonomic

identification of isolaæs.

Genetic similarities between isolates, averaged across all isozyme loci, generally

indicated that isolates within a particular variety showcd closer relationships to each

other than they did to isolaæs from other varieties (Figr¡¡e 3.2). All of the Ggt isolaæs

formed a discreæ grcup with an average similarity of approximaæly 707o. Ggø isolates

also formed one group (80% simil*ity) whereas those from Ggg werc subdivided into

two distinct groups (û% similarity). Inter-variety comparisons, therefore, indicated

that Gga isolaæs showed the greatest simila¡'ities followed by isolates within Ggt and

Ggg, respectively.

Hiera¡chical clustering of the isolates according to their isozyme simila¡ities

implied that Gga isolates showed a closer relationship to a subset of the Ggg isolates

than they did to the Ggt isolates It was notable that Ggg isolaæ 23L47, shown to be

weakly pathogenic to oats, $,as mor€ remotely related to the Ggø isolaæs than the other

Ggg isolates wer€ (Figure 3.2).Isolaæ 500, also shown to bc weakly pathogenic to oats,
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clustered with the Ggr isolates. This distinction benveen isozyme simil¿¡[¡ies and ability

to parasitise oats implied that isozyme va¡iation could not be used to clearly predict

pathogenicity of isolates. Nevertheless, isozymes could be used to provide an overall

estimaæ of phenetic relationships within G. gratninis.

The genetic relationships benveen va¡ieties at isozym€ loci were similar to those

previously reported with electrophoresis of otal protein proflrles (Abbott and Holland,

19751. Maås et a1.,1991). These ea¡lier studies however, had not indicated a subdivision

of Ggg into nvo groups, which implied a closer genetic relatednéss of some of these

isolates to those identifred as Ggt and Gga. This observation may be important in

underst¿nding the development of pathogenic variability within the fungus and possibly

reflects the evolutionafy history of the different varieties of G. gratninis.

These data have shown that isozyme variability should provide a useful tool in the

analysis of pathogen populations to provide insight into the genetic diversity and

evolutionary biology of G. grøninis. Cluster analysis of the genetic simil¡¡i¡iss ¿¡

isozyme loci grouped isolates accøding to their ta¡ronomic identities, which generally

agreed with the separation of the species into th¡ee distinct va¡ieties. Consequently,

isozymes may be useful in determining the taxonomic composition of pathogen

populations.

The extent of isozymc polymorphism revealed in this study will also be useful in

genetic analysis of G. graninis.Isozyme polymorphisms can be used in genome

mapping and as neutral genetic markers to determine the inheritance of specific traits

such as vinrlence (Spielman et a1.,1990). Additionally, they can complement the use of

DNA ma¡kers (e.g. RFLPs) in phenetic analyses by providing an independent set of

data when determining relationships between taxa-
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Chapter 4 Intraspecific classification of isolates of G. granínís using

restriction fragment length polymorphisms

4.1 Introduction

Isozyme analysis revealed high levels of diversity both within and between va¡ieties

of G. gramiru's, indicating the usefulness of this marker system for a population genetic

study of the pathogen. Nevertheless, on average more diversity was found within rather

than between varieties implying limi¡¿¡¡enr to the use of isozymes as variety-specific

ma¡kers. A more reliable method for the identifrcation of isolaæs is needed-

Molccula¡ probes developed to detect RFLPs have been successfully used as

genetic markers in a number of phyopulrogenic fung (Michelmore and Hubert, 1987)

and have deærmined ta¡ronomic relationships between grcups of closely related fungi

(Braithwaiæ et a1.,1990; Vilgalyis and Gonzalez, 1990). Some progrcss has been made

towards the identifrcation of G. graninis which has helped clarify intra-specific

relationships within the species (flenson, 1989; Bateman et al., 1992). The probes used,

howeve,r, did not clearly differentiaæ between the ta¡ronomic varieties.

Examination of repetitive DNA sequences has indicated their usefulness in

determining tanonomic relationships be¡veen and within species of fungi (Hintz et al.,

1989; O'Dell et a1.,1939). Ribosomal DNA (rDNA) repeîa s€quences have been used

todiscriminatebtweenva¡ieties of G.gramirus(Wa¡dandGray, lÐ2) andwerealso

capable of differentiating between rye and wheat pathotypes within Ggr (O'Dell, et al.,

1992). These experiments, however, did not provide definitive variety-qpecifrc ma¡kers.

It is likely that low-copy sequences may provide the best means of clearly

differentiating the varieties of G. graninis. To achieve this, a random genomic library

was constructed using a Ggt isolaæ as the sorrce of clones. These clones were then

used as probes to search for variety-specific markers and to assess levels of genetic

diversity within and berween varieties of the pathogen. By these methods a number of
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genetic markers were developed to examine basic questions on the variation,

distribution and evolution of G. grarninis populations.

42 Methods and materials

4.2.1 Growth of fungi for DNA analysis

The identities of isolates used in ttris study a¡e listed in Table 3.1, Chapter 3.

Mycelium was grown as described in Chapter 3. Replicaæ culnres were grown without

agitation and were incubaæd for 4-5 weeks at 22"C until a thick mycelial mat had

formed on the liquid sr¡rface.

42.2 DNA extraction

Mycelium was frlære{ washed twice in særile distilled water and bloaed dry on

chromatography paper (\Vhaman 3MM) before being froznn in liquid nitrogen, ground

to a fine powder in a morta¡, resuspended in nvo volumes of DNA extraction buffer

(Appendix A) and further homogenised by gentle grinding. The icy slurry was then

immediately uansferred to a polypropylene tube and an equal volume of

phenoVchloroforn¡/iso-amyl alcohol (25:?A:l) added. The solution u,as extracted by

gentle mixing at4"C on a rotary mixer for 30 minutes.

The two phases \rrere separated by centrifugation at 5,000 rpm and 4'C for 10

minutes. The aqueous phase was transferred to a fresh tube, an equal volume of

phenoVchloroform/isoamyl alcohol addd and the process rcpeated. The aqueous phase

was then transferred to a fresh ube and the DNA precipitated with ethanol as described

below.

42.3 Ethanol precipitation of DNA

One ænth volume of 3 M sodium acetata pH 4.8 was mixed with the DNA solution

and 2.5 volumes of absoluæ ethanol adde{ followed by gentle mixing. To recover the

DNA, samples were centrifuged at 12,000 rpm for 10-15 minutes. The supernatant was
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removed and the pellet washed nvice tnTOVo ethanol. The sanple was then dried under

vacuum for 5-10 minutes before being resuspended in TE buffer (Appendix A).

42.4 DNA purification via caesium chloride (CsCl) centrifugation

DNA was resuspended in 7.0 ml of TE buffer. CsCl (7.5 g) was added and

dissolved with gentle agitation. The solution wa¡¡ then transferred to an ultracentrifuge

tube and 0.5 ml ethidium bromide (10 mdml) added. After thorough mixing the sanple

was centrifuged at 40,000 rpm for 4O hor¡rs (rotor 70.1 Ti, Beckm¿¡1 L2-65B). The

DNA band was transferred to a?.0 ml screw top tube and extracted with water saturated

butanol until no pink colour was visible. The DNA solution was transferred to dialysis

tubing and dialysed against three changes of 2 litres TE buffer for 16 houn.

The concentration of the DNA was determined by spectroscopy. A 1:50 dilution of

the DNA solution was made and is optical densþ (OD) measured at a wavelength of

260 nm.

42.5 Digestion of DNA with resúriction flzynrcs

DNA (1.5-5.0 Fg) was digesæd in a reaction containing 10 td DNA solution, lpl

RNAase (10 mg,/ml, DNAase free), 20 units of restriction enzyme and 2 pl of the

appropriate 1O¡r restriction enzyme buffer (Appendix A). The reaction was made uP to a

total volume of ?ß pl by the addition of sterile wat€r. In the case where the DNA was

puifred by caesium chloride gradiens the RNAase rvas omitted from the reaction. All

reactions were incubated at 37'C for G12 hours. The enzymes commonly used were

BanII I, Dra I, Ha€ III, Hpa II, Pst I and Pvu tr (Boetringer Mannheim).

4.2.6 Construction o1G. gwrn¡nß genomic clones

Ten micrograns of vector DNA (plasmid pUCl9) was digested to completion with

the restriction enzyme Pst I. Thc DNA was ethanol precipitatcd and frozen in liquid

nitrogen. Upon thawing the DNA was collected by centrifugation (15,000 rpm, 10

minutes) washed twice witht 7O% ethanol and dried under vacuunl The sample was

resuspended in 4O pl water.
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Dephosphorylation of the vector was ca¡ried out in a reaction volume of 50 pl with

5 ¡rl 10x phosphatase buffer (Appcndix A), 0.15 units calf intestinal alkaline

phosphatase (CIP) and incubatioî at 37'C for 30 min¡6s, followed by 65'C for 10

minuæs. Addition of another 0.10 unit CIP was followed by a further incubation at

37'C for 30 minutes. The reaction wa¡¡ then extracted ¡vice with an equal volume of

phenoVchloroform and precipitated with ethanol. The DNA was recovered and

resuspended in TE buffer to a final concentration of 0.5 9LE/VI.

42.7 Ligttion of genomic DNA inúo pla.smid vector

DNA (5.0 pg) of. Ggt isolate C3 was digesæd with 20 units of the restriction

enzyme Pst I at 37"C f.or 3 hours. The DNA was precipitated with ethanol and

resuspended in TE buffer to a final concentration of 0.5 lLglll.

The ligation reaction was performed in a 10 pl volume containing 2.O þg digested

fungal DNA, 0.5 pg of vector, 1.0 ttl l(k ligation buffer (Appendix A), 1.0 td 10 mI\4

ATP pH 7.0, 1.0 ¡rl T4 DNA ligase and 2.0 ¡rl water. The reaction was incubated at

l2'Cfor 12 hous. Ttre ligaæd DNA was then precipitated with ethanol, recovered and

resuspended in 20 pl TE buffer.

42.E Transforrnation oi Erclu¡íchía colí

Preparation of competent cells

An overnight cultr¡¡e of E. coli, strain DH5o, was prepared by inoculating cells into

2.0 ml LB media and incubating ú37'C. A 0.50 ml aliquot was added to 50 ml SOB

medium (Appendix A) and incubated at 37'C until the ODooo nm had reached 0.45-

0.55. The culture was then chilled on ice for 10 minut€s and transferred to a sterile

centrifuge tube. Cells were pelleted at 2500 rpm for 12 minutes at4'C,resuspended in

8.5 ml of TFB buffer (Appendix A) and cbilled on ice for a further 10 minutes. The

centrifugation step was repeatd the supernatant disca¡ded and the cells resuspended in

2.0 ml TFB buffer + 70 pl redistilled dimethylsulfoxide (DMSO). Cells were then
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chilled on ice for 20 minutos, with the addition of 160 ¡rl of 1 M dithiothreitot (DTT)

after 5 minuæs and 75 pl DMSO after a further 10 minutes.

Transform¡tion of competent cells

Competent cells (0.20 ml) were transferred to a sterile glass tube and 10.0 ¡rl of the

ligated plasmid DNA adde{ mixed gently and placed on ice for 30 minutes. The cells

were heat shocked at 42"C for 2 mins and 800 pl SOC medium (Appendix A) added

prior to incubation in a 37'C shaker for45 minutes.

Cells were plated out a¡¡ 100 pl aliquots onto I R plaæs containing Ampicillin, X-

gal and IPTG (Appendix A) and incubated ú37'C ovemighr Recombinant colonies

(containing inserts of G. graminis DNA) were identified as whiæ colonies on this

medium, non-recombinant colonies as blue.

42.9 Isolation of recombir¡ant plasmids

The alkaline lysis method for mini-scale plasmid preparations was used as

describcd in Sambrook et al. (1989). A sterile culturp tube containing 3.0 ml LB

medium (+ 50 pglml ampicillin) was inoculated with a single colony and grown

overnight tn a37"C shaker. Cells were pclleted by centrifugation at 6,000 rpm for 5

minutes and the media aspirated off. Thc cells were resuspended in 0.10 ml plasmid I

solution (50 mM glucose, 25 mIVf Tris-HCl, 10 mM EDTA pH 8.0) and placed on ice

for 10 minures. Cells were lysed by the addition of 0.2 ml plasmid II solution (0.2 N

NaOH, 1.0% SDS) and incubated on ice for a further 10 minutes. Following the

addition of 0.15 ml 3 M sodium aßetaite (IrH 4.8), the solution $ras incubated at'20'C

for 10 minutes and centrifuged at 12,000 rpm for 15 minutes. The suPernatant $/as

transfeg€d to a fresh 1.5 ml polypropylene tube and extracted ¡rice with equal volumes

of phenoVchloroform/iseamyl alcohol (25:2/l:L). Plasmid DNA was precipitatcd with

ethanol and frozen in liquid nitrogen. The DNA wa¡¡ recovered by centrifugation at

12,000 rpm, washed twice n 70% ethanol, dried under vacuum and resuspended in

50pl TE buffer.
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42.10 Radioactive labelling of plusmid DNA

Recombinant plasmid DNA was digested with the restriction enzyme Pvu II to

excise the G. graminis DNA fragmenl This digestion provided an efficient method of

isolating the fungal DNA insert from within pUC19 as the ku tr restriction sites flank

the Pst I cloning site at either end- An aliquot of the digesæd sample was fractionated

by elecrophoresis in a l% agarose gel in TAE buffer (Appendix A), stained with

ethidium bromide (lOpg/ml) and viewed under UV lighr Concentration of the DNA

was approximated by comparison with plasmid DNA of known concentrations.

Samples of DNA (approximaæly 0.05 pg, total volume 10 pl), were denanrred by

boiling in water for 5 minuæs and chilled on ice to prevent reannealing of the separate

strands, then (2 x)pUC19 specifrc oligolabelling buffer (12.5 Ff), 3 pl [a-3zp]dCTP

(-50 trCi) and 1.50 units Klenow enzyme were added, mixed and incubated at 37'C for

45-æ minuæs. Labe[ed DNA was separated from unincorporated nucleotides on a G-

100 Sephadex column.

The specific oligolabelling buffer containedprimen with sequences complementary

to the vector DNA flanking the fungal DNA insef (Appendix A). This provided a

highly efflrcient means of priming the labelling reactions.

42.11 Electrophorcsis and transfer of DNA to nylon membranes

Digestion of DNA was ca¡ried out as described prcviously. Digestcd DNA was

mixed with 1.0 pl 10x gel loading buffer and fractionated in I7o asrrow gels in TAE

buffer at 2U25 mA overnight. Afær electrophoresis, gels were stained in 10 pglml

E¡þidinm bromide for2O minutes and viewed under W lighr Gels were soaked for 30

minutes in denaturing solution followed by 2O minutes in neutralising solution

(Appendix A). The DNA was transfered to a nylon membrane (Hybond-N+,

Amersham) using 20x SSC for l2-t6 horus (Appendix A). Transfer was by capillary

blotting as described by Southern (1975). Upon completion of the transfer, the

membrane was rinsed b'riefly in2x SSC and placed in a vacuum oven at 80'C for 20

minutes. DNA was fixed to the membrane by soaking in 0.4 M NaOH for 30 minutes
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(DNA side up). The membrane was rinsed sequentially in neutralising solution and 5x

SSC before being blotted dry u/ith Whaman 3MM paPcr.

4 2.L2 Hybridisation and auûoradiography

Prehybridisation of membranes was performed in a hybridisation buffer containing

2.0 ml sterile wate,Í, 3.0 ml 5x HSB, 1.0 ml 10x Denha¡dts III solution, 4.0 ttld 257o

dextran sulphate and 0.20 ml salmon sPenn DNA (5 pglml) (Appendix A). Salmon

spenn DNA was boiled in water for 5 minutes and chilled on ice before being added to

the buffer. The membrane was placed in a hybridisation bottle (Hybaid) and the

solution (pre warmed to 65'C) was added- Membranes were prehybridised at 65'C

overnighr

The radiolabelled probe was denatured in boiling water for 5 minuæs in a tube

containing 200 pl salmon sp€rrn DNA (5 pglml) and added to a fresh, pre-wanned

solution of hybridisation buffer. The prehybridisation mix was drained off and the

hybridisation buffer added to the membrane. Hybridisation was conducted at 65'C

overnighr

The membranes were then washed in 2x SSC,0.l% SDS for 30 minutes at 65'C to

remove unbound DNA. Washes were tepeated in lx SSC, 0.1% SDS and 0.5x SSC,

0.1% SDS. The membranes wers sealed in plastic and X ray film exposed to them at

-80'C for I hour to 5 days, depending on signal stength.

42.13 Collection and analysis of data

Variations in hybridisation patterns were distinguished visually from the

autoradiographs. Each clearly resolved band was assigned a value in ascending

numerical order, the largest restriction fragment having a value of 1. By comparing the

banding profiles, a restriction phenotype was assigned to each isolate. These data were

scored in a binary format (i.e. 1 = prosoûc€ of a specific band, 0 = absence of that

band). Phenotypes for each of the restriction enzymelprobe combinations were checked

by using replicated memb¡anes and side by side comparisons.
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The phenotypic frequencies within the collection of isolates were calculated and

used to estimate levels of diversity both within and beween the varieties of G. grarninis

using Shannon's diversity index (Chapter 3). Estimates of the genetic similarities

between isolates were determined. by combining the restriction phenotypes from each

hybridisation experiment and calculated as described in Chapter 3.

4.3 Results

4.3.1 Repetitive DNA sequences within G. gramínís

DNA was extracted from L8 isolates which were taken as representative of the three

varieties of G. graminis. Digestion of the DNA with the restriction enzymes BamH I,

Dra I, Hind III, Hae III and Hpa II revealed many restriction fragment length

polymorphisms (RFLPs) between the isolates. Many of these bands stained intensely

Figure 4.1. Agarose (l.SVo) gel of G. grøminis DNA digested with restriction enzyme

Hpa II, fractionated by electrophoresis and stained with ethidium

bromide. Lanes: 1, À Hind III standa¡d molecular weight markers

(kilobase pairs); 2-7, Ggt -C3, 51463, EBI, 17916,800, KM69; 8-10'

Gga- 35793, !37T, t92M;11-15, Ggg- 30584,23148,II4,30577, ADI;

16, Gga- 2314Ø'.

r234 5 67 8910 11 12 13 t4 t5 16

23.&

9.58

6.74

4.ß

2.29
r.97

3
r-

-
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with ethidium bnomide and were thougbt to r€present repetitive sequences (O'Dell ¿r

aI., 1992). The differences in the size of the fragments provided a means of

documenting variation between isolaæs. The enzymes BamH I, Dra I and Hind Itr

revealed a grcÃtü number of high molecular weight fragments than did Ha€ m and Hpa

tr and their resolution on the gels was generally poorer than those seen with the latter

enzymes. Consequently, only the Hae Itr and Hpa tr digests were analysed by visual

interpretation of the gels. An exarnple of an Hpa tr digest is shown in Figue 4.1.

Of the 18 isolates examined, five, 23580, 23L25,23152,500 (Ggr) and 23lM

(Ggø), yielded restriction profiles that were difficult !o resolve clearly and were not

included in the final analysis. Each isolate had an individual phenotype (DNA

fingerprint) upon digestion with Hae Itr and Hpa tr. No one band or group of bands

within the restriction digest profiles could be used for accurate discrimination between

the tlnec va¡ieties of G. graminß.

A simil¿¡i¡y matrix uras generated by pairwise comparisons of restriction profiles

between isolaæs (Table 4.1). Isolates found to be most similar in their banding patterns

were KM69 and C3 (GSt) with an overall similarigr of 86%. Those isolaæs showing the

least simil arity (42%) were 23148 and 30577 (GSÐ. The average overall simil¿¡'i¡y

between isolaæs was approximately 57%.

The dend¡ogram (Figrre 4.2), showed the overall relationships between isolarcs urd

had nvo primary clusters, one specific for Ggg, the other gfouping Ggt and Gga. T\e

latter cluster is subdivided into th¡ee disc¡eæ grcups, one each for Ggt andGga and one

containing isolaæs from both va¡ieties. Ggg isolaæ 23L48 was observed to be very

different from the other isolaæs.
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Table 4.1. Genetic simila¡ities (9o) among isolates of G. graninis based on DNA

repeat-sequence phenotypes detected following digestion with the

restriction enzymes IIac Itr and Hpa tr.

c3
5r46.3

EBI

Li9L6

800

KM69

35793

T37T

L92I0{[

23t48

H4

30577

ADI

62.7

67.8

62.7

81.4

86.4

&.4
61.0

61.0

54.2

50.8

50.8

50.8

61.0

83.1

57.6

59.3

71.2

7t.2

7t.2
Ø.4
61.0

61.0

61.0

9.4
79.7

6r.8

6.1
55.9

55.9

55.9

55.9

45.8

55.9

s7.6

62.7

67.8

7r.2

78.0

54.2

67.8

54.2

&.4

84.t

72.9

66.1

62.7

52.9

55.9

55.9

52.9

71.2

74.6

67.8

54.2

s7.6

54.2

50.8

c3 5146,3 EBI 17916 800 KM69

3s793

r37T

L92Ìvl

23r48

H4

30577

ADI

72.9

6.1
52.5

59.3

62.7

52.5

52.5

s5.9

62.7

59.3

59.3

52.5

62.7

s9.3

59.3

55.9

42.4

62.7

69.5

83.r 55.9

35793 t37T l92lùl 23t48 H4 30577
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Figure 4.2. Dendrogram generated by group average cluste,Í analysis of the genetic

similarities between DNA repeat-sequence phenotypes within G.

graninis.
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43.2 G€nefic diversity within G. gøzønÍnÍs detec{ed by DNA hybridisation

experiments

Fifty clones were selected at random and werc found to contain recombinant DNA

rangng in size from 60 basc pain (bp) to over 4.0 tilobasc pairs (kbp). Initially, pairs

of isol¿æs C3, 800, L92\i'.2314, ADI and W2P were sclected for analysis as being

representative of Ggt, Gga and Ggg, respectively. DNA from each isolaæ was digested

with the restriction enzymos BamH I, Dra I and Hind Itr and screened with each of the

50 clones. These probelenzyme combinations a¡e hereafter tabelled with the probe

nnmber and the first letter of the efü¿ylme nârne, e.g. combination 358 represents probe

35 with restriction enzyrne BamH I. Some combinations were monomorphic in Ggt (1,

Table 4.2), others rn Gga (A) and others in Ggg (G) and were polymorphic across

varieties. Some combinations were rlronomorphic across two or all of the va¡ieties

(blank). Finally, many combinations resolved RFLP phenor'?es which were isolaæ-



Table 4.2. Summary of RFLF patterns observed within and benveen varieties of G. graminis
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Table 4.2 continued

gveru¿ grøminß nr¡nber tritici
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Numbe¡: Number of bands hybridising ûo a panicular probe. S, single band per isolaæ;

L, low copy Q4 fragments per isolate); M, multiple copy (> 5 fragmens per isolate).
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specific (U). Of the 150 probr,lenzyme combinations 9 (6%) detecæd inær-variety

polymorphisms whilst being monomorphic within a variety (e.g. 35Æamtl I). Eighty

five (57%) of the combinations gave clea¡ di:fferentiation berween Ggt and Ggø whilst

exhibiting va¡iation within Ggg. These nvo caægories represented the most likely

candidaæs for variety-specific ma¡ters and were investigated fi¡rther.

The combinations which resolved isolaæ-specifrc RFLP phenotypes should be

useful to document variation within va¡ieties of G. gramlnis. Fourteen (9%) of the

combinations gave individual phenotlpes for Ggr and Ggg, whereas only 4 (37o)

revealed discreæ phenotypes anrong all isolaæs. GSg was the most variable variety,

with 91 (60%) of the combinations polymorphic between isolaæs. This is in sharp

contrast to Ggt and Gga whe,re variation between isolaæs urithin a variety was detected

in only Ll% and 4% of the combinations, respectively. Only 2L (L4%\ of the

combinations were inva¡iant among the 6 isolaæs sh¡died.

Twenty ¡vo of the combinations were selected to examine diversity within the set

of isolates used in this study. They were selected on thc criterion of having clearly

resolved restriction fragments which would either be useful in discriminating the

va¡ieties of G. graninis or revealed high levels of diversity which could be used to

document intra-va¡iety variability. Each of these probes revealed unique, non-

overlapping combinations of hybridisation fragments (RFLP phenotypes) when

screened against the G. graninis isolates. ftis implies that they were targeting different

regions of the genome.

Polymorphisms urere identified within Ggt nd Ggg with each of thc 22

combinations, with the average number of RFLP phenot¡rpes being slightly greaær in

Ggr (Table 4.3). Many of these differences within Ggt were attribuæd to only one or

two isolates (usually 23580 and 500), with the majority of isolaæs having cornmon

phenotypes. In contrast, Ggø showed va¡iation at only 48% of the probe/enzyme

combinations with the average numbcr of phenotyp€s per combination being

approximately half of that revealed n Ggt and Ggg.
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Table 4.3. Descriptive statistics of genetic diversity within the 3 va¡ieties of G.

graninis detected with the 22probr,,letrul-.ymre combinations listed in Table

4.4. A probe/enzyre combination was considered polymorphic when at

least two RFLP phenotypes occurred within a variety of G. graninís.

*Polymorphic RFLP Average No.
markÊrs (%) phenot¡ryes/RFlP ma¡ker

Variety

100

48

100

100

3.7L

r.57

3.05

7.43

Levels of diversity within Ggg andGgt werc approximaæly the same, with mean

values of 1.506 and 1.458, respectively (Table 4.4). In contrast, Ggø exhibited

relatively low levels of va¡iation, with a rnean diversity of 0.466. Gga isolaæs were

nronomorphic at 13 of the probdenzyur€ combinuions, whereas all resolved va¡iation

within Ggr and Ggg. Combinations 4D, 4H,238,34D and l58H resolved the most

variation benveen isolates, irrcspective of their taxonomic status, and revealed multiple

fragments in all isolaæs indicuing thu they were hybridising with repetitive sequences

(Figrues 4.3 and 4.4). Combination 4H produc€d fewer hybridisation fragments than the

other repeat sequence probes (5-8 fr¿grcnts, ranging from 1.20 kbp to 11.0 kþ) while

l58H produced the most (greaær than 20, ranging from 0.50 kbp to 14.60 kbp). The

majority of isolates showed unique phenotypes (DNA fingerprints) at each of the

combinations. Only Ggr isolaæs C3 and KM69 were identical with 4D whereas Ggt

isolates $Cf,,23L25 and EBI were identical with 4H and 23B. Gga l92M and Ggt

23580 werç also identical with 4H. The lowest levels of diversity were shown by the

combinations 26tI and 30H which resolved only a single hybridisation fragment per

isolaæ.

Most of the diversity (54%) dccurrei between varieties of G. graminu (Table 4.4).

If the highly va¡iable rep€at-s€quence probes (4D, 4IiI,238 etc.) \pere removed from

this analysis this flrgure would be greater. The proportion of diversity panitioned within
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Table 4.4. Estimates of genetic diversity (H0) within and benveen va¡ieties of G.

graninis calculated from RFLP phenotype @uencies determined with

22 ptobl enøynæ' combinations.

Locus V/ithin varieties

va¡ieties

Htridci llownæ Hgra,minis Hvr

Average
udthin

Total
within

collection

Hcoll Hvr
ffiu

Hcoll-Hvar
Hcoll

4D

4H

5B

10H

r6D

238
268

26tt
30H

34D

608

60H

75Hp

1408

158H

L79D

t79H
181H

202H

2058

2t6D
2L7B

Mean

2.493

2.94
0.980

0.980

1.747

2.631

r.347

0.500

0.500

2.050

1.438

1.438

0.980

0.915

3.t69
1.870

0.980

0.500

0.980

1.43E

1.43E

0.760

1.458

0.915

1.585

0.915

1.585

0.000

0.915

0.000

0.000

0.000

0.915

0.000

0.000

0.000

0.000

1.585

0.000

0.m0
0.915

0.000

0.000

0.915

0.000

o.ffi

2.000

2.000

2.000

0.811

1.500

2.(m
0.81r

1.500

1.000

1.500

1.500

1.000

1.500

2.000

2.000

1.000

1.500

1.500

1.500

2.000

1.500

1.000

1.506

1.803

2.L75

r.298

t.125

1.082

1.M9

0.719

0.67
0.41)
r.488

o.n9
0.813

1.132

Ln7
2.251

0.957

0.829

o.972

0.827

I.Lß
r.2u
0.5E7

1.169

3.479

3.833

2.ffi
2.M9

t.939

3.56i1

1.889

r.375

r.187

2.938

2.L34

2.472

2.5U
2.586

3.999

2.t18
2.229

1.86ó

2.333

2.690

2.5M

2.Ut5

2.5N

0.518

0.567

0.498

0.54
0.551

0.518

0.381

0.485

0.379

0.5ø
0.459

0.329

0.452

0.494

0.563

0.352

0.372

0.521

0.354

0.426

0.513

0.2E7

0.458

0.482

0.433

0.502

0.4s6

0.49
0.482

0.619

0.515

0.621

o.494

0.541

0.671

0.548

0.506

0.437

0.648

0.628

0.479

0.ffi
0.574

0.487

0.7L4

0.542

Probe: No. refers to identity of genomic clone. Refer to Table 2 for insert sizes. Letter

refers ûo restriction errzyme, eg. B-BamII I, D'Dr¿ I, H-Hind ltr, Hp-Hpa tr.
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Figure 4.3. Hybridisation of clone 23 with G. graminr DNA digested with BatttHI

(ie. combination 23B). Lanes: l-l}, Ggt- C3, EBI, 23580, t7916, KM69,

51463, 8OO, 23152,23125,500; 1t-12, Gga- L37T, t92M; l3-t7, Ggg-

¡¡4, 3057 7, 305 84, ADI, 23148. Size of fragments in kilobase pairs.
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and between va¡ieties varied depending on the combination used. Thirteen of the

combinations exhibited a greater proportion of diversity between va¡ieties of G.

graninis (Table 4.4). In general these combinations showed conservation of a RFLP

phenotype within a particular variety, which was distinct from the phenot¡ryes in the

other varieties.

Correlations between the original classification of the isolates and their

classifrcations at putative RFLP markcrs a¡e shown in Table 4.5. Combination tr81H

Table 4.5. Taxonomic classifications of isolates based upon RFLP phenotyPes

detected benveen va¡ieties of G. graninß.

Isolaæ 58 ?ßB 2&r 30H 60H TfIp l4OB l79H 179D lSlH 2V2H 2A5B 2t6D 2l7B

Get

KM69 T

23125 T

c3T
800 T

23580 U
EBT U

17916 T
5146.3 T

500 T

Gga

ßTT U

I92I|ll A
35793 U

23t4ø. A

Gss

30577 U
23148 T

H4G
ADI G

23147 U

T

T

T

T

T

T

T

T

T

T
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T

T

T

A

A

T

A

G

G

G

G

U

T

T

T
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T
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T
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T
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T

T
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T

T

T

T
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T
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G

U

A
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A

T
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G

G
*

A

A
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T

T

T

T

T
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A
A
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G
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T

T

T

T

T
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A
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*

T

T
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T
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T
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T- Ggt, A- Gga, G- Ggg, U- uniquc RFLP phenotlpe; * - RFLP phcnotype not

determined, Blank- nflp phenot¡rye sha¡ed be¡reen G gt and G g g.
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was also included as it showed within-variety diversity (Hvar, Table 4.4) comparable

with the other 13 combinations. Many combinations resolved phenotypes which were

common to Ggt and Ggg (e.5. 268 and 30tI) and it p,roved difficult to separate these

va¡ieties. The majority of combinuions clearly distinguished Gga isolaæs from Ggr and

Ggg, exceptions being 58, 181H and 216D (isolate 137T showed unique phenotlpes

with these combinations). Overall, there was agreement between these RFLP

phenotypes and the existing classifications of isolates as either Ggt or Gga.Ggg

howev€,Í, proved to be highly variable, as indicated by the abundance of unique RFLP

phenotyryes within this variety. Those combinations which gave the clea¡est separation

of the three varieties were 2178,60II, 179D, L79}I and202JJ.

Probe 179 showed variuion be¡veen the th¡ee va¡ieties, but the distinctions n'ere

clearer whcn DNA was digestcd with enz¡'mc Hind m rather than Dra I. Combination

lTglJclearly differentiated Ggr frrom Ggaby their respective hybrridisation fragments of

10.10 and 12.96 kbp. GgS was highly variable with ttris combination but did not have

any hybridisation fragments in common with the other two varieties (Figure 4.5).

Combination L79D resolved Írorc complex patærns, with the combination of L2.96 a¡d

4.37 kbp fragmens being unique to Ggo. Thc most comrnon pattern within Ggr was a

doublet of bands of t4.45 a¡d 3.25 kþ, isolates 23580 and EBI showed one of the Gga

fragmenæ but not both and therefore were distinguishable from the other ¡vo varieties

(Figue 4.5).

Combination 2l7B clearly separated all three va¡ieties of G. graninis by the

hybridisation fragments 5.M kbp (Ggt),525 kbp (GSÒ and a variety of bands within

Ggg of approximaæly 3.4 kbp. Ggt isol¿æs 23580 and EBI werc unique, resolving a

15.34 kþ fragment (Fieu€ 4.5).

A doublet of fragments (10.00 and 6.49 kþ) was conunon ø all Ggt isolaæs with

60H, except 23580. This combination clearly separated Gga isolaæs which showed a

RFLP phenotlrye with fragments of 14.10, 2.82 ard2.z0kbp (Figurc 4.5). GSe isolaæs

were highly variable at this combination but were distinct from isolaæs within the other

va¡ieties.
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Figure 45. RFLP phenotypes of use as taxonomic ma¡kers within G. graminis. Sizes

of hybridisation fragments are given in kilo base pairs (kbp). Missing

lanes indicate RFLP phenotype not detennined
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With 202H, Ggr isolates (except 23580) showed a doublet of fragments of 6.60 and

3.31 kbp, while Ggø isolates were distinguished by the lnesence of a 1.63 kbp fragment

in place of the 3.31 kbp Ggt fuagmenL Ggg showed a diversity of RFLP phenot¡res,

including the G ga typ€ in G g g 23147 and the Ggt typ n 23148 (Figurc a.5).

With the combination 26tl,afoagment of 10.80kþ was contmon to all Ggrisolates

(except 500) and a fragment of 6.03 kþ was common to Gga isolates (Figufe 4.5). GgS

isolaæs 23147 anó30577 also had ttris 6.03 kbp fragmenl Isolate 23148 (GSÐ showed

the fragment cha¡acteristic of Ggr, whereas isolaæs H4 and ADI contained a 15.85 kþ

fragment.

Combination 268 revealed a fragment of 7.49 kþ commn to all Ggaisolaæs. This

fragment was also found in isolaæs 5ü) and 23147 and clearly differentiated Gga from

the remaining Ggt and Ggg isolaæs. The presence of a 9.10 kbp fragment was conrmon

to the majority of Ggt isolaæs (Figure 4.5). Therefore, probe 26 appeared, useful at

differentiating Gga from Ggr mdGgg but could not separate the latter two va¡ieties.

Combination 58 revealed a doublet of bands (6.31 and 2.51 kbp) which were

present in most Ggt isolates and also in Ggg isolaæ 23L48 (Figur€ 4.5). Isolates 23580

and EBI had unique RFLP phenotlpes with this combination. Both Ggg andGgøwerc

highly va¡iable, with only two isolaæs from each va¡iety having common RFLP

phenot¡pes. Isolaæs t92Mand,23LM (GSa) showed a doublet of fragments (15.85 and

2.29 kbp) whereas H4 and ADI (Geg) showed a single tuagment of approximately 8.0

kbp. All other isolates within these two va¡ieties had unique RFLP phenotypes.

Consequently, combination 58 may be uscful only for the identification of Ggr.

Probe/enzyme combination 30H also showed considerable diversity within Ggg and

Gga, with isolates in both va¡ieties showing either a 14.45 kbp or 6.68 kbp fragment

(Figure 4.5). All Ggr isolates (except 23125) had the 6.68 kbp fragment. While this

probe is not useful for variety identification, it could be applied in studies of diversity

between populations of G. graninß as it revealed considerable diversity within two of

the va¡ieties.
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Isolaæs which showed anomalies between their origrnal identification and putative

RFLP markers werc 23580, EBI, 500, and 23l47.Isolaæ 23580 was classified as Ggt

with 7 of the 14 combinations. This isolaæ showed unique phenotypes with 5 and could

not be separated from Ggg with 26B and 30tL EBI showed homology with Ggg with

three of the markers, although the remainder, with the exception of 58, grouped it \t'ith

Ggr. Isolates 500 (GSt) and 23147 (GSS) showed a diversity of RFLP phenotypes

making positive identification difficult (Table 4.5).

The similarity coefficient was used o quantify the simila¡'ities between isolaæs by

comparing the RFLP phenotlryes æ each of the 22 prohlenzyme combinations (Table

4.6). Isolaæs 35793 and 23147 were not examined at each of the combinations and

were excluded from the analysis. The most similar isolaæs werc Ggt isolaæs 23L25 and

8æ (97%) and those least alike Ggt 17916 andGggH4 (55%). The average simil¿¡iqr

between all isolates was approximaæly 60%.

Group average cluster analysis separated the isolaæs ino nvo groups (Figure a.O.

Ggg isolaæs H4 and ADI form€d one of the groups and showed 907o similarity to each

other, but were markedly diffe,rent from the other G. graninis isolates. The other group

was further subdivided into two, one exclusively of Ggø,the other containing Ggt and

Ggg. T\e Ggø isolates had an averagç similarity of over 80% but were clearly

differentiated from the Ggt isolaæs" Most Ggr isolatcs formed a discreæ grcup with an

average similari¡y of approximately 75%. This excluded isolaæ 500 which was rror€

similar ø Ggg isolaæ 23148. Nevertheless, both of thesc isolaæs showed a greater

relationship to Ggt andGgø than o Ggg isolaæs H4 and ADL
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Table 4.6. Genetic similaritiss (Vo) among isolaæs of G. gratninis, based on RFLP

phenotyryes detected wirh 22 probe/enzyme combinations.
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Figure 4.6. Dendrogram showing phenetic relationships within G. graninis generated

by group average cluster analysis sf simil¿¡'ities between RFLP

phenotypes.
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4.4 Discussion

4.4.1 Repetitive DNA sequenoes sithin G. go,m¿nís

The presence of måny high molecular weight, intensety staining restriction

fragments in digests of G. graninis DNA indicated that there werp mâny repcated

sequences within the genome. The identity of thesc restriction fraguens has recently

been confirmed in a study of isolarcs of G. grøninis from the United Kingdom (O'Dell

et ø,1., 1992). A high proportion of repctitive DNA has atso becn reported to occur in

other phytopathogens including Erysiplu graninis (o'Dell et al., l9s9) and

Colletotrichtun gloeosporioifus (Braithwaita et al., 1990). Some of these repeat
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s€quenc€s have been identified as specifying the ribosomal RNAs, but these represent

only a fraction of the otal repctitive DNA (O'DeU et al., t992). Most of the repeaæd

DNA is thought to represent either tandem arrays of sequence or multiple copies which

are randomly dispersed throughout the genome. Many hlryotheses have been raised

concerning the amplification of thesc sequences including unequal crossing over, gene

conversion and duplicative transposition (Dover, 1982; Flavell, 1986). To determine the

extent of homology between families of repeat s€quenoes within G. graninís it will be

necessa¡y to pruify individual r€p€ats and use them as probes in DNA hybridisation

experinr€nts.

In this study most isolates had theirown unique phenotype of repeat sequences with

the restriction enzymes Hae Itr and Hpa tr. The only exceptions were Ggt isolaæs

KM69 and C3 which we,¡e identical upon digestion with Hae Itr. This indicated that

these restriction enzymes produce DNA fingerprints of G. graninis isolaæs and

therefore should be useful in documenting variation benveon closely related isolates e.g.

within interbreeding populations of G. graninis.

The amount of variation in repeat soquences detected between isolates was too gfeat

for a visual inærpretation of inter-variety relationships, but cluster analysis revealed

consen¡ation of repeat-s€quenoo phenot¡Aes within varieties, implying that Ggr and

Ggø ate more ¡elated to each othcr than either is o Ggg. It is notable that there was no

clear distinction benveen Ggt and Gga, since two of the Ggt iwlaæs (51463 and 17916)

showed rgreatrr simil¿¡i¡1r to Ggathan to the remainin9Ggt isolaæs. This is in contrast

o the isozyme results which implied a closer relationship betrn¡een Ggø alnd some Ggg

isolates. The overall average similarity benreen isolates in their repetitive DNA profiles

$ras approximately 55% which was in agreement with the average similarity from

isozyme loci (60%). \Vith the exception of the two Ggt isolaæs each variety was

observed to form a discrete group bas€d upon simila¡ities in size of their repetitive

DNA resuiction fragments.

Other reports of repetitive DNA sequences being used to fingerprint plant

pathogens have involved hybridisation cxp€riûFnts using cloned genomic sequences.
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These s€quences were found to b€ taxon-sp€cifrc and therefore, could be used in

assessing the taxonomic composition of parhogen populations (O'Dell et al., 1989;

I-evy et ol.,l99l).

Tbe analysis of repetitive seqrrcnces has indicated that the overall simila¡i¡ies rvithin

va¡ieties of G. graninß ar,e gencrally gf€atã than thosc observed between va¡ieties.

Consequently, these repeat sequerces may be useful in differentiating the three va¡ieties

of the pathogen. These results we¡e consistent with those of O'Dell et al. (1992). T\e

presence of repeat-sequence polymorphisms characæristic of Ggø within some Ggt

isolaæs (e.g. 51463, t79I6) msy suggest that these two groups have not diverged

sufficiently for complete separation of the varieties. It is unlikeþ that repeat-sequence

similarities are due to recombination benveen Ggt and Gga, dlue to the lack of hyphal

anastomosis between the va¡icties (Asher, 1981). It is probable that simila¡

pollmorphisms have a¡isen independently within the varieties by random processes of

genorne rearrangement (Dover, 1982;Flavcll" 1986).

4.4.2 Genetic divcnsity with¡n G. grúÍl dcteded with genomic prubcs

These results demonstratc the succcssful applicuion of RFLP analysis to docr¡ment

variation and evaluaæ relationships within thc take-all ñrngus G. granÍnis. The probes

were derived frrom a genomic librrary constn¡ctcd from Ggrisolaæ C3. Fifty clones were

randomly selected from thc library a¡deach was observed to have homology to isolaæs

representing each variety of G. grømiruJ. Some probes had reduced homology to Ggg

at¡ was indicated by the lower inænsity of the hybridisuion signal. Nevertheless, clearly

rcsolved fragmens were observed in each isolatc. Assessments of thc levels of divenity

among the th¡ee va¡ieties showed that only 14% of. the probe/eîzyûe combinations

failed to reveal va¡iation. Exænsive pol¡rmorphism was revealed between va¡ieties, with

57% of the combinations yielding RFLP phenot¡pes with poæntial to differentiaæ the

ta¡ronomic groups.

Tlte 22 combinations shown to detect the most diversity were used for further

studies. Each of the combinations revealed polymorphisms within Ggt and Ggg but in



68

general only one or two isolates (e.g. 23580 and 5ü)) accounted for most of the

diversity rvithin Ggt. Gga exhibited far less diversity than the other va¡ieties.

Most of the diversity deæcted by the RFLP analyses was apportioned between

varieties which implied thæ thesc markers should bc useful in variety classification of

G. gruninis. In contras! isoz¡rme ¡nelyses (Chapær 3) apportioned more diversity

yithin rather than between va¡icties of the pathogen. The differences between the

genetíc markers probably reflect the evolutionary stability of isozymc loci which are

under strong selective pressure tor maintain metabüc function in the organism.

Furthermorc, isozymes arc restricted to analysing only a small portion of thc genonre

and do not have the potential to detect s€quences which may be speciftc to a variety, so

the va¡iation at these loci appears as a continuum benvecn varieties. Random genomic

clones, in contrast, provided a diversity of ma¡kers, likely to be scauered ov€r many

chromosomal locations and representing somc s€quenoes which may not be under

strong selection. Variants of thesc sequences may be maintained through reproductivc

or geographical isolation and eventually become fix€d within a variety, therefore

providing specific markers. Studies of mitochondrial Slenson, 1989) and ribosomal

(Baæman et al., L992; O'DcU et a1.,1992) DNA variation have indicated the value of

RFLPmarkers in identi'ficatbn of G. gromÍnß.

\\e 22 probe/enz¡'me combinations diffe,red in thcir capacity to deæct divenity

within urd bctween varieties of G. graminis. This indica¡ed that some combinations

could be used to detect genetic variation bctwcen closcly related gfoups of individuals

(e.g. within interbreeding populations), whereas others can be used to determine the

ta¡ronomic identity of isolarcs. ThiræEn combinations exhibitcd a great€r proportion of

diversity between varieties and revealed RFLP phenot¡pes which werc useful as variety

specific ma¡kers (Table 4.4). Most of the combinations proved reliable in identifying

the ta¡ronomic status of isolaæs. However, a number of probes could not clearly

differentiaæ all Ggt isolates ftom Ggg, indicating that thesc va¡ieties may show a closer

relationship to each other than either does to Ggø.fuch of the 13 combinations (except

30Ð provided differentiation of Gga ftom Ggt and Ggg.
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There were some anomalies between the original classification of isolaæs and their

identification with the RFLP taxonomic markers. Ggg isolate 23148 could not be

distinguished from Ggr with most of the combinations and was obserrred to bc weakly

pathogenic upon wheat (Tablc 4.5). This isolarc may require reclassification as Ggr.

Isolates 23147 and 5ü) also showed a combination of variety-specific RFLP

phenotypes. The presence of the highly conserved Gga markers in these isolaæs

coincided with their weak pathogenicity upon oats. Isolrtes 500 and 35793 (GSø)

sha¡ed a 2O2H phenotlrye which was not found in any other isolate and further

illustrates the relationship of 500 to thc Ggø isolaæs. It is notable that isolate 500

originated from the south-west of Western Australia" a region which is known to

contain many oat-parasitic fung previously classifred as Ggt (Yeats et a1.,1986). This

isolate also had many Ggt typ, RFLP ma¡kers and may r€present a rare hybrid isolate

between the nvo varieties.

The overall simil¿¡i¡y between isolaæs was apprcximar€ly 6O% and was similar to

that revealed in the analysis of isozymc diversity. These results indicated that Gga

isolaæs exhibited the greaæst within-va¡iety similarities followed by Ggt and Ggg,

respectively. Additionally, Ggt and somc Ggg isolaæs appeared to be more closely

¡elated to each other than either grcup was to Gga, as indicated by the clusæring of

isolaæs from thcsc nvo forærva¡ietics within thc onc gtoup and the scparation of Gga

isolates. Nevertheless, a subsct of Ggg isolaæs QI4 and ADI) were only distantly

related ø Ggt aadGgawhich indica¡ed thu these varietic.s may have been derived from

Ggg, n hypothesis originally raiscd by Walker (1981) on the basis of pathogcnic

capacity and stra¡ed morphological characteristics benveen Ggt and Ggø.

RFLP analyses clearly indicatcd the degrec of differentiation benveen the three

varieties of G. granin¡s and provided a ûreans of distinguishing the varieties which is

faster and less anbiguous than pathogenicity tcsting and morphological classification.

The use of molecular tÐ(onomic markers provides a means of determining the

taxonomic composition of puhogen populations. This is of considerable importance

since it has becn reported that populations of. G. gruninß within Australia oftcn contain
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isolates which parasitise oa¡s but arc morphologically classifred as Ggt (Yeats, 1986).

The ta¡ronomic identity of these isolarc.s can now be dctermined as can their relative

frequencies within the populations. It may be possible to increase the speed and

sensitivity of variety identification by developing pol¡merase chain reaction (PCR)

techniques. This is the subject of thc next chafter.
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Chapter 5 Intraspec¡¡iç slassific¡tion of isolrafes of G. gromínß using
the polymerase chain reaction

5.1 Introduction

The previous chapters have shown the value of genetic ma¡kers in estimating

phenetic relationships between va¡ieties of. G. gratnirus and should aid in determining

the evolutionary dynamics of host-pathogen interactions. The high levels of genetic

diversity within the species, revealed by isozyre and RFLP analyses, have indicated

the complexity of these relationships. Comparisons beween varieties of G. graminis,

using a range of genetic ma¡kers which coyer diverse siæs within thc genome, may

reveal patterns of similu'ity within this backgror¡nd of high genetic diversity. This

approach should clarify intra-specific rela,tionships, whilst developing a range of

markers useful in genetic resea¡cb-

The pol¡'rnerasie chein rcaction (PCR) providcs an alternative means of generating

genetic ma¡kers and has been used to detêct G. graminis in infecæd wheat plants from

the field (Schesser et ol., 1991; Henson, L992). This provided a method for pathogen

identification which was faster than previous DNA hybridisation experim€nts (Henson,

1989). The amplified s€quences wcre, however, consewed benveen va¡ieties of G.

graninis and could not be used to diffe¡entiaæ be¡yeen thcm.

One method of generating polymorphisms with FCR involves targeting highly

conserved sequenc€s which a¡p known to flank va¡iable spacer regions e.g. the

consensus s€quences for intron splice junctions (ISJ) (tlawkins, 1988). Introns a¡e

pr€s€nt within -¡ry fungal gen€s (Scazzacchio, 1989) and a¡c gcnerally highly variablc

in sequence and length. Rcccntly, PICR anplificuion of ISJ scquences has p'rovcd to be

an ideal sou¡ce of polymorphic ma¡l¡ers for the generation of genetic maps in cereals

(Weining and Langridge, 1991) and thercforc may providc ma¡kers for a genetic

analyses of G. grøninß.
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The purpose of this study is to assess if arnplifrcation of intron splice junction

sequences will provide genetic markers to differentiaæ between varieties of G.

gratninß, The use of an additional set of independent genetic ma¡kers will aid in

assessing phenetic relationships within the species and witl broaden the range of loci

useful in other genetic analyses.

52 Materials and Methods

Fungal isolates, cultu¡e conditions and isolation of DNA have been described in

Chapters 3 and 4 respectively.

52.f PCR and product anatyscs

FCR reactions were condr¡cted in a 25 pl volume containing 0.1-0.2 pg fungal

DNA, 25 pmol of each primca 5.0 ¡tmol cach of dATP, dCTP, dGTP and dTTP, 2.5 PI

l0x reaction buffcr (P¡omega, Appendix A) and 0.5 units Taq polyur,nasr,, (Promega).

The solution was nixe{ overl,ayed with apprcximately 50 td paraffrn oil and placed in

a Programrnable Thermal Cont¡,oller (MI Resca¡ch). Contnol reactions were included

with each n¡n and consisted of (Ð the cmpleæ rpaction mix without ærylaæ DNA and

(ü) the rpaction mix with æmplaæ but lacking prim€rs. Ggr isolaæ 23580 was included

as a positive control in each of the arylificuion experimÊnts.

The primcrs used were specific for thc intron-exon splicc junctions and their

sequences werc based on the consensus sequences reported for plants (lVeining and

r angridge, 1991). Primer Rl generaæs products ftom the exon regions whercas primer

Ezt produces products from thc inton rcgions Thc sequcnces of thesc primcrs are

Rl 5'TCGffiCTG
B4 s'CGAATTCCACCTGCA

A two step program was used in FCR rpactions with thcse primers, the first 6 cycles

used a low annealing temperaturç (4O'C) to p€rmit omFlification from targets which

had poor homology with the plant intnon€xon junctions. Thc annealing temperature

was then rais€d to 5E'C for the rcrnaidng 2E cycles, as this has been reported !o
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increase both reproduceability in banding patærns and resolution of ¡þs amplified

products (Weining and Langridge, 1991). The ñ¡ll program consistcd of an initial

denanring step of 94'C for { minutÊs, followed by 6 cycles of 1 min. denatr¡ration at

94'C, ) rni¡. annealing at 4O'C atd 2 min. extension at 72'C. This was followed by a

further 28 cycles of 94'C fq¡ t min., 58'C fon 2 min. and 72'C for 2 min. A final

extension for 7 min. at 72'C was pcrformed before cooling to ambient temperaturc.

Amplified products were analysed by electrophoresis in 3% agaros€ gels in TBE buffer

by loading 7.0 Fl of the reaction mix, mixed with 1.0 pl 10x gel loading buffer

(Appendix A).

5¿, Scoring of gels and dqt¡ ¡nelyútt

Variation between isolatcs was ass€sscd by comparing the profiles of their

anplification products. l¡ this way a prim-specific FCR phenot¡pc was assigned o

each isolaæ, the data being scored in a binary format (as in previous chapæm). PCR

phenotypes for each of the isolaæs were checked by using fou replicaæs of DNA

samples isolated at sepa¡at€ occasions, and by reee¿tod side-by-side comparisons. In the

final analysis all isolaæs rvçr€ nrn on a single series of gcls for complete inter/intra-

variety comparisons.

Banding profiles generated by amplification of DNA with primer Rl were used to

provide estimates of genetic similaritiss bctween isolates using the similu'ity

coefficienL The results of this analysis wcrp uscd to generat€ a similarity matrix

indicating the genetic identitics bctrvcco isol¡¡Gs bas€d upon thcir total amplification

products. A cluster analysis was th€n conducted on this matrix to illustrate the

reluionships betwcen isolatcs. The ætbods r¡scd a¡c as dcscribed in prcvious chapters.

53 Results

PrimerE4 yielded amplific*ion products in a size range of approximaæly 80 bp o

2000 bp and each isolate had its own specific phenotlryc, the products being highly



74

va¡iable both in size and number between isolates. No single band or series of bands

could be used to group isolates according to their taxonomic classification.

Primer R1 revealed va¡iability both within and berween varieties of G. gratninis,

with 18 phenotypes detected among the 20 isolates. Isolates within a particular variety,

however, often differed by the presence or absence of a single amplification product or

pair of products. A comparison of the phenotypes (Figure 5.1) showed that a band of

550 bp was amplified in all isolates except Ggg 51652, 30584 and ADI, although

amplification was weak in some isolates. A band of 500 bp was amplifred in all Ggt

isolates except 23580 and23152 (Figure 5.1). This product was also detected \n Gga

isolate 35793 and Ggg isolate 23147. A 1.30 kbp product was conìmon to all Ggø

isolates together with Ggr isolates WLJF143 and 500 and Ggg isolates 23L47 and ADI

(weak).

Banding profiles generated with R1 were identical in three Ggr isolates (Table 5.1)

and isolate 800 showed 957o similarity with 5 other Ggr isolates. Isolate WUF143 was

most dissimilar to the other isolates, showing only 377o similarity with four of them.

Ggr isolates 500 and WUF143 were as similar to the Ggø isolates as they were to the

Figure 5.1. PCR products generated with primer Rl from 19 G. graminis isolates.

Lanes: I and 21,?," dYl Hae III molecular size standa¡ds; 2-lI, Ggt- 800,

EBI, WUFl43, L7916,23580,KSI, 51463,23L25, KM69, 23L52; L2-15'

Gga- 1'37T, lgzMr, 35793, 23144; 16-20, Ggg- 51652,23148,30584'

ADI.,23147. Sizes of products are in base pairs (bp).

| 2 3 4 5 6 7 I 9 10lll213L4 15161718192021

1313

800

534
(bp)
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rest of the Ggt isolaæs. In seveml casos, simila¡ities between isolates of different

va¡ieties wer€ greatcr than similarities within va¡ictics For exanple, Gga 35793 nd

Ggr KM69 werc M%o simila¡ whilc G9a35793 aú23144 were only 58% similu:.

Table 5.1. Genetic similu'i¡içs (%) amng isolatcs of G. grarninis based on the total

anplification products resolved with prim€r Rl.

8æ
EBI

wtrFl43
179t6

235W

KSI

5l,ló3

23125

KMó9

23t52
5m
l37T

tnM
35793

23t4/-

51652

23t48

30584

ADI
23t47

94.7

42.r

%.7

%.7

78.9
yt.7

*t.7
u.2
73.7

68.4

57.9

63.2

68.4

68.4

63.2

68.4

57.9

57.9

57.9

36.8

100.0

89.5

u2
89.5

r00.0

89.5

7E.9

73.t

632
68.4

73.7

632
ó8.4

73.7

632
632
632

364

364

52.6

47.4

36.8

47.4

474
4Lr
52ß
47.4

42.t

52.6

47.4

52.6

52.6

42.r

42.r

895

u2
895

100.0

895

7&9

79-7

632
6&4
73.7

632
6&4
73.7

632
632
632

73.7

895

895

789
789
73J
632
6&4
632
73:t
68.4

632
52.6

52.6

52.6

73.7

u.2
%.7

%.7

68.4

57.9

632
7E.9

57.9

u2
78.9

68.4

78.9

68.4

89.5

78.9

68.4

632
52.6

57.9

632
632
57.9

73.7

632
52.6

52.6

895

78.9

73.7

632
68.4

73.7

632
68.4

73.7

632
632
632

89.5

73.t

63.2

57.9

u.2
sL6
78.9

u.2
73.7

73.7

73.7

73.7

632
68.4

73.7

632
895

73.7

632
73.7

632

800 EBr \vr.JFr43 t79r6 ?3,5æ KSI 5rß3 23t25 KM69 23152

t3T1

ty2l0tl

35793

2314É.

51652

23t4E

30584

ADI
23147

78.9

73.7

68.4

68.4

73.7

68.4

57.9

68.4

57.9

u2
68.4

78.9

632
579
474
474
57.9

632
%.7

68.4

52.6

4Lt
52.6

52.6

57.9

632
6&4

6&4

6&4
895

632
474
3ó.8

47.4

47.4

73.7

73.7

73.7

632

78.9

579
57.9

57.9

68.4 68.4

500 l37T ry2ltl 357yJ 23t44 51652 23tß 305E4 ADI 23147
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A cluster analysis, based upon the simil¡ri3y matrix, was used to show the overall

genetic sirnil¡¡¡¡i"s þtween G. graninß isolaæs. Isolate WUF143 showed a low

genetic sirnila¡'i¡y to most isolaæs. Thc rpmaining isolatcs form€d two s€,parate goups

with an overall average similari¡y, of app'roximarcly û% (Figr¡re 5.2). One group

contained th¡ee of the fovr Gga isolates and, slightly remved from them" Ggr 500. The

ayerage simil¿t'¡O within this group was approximately 72%. The second group

consisted of th¡ee main clusters, one containing the majority of Ggt isolates and a single

Ggg isolarc. The average simil¿¡'ity' within this cluster was approxime¡sly 75vo.\\e

other trvo clusters mainly consisted of Ggg isolates, but one of these contained Ggø

isolaæ 35793.

5.4 Discussion

The use of intron splice junction prims in FCR analyses revealed high levels of

diversity between isolaæs of G. graninß. As pr€dictrd.H, which primed amplification

Figure 5.2. Dendrogram of genetic similarities within G. grarninis derived from the

total amplification ploducts resolved with pr-imer R1.

800 ,

5 1463

23580

tr¡t¡c¡
EBI
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23t25
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5 r652
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23t48
30584

35793
23t41

ADI

lì tltct I

dvetruc

500
l37T
t92M

23t44
wuFl43
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9o sinrilarity

trir¡ci I
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from the intron regions, produced a grearil diversity of ¡noducts between isolates than

Rl, which primarily amplified exon sequences. Since the introns a¡e not expecæd to be

under strong selection, they ænd to accumulue mutations and show grøttÊr sequence

variation relative to the exons.

High levels of diversity were revealed with primer Rl (18 different phenotypes

detecæd between the 20 isolates) indicating its potential for ex¡mining diversity

between closely related isolates of G. graninis. Furthermore, Rl proved useful in

ta¡ronomic identification of isolaæs @igrue 5.3). A 1.30 kbp product was observed in

all Gga isolates and also n Ggt isolaæs MJF143 and 500, both of which originated

from the south west of V/estern Australia and were ctassified by having spore lengths

characteristic of Ggr. Populations of the pathogen within this geographical region have

been reported to contain high frequencies of isolaæs which can parasitise oats but

canùot be distinguished from Ggt on the basis of morphological characteristics (Yeats

et al., 1986I In inter-isolarc comparisons bas€d on the total Rl amplified products, both

500 and \VIJF143 showed closer genetic similari¡iss to Ggø isolaæs compared with Ggr

isolarcs. Pathogenicity tests indicated thu isolaæ 500 was capable of infecting oats

although WIJF143 could not. Isolate 500 also resolved some of the Gga-type RFLP

Figure 5.3. Representation of PCR products generated wirh plirner Rl fol use as

molecular taxonomic mzukers within G. gruminis.

1.30 kbp I tttt TI

0.55kbp I I I I I I ¡ I ¡ t

0.50kbp ll¡I IIII

tttl I

8ñSEgõ€Keil8-trERgv:ã=ã"'
'l-d hôtvet
E

EãËË
alæs=rr¡çæo?
o-6;-Èf.O\ór¡ ôl f. Ôl

lrtll(:t ut'et Ìae 8ru,ntnts
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mark€rs (Chapter 4), but WLJF143 was not included in that analysis. The evidence from

these independent ma¡kers implies that isolate f)0 may rcquire reclassification as Gga.

Analyses of \VLJF143 with RFLP markers may aid in the clarification of this isolate's

ta¡ronomic identity.

Ggg isolate 23147 showed the Gga-typ 1.30 kbp product and was capable of

infecting oats, albeit to a lesser extent than the Ggøisolates. Isolaæ 23147 had a high

genetic simila¡iqr withGga isolaæ 35793 (89.5%) and was also shown to have many of

the Gga-type variety-specific RFLP markers (Chapter 4). A more thorough analysis

with more RFLP markers may indicate whether isolaæ 23L47 requires reclassification

as Gga.

The 500 and 550 bp Rl amplification producs appeared tobe Ggt-specific in the

absence of the 1.30 kbp Gga typ band" Ggg isolaæ 23L48 not only resolved the 500

and 550 bp products but also had its grcat€st genetic simil¿¡'i¡y with Ggr isolaæ KM69

(85%). Fnrthermore,23t4S showed mâny of the Ggt varietzl specific RFLP ma¡kers as

well as being weakly pathogenic upon wheat. This implied that 23148 may require

reclassificuion as Ggr.

Ggg isolaæs 51652 and 305M did not show any of the Ggr-specifrc or Ggø-specific

FCR products. Isolate ADI showed weah amplification of the 1.30 kbp Ggø typ,

ma¡ker and therefore presented an anomaly to the cl¿ssification of isolaæs based upon

their amplifrcation products. ADI was thc only Ggg isol¿æ which produced a variety-

specific PCR product which did not correlaæ with the presence of RFLP variety-

specific ma¡kers or pathogenicity.

Ggø isolaæ 35793 andGgg isolaæs 23L47 a¡d ADI formed a group which showed

a greater similariry to Ggt andGgg isolarcs compared with the remaining Ggø isolaæs.

In this analysis, 35793 was the only Ggaisolarc to have originated from oats, the others

having originated from t¡¡rf grass (,{grosns spp.). RFLP nnalyses confirmed the identity

of 35793 as Gga but also indicated th¿t it showed a closer relationship to Ggt isolates

than to the tr¡rf isolaæs of Gga Prrevious su¡dies of inter-varietal relationships within G.

graninis using electrophoresis of proteiû profiles (Abbot and Holland, L975; Maas er
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al., l99L), mitochondrial DNA probes (Batemnn et al., L992) and ribosomal DNA

probes (Ward and Gray, 1992; O'DeU et al., 1992) have indicaæd that Ggt and Gga

show a closer relationship to each other than cither does to GgS.In contr¿st, RFLP and

PCR analyscs of isolaæs used in this sody havc indicated a clea¡ separation of Gga

from Ggr and Ggg and a differentiuion of Ggg into two subgroups, one showing a

closer simil¿¡[¡y to Ggt isolaæs. The separation of isolaæ 35793 from the other Gga

isolaæs and its greater similarity ø Ggt agrccs urith RFLP analyses and may indicaæ

that there is a differentiation between Ggø isolaæs within Australia. Two pathot)ryes

may have evolved which a¡e differ€ntially rycciafised in parasitising cercals and tr¡rf

grass species. A study of the Ggaiwlates pr€s€nt in c€r€al crops, using RFLP ma¡kers

which distinguish oat and turf grass isolates, may deærmine if there is a separation of

this variety into nvo parhot¡pes.

The overall genetic similarity beween Rl phenotlry€s of Ggt isolates was

approximaæly 75% (excluding lilJF143). This is the samc as that obserrred at isozyme

and RFLP loci. Isolaæ EBI, øiginating from Eire, was idcntical to the ¡vo Australian

isolarcs 17916 atd23t25, which shows a high degree of sequence conssn'ation within

Ggr. Consequently, this æchniquc m¿y be applicable o the identification of take-all

isolaæs from ouside Australia

Ggg isolaæ 5L652 showed high genetic similarity to the Ggr isolates. This did not

correlate with similarities at RFLP loci. Given that the sequences ¡mFlified with Rl a¡e

from exon regions flanking the inuon splice junction, there may be ampliñcation of

some sequences which are highly conserved throughout the species (e.g. 300 bp

products, Figure 5.1) resulting in thc high simitaritie.s berween othetwise divergent

isolaæs. Individual isolates, howeyer, can be assigned to a variety by the presence or

absence of a few amplification products and 51652 can be distinguished from Ggr by its

lack of the 500 and 550 þ ptoducts.

The overall genetic similari¡y of isolarcs, cxcluding the strongly divergent Ggt

WUF143, was6OTo ar¡ wa¡¡ found forisoz¡æ and RFLP analyses. This correspondence

among independent sets of gcnetic data providcs confidencc in thc apcuracy of intra-
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specific relationships deærmined with thesc markers. PCR with primer R1 is capable of

differentiating benveen the th¡ee va¡ieties of G. graninis and taxonomic identifications

by this method generally agreed with thosc bas€d upon pathogenicity and RFLP variety

specific ma¡kers. Consequently, thesc techniques should aid in the classification of

isolaæs to their taxonomic stan¡s.

It is possible that the variety-specific FCR producs may have been amplified from

sequences which were akeady represcnted by a variety-spccific RFLP phenotlpc. To

determine the independence of the ma¡kers the specifrc PCR producæ could bc isolated

and cross-hybridised with the clones to detenninc if there is any s€quencc hooology

be¡veen them. Alternuively, they cor¡ld be used as probes in genomic hybridisations

and the resulting RFLP phenotypes compared with those resolved by thc genomic

clones.

The levels of genetic diversity rcvealed by the nro inuon splice junction primers

indicaæ ttrat they will provc useful a¡ €xamining variation betwcen closely related

isolates, e.g. within inærbreeding populations of G. graninß. Primer E4 revealed a

unique FCR phenot¡pe for each isolarc whereas Rl phenot¡ryes were identical in only

three Ggr isolaæs. In this respoú"t thcy werc similar to the repetitive DNA phenotypes

which were useful in frngerprinting fudividuatisolaæs (Chapter 4). Use of these priners

may indicarc if pathogcn populations arc coryoscd of clonal lineages of isolates. This

may bc coûlmon due to the rpstrictions O or¡tcrossing within G. granÍnß (Chambers

and Flentje, L967; Rawlinson et al., lnÐ. Conscqucntly cach pathogen population

may havc evolved specifrc genotylres detectable by PG,, and if so, this technique could

prove useful in determining rates of migration and gene flow berween populations,

factors which a¡r crucial in understanding tbe spread of diseasc and the evolution of

diverse pathogen genot)?es. Thus, PICR using intron splice junction primers provides

not only a means of determining the taxonomic composition of G. granirus populations

but also should prove useful in po¡uluion genetic sn¡dies of the pathogen.
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Chapter 6 Isozyme variation within and between populations of the

take-all fnngus G. grøminß

6.1 Introduction

Genetic diversity within G. grarninis has been poorly quantified, with previous

studies being restricted to describing variation within small colléctions of isolates of

diverse origins (Maas et al., 1990; Ward and Gray, 1992; O'Dell et al., 1992). As yet

no attempts have been made to assess levels of genetic diversity within pathogen

populations or to compar€ levels of diversity be¡veen populations.

Previous experiments to estimate levels of isozyme diversity u/ithin G. grarnÍnis

have indicated that the technique should be useful for the genetic analysis of pathogen

populations (Chapter 3). Considerable diversity was detected both witttin and benveen

va¡ieties of the fungus. Some loci resolved variety-specific allsles, which may be useful

in determining the taxonomic composition of pathogen populations. This provides a

means of estimating the frequencies of the different varieties in regions of cereal

production and may aid in identifying the factors responsible for their distribution and

relative abundance. Examination of whether the different va¡ieties coexist within

populations rnay prove useful in determining the frequency of sexual hybridisation

berween va¡ieties and consequently, may aid in deæcting the evolution of pathogenic

variability.

Given the extent of genetic differentiation benveen the ta¡ronomic varieties, analysis

of genetic simil¿¡'¡¡iæ between populations should determine whether fungt isolated

from different cereal hosts a¡e genetically distinct and if so, rnay provide evidence for

the evolution of host-specific pathogen genot¡pes within G. gratninis.

G. gramin¡s has a discontinuous distribution within southern Australia due to

separation of the \{'estern Australian cereal belt from regions in eastern Australia.

Deseß provide probable effective ba¡riers to migration be¡veen these geographical
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regions and consequently, pathogen populations from the separate areas may exhibit

considerable genetic differcntiation due to a lack of gene flow between them. Phenetic

analysis of genetic diversity between populations may determine if there has been

evolution of geographically restricted pathotypes of G. gramínís within southern

Australia. Similar analyses have indicated correlations between genetic and

geographical identities in a number of plant pathogenic fungr including Perídermiutn

larkncssä(Tuskan eta1.,1990) andPlrytophtløraindestans (Goodwin etal.,1992).

The primary objective of this study was to evaluate genetic variability at isozyme

loci within and between populations of G. graminis present in regions of intensive

cereal production. The distribution of pathogen va¡iation between ecogeographically

diverse locations may aid in identifying factors important in the generation and

main¡E¡¿¡1ce of genetic diversity within the pattrogen. This resea¡ch should provide

much needed information on the genetic stnrcnuing of pathogen populations and the

evolutionary consequences of genetic inæractions between pathogen and hosr

6.2 Materials and methods

62.1 Population sampling and isolation of G. gramínß

Populations were sampled from a diversity of cereal hosts over a broad

ecogeographic range throughout the cereal growing regions of southern Australia

(FigurË 6.1, Table 6.1). Approximaæly 100 plans were sampled from each location by

nrnning random trarisects through fields and saryling at lGmetre intervals.

All G. graninis isolates were obtained from infected roots. Root systems tvere

washed and small segments (2-3 cm) showing symptoms of G. granÍnis infection werp

removed and placed on moist filær paper. Root segments were surface sterilised

(Chapter 3) and two segments per plant were plated on to the G. grantnis selective

medium SM- GGT3 (Juhnke and Mathre, 1984) (Appendix A). Plaæs were incubated in

da¡kness at22"C and were checked periodically for the emergence of hyphae from the

roots. Isolates identifred as G. grani¿Ís were transferred to PDA plates to obtain pure
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Figure 6.1. Geographical distribution of G. gratninis collection siæs throughout the

cereal belt of southern Australia-

Cereal Belt

o oats

Õ wheat

O barley

cultures. Only one isolate per plant was placed into pure culture. Isolates were

recovered by these methods until a collection of at least 30 individuals was obtained for

each of the 16 populations. All isolates were storcd on these plates at 4'C. Subculnuing

to fresh plates was kept to a minimum to avoid instability of cultural and virulence

characteristics often observed with repeated transfers (Cunningham, l98l).

62.2 Growth of isolates, sample preparation and isozyme electrophoresis

The 30 isolates from each of the 16 populations were transferred to liquid culture

and grown by the methods described in Chapter 3. Sample preparation, isozyme
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Table 6.1. Cereal hosts, hosts of previous year and locations of G. graninis

populations exâmined in this study'

Number Abbrev. Crop Previous GoP Location

1

2

3

4

5

6

7

8

9

10

11

T2

13

t4
15

16

CV

NN

tvN
BB

DY
JM

MD

WI
MN
BT

HM
HS

WP

GM

TM
TW

wheat

oats

wheat

barley

wheat

wheat

wheat

wheat

wheat

wheat

wheat

barley

wheat

wheat

wheat

wheat

pasture grasses

wheat

wheat

wheat

wheat

wheat

pasffi€ grasses

P¿rsture grar¡ses

barley

pasture grass€s

pasture grasses

pa¡¡ture gra¡is€s

pasture grar¡ses

oats

wheat

wheat

Chapman Valley, Geraldton, W.A.

New Norcia W.A.

Wandering, W.A.

Boyup Brook, W.A.

Dumbleyoung, W.A.

Jerramungup, W.A.

Mudamuckla" S.A.

Waiæ Institute, Adelaide, S.A.

Mona¡to, S.A.

Bordertown, S.A.

Hamilon, Vic.

¡¡q¡sþem, Vic.

lValpeup, Vic.

Ganmain, N.S.W.

Temora, N.S.V/.

Terr¿winda, Coonabarabran, N. S.Vf.

electrophoresis and scoring of gels were as described previously (Chapær 3). GSS

isolate 51652 was included on each gel and was used as a reference standa¡d in

calculating the relative mobility (R¡) values of the alleles at each enzynrc locus. In the

final analysis one isolaæ from each population was included on a series of gels: (a) to

confirm their allelic identities at each of the enizyme loci and (b) to provide another

means for comparing alleles across populations.

62.3 Dat¡ analysis

Allele frequencies at each enzyme locus were calculated for each of the 16

populations, and within the collection of isolaæs as a whole. Statistical analyses of the

electrophoretic data were performed on the allele frequencies. Estimates of genetic

diversity were derived from Nei's gene identity (D) (Nei, 1973; Wetr, 1990) and
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Shannon's diversity index (H) (Peet, L974; Mccain et al., L992). Genetic identity

provides an estimate of the number of identical alleles between two populations.

Identities between painrrise combinations of populations were esnmated from the data

of polymorphic enzyme loci (Nei, L972). Data urere analysed using the computer

progra¡n Gendist (J. Felsensæin, Univ. of V/ashingon, 1989).

Genetic identity (I) was calculaæd as follows

f. - ååÞotpr,¿'-EE;4m
where I is summed over loci, u over alleles at the l-th locus, and where Pur is the

frequency of the u-th allele at the l-th locus in population 1.

Identity values were used to constn¡ct an identity matrix benveen the populations.

Hiera¡chical cluster analysis (goup avenuge method) was conducted on the matrix and

the results used to Foup populations according to their genetic identities. Similu'ities

be¡veen populations are present€d in the form of a dend¡ogram.

63 Results

The fifteen enzyme loci used in this study showed clea¡ banding patterns for all of

the 480 G. grønin¡'s isolaæs. Only one clear band was resolved per isolaæ at each of

these loci, indicating the absence of heterozygous individuals. Of the 15 loci examined

only HK-l and MDH-I were found to be monomorphic. Between ¡vo and five alleles

were rrsolved at each polymrphic locus Cfable 6.2).

Allele frequencies of the thiræen polymorphic loci within each G. grømínis

population a¡e shown in Table 6.3. Two alleles were unique to turo of the populations

i.e. ACON allele 0.94 was only present in the HM population and GOT-2 allele 1.11

only in the WI population. All other alleles were observed in at least two populations.

The total number of polymorphic loci and the average number of alleles per locus

were both found to vary be¡veen populations. The percentage of polymorphic loci

ranged fromT%o in NN ¡o 737o within the HM, TW and IVI populations (Table 6.4).
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Table 6.2. List of enzymes with number of putative loci and number of alleles

resolved per locus.

Enzyre No. Loci No. Alleles

ACON

FT.JM

GOT

G6PD

GPI

GSR

HK

IDH
MDH

ME

6PGD

PGM

3

3

3 (GOr-1)

3 (GOr-2)

3

3

4

1(HK-l)
2 (HK-2)

5

1(MDH-l)
2 (MDH-2)

4

3

4

1

1

2

1

I
1

2

I
2

1

1

1

The average number of alleles per locus ranged from 1.ü/ within NN to 2.00 $,ithin

HM.

63.1 Partitioning of genetic diversity with¡n and between populations of G.

gmt tínß

The Western Ausualian populations NN, JM and CV exhibited low levels of

diversitywithinpopulations,with L2,ll and 10of theirrespectivelociobsenedtobe

mononrorphic (Tables 6.5 and 6.6). The HM, WI, MN and T'V/ populations exhibited

high levels of genetic divenity within populuions, with only two of the ewzyrne loci in

each population found to be mnomorphic.

The diversity indices of Nei and Shannon were used o partition the divenity into

within- and benveen-population components. Shannon's index showed that on average

6O7o of. the diversity occurred benveen G. graninis populations. A slightly lower figure
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Table 63. Allele frequencies æ 15 isozyme loci in ¡npulations of G. grarninß.

Locr¡s Allele CV IVN DY IM MD WI MN BT

ACON r.04

r.00

0.94

1.04

r.00

0.86

r.m
0.%
0.87

1.11

1.07

1.00

1.04

r.00

0.94

r.00

0.94

0.88

1.00

0.9r

0.86

0.82

1.00

1.00

0.!)6

1.07

1.00

0.!)6

0.9r

0.8ó

1.00

1.00

0.93

1.30

t22
r.00

0.%
1.04

1.00

0.96

1.13

1.07

1.00

0.91

0.53

0.47

1.00

023
o.77

0.o7

0.93

r.00

0.90

0.10

0.,f0

0.60

0.57

0.43

o.37

0.63

0.83

0.17

1.00

0.77

0.23

02n
0.80

0.47

0.53

0.10

0.90

1.00 020 0.03

0.80 0.97

0.07

1.00 0.93 o.77

0.23

0.83 1.00

1.00 0.r7

r.00 0.u
1.00 0.83

0.67

r.00 1.00 0.23

0.10

r.00

0.07

0.93
FI.]M

IDH

GOT-1

GOT,2

C¡6PD

GSR

HK-I
til<-2

0.83

0.17

0.83

0.17

0.m
0.93

0.07

1.00

1.00

1.00

0.80

1.00 020

0.37

0.63

0.03

0.n 1.00 1.00 0.93

0.r,

1.00 1.00

0.80

024

0.80

020
02n
o.ct
0.13

0.t7
0.83

0.93

0.û7

1.00

0.80

0.2n

r.00

0.63

0.37

020

0.87

0.13

1.00

0.80

0.63

r.00 0.37

0.?n

0.80

1.00

0.30

0.70

1.00

1.00

0.60

0.,m

0.r0
0.90

0.30

0.70

0.80

0.24

1.00

0.83 0.ü/
0.17

0.93

1.001.00

r.00

0.93

GPI

1.00

r.00

1.00

0.80

0.20

1.00

1.00

1.00 1.00 1.00

1.00

1.00

0.87

0.07

0.93 0.13

1.00

r.00

1.00 1.00 1.00

0.17

0.83

1.00

1.00

0.?n

1.00 0.80 0.90

0.10

1.00

1.00

1.00

1.00

1.00 1.00

1.00

1.00

l.m
0.57

0.43

o.23

o.771.00

0.07

1.00 0.93

1.00

0.93

0.9,

1.00

ME

MDH-T

MDH.2

6PGD

0.70

0.30

FGM 1.00
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Table 63. continued.

I-ocus Allele HM WP GM TM TW BB HS NN Sum

ACON

FUM

GOT-I

GOT.2

G6PD

GSR

HK.I
HK.2

IDH

6PGD

1.04

r.00

0.%
1.04

1.00

0.86

r.00

0.%
0.87

l.l I
1.07

r.00

1.04

r.00

0.94

1.00

0.94

0.88

1.00

0.91

0.8ó

0.82

1.00

1.00

0.96

t.ut
1.00

0.96

0.91

0.86

1.00

1.00

0.93

1.30

t22
1.00

0.!}6

1.04

1.00

0.96

l.l3
r.07
1.00

0.91

0.17

0.73

0.10

0.63

0.37

r.m

0.80

0.n

0.90

0.10

r.m
0.23

0.n

0.10

0.90

0.43

o.47

0.r0
0.90

0.13

0.87

023
0.70

0.o7

1.00

1.00

1.00

o27

o.73

1.00

0.90

0.10

0.37

0.63

r.00

0.93

0.07

0.17

0.83

0.û7

0.90

0.r0
1.00

1.00

r.00

0.90

0.r0

0.83

0.17

0.24

0.75

0.01

0.u2

0.72

0.26

0.01

0.60

0.39

0.04

0.8s

0.ll
0.u2

0.95

0.03

0.04

0.77

0.19

0.03

0.38

0.19

0.,{0

1.00

0.%
0.06

0.v2

0.10

0.04

0.81

0.03

1.00

0.23

0.77

0.30

0.09

0.31

0.30

0.36

0.61

0.03

0.35

0.55

0.0r

0.09

1.00

1.00

1.00

1.00

r.00

r.00 l.m

1.00 0.83

o.t7

0.r7

l.m 0.83

0.10

0.90 0.83

0.17

0.13

020
0.6t

l.m

r.m 0.73

0n

023
0.77

0.13

l.æ 0.87

0.17

0.83 1.00 1.00

0.07

0.93 l.m 1.00

0.10

0.90

l.m

1.00

1.00

GPI

1.00

1.00

0.23

0.93 0.n
1.00 l.m
1.00 r.q)

0.37

r.m
l.m

0.90

0.10

0.t7
0.63

o.n
o.n
0.43

r.00 0.90 l.m
0.10

0.17

0.83 r.00 r.00

0.10

1.00 0.83

0.07

ME

0.87

0.13

1.00

0.93

0.07

o20
0.13

0.90 l.m
0.10

l.m
1.m

1.00

1.00

r.00

0.r0
0.6t

l.m 0.67

0.23

o.77 0.23 1.00

l.m r.00 r.00 l.m 1.00

l.m
l.m

1.00 1.00 l.m r.00

1.00

0.07

0.93

0.n
0.80

1.00

1.00

l.m

1.00

1.00

1.00

0.ffi
0.93

0.10

0.53 0.90 1.00

PCiM

0.10

r.00

l.m

047
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TaHe 6.4. Descriptive isozyme data for the 16 populations of G. graninís exanined

in this snrdy.

Population Polymorphic Average No.
loø,(1o) alleleVlocus

cv
WN

DY

JM

MD

WI
MN
BT

HM
WP

GM

TM
TW

BB

HS

NN

Mean

1.20

1.53

t.47

1.13

t.33

1.80

1.80

1.60

2.W

1.30

1.40

r.20

1.87

1.60

r.33

r.u7

1.48

20

53

53

13

33

73

6I
60

73

n
q
20

73

60

20

7

43

(56%) was shown by Nei's divenity index. Within the average population, the enzyme

IDH detected the grcatest and MDH-2 the least diversity (fables 6.? and 6.8), while

aclpss the species as a whole the enzymc revealing the greaæst diversity was ME and

the least diverse was G6PD.

The distribution of diversity between and within populations was found to vary

between enzy'me loci. Shannon's diversity index revealod that seven of thc thiræen

polymorphic loci apportioned morc va¡iability berwecn populations than within

populations (Table 6.8), namely MDH-2, ME, PGIM, 6PCiD, GOT-I' GSR and FLJM.

Nei's diversity index revealed a simila¡ result wittr the exception that GPI was also

shown to apportion more variation be¡¡¡een ¡þ¿¡1çrithin populations Cfable 6.7).



Table 6.5. Estimates of Nei's gene diversity (D) wittrin populations of G. granúnis.

I.OCUS CV DY \ryN JM MD \ryI MN BT HM WP GM TM TW BB HS NN

ACON

FI.]M

GOT-1

GOT-2

G6PD

GSR

tlK-z
IDH

GPI

MDH-2

ME

6PGD

PCiM

Mean

0.000

0.000

0.000

0.282

0.000

0.130

0.000

0.000

0.000

0.000

0.130

0.000

0.000

0.M2

0.0s8

0.354

0.000

0.46
0.058

0.320

0.000

0.320

0.000

0.000

0.130

0.000

0.420

0.r64

o.320

0.130

0.282

0.282

0.130

o.282

0.000

0.000

0.000

0.000

0.282

0.000

0.320

0.156

0.000

0.130

0.000

0.000

0.000

0.000

0.000

0.180

0.000

0.000

0.000

0.000

0.000

0.024

0.498

0.m0

0.000

0.000

0.000

0.130

0.180

0.480

0.354

0.000

0.000

0.000

0.000

0.126

0.490

0.m0

0.282

0.482

0.130

o.282

0.354

0.320

0.46
0.000

0.490

0.354

0.130

0.291

0.498

0.466

0.320

0.000

0.320

0.494

0.320

0.226

0.320

0.m0

0.180

0.320

0.282

0.288

0.180

0.000

0.420

0.000

0.000

0.130

0.4t4
0.320

0.282

0.480

0.420

0.000

0.130

0.214

0.428

0.466

0.000

0.320

0.180

0.638

0.000

0.180

0.534

0.354

0.180

ù584

0.180

0.311

0.226

0.000

0.000

0.000

0.000

0.000

0.000

0.394

0.422

0.180

0.000

0.000

0.000

0.094

0.466

0.000

0.000

0.000

0.130

0.130

0.000

0.180

0.282

0.000

0.000

0.180

0.000

0.105

0.000

0.180

0.000

o.282

0.000

0.354

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.063

0.282

0.282

0.494

0.000

0.282

0.226

0.130

0.494

0.394

0.000

0.354

0.226

0.498

0.282

o.282

0.130

0.180

0.180

0.000

0.180

0.000

0.354

0.000

0.000

0.130

0.130

0.180

0.t34

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.488

0.296

0.000

0.320

0.000

0.000

0.085

0.000

0.000

0.000

o.282

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

o.022

\oó



Table 6.6. Estimates of genetic diversity (Hg) within populations of G. grarninis.

I-ocus CV DY WN JM MD \ryI MN BT HM WP GM TM TW BB HS NN

ACON

FI.JM

GOT.l

GOT-2

G6PD

GSR

tx-2
IDH

GPI

MDH-2

ME

6PGD

PGM

Mean

0.000

0.000

0.000

0.658

0.000

0.000

0.366

0.000

0.000

0.000

0.366

0.000

0.000

0.107

0.r94

0.778

0.000

0.951

0.194

o.722

0.000

0.722

0.000

0.000

0.366

0.000

0.881

0.370

0.722

0.366

0.658

0.658

0.366

0.658

0.658

0.000

0.000

0.000

0.557

0.000

0.722

0.413

0.000

0.366

0.000

0.000

0.000

0.000

0.000

0.469

0.000

0.000

0.000

0.000

0.000

0.064

0.997

0.000

0.000

0.000

0.000

0.366

0.469

0.97t

0.778

0.000

0.m0

0.000

0.000

0.276

0.986

0.000

0.658

r.207

0.366

0.658

0.778

0.722

0.95r

0.000

0.986

0.778

0.366

0.650

0.997

0.951

o.722

0.000

0.722

t.234

0.722

0.557

0.722

0.000

0.469

0.722

0.658

0.652

0.469

0.000

0.881

0.000

0.000

0.366

0.951

0.722

0.658

0.97r

0.881

0.000

0.366

o.482

1.098

0.951

0.m0

o.t22

0.469

1.519

0.000

0.M9

1.319

0.778

o.469

1.368

0.469

o.741

0.557

0.000

0.000

0.000

0.000

0.000

0.000

0.842

1.116

0.469

0.000

0.000

0.000

0.230

0.951

0.000

0.000

0.000

0.366

0.366

0.000

0.469

0.658

0.000

0.000

0.469

0.000

0.252

0.000

0.469

0.000

0.658

0.000

o.778

0.000

0.000

0.000

0.000

0.000

0.000

0.000

o.r47

0.658

0.658

t.234

0.000

0.658

0.557

0.366

1.234

0.842

0.000

0.778

0.557

0.997

o.657

0.658

0.366

0.469

0.469

0.000

0.469

0.000

0.778

0.000

0.000

0.366

0.366

0.469

0.339

0.000

0.000

0.000

0.000

0.000

0.000

0.000

1.207

0.824

0.000

0.722

0.000

0.000

o.2t2

0.000

0.000

0.000

0.658

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.051

\o
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Tabte 6.7. Partitioning of Nei's gene diversity (D) within and between populations

of.G. granirus for 13 polynorrphic enzyme loci.

Locus Average
within

populations

Dpop

Proportion
within

populations

Proportion
between

populations

Dsp-Dpop
Dsp

Dpoe
Dry

ACON

FI.]M

GOT.1

GOT.2

G6PD

GSR

HK.2

IDH

GPI

MDH.2

ME

6PGD

PCiM

Mean

o.233

0.134

o.t24
0.161

O.UI7

0.2M

0.087

0.26
o.2Ll
0.063

0.164

0.trz
0.114

0.148

0.378

0.410

0.491

0.26r

0.085

0.659

0.114

0.330

0.629

0.358

0.714

0.492

0.571

0.422

o.617

0.326

o.252

0.618

0.910

0.313

0.770

0.746

0.336

0.L77

0.229

0.228

0.199

o.m

0.383

0.674

o.748

o.382

0.090

0.687

0.230

0.254

0.ffi
0.823

0.77r

0.772

0.801

0.560

63.2 Apptication of isozyrc as pæibte t¡¡onomic m¡rker¡ w¡th¡n G. gramÍnís

Experiments to a¡¡sess isoz¡rme diversity within G. gra,minis indicated that allelic

variants of GOT-I , GOT-Z, GSR and 6PGD may pfove useful in ta¡ronomic

identification of isolaæs (Chapter 3). The number of alleles resolved with these loci

differed between the ea¡lier expcrimens and the population analyses, thereby making

taxonomic identification difficult. For example, the GOT-2 allele 0.96, found

previously to be exclusive to Ggø isolaæs, was not detccted in thc population analysis

whereas GSR 0.82 and 6PGD 0.96 were new alleles. Furthermore, the frequencies of

the markers were not consistent within each of the populations, indicating that they

w€re not conserved within a particular taxonomic group of isolates. For example,
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Table 6.& Pa¡titioning of genetic divenity (H0) within and benveen populations of

G. graninis for 13 polymorphic enz¡'me loci.

Locus Average
within

populations

Hpop

Proportion
within

popula'tions

Total
within
species

Hsp Hrp-Hpop
Hsp

Hpop
Hry

ACON

FI,JM

GOT.1

@T-2
G6PD

GSR

rx-z
IDH
GPI

MDH.2

ME

6PGD

PCIM

Mean

0.518

o.w7
0.289

o.374

0.196

0.504

0.205

0.573

0.492

0.139

0.373

0.26
0.308

0.349

0.854

0.95()

1.(b1

o.732

0.301

1.67
0.329

1.019

0.938

0.7u
1.871

1.095

L.4tt

1.001

0.6ül
0.323

o.n2
o.512

0.652

0.302

o.6vt
o.562

o.525

0.t77

0.199

0.u3
0.218

0.¿101

0.393

0.617

0.728

0.488

0.348

0.698

0.376

0.438

o.o5
0.823

0.801

0.757

0.782

0.599

wirhin the WI population, G'OT-I docuæntcd 17% of the population as Ggø a¡d 83%

as Ggt (alleles 0.91 and 0.E7, reryectively) whercas GSR indicated that E3% was Gga

and thc ¡pmeini¡g 17% coald not be identified (allelcs 0.86 and 0.82, respectively)

Cfable 6.3).

Some populations, however, showed consistency of the allelic ma¡kers. For

s¡emFle, the NN (oat) population was monomorphic at GSR 0.82, 6PCID 1.04 and

GOT-I 0.94, the thrpe alleles ûrost likely o be useful in the identification of Ggø since

ttris is the only variety which is capable of parasitising oars. Ottrerpopulations in which

these Ggø-type alleles \ilere present in high frequency wett WN, JM, DY and GM.
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Consisæncy between ma¡kers was also obsened within the HB and WP ¡ropulations,

which wer'ìe monomorphic for all four of the Ggt markers (Table 6.3).

633 Genetic identities of G. gomínÍs populatiotrs

The genetic identities of populations ranged from 0.378 between the JM and WI

populations to 0.996 benveen the Western Australian populations NN and JM (Table

6.9). The average, ovcrall genetic identity between all 16 populations was

approximaæly 0.60.

Cluster analysis of the identity values separated the populations into two primary

groups, one containing s€ven populations and the other nine (Figue 6.2). The group of

seven had an average genetic identity of approximately 0.80 and included the two

populations with the highest identity together with two other V/est Ausralian

Figure 6.2. Dendrogram of G. gra.minß populations generated by group average

cluster analysis of the genetic identities amng populations.

MN

BB
HS

Ggt t Ggg

CV

MD
TW

WI
BT
WP

Gga

WN
JM
NN
TM
GM
HM
DY

1.0 0.9 0.8 0.7

Genetic Identity
0.6 0.5
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Table 6.9. Nei's genetic identity (I) among isolates of G. gruninis from 16

populations and th¡ee host species based on @uencies o1.42 alleles at 13

polymorphic enzyme loci.

WN
DY
JM

MD
WI
MN
BT

HM
WP

GM
TM
TW
BB

HS

NN

0.s53

0.552

0.535

0.770

0.627

0.870

0.608

0.7M

0.613

0.6s8

o.623

o.720

0.859

0.869

0.539

0.753

0.901

0.540

0.540

0.568

0.498

0.803

0.616

0.839

0.814

0.545

0.6ó3

0.541

0.904

0.821

0.516

0.500

0.608

0.45
0.802

0.540

o.765

0.772

o.7y
0.730

0.583

0.835

0.583

0.378

0.601

0.451

0.83t

0.51E

0.903

o.912

0.580

0.700

0.567

o.w7

0.ffi
0.865

0.669

0.@
o.627

0.689

0.651

0.778

0.684

o.776

0.579

0.679

0.723

0.570

0.718

o.68
0.457

0.6t6
0.564

0562
0.383

0.767

0.7t2
0.787

o.696

0.681

0.803

0.829

0.840

0.596

0.655

0.8ø
o.4t
0.543

0.656

0.&2
0.6t2

0.42

CV WN DY JM MD }VI MN BT

WP

GM

TM
Tlv
BB

HS

NN

0.689

0.754

o.u7
0.659

0.861

0.701

0.836

0.591

0.604

o.ñ7
0.751

0.671

0.510

0.818

o.620

0.763

0.635

0.900

0.695

0.7E2

o.Ø7

0.915

0.735

o.7y
0.604

0.878

0.699 0.560

HM WP GM TM T}V BB HS

populations, WN and DY. These four geographically related populations do not form a

discrete, highly related cluste,Í since the eastern Australian populations, TM, GM and

HM, are observed to have higher genetic identities to the NN and JM populations
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relative to those shown by the DY population. DY had the lowest identity to thc other

populations within this group.

The group of nine also covered all of the geographical regions and was clearly

subdivided into three groups, each of which also included diverse host sp€cies and

regions. The two populations with the highest genetic identity (0.877) were BB

(Western Australia) and HS (Victoria) which were both isolaæd from barley crops.

Additionally, they have genetic identities of 0.E40 and 0.803 respectively to the MN

population, whose previous host was also barley. The remaining populations were

isolated ftrom wheat crops and fell into two sêparate groups.

6.4 Discussion

Previous experiments to assess diversity within G. granin¡'s indicated that four

isozyme loci may provide useful ma¡kers fø taxonomic identifrcation of isolates

(Chapær 3). The number of alleles resolved with thesc putative marker loci differed

between the ea¡lier experiments and the population analyses. This implied that

isozymes could not be applied as definitive variety-specific ma¡kers, as was indicated

from the inconsistencies in the frequency distributions of the ma¡kers within

populations. Some populations, however, did show consistency benveen the variety-

speciñc ma¡kers (e.g. Ggø - NN, IM, Glvl, DY and WN; Ggr- HB and WP) implying

that isozymes have at least prcvid€d a partial €stilnato of the ta¡ronomic composition of

pathogen populations.

Isozyrc analysis revealed high lcvels of genetic diversity within and between

populations of G. grøninis. The toul gene diversity (Bp) within all480 isolates, taken

as the average across all pol¡'morphic loci, was 0.422. Thesc figures indicaæ that G.

graninis is highly va¡iable in comparison to the plant parhogens Magruportlw grisea

(Dsp 0.030) (Leung and Williams 1986), Atkínsonellø hypoxylon (Dsp 0.229)

(Leuchtnann and Clay, 1989) andLepøgraphiumwøgewri (DspO.22i7) (Zambino and

Harrington, 1989). Genetic identity values showed no correlations between the

geographical and genetic identities of populations, implying that geographically
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restricted pathotypes have not evolved within G. granìnis. Factors responsible for the

distribution of genetic diversity and the resulting relationships be¡veen populations are

discussed below.

6.4.1 Pardtioning of gcnetic diversity with¡n and between populations of G.

grumínß

In general, the four mechanisms by which variation could be generated and

maintained u/ithin populations of G. graninis include mutation, somatic hybridisation,

migration of genetically diverse isolates from other populations and sexual

recombination. As has been described previously (Chapter 2) migration of individuals

between populations may occur via wind dispersal of ascospores or fine particles of

infected plant maærials, but the frequencies of successfr¡l establishment of isolaæs in

new locations is likely to be low.

Somatic hybridisation has becn indr¡ced in the laboratory (Asher, 1981), but only

closely related isolates are likely to anastonþse. Miotic recombination in these

heterokaryotic isolaæs is apparently ra¡p (Bl¡¡ch et a1.,1981) so it seems unlikely to be

a major sounce of genetic variation withitr populations.

G. graninis is homothallic and the primary mode of reproduction is thought to

involve self-fertilisation. Since the pathogen is haploid, self-fertilisation results in

progeny which are genetically idcntical to the parental strains and does not conributc to

genetic diversity within populations (Asher, 1981). Chossing between genetically

diverse isolates requires hyphal anastomosis within the developing perithecia for the

exchangc of nuclei and the generation of hybrid ptrogcny. Given thc low frequency of

somatic hybridisation within G. gratninis it is unlikely that sexual recombination

be¡veen differpnt individuals occun¡ @uently enough to generate high levels of

diversity within populations. This implias thnt long pcrids of time would be required

for outcrossing to lead to signifrcantly increascd levcls of intra-population diversity.

Therefore, mutation û¡ay account for a large proportion of thc va¡iation within

populations.
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Most of the genetic diversity deæcted at isozyme loci (6O7o) was apportioned

betrveen populations of G. groninß. This is consistent with the results accumulated by

Loveless and Hamrick (1934) where isozyme su¡dies of nan¡ral plant populations have

shown that self-fertilisation results in increased genetic variability between gene pools.

The greaær proportion of va¡iation berween populations also implies low levels of

inter-populuion gene flow. If gene flow is considerably restricted, then much of the

differentiation between populations may be arributed to genetic drift (Aquad¡o,1992).

Populations in those a¡eas of Western Australi¡ which may be considered marginal

for cereal production (e.g. low rainfalt, nutrient deficient soils) showed lower levels of

genetic variability compared with populations originating from a¡eas which a¡e more

conducive to cereal cropping. The populations with thc lowest levels of genetic

diversity included NN, JM and CV and all originarcd from these marginal regions.

These populations also represent the extremes of the species range within Wesærn

Australia (Yeæs et ø1., 1986). Thcrp ar€ a number of possible factors which may

account for lower levels of genetic va¡iation in more isolated populations including (i)

recent colonisation of these habitats by a restricted number of genetically similar

individuals (founder effect), (ü) high þvels of inbrreeding, (üi) reductions in population

size (populæion bottlenecks) and (iv) lowcr diversities of host species (Ayalq 1982;

Hartl and Ctark, 1989).

Take-all has been reported in the.sc r€glons of \Vestern Australia for over 100 years

and has been reported to occl¡r in crops in their first year of production (Couerill and

Sivasithampararn, 1989; B. MacCleod, personal communication, 1990). Thus, G.

graninß is unlikely to be a recent introduction to thesc a¡eas and appeañ¡ to be a

common component of thc soil biota throughout the cereal producing regions of

southern Australia (Garrett, 198 1).

The lower levels of genetic diversity within these Western Australian populations

may reflect the evolution of parhogen genotlpes which a¡c better adapted to surviving

in semi-arid conditions in soils of low nutrient stah¡s. Rccent studi€s of native tree

species u¡ithin Australia have indicated tbat populations at the extrernes of the species
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range in semi-arid and arid envi¡onments ar€ genetically less diverse than those from

more temperate environments (Coaæs and Sokolowski, 1989; Moore and Moran,

1989). These authors have suggested that genetic differentiation may depend on the

time of geographical separation of the populations in relation to increasing aridity.

Therefore, envi¡onmental selection, combined with the probable low levels of gene

flow benveen isolated populations, rnay bc factors contributing to the reduction of

genetic divenity within some G. graninis populations. This hypothesis is supported by

the higher levels of genetic diversity within populations existing in more temp€rate

areas. The contrasts between pathogen variability within these two types of

environment is clearly observed within Western Australia Populations from the south-

west region (e.g. WN, BB) revealed tbr€c- to for¡r-fold inc¡eases in diversity over the

populations from the agriculurally marginal rcgions to the north and east of the staæ

(fables 6.5 and 6.6).

The apparent correlation between low genetic diversity and increasing aridity is not

consistent across all populations. For example, the GM and TM populations exhibited

relatively low isozyme diversity and yet wcrp isolated from regions of tcmperato

climaæ known to be conducive to cereal production. The low levels of diversity within

these populations may indicate that they were recently established by a few founder

isolaæs which we,re relatively homogeneous at isozymc loci. This is unlikely, how€vetr,

due to thc apparently infre4uent establishment of G. gruninis by dispersal of wind-

borne inoculum (Chapter 2).

An alternative explanation is that therc may have been a reduction in the effective

sizes of the populations as the result of bos-mediated selection. Sincc phyopathogenic

fung are largely dependent upon their host plants, the genetic identities of host species

may be particularly important in maintnining variation within populations of G.

graninis. Selective pressures applied by host genotypes have been implicated in

affecting isozyme diversity within the plant pathogens Puccinia graninß @udon and

Roelfs, 1985), Magnaportlu grßea (Leung and Williams, 1986) and Atkittsonellø

hyporylon (Leuchmann and Clay, 1989). Inænsc host-mcdiated selection can force
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populations through evolutionary boalenecks, resulting in dramatic reductions in the

size and genetic diversity of pathogen populations (Ayala, 1982: Hartl and Cla¡k,

r989).

Host-mediated selection may bc responsible for the relatively low levels of genetic

va¡iation within the GM population. The previous host of GM was oat, which is

resistant to Ggt and Ggg. These va¡ieties, in the absence of alternative hosts (e.g. grassy

weeds), would have had to survive saproph¡ically upon host debris already present

within the soil. In general, G. groninis is re,ported to bc a relatively poor saproph¡e

(Shipton, 1981) and is known to bc scnsitive to general and specific microbial

antagonism during this phase of the life cycle (Royira and Wildermuth, 1981). Under

these conditions the inoculum levels of Ggt aúGgg would be expectcd to dcc¡e¿se in

frequency. Therefore, Gga is expected to have a competitive advantage over the other

va¡ieties and should respond faster to the appca¡anse of a susceptible ce¡eal host in the

following s€as¡on. The low genetic diversity within the GM population may result from

the selection of genetically homogeneous Ggaisolates due to the cultivation of oats in

the previous season. Fr¡rther information concerning the ¡ecent cropping history of the

TM location may reveal if selection of host-specific pattrotypes can account for the

genetic homogeneity within this populuion

Host-mediued selection has probably contributed ûo the loss of genetic diversity

within thc NN population, which was expccted to be composcd exclusively of Ggø

isolarcs, since this is the only variety which is capable of parasitising oats. NN

exhibited the lowest isozymc diversity of any G. grøminÍs population examined in this

study, which may result from an interaction between environmental and host-mediated

selection pressut€s.

Populations showing ttre highest levels of diversity we,l,e all isola¡ed from wheat

Theoretically, all three va¡ieties of G. grøminÍs could be present within these

populations since this host is susceptible o each tlpe. Given ttre high levels of variation

observed within Ggt arrd Ggg a d,their differentiation from Gga at some of the enzyme

loci (Chapter 3), it is possible thæ thcse va¡iable populations are composed of a diverse
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collection of isolates representing each of the threc varieties. The presence of a

susceptible host should result in low bost-media¡cd s€l€¡ction ¡¡d mnintain the genetic

diversity alrready prcsent within pathogen populÂtioûs. It is notable tt¡at the populations

with thc highest levels of diversity (HM and WI) wcre isolatcd from fields which were

composed of grassy pastur€ in thc previous year. This would have provided a broad

diversity of hosts for the parhogen and a ûEans of increasing inoculum levels within the

soil. Both of these populations a¡e from locations within the central region of the

species range and have evolved in a¡eas which are expected to be environmentally

favourable for the pathogen. Consequently, these populations may have evolved under

low envi¡onmental selection (see above) and over the past few generations have not

been exposed to strong host-mediatcd selection. Thesc factors may have acted to

maintain high levels of genetic diversþ vithin thesc populations.

Most of the populations examined in this su¡dy wers isolated û''om cereal hosts

within fields which wer€ grown o highly sr¡sccltiblc ccrcals ø pa¡¡nur gra¡¡scs in the

previous year. Thus, pathogen prcrprrl¡tions would have been under low host-mediated

selection and the differences in the levels of genetic diversity may reflect environmental

selection of genotlryes adapted to differing climatic and edaphic conditions.

6.42 Genetic identities of G. gronû,is populatims

Cluster analysis revealed the absencc of a ¡elationship between the geographical

and genetic identities of populations. An exception is that fou of the six V/estern

Australian populæions formed a group within onc of the primary clusters but within

this clusær, th¡oc populations øiginating from eastsrn Australia were also present

(Figr¡r€ 6.2). This implies that geographically ¡pstricted pathotlryes have not evolved

within G. granÍnis.

It was previously shown thu isoz¡'mc analysis scparated Ggø frcm Ggt anó Ggg

and that these va¡ieties had an overall similarity of 62% (Chapær 3). Simils¡:ly, the

populations fell into rwo groups with an overall genetic identity of 6O% and one of

these groups contained the expected Ggapopulations NN and GlvL It is æmpting o
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conclude thæ the other populations within this group may also contain high frequencies

of Ggø.Indee{ thtæ, Ggø-specific alleles (GSR 0.82, 6PCID 1.04 and GOT-I 0.94)

showed thæ five populations within this group contained high frequencies of Ggø.

Inconsisæncies between the frequencþs of the rcspectivc allelic ma¡kers within HM

and TM indicat€d that tbcse populatfons could not bc clcarly identified as Gga.

As shown previously, thc ovcrall gcnctic simitarity betrveen Ggø isolates lvas

approximaæly 8O% (Chapær 3), which is tbÊ saæ vahæ as the average overall genetic

identities between the populations in thc Ggø group. Thc combination of low isozyme

diversity and high genetic identities between thesc populations supports the hypothesis

thatGga is genetically homogeneous relative to Ggrand Ggg, as outlined in Chapter 3.

Most of the populations absent from the group dominated by Gga appeared to

contain some Ggø isolates but at a much lower frequency relative to the other

populations. The WI and MD populuions, however, uny have contained a greater

proportion of this variety, since two of ths Ggø-typc markers were present in high

frequencies. According to these ma¡kers the only populations which may lack Ggawere

HS and WP.

The second prinary clustcr (Figruc 62) g¡oup€d all nine populations proposed o

contain only low frcquenciesof Gga, irylyug tbu thcy werc dominated by Ggt and

Ggg.lt was not possible to distingu¡sh between thc laücr two va¡ieties on the basis of

isozymc va¡iation, as the frequency of the Ggg-specific alleles varied be¡veen the

respective marker loci u,ithþ each population The avcrage genetic similarity be¡veen

Ggt and Ggg at the same enzlme loci was approxims¡€ly 60% (Chapter 3) which is

comparable with the overall genetic idcntities of the nine populations in this group

(65%). The similarity berween these identity valucs supports the premise that these

populations contain high frequencies of Ggr anùGgg.

None of these nine populations was isolatcd from oats or exposed to this host in the

previous season. Thereforc, thcy, wøc not exp€ct€d to have been subjected to intense

host-mediared selection druing thcsc periods. Ggø isolarcs would not have been actively

selected within these popul,ations a¡d werc expected to be present in low frequencies.
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There was, however, some evidence of weah host-mediated selection within the HS,

BB and MN populations. These populations werç isolatcd ftrom barþ and showed high

genetic identities desprte their geographical se,paration- The,re is somc evidence that

barley shows a grcater tolerance to infection by G. graninÍs compared with wheat

(Chambers, lTlO; Scott, 1981), althorgh both speries arc regarded as being highly

susceptible. The gr€at€r tolerancc of barley may apply weak selectivc pressur€s upon

pathogcn populations, resulting in adaptation of pathogen genotypes to this host

species.

The results of this study suggest that G. graninis cxhibits considerable genetic

diversity both within and between populations throughout its range in southern

Australia. I-evels of genetic diversity yithin populuions va¡ied depending upon the

host species and possibly the climatic and cdaphic conditions. Isolates representing bttt

Ggr and Gga rypeurd to bc commn tbrougbout cerpal goducing rcgions of southErn

Australia The relative frequencics of thcsc va¡ieties within populations may be

deærmined by host-mediated selection- Thc distribution and frequency of Ggg is

unknown. Therc was sonp cvidcncc of diffc¡cntiation within Ggtfor pathotlryes which

were adapted to parasitising wheat and barlcy, althougb thesc obssrvations arc far ftom

conclusive.

Given the lack of a corrclation betwcen geographical øigrn and genetic identity of

pathogen populations, the cluster analysis probably rcflects simila¡ities of ta¡ronomic

composition of the populations, in particula¡ the presence or absence of high

frequcncie s of Gga. This rcsult exemplifies the extent of genetic diffe,rentiation benveen

the va¡ieties of G. graninis.

The lack of consisæncy berween thc ftequencics of thc respectivc allelic ma¡kers

implied that isozymes could not be r¡sed o predict thc taxonomic composition of G.

graninis populations. A morc aacurìa¡c dctcrmin¿tion of their composition would bc

achieved by examining the populations with varicty-spccific low+opy and repeat-

s€quence DNA probes. Fr¡rtherroe, this s,hould aid in identifying the factors affecting

changes in the gcnetic stn¡ctut€ of pathogcn populations.
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Chapter 7 Molecular variation within and between populations of G.

graminís

7.1 Introduction

Electrophoretic studies at several isozyme loci have resolved high levels of genetic

diversity both within and between populations of G. graminis (Chapter 6). The

distribution of diversity has implicated several factors for maintaining genetic

variability within pathogen populations. These are primarily associated with the

reproductive mechanisms of G. graminis, the frequency of migration between

populations and the relative intensities of environmental and host-mediated selection

prcssurcs.

Some populations were found to exhibit relatively low levels of genetic diversity at

isozyme loci and required ftirther analyses with potentially highly polymorphic genetic

ma¡kers to clarify the extent of their va¡iation. It has already been shown that RFLPs

detected higher levels of diversity berween isolates of G. grarninrs compared with those

resolved by isozymes (Chapter 4). Therefore, this technique should provide more

definitive estimaæs of intra-population diversity.

The application of highly variable repeat-sequence probes may be particularly

useful in deærmining levels of intra-population diversity. A number of different rcpeat

sequences have been identified in G. graminis and hybridisation experiments have

resolved RFLP phenotypes which were unique to specific isolates (Chapter 4). Data

derived from such high resolution methods should provide information on the genetic

structure of populations. For example, it has been proposed (Chapter 2) that self-

fertilisation and asexual reproduction are likely to be the primary modes of

reproduction within G. gramin¡s. This implies that populations may be composed

primarily of clonally propagated lineages. The use of highly discriminatory repeat-

sequence probes should provide a means of defining population structure, which may
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indicate the predominant mode of pathogen reproduction in the field (Levy et al.,

1991).

Phenetic analysis of isozyme diversity within G. grarninis provided no evidence for

the evolution of geographically restricted pathotypes within Australia and it was

proposed that inter-population relationships may be based upon similarities in their

taxonomic composition (Chapter 6). Taxonomic identification with isozymes was,

however, inconclusive due to discrepancies between frequencies of a few putative

variety-specific alleles. Therefore, evaluations of the taxonomic composition of

pathogen populations will require analyses with markers, such as low-copy DNA

probes, which are more definitive (Chapter 4).

A variety of low copy number DNA probes resolved RFLP phenotypes capable of

differentiating berween va¡ieties of G. granrinis (Chapter 4) and should prove useful in

clarifying the distribution of va¡ieties of the pathogen. Families of repetitive sequences

may also provide a means of discriminating between va¡ieties of this species, as has

been shown by O'DelL et al. (1992). Screening populations isolated from different host

species with the variety-specific ma¡kers should confirm the importance of host-

mediated selection in determining the taxonomic composition of G. graminis

populations.

The purpose of this study was to estimate levels of genetic diversity at RFLP loci

within and between populations of G. graminis. The use of low copy and repeat-

sequence probes makes it possible to compare their relative abilities to resolve va¡iation

within the species and to differentiate between taxonomic va¡ieties of the pathogen.

This research should provide additional information on the fine scale genetic structue

of pathogen populations, which may be of value in understanding the mechanisms

responsible for the generation of diversity and the factors which have shaped the recent

evolution of the species.
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7.2 Materials and methods

7.2.1 Source of isolates, DNA extraction and DNA hybridisation experiments

Twenty isolates randomly selected from the 30 individuals representing each of the

16 G. gramínis populations (Table 6.1) were analysed for RFLPs with 7 different

probe/enzyme combinations.

Isolates were grown in shaking liquid culture by the methods described in Chapter

3. Methods for isolation of DNA and documentation of RFLPs \Ã/ere as described

previously (Chapter 4). DNA was found to be of sufficient quality for restriction

enzyme digestion and subsequent analyses without the requirement for purification on

caesium chloride (CsCl) density gradients.

Individual samples of DNA (1.5-2.0 pg), from each of the isolates, were digested

separately with the restriction enzymes BamH I and Hind III and transferred to nylon

membranes. The Hind Itr digests were probed separately with G. grarninís clones 4,26,

30 and 202. BamH I digests were probed with clones 5,23 and 26. These probe/enzyme

combinations were chosen to document variation within and between populations of G.

grarninis because: (i) they had previously been shown to discriminate between

taxonomic varieties of G. grantinfu and (ü) were capable of detecting variation within

varieties (Chapter 4).

Each membrane also contained DNA from isolates representing each variety and

since the RFLP phenotypes of these isolates had been determined previously (Chapter

4), they acted as standards for inter-population comparisons and taxonomic

identification.

7.2.2 Dataanalysis

Frequencies of the RFLP phenotypes determined with each of the probe/enzyme

combinations were calculated for each of the 16 populations and were used to estimate

levels of genetic diversity within and between populations of G. grarninis using

Shannon's diversity index (Chapter 3).
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Genetic identiry (Nei, 1972) was calculated by pairwise comparisons of populations

using the RFLP phenotype frequencies from probe/enz¡rme combinations 58, 268,26}J

and 202H. The combination 30H was excluded from the analysis as it was

monomorphic across all 16 populations. Identity values were used to construct a

between-population identity matrix. Hiera¡chical cluster analysis of the identity matrix

was used to generate a dendrogram illustrating the relationships between G. graminis

populations as described in Chapter 6.

Probes/enzyme combinations 4H and 23B resolved multiple bands in each isolate

and were designated as repeat-sequence probes (Goodwin et al., L992). Some bands

were excluded from the analyses due to poor resolution of the lower molecular weight

fragments. In the absence of crossing experiments and segregation analysis, individual

bands of the hybridisation profrles could not be scored as loci or allelic forms of loci.

The different banding profiles of isolates \rrere therefore defined as separate RFLP

phenotypes.

An estimate of the similarity berween these individual phenotypes was made by

using the similarity coefficient (Lynch, 1990, Chapter 3). Pairwise comparisons were

made between probe-specific phenotypes and the results presented in similarity

matrices. Cluster analyses of the similarity values were performed using the group

average method and the relationships between phenotypes shown in a dendrogram

(Chapter 3).

73 Results

73.1 Phenotypes identified with low-copy probes 51261 30 and 202

The sizes of the hybridisation fragments diagnostic for each RFLP phenotype, their

frequencies within each population and their overall frequencies averaged across all

populations are shown in Table 7.1.

Each of the 320 G. graminis isolates used in this study exhibited clear banding

patterns with each of the seven probe/enzyme combinations. All combinations were



Table 7.1. RFLP phenot¡pe frequencies at 5 probe/enzyme combinations within 16 populations of G. grarnínis.
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ßbp)

S/BamHI

?ßlBantIJl,

WIItndm
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0.95
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1.00 1.00

1.00 1.00

1.00 1.00

1.00 0.48

0.06

1.00 0.46

0.05 0.65 0.05 0.85 0.90

0.25 0.05

0.95 0.10 1.00 0.95 0.15 0.05

0.15 0.10 0.30 0.t5

0.95 1.00 0.90 0.20 0.05

0.05 0.85 0.50 0.24

0.05 1.00 0.10 1.00 1.00

0.95 1.00 0.90

1.00 r.00 l.m 1.00 1.00 1.00

0.80 0.25 0.75

0.10 0.20 0.10 0.60 0.20
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0.20 1.00
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1.00 1.00
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1.00

1.00

1.00 1.00

0.85 0.15

0.15
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polymorphic with the exception of 30H, which was invariant for a 6.68 kilobase pair

(kbp) fragment across all 16 populations.

Combination 58 resolved three RFLP phenotypes between the 16 populations. This

was much lower than the nine phenotypes observed in the original screening of G.

graminis isolates (Chapter 4). Phenotype 1, characterised by two fragments of 6.31 and

2.51 kbp, was observed in L2 of the populations and was previously shown to be

common to Ggt isolates. Phenotype 2 had the lowest overall frequency across the

populations (0.06) and was detected in only five populations. Previously this phenotype

was shown to be unique to Ggt isolate EBI and was characterised by hybridisation

fragrnents of 15.85 and2.5l kbp (Chapter 4). Both phenotypes 1 and 2werc assumed to

identify isolates as Ggt. Phenotype 3 (12.96+2.51 kbp fragments) was assumed to

identify isolates as Gga as it was previously observed to be specific for Ggø isolate

35793.

Combination 268 resolved three distinct phenotypes in the population analysis,

each isolate showing a single band of hybridisation. Phenotype 1 was present in nine

populations and was characterised by a,9.L2 kbp fragment, previously shown to be

specific for Ggt. The 7.49 kbp fragment (phenorype 2), shown to be cha¡acteristic of

Gga, was detected in ten populations. Phenotype 3 (4.47 kbp) was detected in ten

populations and was common to Ggt and Ggg (Figrue 7.1). V/ith combination 26Í1,

only two RFLP phenogryes were detected amongst the population samples. Phenotype

1 (10.80 kbp) was detected in 11 populations and was fixed in nine (frequency = 1.0).

This phenotype was shown to be characteristic of Ggt, whereas'phenotype 2 (6.03 kbp)

was characteristic of Gga (Chapter 4).

Combination 202H detected three RFLP phenotypes among the populations, the

number of bands varying from 1-3 in each isolate. Phenotype I had hybridisation

fragments of 6.60, 3.63 and 3.31 kbp and was detected in ten populations. This

phenotype was not resolved in prcvious experiments (Chapter 4) but differed from the

Ggr marker (phenotype 2) by the inclusion of the 3.36 kbp band. Phenotype 2

(characterised by the 6.60 and 3.31 kbp bands) was detected in ten of the populations
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Figure 7.1. Hybridisation of labelled clone 26 with DNA isolated from 17 G.

graminis isolates within the WI population. DNA was digested with

BantHI (ie. combination 268). Lanes: l, Ggt- 800; 2, Gga- l92}¡y{:3-20,

WI 2 (degraded DNA), WI 1, 3, 4, 5, 6,7, 8n 9, 10, ll, 12 (degraded

DNA), 14, !6, I'l-, 18, 19,20. Sizes of fragments ale in kilobase pairs

(kbp).
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(Figure 7.2). A single fragment of 10.50 kbp characterised phenotype 3, which in the

original screening of isolates, \ilas present in Ggø isolate 35793 and Ggt isolate 500

(weakly pathogenic upon oats, and reclassified as Gga from RFLP and PCR variety-

specific markers). This RFLP phenotype identified isolates as Gga and was detected in

ten of the populations.

The 58, 30H and 2OàHRFLP phenotypes of Ggø isolates from Agrosns spp. were

not detected in any of the populations. Similarly, the 58 and202Ephenotypes detected

in Ggg isolates in earlier experiments were also absent from the populations (Chapter

4).
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Figure 7.2. Hybndisation of labelled clone 202 with DNA isolated from 17 G.

grarninís isolates within the ïVP population. DNA was digested with Hind

III (ie. combination 2O2H). Lanes: L8, Ggt- 179L6: 19, Ggg- ADI; 1-17,

wp 21, 22, 26,27 ,28,29,30, ll, 12, 13, 14, 15, 16, L7, 1.8, 19, 20" Sizes

of fragments are in kilobase pairs (kbp).

| 2 3 4 5 6 7 8 9 10ll12 1314151617 1819

6.60

O
5.49

3.63
3.31

ßbp)

rQ"l}t l¡'

7.3.2 Phenotypes identified with repeat-sequence probes 4 anil23

Combinations 4H and 238 revealed many polymorphisms between isolates of G.

grarnínis. Complex banding patterns were observed for each isolate, with 4H resolving

7-12 scorable bands, ranging in size from 1.20 kbp to 11.00 kbp. Combination 238

resolved 5-9 bands per isolate which va¡ied in size from 0.50 kbp to 14.60 kbp.

The banding profiles were used to assign a DNA phenotype to each isolate. Twenty

238 and 34 4Ephenotypes were detected amongst the 320 isolates used in this study,

wlth2-4 phenotypes found within any one population, except JM and NN which were

monomorphic with 4H and 23B, respectively (Iable 7.2). Of the thirty four phenotypes

detected with 4H, twenty nine were unique to specific populations and only five were

observed to occur in more than one population (Table 7.3). Similarly, the majority of

phenotypes detected with 238 were population-specific, with only five present in more

than one population Gable7.4).
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Table 7.2. Numbers of DNA repeat sequence phenotypes detected within 16

populations of G. gramínís with probe/enzyme combinations 4H and 238.

Population 4H 23B.

Total unique* Total unique*

34 30 20 16

Unique* Refers to the number of repeat-sequence phenotypes unique to a particular

pathogen population.

7.3.3 Partitioning of genetic diversity within and between populations of G.

graminís

The average level of polymorphism across all populations and markers was 587o,

with the average number of phenotypes per combination varying bet'ween populations

(Table 7.5). The percentage of polymorphic combinations ranged from l4%o in the JM

and NN populations to 86Vo in the HM and TM populations.

cv
WN

DY
JM

MD

WI
MN
BT

HM
rwP

GM

TM
TW

BB

HS

NN

1

2

1

1

0

1

2

0

1

0

0

3

2

2

0

0

3

2

2

3

2

2

4

3

2

3

2

3

3

4

2

1

2

2

2

1

2

3

2

2

1

2

2

1

1

4

1

2

3

2

2

1

3

4

2

3

2

2

2

2

3

4

2
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Table 7.3. Distribution and frequency of the 34 repeat-sequence phenotypes detected

with 4H within and between populations of G. gramínis.

RFLP Population nitici aveute overall
phenotype isolates* isolates*

RFLP
phenotype

Population tritici (Nerøe overall
isolates* isolates*

I MD

CV

CV

CV

NN

NN

BB

TV/

BB

BB

BB

rwN

WN

DY

DY

JM

MD

MD

WI

0.70

0.55

0.35

0.r0

0.05

0.05

0.20

0.10

0.45

0.70

0.55

0.35

0.10

0.80

0.20

0.65

0.30

0.25

0.05

0.05

0.90

0.10

0.75

0.25

1.00

0.20

0.r0

0.55

WI

TW

WI

WI

MN

MN

BT

BT

HB

BT

HM

TM

HM

HS

WP

WP

GM

GM

TM

TW

0.20

0.55

0.15

0.10

0.75

0.25

0.70

0.20

0.65

0.10

0.05

0.95

0.90

1.00

1.00

0.r0

0.20

0.60

0.15

0.10

0.75

0.25

0.70

0.20

0.65

0.10

0.95

0.90

0.05

0.35

0.85

0.15

0.85

0.15

0.10

0.10

0.05

0.35

0.85

0.15

0.r0

18

19

20

2l
22

23

2t4

25

26

n
28

29

30

31

32

33

34

0.80

0.20

0.05

0.05

0.65

0.25

o.25

2

3

4

5

6

7

8

9

l0
11

t2

l3

t4

15

r6

17

0.85

0.10

0.75

0.25

1.00

0.10
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Table 7.4. Distribution and frequency of the 20 repeat-sequence phenotypes detected

with 238 within and between populations of G. graminis.

RFLP
phenotype

Population RFLP
phenotype

Populationtritici (Nenae overall
isolates* isolaæs*

tritici cvenae overall
isolates* isolates*

1 MD

cv
MN

WP

HS

BB

BT

GM

cv
GM

HS

\ryI

TW

WP

BB

MN

BT

DY

cv
MD

0.85

0.60

0.45

0.35

o.25

0.15

0.05

0.85

0.60

0.45

0.35

0.2s

0.15

0.05

0.05

0.25

0.95

0.75

0.75

0.65

0.55

o.25

0.25

0.20

0.20

0.15

0.15

NN

JM

BB

BT

BB

WP

WN

\ryN

DY

JM

HM

JM

WI

MN

MN

HM

TM

TM

TM

TW

T\ry

0.50

0.75

0.10

0.r0

0.05

0.15

0.15

0.15

0.05

0.10

0.20

1.00

0.10

0.85

0.10

0.80

0.80

0.95

0.10

0.10

0.80

0.10

0.15

1.00

0.10

0.50

0.75

0.10

0.10

0.90

0.10

0.80

0.80

0.95

0.10

0.25

0.15

0.15

0.05

0.80

0.10

0.10

0.20

0.r5

4

5

6

2

3

0.25

0.05

0.95

0.05

0.20

7

8

9

10

ll0.75

0.75

0.60

0.55

o.20

0.25

o.20

t2

l3

t4

15

l6
t7

l8

19

20

0.05

0.15

0.15
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Table 7.5. Descriptive statistics of RFLP diversity with 7 probe/enzyme

combinations, within the 16 populations of G. grarninis .

Population 7o Polymorphic Average No.
RFLPmarkers phenotypes/RFLPmarker

cv
WN

DY
JM

MD

WI
MN
BT

HM
WP

GM

TM
TW

BB

HS

NN

Mean

2.00

L.7l

1.29

r.29

t.7l
2.43

1.86

t.7t
1.86

2.to
L.7l

1.86

2.29

2.57

t.43

t.L4

1.80

7l
7l
29

t4
57

7l
57

43

86

7l
7L

86

7l
7l
43

t4
58

Genetic diversity within each of the populations (Table7.6) was estimated from the

phenotlpic frequencies. Populations with the low levels of genetic diversity were NN,

GM, JM and DY, all of which were monomorphic with each of the combinations except

one or both of the repeat-sequence probes. Populations exhibiting particularly high

levels of diversity were 'WI, TIV and BB, each of which was polymorphic with all

combinations excopt 26IJ and 30H. Only the HM and TM populations were

polymorphic with 26H.

Genetic diversity was partitioned into within- and benveen-population components

(Table 7 .7). T\e repeat-sequence probes accounted for more of the divenity than the

low copy probes, both within populations (Hpop) and across the species (Hsp). All of



Table 7.6. Estimates of genetic divenity (fb) within populations of G. grarninis at each of the probe/enzyme combinations used in this study.

hObC CV DY WN JM MD WI MN BT HM \ryP GM TM TW BB HS NN

5B

268

26Ít
30H

202H

238

4H

Mean

0.811

0.286

0.000

0.000

0.610

t.353

1.337

o.628

0.000

0.000

0.000

0.000

0.000

0.t22

0.811

o.219

0.286

0.286

0.000

0.000

0.610

0.469

0.469

0.303

0.000

0.000

0.000

0.000

0.m0

0.922

0.000

0.L32

0.000

0.971

0.000

0.000

0.722

0.610

1.t57

o.494

t.t57
1.157

0.000

0.000

t.296

0.811

1.682

0.872

0.811

0.722

0.000

0.000

0.000

1.840

0.811

0.598

0.000

0.000

0.000

0.000

0.286

0.992

I.t57
0.348

0.286

0.286

o.286

0.000

o.469

0.286

0.286

0.272

1.236

0.610

0.000

0.000

0.722

1.381

0.610

0.651

0.m0

0.000

0.000

0.000

0.000

0.286

0.610

0.128

0.286

0.469

0.469

0.000

0.469

0.922

0.469

0.Mr

0.610

1.486

0.000

0.000

1.353

t.279

t.296

0.860

0.569

0.992

0.000

0.000

0.992

t.743

t.336

0.805

0.m0

0.000

0.000

0.000

0.286

0.811

0.934

o.290

0.000

0.000

0.000

0.000

0.000

0.000

0.722

0.103

o,ì
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Table7.7. Pa¡titioning of the genetic diversity between and within populations of G.

grantinis as determined with seven probe/enzyme combinations.

Combination Average
within

populations

Hpop

Total
within
species

Hsp

Proportion
within

populations

Hpop
Hsp

Proportion
between

populations

Hsp-Hpop
Hsp

5B

268

26Íl
202H

238

4H

Mean

0.378

0.454

0.047

0.488

0.902

0.855

0.521

1.274

1.536

0.986

1.553

3.380

4.543

2.212

0.297

0.296

0.048

0.314

0.26t

0.188

0.235

0.703

0.704

0.952

0.686

0.t33
0.812

0.765

the combinations resolved more diversity betrveen, rather than within, populations, with

76Vo of the overall diversity apportioned between populations.

7.3.4 Application of low-copy RFLP phenotypes as taxonomic markers within G.

gramínis

The NN population, which was isolated from oats, showed only Ggc-type markers.

The correspondence between pathogenicity and all four RFLP phenotypes implied that

the ma¡kers may be used to determine the taxonomic composition of pathogen

populations. The NN, GM, JM and DY populations showed identical frequencies of

these fou phenotypes implying that each population was entirely compose d of Gga.

Combinations 268, 26H and 2O2H indicated that907o of the TM isolates were also

classified as Gga, whereas 58 indicated the proportion tobe 957o. Three of the four

markers suggest that957o of the HM population was Gga,whereas 202H indicated only

907o of the population to be of this type. Combinations 5B and 268 classified 95Vo of

the isolates within the WN population tobe Gga. Discrepancies occurred at the other
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two combinations where 2O2}l classified 85Vo and26IJ to07o of these isolates to be

Gga.

Populations BB, T'W, WP and WI also contained isolates with the Gga RFLP

phenotypes. The frequency of these phenotypes at three of the four markers within BB

was 0.05, suggesting that one isolate within this population was Gga,but 26H did not

distinguish this isolate from Ggr. A similar discrepancy between the markers was

observed within the WI population, where l07o of the isolates were identified as Gga.

Within the TW and WP populations the proportion of Gga isolates detected by the

different ma¡kers va¡ied, ranging between 0-l5%o and0-20%o respectively (Table 7.1).

Within the entire collection of isolates, combinations 58 and 268 idenulfied 45Vo

and 26FI and202H43Vo of the isolates as Gga, the rest being classified asGgt.

7.3.5 Genetic identity of populations revealed with probes 5r26 and202

Nei's genetic identity was used to estimate the simila¡ities between populations

based on thc RFLP phenotype frequencies listed in Table 7.1. The average, overall

genotic identity between all 16 populations was approximately 0.15 and identities

ranged between 0.00 and 1.00 (Table 7.8). Four populations (NN, GM, JM and DY)

were phenotypically identical and had no phenotypes in common with CV, MD, MN,

BT andHS.

Cluster analysis of the identity matrix separated the populations into nvo primary

groups @guæ 7.3). Both of these groups contained populations of diverse geographical

origin, with the average, overall, genetic identity between populations within each

group observed to be approximately 0.75. Witttin one group the HS and BB populations

(isolated from ba¡ley) showed a genetic identity of 0.837, despite having originated

from Victoria and Western Australia respectively. These two populations had genetic

identities of 0.973 arrd0.724 respectively to the MN population, whose previous host

was also barley. The MN and BB populations formed a discrete group. CV and WP

showed the greatest genetic identity within this primary cluster (0.994), despite having

originated thousands of kilomeues apart. These populations were both isolated from
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wheat and showed a closer relationship to other populations from the same host,

compared to those isolated ftom barley.

Table 7.E. Nei's genetic identity (I) among the 16 populations of G. grarninis based

on frequencies of 11 RFLP phenotypes from 4 probe/enzyme

combinations.

\ryN

DY
JM

MD
WI
MN
BT

HM
WP

GM

TM
TW
BB

HS

NN

0.355

0.000

0.000

0.812

0.900

0.822

0.807

0.309

0.994

0.000

0.047

0.838

0.820

0.555

0.000

0.729

o.729

0.329

0.462

0.349

0.297

0.994

0.¿100

0.729

o.759

0.518

0.398

o.284

o.t29

1.000

0.000

0.094

0.000

0.000

0.758

0.029

1.000

0.995

0.156

0.043

0.000

1.000

0.000

0.094

0.000

0.000

0.758

0.029

1.000

0.995

0.r56

0.043

0.000

1.000

0.96r

0.735

0.953

0.330

0.831

0.000

0.082

0.976

0.877

0.897

0.000

0.751

0.948

0.454

0.9r8

0.094

0.168

0.974

o.826

0.789

0.094

0.557

0.292

0.850

0.000

0.065

0.7Ø
0.973

0.724

0.000

0.308

0.809

0.000

0.068

0.926

o.677

0.7M

0.000

CV IWN DY JM MD WI MN BT

HM
WP

GM

TM
TW

BB

HS

NN

0.355

0.758

0.789

0.513

0.357

0.295

0.758

0.029

0.084

0.861

0.850

0.601

o.029

0.995

0.156

0.M3

0.000

1.000

0.235

0.118

0.095

0.995

0.869

0.862

0.156

0.837

0.043 0.000

HM WP GM TM TW BB HS
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Figure 7.3. Dend¡ogram of G. gramínis populations generated by group average

cluster analysis of the genetic identities among populations.

CV
WP

MD
TW
WI
BT

Ggt

MN
BB
HS

V/N
HM

Gga

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0

Genetic Identity

73.6 Genetic similarities of populations resolved by probes 4 and,23

Combination 4H

The average overall similarity between the 34 phenotypes detected with

combination 4H was approximately 407o. The greatest similarity values of 94.LVo wete

observed in comparisons between eight phenotypes (Table 7.9), representing the

majority of isolates from the CV, MD, WI, T'W, BT and HS populations. Repeat-

sequence phenotypes which showed the least similarity of 23.5Vo were in the following

comparisons; (i) BB9 with WI18, 19, TV/18 and MN22, (ü) BT23 with BB8, TW34

and GM31 and (üi) Bn4 with GM31.

DY
JM

GM
NN
TM
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Table 7.9. Genetic similarities (Vo) between banding prof,rles of the 34 repeat

sequence phenotypes detected with probelenzyme combination 4H.

2
3

4
5

6
7

I
9

10

11

t2
13

14

15

t6
t7
1t
19

20

2t
22

23

u
25

26

27
2E

29

30
3l
32

33

34

70.6

76.5

64.7

52.9

82.4

765
u.7
4r.2
64.7

58.8

76.5

64.7

52.9

765
70.6

94.1

70.6

82.4

70.6

64.7

70.6

58.8

70.6

58.8

u.7
64.7

u.7
70.6

82.4

4t.2
52.9

58.8

52.9

58.8

47.L

58.8

52.9

70.6

58.8

47.1

58.8

52.9

58.8

58.8

47.L

70.6

52.9

&.7
u.7
u.7
u.7
70.6

4r.2
52.9

52.9

&.7
58.8

58.8

58.E

52.9

s2.9
353
47.t
52.9

58.8

765
&.7
70.6

52.9

4r.2
29.4

4r.2
58.8

64.7

52.9

52.9

88.2
47.r
70.6

82.4

94.r
82.4

52.9

70.6

82.4

94.r
47.L

41.2

765
88.2

70.6

82.4

29.4

29.4

70.6

41.2

88.2

47.r
4r.2
4L.2

4r.2
52.9

70.6

765
u.7
765
9.7
58.8

58.8

58.8

70.6

58.E

4r.2
47.r

70.6

82A
58.E

52.9

64.7

u.7
58.E

70.6

4t.2
4t.2
58.8

4r.2

u.7
88.2

52.9

52.9

52.9

u.7
4L.2

58.8

58.8

35.3
47.t
q.l
&.7
47.1

23.5

35.3

58.8

76.5

4L.2

29.4

35.3

n.L
&.7
76.5

35.3

88.2

u.7
58.8

4L.2

52.9

52.9

29.4
70.6

35.3

23.5

zi.5
35.3

41.2

?3.5

35.3

35.3

82.4

76.5

4L.2

29.4

35.3

35.3

52.9

76.5

35.3

&.7

82.4

9.7
64.7

u.7
4t.2
58.8

58.8

35.3

47.t
47.t
&.7
47.1

35.3

47.t
58.8

76.5

52.9

29.4

47.1

58.E

52.9

76.5

47.1

76.5

70.6
70.6

82.4
58.8

52.9

52.9

52.9

64.7

u.7
58.8

52.9

52.9

64.7

52.9

70.6

70.6

47.r
52.9

u.7
58.E

70.6

il.7
70.6

88.2

76.5
&.7
58.8

70.6

58.8

70.6

58.8

64.7

58.8

58.8

70.6

58.8

&.7
64.7

52.9

70.6

82.4

52.9

52.9

58.8

52.9

u.7
u.7
47.t
58.8

58.8

58.8

70.6

64.7

47.1

58.8

58.8

58.8

52.9

52.9

52.9

70.6

70.6

52.9

52.9

58.8

52.9

52.9

58.8

47.r
47.r
58.8

47.r
52.9

47.I
4'l.L
58.8

58.8

76.5

u.7
4L.2

47.L

58.8

Ø.7
u.7
58.8

64.7

47.L

70.6

94.1

94.r
94.r
&.7
70.6

82.4

82.4

47.t
4t.2
76.5

88.2

82.4

82.4

29.4

29.4

82.4

4L.2

&.7
4r.2
52.9

41.2

353
4L.2

4r.2
52.9

76.5

82.4

58.8

35.3

52.9

&.7
47.L

70.6

4r.2
58.E

35.3

29.4 70.6

4r.2 58.8 76.5

529 353 52.9

52.9 58.8 765
70.6 52.9 58.8

76.5 58.8 52.9

765 58.8 52.9

765 35.3 4r.2
u.7 70.6 52.9

47.t 52.9 58.8

47.t 88.2 70.6

58.8 765 47.1

58.8 76.5 58.8

58.8 76.5 58.E

52.9 47.t U.7
353 765 58.E

70.6 &.7 353
70.6 &.7 47.1

70.6 4t.2 47.r
52.9 47.r &.7
52.9 58.8 s.7
Ø.7 70.6 4L2
58.8 765 47.t

58.8 765 sE.E

4L.2 47.r 52.9

41.2 58.8 U.7
58.8 U.7 47.1

4t.2 47.r 765

I 2 3 4 5 6 7 t 9 10 1l 12 13 14 ls t6

11 765
19 765 8E.2

20 u.7 88.2

2t 58.8 58.8

?:2 765 765
23 U.7 88.2

A U.7 765
25 52.9 4t.2
26 58.8 353
27 58.8 70.6

2E 70.6 94.r
29 765 88.2

30 76.5 76.5

31 47.1 35.3

32 5E.8 353
33 U.7 88.2
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Cluster analysis placed the phenotypes into two primary groups, each of which had

an average similarity of approximately ffiVo (Figure 7.4). Eight populations (WN, MD,

Figure T.4.Dendrogram showing relationships between 4H repeat sequence

phenotypes detecæd in populations of G. grarninis.
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BT, HM, TM, T'W, BB and HS) contained phenotypes which fell into both primary

groups. Phenotypes showed a wide range of inter-population similarities; low (e.9. 886

and BB9, 35.37o), moderate (eg, WI17 and WI20, 64.7Vo) and high (DN12 and DN13,

88.27o).In general, it was ra¡e for phenotypes from the same population to have very

high similarities and in some cases there werc greater similarities between, rather than

within, populations (e.g.CVl andWI17, 94.L7o compared with CVl and CV2, 70.6Vo).

Comparisons of the 4H phenotypes with the taxonomic classifications of isolates

f¡om low-copy RFLP loci (Table 7.3) indicated that all NN, DY, JM and WNl L Ggø

isolates formed a discrete goup within the largest of the primary clusters. The JM and

WN isolates showed a closer similarity to each other than they did to Gga isolates from

the NN and DY populations. The average similarity between these 6 phenotypes was

approximately 707o and they were clea¡ly differentiated from Ggr isolates within this

primary cluster.

The NN, DY, JM and WNl L Gga isolates were, however, more closely related to

Ggr than they were to the BB8, WN10, T'W34, TM26,ÊlM26 and GM31,32 Gga

isolates, which formed two groups within the second primary cluster (Iable 7.3, Figure

7.4). The \ryN10, TW34 and BB8 isolates formed a discrete cluster with an average

similarity of SOVo.It is notable that BB8 characterised a single Ggø isolate, which

showed a closer similarity n Gga isolates in geographically disjunct populations than it

did to ttre Ggr isolates within its own population. The HM26, TM26 and GM32 Gga

isolates showed an average similarity of approximately 907o,but rvere very simila¡ to

the MD16 Ggrisolates (82Vo). GM31 Ggø isolates were generally dissimila¡ to all other

isolates within this primary cluster. Gga isolates with 4H phenotypes 17 and 18 (i.e. WI

and TW) were identical to Ggr isolates within their respective populations.

Combination 238

The average overall similarity between all 23B phenotypes was approximately

68Vo. The groatest similarity values (95.2Vo) were in comparisons between 10

phenotypes (Table 7.10), which included isolates from most of the populations.
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Table 7.10. Genetic similarities (Vo) between banding profiles of the 20 repeat

sequence phenotypes detected with probe/enzyme combinatio n 23B..
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Phenotypes which exhibited the least similarity (57.L%o) were MN14 and TW20.

Phenotypes 1 and 3 were present in 8 and L2 of the populations respectively, and

represented all of the MD, HS and GM isolates. The only populations not containing

these phenotypes werc HM, NN, TM, JM and WN.

Cluster analysis formed two primary groups of related phenotypes and two

dissimilar individuals, namely MNl4 and TW20 (Figure 7.5). When these two were

Figure T.S.Dendrogram showing relationships between 238 repeat-sequence

phenotypes detecæd in populations of G. grarninis.
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excluded from the analysis the average similarity between phenotypes was 787o,

indicating very little differentiation of these families of repeat-sequences between

populations. The two primary groups both contained nine phenotypes with an average

within-group similarity of approximately 857o. ALI of the populations were represented

on the prima¡y cluster containing phenotype 3, whereas populations NN, HM, JM and

WN were absent from the second primary cluster containing phenotype 1. There was no

case where phenotypes from the same population formed highly related groups, which

implied greater differentiation benveen families of repeat-sequences within, rather than

between, some populations.

Relationships between the toronomic identities of isolates and their respective 238

phenotypes a¡e documented in Table 7.4 and Figure 7.5. The Ggø isolates with

phenotypes 4 (NN and fM), 1l (JM and HM), 16,17 (TM), 7, 8 (WN) and 3 (DY and

GM) all grouped into one of the primary clusters showing an overall genetic similarity

of approximately 857o. These isolates then formed discrete clusters in which TMl6,

WN7, JMll and HMl1 we¡e closely related to each other (93Vo). However, these Ggø

isolates showed greater simila¡ities to Ggt than they did to Gga isolates NN4, JM4, 10,

TMLT and WN8. The GMl, GM3, TW3, BB3, DY3, DY9 and WI12 Ggø isolates werc

identical to the majority of Ggt isolates with these repetitive sequences.

7.4 Discussion

Low-copy RFLP markers provided few ambiguities in the identification of the

tanonomic status of isolates and indicated that individual populations were dominated

by either Ggt or Ggø. Repeat-sequence phenotlryes, wer€ generally not conserved

within individual va¡ieties and were too variable to be useful in taxonomic

identification within the species as a whole.

Genetic identities between populations at low-copy markers revealed no

correlations between the geographical and genetic identities of populations, implying

that the relationships between populations were based on simila¡ities in their respective

taxonomic compositions. Genetic simila¡ities between repeat-sequence phenotypes
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indicated a random distribution of va¡iation between populations which generally did

not agree with the relationships shown by low-copy variety-specific markers. The

distinctions between these results a¡e discussed below.

The frequencies of low copy RFLP phenotypes within populations va¡ied between

ptobe/enzyme combinations, implying that each probe targeted different genomic

sequences. This was best illustrated in the CV, TWP and TW populations (Table 7.1). If

the probes were annealing to the same restriction fragments then the phenotypic

frequencies would not differ. This distribution implied that the three different probes

acted as independent ma¡kers in assigning toronomic sta$s to the population isolates.

Probes 4 and 23 also appeared to be hybridising to different families of repeat-

sequences as may be infened from the differences in diversity within populations: e.g.

only 23B revealed va¡iation among the twenty isolates within the JM population,

whereas only 4H resolved variation within NN. Clable 7.6).

It has previously been shown that low-copy RFLP ma¡kers could be used for

taxonomic classification of isolates (Chapter 4). The present results showed no

populations with Ggg-speciflrc markerr, implying a low incidence of this variety under

agricultural conditions. Consequently, isolates within pathogen populations have been

identified as being either Ggt or Gga.

Of the seven probe/enzyme combinations used in this study only 30H was

monomorphic across all 16 populations. The 6.68 kbp fragment resolved by this

combination was detected in all three varieties of G. grantin¡s in previous experiments,

but was not detected in Ggø strains isolated from Agrorris species (Chapter 4).

Furthermore, combinations 58 and2O2H did not resolve any phenotypes characteristic

of the Agrostis isolates. This shows that these Gga-type isolates are absent from areas

of cereal cultivation and implies that Gga may be differentiated into cereal and turf-

grass pathot)?es.
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7.4.1 Partitioning of genetic diversity within and between populations of G.

gramìnís

The total genetic diversity (ILp) averaged across all polymorphic probe/enzyme

combinations was 2.2L2, which indicated that G. gratninis shows much greater levels of

RFLP diversity than the outcrossing plant species Rudbeckia missouríensrs QIsp 0.202)

(King and Schaal, 1989). Most of the diversity (767o) was apportioned between

populations of G. grarnínis, implying that most of the populations are composed of high

frequencies of a particular variety and do not contain them in equal proportions.

The conservation of low-copy RFLP phenotypes within varieties of the pathogen

indicated that these markers a¡e unlikely to detect much variation within populations

but, if populations are composed of different frequencies of the respective va¡ieties,

considerable variation may be resolved. This was observed to be the case within the

TW and WI populations which showed high levels of diversity with these markers.

Repeat-sequence probes have often been reported to reveal high levels of genetic

variation between closely related organisms that could not be differentiated by other

means (Gilbert et a1.,1990; Nybom et a1.,1990). This observation was supported by

probes 4 and 23 used in this snrdy. On average these probes revealed the highest levels

of diversity within and between populations of G. gratninis, indicating that most of the

diversity can be attributed to va¡iation in families of repetitive sequences.

Genomic rearrangements, such as transposition, gene conversion and unequal

crossing over, a¡e thought to be responsible for the generation of considerable diversity

in repeat-sequence DNA and are believed to result in differentiation between isolated,

inbreeding populations by the process of molecular drive (Dover, 1982, Flavell, 1986).

Given the considerable diversity of repetitive sequences and the presence of unique

phenotypes within populations, this process may be particularly relevant in accounting

for genetic diversity within G. gratninis.

Other factors which a¡e known to affect levels of genetic diversity a¡e associated

with the evolutionary histories of the respective populations. For example, populations

which have passed through an evolutionary bottleneck, causing a reduction in the
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effective population size, are also expected to show low variability (Ha¡tl and Clark,

1989). Reductions in population size may occur frequently within G. grarninis due to

intense host-mediaæd selection, resulting from cultivation of resistant hosts such as oats

or rye. Populations NN and GM were recently exposed to intense selection via the

cultivation of oats and had the lowest levels of genetic diversity. These populations are

proposed to be composed entirely of Gga isolates, which is supported by the

pathogenicity of NN isolates upon oats and fixation of RFLP phenotypes specific for

this variety within both populations.

In general, populations with high frequencies of Gga also revealed low levels of

genetic diversity. However, the HS and BT populations were dominated by Ggr and

were genetically less diverse than the Ggø populations TM and WN. This is probably

due to the fixation of Ggt ma¡kers within the former populations whereas the latter two

contained a few Ggr isolates (5Vo -lÙVo) and therefore exhibited greater overall

diversity.

Populations with the highest levels of divenity were isolated from wheat and barley

and theoretically could contain all three va¡ieties of G. grarninis, since these hosts are

susceptible to infection by either variety. These hosts would thus be expected to exert

only low host-mediated selection and hence to support a genetically variable pathogen

population. The three most va¡iable populations were WI, TW and BB, each of which

contained isolaæs representing both Ggt and Gga.T\e greater levels of va¡iation within

ta¡<onomically diverse populations reflects the extent of genetic differentiation between

GgtandGga.

The distribution of diversity between populations of G. grarninis may provide clues

to help determine the facton which have shaped the evolution of the species. Studies of

genetic variation in some plant pathogenic fungi have indicated a division of pathogen

populations into host-based groups, presumably resulting from host-mediated selection

and infrequent sexual recombination between pathotypes (O'Dell et a1.,1989; Levy et

al., l99l). Host-mediated selection is assumed to be responsible for the high

frequencies of Gga isolates within the NN and GM populations, but cannot be used to
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explain the prevalence of this variety within the other populations dominatedby Gga.It

is possible that wild oats may have provided some selection pressure to these

populations. At least two species a¡e known to occur within the cereal belt of southern

Australia (Avenafatw L. and A. barbata Brot.) and both were introduced into Australia

from the Mediterranean region (Gardner, L952). These species frequently occur as a

component of self-sown pastures and also as weeds within cereal crops. A. faua is

known to be susceptible to Gga but is resistant to Ggt (Yeats et al., 1986). Exposure of

pathogen populations to these hosts may account for the high frequencies of Ggø within

populations not recently exposed to cultivated oats.

7.4.2 Genetic identities of G. gramínis populations revealed by probes 5, 26, and

202

Cluster analysis of genetic identities between populations indicated that these

probes identified isolates as either Ggt or Ggø, with few ambiguities. The populations

clustered primarily on the basis of their taxonomic composition, not upon similarities in

geographical origin. The distribution of these RFLP phenotypes and the topography of

the dendrogram implied that both varieties were widespread throughout the cereal

gowing regions of southern Australia-

Populations of G. grarninis were divided into rwo principal clusters, one dominated

by Gga and the other dominated by Ggt. The high genetic identities between

populations within each of the principal clusters indicated an overall lack of genetic

differentiation within each variety and confrrmed that the constituent populations were

dominated by only one of the respective tð(onomic va¡ieties. The presence of isolates

within populations which were clearly identified as different va¡ieties, supports the

hypothesis that inter-variety hybridisation between Gga and Ggr is rare or non-existent

(Chapter 2).

7.4.3 Genetic similarities between populations estimated from repetitive sequences

Genetic identities estimated from repetitive sequences showed different

relationships between the populations to those observed with the variety-specific RFLP
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probes (compare Figure 7.3 with Figures 7.4 and 7.5). There appeared to be no simple

correlation between the low-copy and repeat-sequence RFLP ma¡kers in discriminating

between varieties of G. grarni¿is. Some isolates, identified from the low-copy probes as

different varieties, resolved identical repeat-sequence phenotypes (e.g. 4H phenotypes

886 and WI17). Furthermore, some phenotypes were present in populations which

were dominated by different varieties of G. gramínís, e.g. phenotype 3 (238) was

present in 12 populations representing both Ggt andGga.

Combination 4H did not reveal a simple marker (i.e. one particular phenotype) for

distinguishingGga from Ggr. It did, however, reveal closer relationships between most

Ggø isolates than those observed with 238 and in general, differentiated be¡veen

va¡ieties existing within individual populations. Intra-population similarities of 4H Ggø

phenotypes were quite high and were generally greater than those observed between

Ggr isolates within populations. Conversely, inter-population comparisons between

Gga phenotypes revealed considerable genetic differentiation between some

populations.

Cluster analysis of genetic similarities between repeat-sequence phenotypes

generally indicated that populations did not group either according to their taxonomic

status or the geographic simila¡ities between populations @gures 7.4 and 7.5). Isolates

identified as Gga often showed closer genetic similarities to Ggt isolates than to other

Ggø isolates. This was evident in the high genetic simila¡ities between populations

composed of different va¡ieties of G. gruninis and the separation of isolates which

were monomorphic at other RFLP markers, into discrete highly differentiated repeat-

sequence phenotypes. These rcpeat-sequence probes did not provide any markers which

could be used to differentiate between the different varieties of G. grarnínis.

The inability of 4H and 238 rcpeat-sequence phenotypes to identify va¡ieties of G.

graninís contrasts with the study by O'Dell et al. (1992) where ribosomal DNA rcpeat-

sequences were useful in the discrimination of Ggt and Gga. Given these results and the

numerous other reports of ribosomal probes differentiating closely related fungal taxa
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(Vilgalys and GonzaLez, 1990; Priestley et al., 1992), it is unlikely that the repeat-

sequence probes used in this study rcpresent ribosomal DNA rcpeats.

Geneúc simila¡ities between repeat-sequence phenotypes tend to deny the genetic

distinctness and apparent reproductive isolation of the varieties and imply that G.

grantinis may represent a single panmictic population (Prodohl et al., 1992). This is

most apparent with phenotypes 1 and 3 resolved by combination 23B. These two

phenotypes were present in 8 and L2 of the populations respectively, representing the

geographic range of the species within Australia. This implied that there may be

substantial migration of isolates between geographically isolated populations. In

contrast, the absence of these phenotypes from other populations, which originated

from the same geographical region, denies the likelihood of frequent inter-population

gene flow.

The lack of correspondence between the genetic simila¡ities and geographical

origins of many populations indicated that variation in repeat sequences was randomly

distributed between populations. This implied that populations may be evolving in

relative isolation and was supported by the evolution of large numbers of population-

specific phenotypes. Repeat sequences a¡e often heterochromatic regions of DNA and

they may accumulate mutations and exhibit va¡iation which has little effect on the

overall phenotype of the organism (Doolittle and Sapienza, 1980). Consequently, repeat

sequences are generally not subject to strong selection, implying that variation may be

maintained within populations and result in divergence between populations.

Variation in families of repeat sequences is generated by mechanisms of genome

rearrangement and can occur independently within different individuals. Fixation of

these va¡iants can (rccur relatively rapidly in evolutionary time, but requires a large

number of generations within interbreeding populations @over, 1982). However, in

haploid organisms, where the primary mode of reproduction is asexual or occurs via

self-fertilisation, repeat-sequence va¡iants may accumulate rapidly, resulting in the

predominance of individual clonal lineages within populations (Hartl and Cla¡k, 1989;

Tibayrenc et a1.,1991). Since G. grarnínu is haploid and self-compatible, the random
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generation of va¡iation by genomic rearrangements may account for the presence of a

diversity of repeat-sequence phenotypes within and between populations. Therefore, it

is possible that the identical phenotypes observed between populations may have arisen

independently and may not have resulted from inter-population migration. Independent

origins of these phenotypes may also account for the identical repeat-sequence

phenotypes observed between Ggt and Ggø isolates.

The results of RFLP analyses indicate that G. graminís is highly variable both

within and between populations. The extent and distribution of genetic diversity

between populations supports the hypotheses that (i) host-mediated selection is

important in determining the taxonomic composition of populations, (ii) the

predominant mode of pathogen reproduction is via asexual reproduction or self-

fertilisation and (iii) inter-population gene flow is infrequent (Chapter 2). This implies

that populations of G. grarninis may be composed of a series of clonal lineages in

which variation is predominantly generated by simple mutation and genomic

rearangements. Furtherrnore, the lack of gene flow suggests that the populations may

be evolving in relative isolation.

The abilities of repeat sequences to differentiate benveen taxonomic varieties of G.

gratninis appeared to be population-dependent and indicated that they cannot be applied

as taxonomic ma¡kers within the species as a whole. l.ow-copy RFLP phenotypes,

however, provided an assessment of the taxonomic composition of pathogen

populations and indicated that both Ggr and Gga were widesprcad throughout the cereal

belt of southern Australia. The absence of phenotypes common to Gga isolates

originating from Agrosn's species implied that this variety may be differentiated into

rwo pathotypes which are adapted to turf grasses and cereals, respectively. GSS may be

absent from pathogen populations and probably rcpresents only a minor component of

the total species diversity in regions under intensive cereal production. Previous

experiments have indicated that PCR provided a rapid method for distinguishing

between va¡ieties of G. graminis (Chapter 5) and should confirm the relative

frequencies of each variety within pathogen populations.
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Chapter 8 Use of the polymerase chain reaction to determine the
extent and distribution of genetic diversity between populations of G.

gramínís

S.L Introduction

Previous experiments have indicated that sequences amplified by the innon splice

junction primer Rl provided ma¡kers to discriminate between the varieties of G.

grarninis (Chapter 5). This technique provides a rapid and relatively inexpensive

method to determine the taxonomic composition of G. graminis populations.

Additionally, PCR revealed considerable diversity between isolates which \#as not

detected with other DNA markers and therefore should provide a more definitive

assessment of diversity within pathogen populations. In this respect primer Rl has the

advantage over DNA repeat-sequence phenotypes in that it can detect va¡iation between

closely related isolates whilst still being capable of determining the ta:ronomic status of

isolates.

The primary aim of this study was to assess the applicability of PCR with primer

Rl to determine the taxonomic composition of G. gramrnu populations. Comparing

these results with those from the RFLP analyses should provide an accruate description

of distribution of the different va¡ieties within and benveen populations. A secondary

aim was to assess the ability of the technique to detect variation within populations

which were generally invariant with other genetic ma¡kers.

To meet these aims, four populations were selected for PCR analysis on the basis of

their proposed taxonomic composition and levels of genetic variability at RFLP loci.

The JM and GM populations were observed to exhibit generally low variation at

isozyme and RFLP loci and all isolates within these populations were classified as Gga.

This was shown by the fixation of RFLP variety-specific ma¡kers within these

populations. The HS population also exhibited extremely low within-population

diversity and was fixed for the presence of the Ggr-specific RFLP ma¡kers. The WI
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population was observed to be highly variable for the RFLP analyses and was included

to provide a comparison of the relative abilities of the diffe¡ent techniques to document

variation between isolates. RFLP variety-specific markers indicated that lÙVo of the

population (i.e.2 isolates) was classified as Gga. PCR was used to clarify the identity

of these isolates and to provide further evidence of a correlation between the variety-

specific DNA ma¡kers.

8.2 Materials and methods

8.2.1 Source of isolates, DNA extraction and PCR analysis

Details of the geographical origins of the populations and the respective host

species are listed in Table 6.L. G. graminis isolates used in these experiments were

gro$,n in liquid culture by the methds described in Chapter 3. Methods for DNA

extraction and PCR were as outlined in Chapters 4 and 5 respectively.

PCR products of isolates previously identified as Ggr and Gga were included on

each gel and acted as positive controls to identify the presence of the variety-specific

amplification products within population samples (Chapter 5). kt addition, one isolate

randomly selected from each of the 16 populations, was subjected to PCR. The results

were used to confirm the taxonomic classification of these isolates within their

respective populations.

E.2.2 Dataanalysis

Amplifrcation profiles were compa¡ed be¡veen all isolates to determine the number

of Rl PCR phenotypes and their distributions among populations. Frequencies of these

phenotypes were calculated and used to determine genetic diversity within and between

G. grarninis populations using Shannon's diversity index (Chapter 3).

An estimate of the genetic similarity between Rl phenotypes of every pair of

isolates within a population was made using the simila¡ity coefhcient (Chapter 3). The

similarity matrices from the individual populations were then combined to calculate a
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between-population similarity matrix. This analysis is analogous to Nei's genetic

identity between populations (Chapter 6). A cluster analysis was performed to illustrate

the genetic simila¡ities between populations and the results presented in a dendrogam.

Methods of analysis are as described in Chapter 3.

8.3 Results

8.3.1 Application of PCR amplification products as taxonomic markers

Primer Rl generated amplification products of varying sizes which detected

polymorphisms both within and between populations of G. gramínís (Figures 8.1 and

8.2). The JM population (Figure 8.1) was monomorphic for the 1.30 kbp band

characteristic of Gga together with the 500 and 550 bp bands characteristic of Ggr. All

isolates within the GM population were also char¿cterised by the amplification of the

1.30 kbp and 500 bp products and all but two (GM 2l and 29) by the 550 bp bands

(data not shown).

The WI population (Figure 8.2) contained three isolates (numbers 5, 11 and 12)

which showed the 1.30 kbp band. Isolates 5 and 11 also showed a band of

approximately 700 bp. Most of the WI isolates showed the 500 and 550 bp products.

The high molecular weight bands (i.e. greater than 1.70 kbp) were removed from the

analysis as they wer€ not amplified consistently in repeated experiments. All isolates

within the HS population showed amplification of the 500 and 550 bp products in the

absence of the 1.30 kbp band.

Individual isolates were selected at random from each of the remaining 16

populations. The 1.30 kbp product was amplified in isolates NN 17, WN 22, DN 11, JM

22,TM27 and GAN 1 but not in any of the isolates from the other populations. Every

individual exhibited one or both of the 500 and 550 bp products.



Figure 8.1. PCR products generated with intron splice junction (ISJ) primer Rl from 20 G.

graninis isolates within the JM population. Lanes: M, I dVI Ha¿ IIl. molecula¡ size

standards; 2-2t,IM 1-20. Sizes of products a¡e in base pain (þ).
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Figure E.2. PCR products generated with inron splice junction (ISJ) primer Rl from 17 G.

grantinis isolates within the WI population. Lanes: M, l, dVI Hac fr molecula¡ size

standa¡ds; T, Ggt- 800; A, Gga- l92M; 'WI 
1, 3,4,5,6,7,8,9, 10, ll, 12, 14, 16, L7,

18, 19,20. Sizes of producs are in base pain (bp).
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8.3.2 Partitioning genetic divercity within and between populations of G. gramínís

The number of the nine Rl phenotypes found within each of the four populations

ranged benveen two (HS) and four (WI) (Table 8.1). Six phenotlpes were found to be

unique to a particular population e.g. phenotypes 1 and 8 were unique to the JM and

GM populations respectively. The frequencies of the nine phenot¡ryes were calculated

within the enti¡e collection of 7l isolaæs (representing the four populations) with

phenotype 2 being the most common (327o) and phenotpe 7 the least (1.47o). No

phenotype was found in more than nvo populations, although many of the individual

amplification products were.

Twelve different PCR phenotypes were detected a.riongst the 16 isolates randomly

sampled from each population. The number of bands per isolate ranged from 1 (550 bp

product in BT 9) to 7 (flM 22 and TV/ 28). Isolates WI 4, MN 15, HB 31 and WP 23

were characterised by phenot¡rye 4 from the population analysis (Figure 8.2, Table 8.1).

Fn¡22 and TV/ 28 were identical in their ampliflrcation profiles but this phenotype was

not detected in the population analysis.

Table 8.1. Frequencies of DNA amplification phenotypes within 4 populations of G

grarnínís, generaæd by PCR with the intron splice junction primer Rl.

Phenot¡rye Population

\u Hs(17) (r7)
JM

(20 isolates)
GM
(17)

Sum

(71)

1

2

3

4

5

6

7

8

9

0.350

0.550

0.100

0.706

0.176

0.100

0.324

0.070

0.21t
0.028

0.028

0.014

0.028

0.t97

0.705

0.118

0.118

0.059

0.r76

0.824

0.118



140

The WI and JM populations showed the gleatest within-population diversity and the

HS population the least (Tabte 8.2). Genetic diversity detected within the GM

population was nearly equivalent to that observed in the JM and V/I populations. The

overall diversity detected within the entire group of 7l isolates (Hsp) was more than

double the average level of diversity observed within populations (Hpop) (Table 8.2).

Fifty five percent of the genetic diversity was apportioned between these four

populations.

Phenetic analysis revealed that the average similarity between these four

populations was approximately 63Vo. The greatest similarity was observed benveen the

HS and WI populations (807o) and the least benveen JM and WI (55Vo\ (Table 8.3).

Hierarchical clustering of these similarity values showed that the GM and JM

populations were more closely related to each other than either rvas to the HS or WI

populations (Fieure 8.3).

Table E.2. Estimates of genetic diversity (fu) within and the partitioning of the

diversity between populations of G. graminis.

Population

JM WI HS GM

Average
within

populations

Hpop

Total
within
species

Hsp

Proportion
within

populations

Proportion
be¡veen

populations

Hsp-Hpop
Hsp

Hpq
Hsp

1.337 1.338 0.680 t.173 r.r32 2.539 0.46 0.554
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Table 8.3. Genetic similarity (7o) between populations of G. graminis based on the

total amplification products resolved with primer Rl.

HS

JM

WI

74.O

72.5

70.0

55.4

79.9 54.7

GM HS JM

Figure 8.3. Dendrogram of genetic similarities between populations of G. gratninis

derived from the total amplification products of intron splice junction

(ISI) primer Rl.

Ggt

JM

V/I

HS

Gga

GM

100 90 80 10
Genetic S imilzu'ity ( û/o)

ó0 50

8.4 Discussion

8.4.1 Application of PCR amplification products as taxonomic markers

These results indicated that PCR confirmed the taxonomic compositions of G.

graninis populations. The JM and GM populations both consistently presented the 1.30

kbp product cha¡acteristic of Gga together with the 500 and 550 bp products observed

in the majority of Ggt isolates. The combination of these bands produced phenotypes
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which were most similar to Ggø isolate 35793 (Chapter 5) which was originally

isolated from oats. The hypothesis that the GM and JM populations were entirely

composed of Gga was supported by the results of the 3 isozyme and 4 RFLP toronomic

ma¡kers (Chapters 6 and 7). The HS population was monomo{phic for the Ggr PCR

markers which confrmed the results of the RFLP and isozyme analyses.

The WI population contained th¡ee isolaæs in which the 1.30 kbp Gga product was

detected. The remaining isolates all showed PCR phenotypes cha¡acteristic of Ggr.

RFLP phenotypes detected with probelenryme combination 26}l identified all V/I

isolates as Ggr whereas the other RFLP ma¡kers classified isolates 5 and ll as Gga.

Isolates 5 and 11 also showed amplification of a 700 bp product, shown to be specific

to Ggt isolate 800 (Chapter 5). The lack of a complete correlation between the different

molecular taxonomic markers indicaæs that the distinction between varieties within this

population is not complete. It is possible that sexual recombination between varieties

within the V/I population may account for the inconsistencies between the RFLP and

PCR ma¡kers, but no isolates were observed to contain the 700 bp Ggt product without

the 1.30 kbp Gga product. Therefore, from this sample of isolates it is impossible to

identify the parental genoty?es which may have produced these putative hybrid strains.

Further detailed sampling at this location may determine if the parental phenotypes

exist in low frequency within the population. Given the apparently low frequency of

outcrossing within G. graminis it is likely that simila¡ polymorphisms may have a¡isen

independently within each va¡iety or that the Gga isolates may have been recent

int¡oductions into ttre population from another location.

Further evidence to support the PCR products of primer Rl as variety-specific

markers is shown in Table 8.4. HM 22 was the only one of these isolates which had

been previously identified as Gga (by the variety-specific RFLP markers) to lack the

1.30 kbp PCR band. Isolates NN 17, WN 22, DY 11, JM 22 and GM 1 showed a

complete correlation between the respective variety-specific ma¡kers. Isolates from the

remaining populations showed amplification of one or both of the 500 and 550 bp

products, which in the absence of the 1.30 kbp product, was diagnostic for Ggr. The
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Table 8.4. Classification of isolates of G. graminrs based upon variety-specific PCR

ptducts and RFLP phenotypes.

Isolate Host PCR

Primer R1 S/BamH I
Probe/enzyme combination

26lBurtll I 26lHind III 202/Í\ndlll

cv 27

NN 17

BB 26

wN 22

DY 11

TM22

MD 28

wr4
MN 15

BT9
tnú22
IIB 31

wP 23

TW 28

TM27
GM1

wheat

oats

barley

wheat

wheat

wheat

wheat

wheat

wheat

wheat

wheat

barley

wheat

wheat

wheat

wheat

T
A
T

A
A

A
T
T
T
T
A
T
T
T
A
A

T
A
T
A
A
A
T
T
T
T
A
T
T
T
A
A

T

A
T
A
A
A
T
T
T
T
A
T
T
T
A
A

T
A
T
A

A
A
T
T
T
T
A
T
T
T
A
A

T

A
T

A
A
A
T
T
T
T
T
T
T
T
A
A

T: Ggt, A: Gga.

identity of these isolates as Ggt is supported unequivocally by the variety-specific

RFLP phenot¡pes (Table 8.4).

As discussed previously (Chapter 7), RFLP phenotlpes detected with combinations

58 and 2O2IJ implied that Ggg isolates were absent from the population samples. This

was confirmed in this study, where every isolate examined showed amplification of

PCR products specific for either Ggt or Gga.

The taxonomic identities of isolates determined with PCR agreed with their

classifications at RFLP ma¡kers. Only nvo isolates showed anomalies in this otherwise
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perfect correlation between the different markers, WI 12 and HM 22. Wl 12 was

classified as Ggt by the RFLP ma¡kers and showed a band slightly larger than the 1.30

kbp product observed in other Gga isolates. The larger band may rcpresent a different

product, which could be determined by isolating the 1.30 kbp band from an

unambiguously identified Gga isolate and using it as a probe to check for homology

with the band resolved by isolate \I/I 12. Amplification of this product was weaker

compared to all other Ggø isolates. Increasing the stringency of the PCR by raising the

primer annealing temperature or lowering magnesium ion concentrations (Henson,

1992) may result in the elimination of this aberrant band, and assist in confirming the

ta:conomic identiry of this isolate.

The majority of isolates (95Vo) within the HM population, including FNÍ 22, were

identified as Gga by RFLP markers (Chapter 7), but this isolate, the only one tested

from this population, lacked the PCR product characteristic of Gga. T'herefore, HM

requires more detailed RFLP and PCR analysis before its taxonomic composition can

be determined with confidence.

It may be possible to increase the sensitivity and accuracy of taxonomic

identification within G. grarníms by sequencing the relevant PCR products. This may

allow the design of specific primers for these loci rather than relying on the sequences

of the exon regions flanking the intron splice junctions. Products derived from

sequences unique to a particular variety should provide identification of isolates whose

classification may have been difficult with other markers (e.g. HM 22,W 12). The use

of primer Rl in initial rounds of amplification, followed by the addition of the specific

primers derived from internal sequences of the prducts, should produce bands which

accurately identify the taxonomic status of isolates. Such an approach was used by

Schesser et al. (1991) in anempts to differentiate beween G. graminis and other root-

infecting fungi, which showed non-specific amplification of products using primers

derived from a G. grarninis-specific miochondrial DNA clone (Henson, 1989).
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8.4.2 Partitioning genetic diversity within and between populations of G. graminís

Most of the diversity (557o) was apportioned between populations, which probably

reflects the number of population-specific phenotypes resolved in the analysis. Other

phenotypes were conserved between populations dominated by a particular pathogenic

variery of G. graminis. For example, both the WI and HS populations contain high

frequencies of Ggr, most of which a¡e characterised by Rl phenotype 4 in the former

but are less frequent in the latter population. The distinctions between the two

populations may reflect host-mediated selection of pathogen genotypes better adapted

to parasitising wheat (WI) relative to ba¡ley (HS) as was indicated in the isozyme and

RFLP analyses (Chapten 6 and 7). Determination of Rl phenotypes lÃ/ithin the Boyup

Brook (BB) and Mona¡to (MN) populations, both thought to have undergone some

host-mediated selection resulting from growth on ba¡ley, mây indicate whether there is

a conservation of Rl phenotypes berween these populations.

Cluster analysis indicated that inter-population relationships were based upon the

ta:ronomic composition of the populations rather than the geographical identities of the

locations (Figr¡re 8.3). The overall genetic similarity benveen the four populations was

approximately 65Vo, which was almost identical to that observed between isolates of

Ggt andGgain previous experiments (Chapter 5). This similarity provides further

support for the separation of the populations into two gloups, based upon the taxonomic

identities of their respective pathogen genotlTes.

PCR products were derived from exon regions nea¡ the intron splice junction, some

of which may have been derived from sequences which are highly conserved within

varieties of G. grarni¿¡s. The taxon-specific amplification products may be examples of

these conserved sequences whereas the variable products may be derived from intron

sequences not under strong selection. Many of the Rl phenotypes within populations

were observed to differ by the presence or absence of a few non-specific bands,

indicating that duplications anüor deletions of intron sequences may be responsible for

most of the variation between isolates within a variety. If this variation is non-

deleterious, variant isolates may increase in frequency within populations due to the
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production of large numbers of progeny resulting from self-fertilisation or asexual

reproduction (Chapter 2). Once established within the population these variants may

fluctuate in frequency depending upon their relative capacities for saprophytic survival

and competitive abilities for a diversity of host resources.

The results of PCR experiments complemented the isozyme and RFLP analyses in

describing the taxonomic composition of G. graminis populations. In doing so PCR

provided a rapid and efficient method for the classification of isolates to their

taxonomic status. PCR detected high levels of genetic divenity within populations and

was capable of discriminating between closely related isolates which were invarient at

other markers. Consequently, PCR may be used to determine the fine scale genetic

structure of pathogen populations and to follow the dispersal and survival of individuals

within and beween locations.
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Chapter 9 General Discussion

9.1 Molecular markers for the identiflrcation of taxonomic varieties within

G. graminís

The results of this resea¡ch clearly showed that molecular techniques can be used to

discriminate benveen the taxonomic varieties of the take-all fungus G. graminis. Early

experiments to identify variety-specific ma¡kers indicated that isozyme, RFLP and PCR

analyses were capable of discriminatng Gga from Ggt and Ggg.Isozyme ma¡kers

however, could not clearly differentiate between Ggt andGgg isolates.

The taxonomic composition of pathogen populations rüas determined on the basis

of RFLP phenotypes resolved with low-copy genomic probes and also by PCR-directed

amplification of sequences derived from intron-exon splice junctions. Isozyme and

DNA repeat-sequence phenotypes were found to be of only limited value in the

taxonomic identification of pathogen isolates, since both methods proved to be highly

variable and resolved ma¡kers which were not detected in earlier screening

experiments. Nevertheless, a limited number of isozyme alleles provided putative

identifications of isolates, with the classifications generally confirmed by low-copy

RFLP and PCR analyses.

Population analyses indicated that both Ggt and Gga were widespread throughout

the cereal producing regions of southern Australia. RFLP markers used to identify Gga

werc detectod in a strain originally isolated from oats, whilst those found in Gga

parasitising turf grass (Agrosns spp.) were not detected in populations isolated from

cereals. This implied that there may be differentiation within Gga into pathotypes

which are better adapted to parasitising these respective host species. RFLP and PCR

analyses indicated that Ggg was absent from the population samples and may only

occur in low frequency in areas under intensive cereal production.
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The absence of Ggg from populations isolated from wheat and barley was

unexpected, given that this variety is capable of infecting these hosts even though it is

weakty pathogenic in comparison to Ggt and Gg¿ (Walker, 1981). The greater

pathogenicity of Ggt and Gga implies a greater degree of host specialisation than may

be expected to have evolved within Ggg, so the competitive abilities of Ggg for cereal

host resources may be less than those of Ggt and Gga.Intensive cereal cropping may

cause the frequency of Ggg to decrease over time, leading to a prevalence of Ggr and

Ggø within populations. Analysis of populations isolated from non-agricultural regions

(e.g. undisturbed grasslands) may indicate the importance of host susceptibility in

determining the taxonomic composition of G. grarninis populations.

The frequencies of Ggt and Gga, averaged across all isolates, wer€ equivalent.

Populations which were isolated from or had a recent exposure to oats contained high

frequencies of Gga, whereas populations exposed to wheat were dominated by either

Gga or Ggr. Those isolated from ba¡ley were composed almost exclusively of Ggt.

Many of the populations had a mixed taxonomic composition, consisting of both

va¡ieties, but they were not found to coexist in equivalent frequencies within the one

location, one variety always being dominant over the other.

This distribution of pathotypes implies that if host genotype can exert intense

selection upon the pathogen population, rapid changes in the taxonomic composition of

pathogen populations may occur. For example, cultivation of oat appeared to select Ggø

types and suppress those of Ggt, due to the relative susceptibilities of this host to these

two varieties. Under these conditions the frcquency of Gga would be expected to

increase relative to that of Ggt. Cultivation of wheat in following seasons would then

provide a susceptible host and provide for increases in the inoculum levels of both

varieties. Therefore, taxonomic composition of pathogen populations appears to be

strongly influenced by host-mediated selection prcssures.

The ability to discriminate between taxonomic va¡ieties of the pathogen existing

within the one location implies that sexual hybridisation between the respective

varieties must be a rare event. Further evidence to support the relative isolation of each
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variety was the high genetic similarity observed benveen Ggr isolates from Ausnalia

and Eire. Cluster analyses with isozyme, RFLP and PCR ma¡kers consistently grouped

EBI (Eire) with Austratian Ggt isolates and EBI showed RFLP and PCR phenotypes

which were identical to.many of the Australian isolates. Similarly, Ggø isolates from

Britain and New Tnaland showed a high genetic similarity to each other (O'Dell et al.

t992). The simila¡ities between these geographically disjunct isolates representing one

variety were greater than those between varieties from the same region.

It is unlikely that these genetic similarities reflect limited divergence due to a recent

introduction of G. grarninis into Australia at the time of European settlement. The pan-

continental distribution of the pathogen and the reports of severe take-all in wheat crops

in the first season of production following the clearing of natural vegetation, imply that

the species is endemic to the Australian region (Garrett, 1981; Cotterill and

Sivasithamparam, 1989). The ability to discriminate between varieties of the pathogen

from diverse locations, implies that these techniques could have applications in

epidemiological studies of G. grarni nis internationally.

9.2 Partitioning genetic diversity within and between populations of G.

graminís

Molecula¡ analyses revealed high levels of genetic variation within and between

populations of G. graminis isolated from three cereal host species. The total gene

diversity (Dsp) within the 480 isolates (assessed from va¡iation at isozyme loci) was

0.422 which is higher than values obtained for the plant pathogens Magnaporthe grisea

(0.030) (Leung and Williams 1986), Atkinsonella hyporylon (0.229) (Iæuchtmann and

Clay, 1989) and Leptographíwt wageneri (0.227) (Zambino and Harrington, 1989), but

lower that observed within the nitrogen-fixing bacterium Rhizobium legwnínosarurn

(Dsp 0.50) (Harison et a1.,1989).

The total genetic diversity (Hrp) averaged across all polymorphic probe/enzyme

combinations in the RFLP analysis was 2.212. This value is approximately double that

revealed with isozyme loci (1.001) even though signifrcantly fewer isolates were
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examined in the RFLP analysis. This probably reflects the relatively slow evolutionary

rates of the protein-coding sequences relative to some of the sequences detected by

RFLP analyses, in particular the DNA repeat sequences (Brown and'Weir, 1983).

The total genetic diversity (Hsp) detected with PCR was 2.539, a high value

considering that only one primer was used. A comparable level of va¡iation (Hsp 2.976)

was detected in an analysis of the outbreeding tree species Glírícidia sepíutn, using nine

random PCR primers (Chalmers et al., t992). PCR revealed much greater levels of

diversity (Hpop L.t32) compared with those shown by isozyme (Hpop 0.126) and RFLP

(Hpop 0.355) analyses. The differences between the respective techniques probably

reflects the ability of primer Rl to target multiple intron regions within the genome,

which are known to be highly variable both in sequence and length. This would lead to

the simultaneous identification of multiple polymorphisms between isolates (Hawkins,

1988; Weining and Langridge, 1991).

Isozyme and RFLP analyses produced simila¡ rankings of populations with respect

to their overall levels of genetic diversity. In general, populations which had a mixed

ta:<onomic composition but were dominated by Ggt were more va¡iable (e.g. WI, TW)

whereas those populations which contained high frequencies of Gga werc less diverse

(e.g. NN, GM). Associations between pathogen populations and a resistant host (oat)

would be expected to apply intense host-mediated selection, which has resulted in the

selection of a few homogeneous Gga pathogen genotypes.

There was, however, an outstanding contradiction between the nvo techniques. HM

was the most diverse population at isozyme loci (flo 0.741) and yet was generally

invariant at RFLP ma¡kers (flAO.272). The lower RFLP diversity was consistent with

the majority of the population (95Vo) being classified as Gga, with the va¡iation at each

ma¡ker being attributed to the presence of a single Ggr isolate within the population.

The taxonomic composition of this population was unexpected, since HM had a long-

tenn association with a range of grass hosts and was assumed to have evolved in the

absence of intense host-mediaæd selection. The cropping history and extensive isozyme

diversity of this population may indicate that populations of Ggø, which have not been
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exposed to intense selection, may remain genetically diverse. This could be checked by

assessing levels of genetic diversity within Gga-type populations from native

grasslands, exposing them to selection by a variety of cereal hosts and following

changes in the genetic composition of the populations over time.

Differentiation of pathogen populations into host-based groups has been postulated

to have occurred within a number of plant pathogens including Erysiphe graminis

(O'Dell et a1.,1989), Magnaporthe grisea (Levy et a1.,1991) andPseudocercosporella

herpotríchoid¿s (Priestley et al., L992) and is likely to be a common evolutionary

consequence of associations between pathogens and their hosts. Host-mediated

selection and reproductive isolation probably accounts for the degree of differentiation

observed between varieties of G. graminis and accordingly for the populations being

dominated by the respective va¡ieties. Consequently, the genetic identities and

distributions of host species are important factors determining the taxonomic

composition and genetic diversity of pathogen populations.

Studies of natural plant populations have shown that self-fertilisation results in

increased genetic variability between populations (Loveless and Hamrick, 1984).

Isozyme, RFLP and PCR analyses indicated that most of the diversity (607o,767o and

557o, rcspectively) was apportioned between populations of G. graminis. This

distribution of variation supports the assumption that self-fertilisation may be the

primary mode of reproduction, implying that G. graminis does not represent a

panmictic population within southern Australia. Instead, populations appear to be

evolving in relative isolation in the absence of high levels of inter-population gene

flow. If gene flow is considerably restricted, then much of the differentiation between

populations may be attribuæd to genetic drift (Aquadro,1992).

RFLP analysis revealed that most of the genetic divenity between populations was

attributed to va¡iation in repetitive sequences. These sequences are a common feature of

many eukaryotic genomes and a¡e thought to evolve more rapidly than single-copy

sequences by processes of genome re¿urangement (Dovet L982; Flavell 1986; Chapter

2). Given the natr¡¡e of these processes, repeat-sequence va¡iation may frequently arise
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independently and if va¡iants are not subject to strong selection they may spread

through interbreeding pathogen demes as a result of molecular drive @over, 1982).

Thus, goups of individuals which belong to separate populations due to reproductive or

geographical isolation accumulate different variants of repeat sequences. These

processes may account for the high levels of repeat-sequence diversity resolved within

G. graminis. The evolution of repeat-sequence phenotypes which were unique to

specific populations may be a consequence of the lack of gene flow between

populations.

Most of the RFLP va¡iation within populations was apportioned as a limited

number of repeat-sequence variants, implying that significant outcrossing and

recombination of the loci is probably rare @over, 1982). A number of independent

variants could accumulate within populations through isolates producing large numbers

of progeny (ascospores and conidia). This implies that populations may be composed of

a series of clonal lineages of isolates, which may fluctuate in frequency due to the

effects of host-mediated selection. Pathogenic potential and the ability to survive

saprophytically in the absence of a compatible host, appear to be important factors

determining the evolutionary dynamics of G. graminls populations.

Analysis of repeat-sequence va¡iation allows for the detection of diversity at a fine

scale and may provide the oppornrnity o determine changes in pathogen populations in

response to a va¡iety of selective pressues. For example, exposure of pathogen

populations to different host species and monitoring their genetic composition over

consecutive years may determine the rates with which host-adapted lineages develop.

Such studies a¡e crucial in developing an understanding of the epidemiology of take-all

and should indicate the evolutionary capacity of the pathogen to respond to control

methods.

9.3 Phenetic relationships within G. graminis

Determination of the genetic simila¡ities between va¡ieties of G. grantin¿,s indicated

that isolates of Ggr andGga formed their own discrete groups. In contrast, Ggg was
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subdivided into two groups of isolates, one showing a g¡eater similarity to Ggt than to

Gga and another group clearly distinct from these two va¡ieties, implying that Ggt and

Gga may have been derived from Ggg if the species had a monophyletic origin. This

has also been suggested by \tr/alker (1981), on the basis of morphological and

pathogenic similarities between Ggt and Gga which are not sha¡ed with Ggg.

Furthermore, it is possible that Gga may represent a subgroup of genotypes which were

derived from the genetically variable progenitor populations of Ggr. Associations

benveen the pathogen and a resistant host (oat) would be expected to apply strong host-

mediated selection, which may have resulted in the selection of a genetically restricted

pathogen genotype, namely Gga. \\e low diversity within this variety would be

maintained through the predominance of self-fertilisation (Asher, 1981, Blanch et al.,

1981), thercby preventing inter-varietal hybridisation and the generation of divenity.

The isoryme and low-copy RFLP dendrograms (Figures 6.2 and 7.3) were nearly

identical in thei¡ topology and revealed two distinct evolutionary lineages within G.

graninis. The populations known to contain high frequencies of Gga or Ggt formed

discreæ variety-specific groups with both isorymes and RFLPS, which provided further

support for their genetic isolation. PCR analysis also indicated that inter-population

relationships tvere based upon simila¡ities in their respective ta:ronomic compositions

(Figure 8.3). The lack of a correlation between genetic and geographical identities of

populations implied that geographicalty restricted pathotypes have not evolved within

Australia.

High genetic identities between populations isolated from, or recently exposed to,

the same host species supports the hypothesis that host-mediated selection is a major

factor affecting the distribution and relative frequencies of the different varieties, within

and between populations. Populations isolated from, or recently exposed to, barley also

showed high genetic identities at RFLP and isozyme loci, implying that selection may

have acted within Ggt, resulting in differentiation between genotlTes bener adapted to

parasitising barley relative to wheat. The lack of specific ma¡kers for these putative
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parhorypes implied that differentiation between them is limited and therefore the

selection presstues a¡e relatively weak.

Isozyme analysis indicated that the overall average genetic identity between

pathogen populations was approximately 0.60, a relatively low value for an intra-

specifrc analysis (Ayala, t975). Reviews of isozyme studies on a variety of taxonomic

groups indicated that genetic identities between subspecies usually range between 0.70

and 0.90 whereas those between different species range f¡om 0.30 to 0.80 (Ayala, L982;

Thorpe, 1983). Identity values observed between taxonomic varieties of the root

pathogen Leptographiwn wageneri (0.57-0.74) (Zartbino and Ha:rington, 1989) and

between host-specific populations of Arl<Ínsonella hyporylon (0.21-0.88) (Leuchtmann

and Clay 1989) were low enough for these authors to suggest a separation of taxa into

discrete species. The genetic identities between G. graminis populations were low

enough, in relation to these figures, to imply that Ggt and Gga represent different

species.

Isozyme and RFLP analyses between host-specific and geographically disjunct

populations of the nitrogen-fixing bacterium, Rhízobium meliloti, also revealed ¡vo

distinct evolutionary lineages within the species (Eardly et al., 1990). The genetic

identity between the two lineages was apprcximately 207o,with the authors suggesting

that these two highly differentiated groups warranted specific status. The average

genetic identity betrveen G. grørninß populations with low-copy RFLP probes was only

157o, which provides further support for the rcclassification of Ggt and Gga as separate

species.

Crossing experiments berween isolates of different va¡ieties within populations and

between isolates of the same variety from widely separated locations should determine

if sexual incompatibility is common within the species as a whole, regardless of

toronomic status. If out-crossing occurs only within a variety oL G. grantínr,s, regardless

of geographical origin, separation of the taxonomic va¡ieties into distinct biological

species may be warranted.
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Analyses of genetic simila¡ities estimated from repetitive sequences, indicated a

random distribution of phenotypes between populations, which did not correlate with

the genetic identities of populations estimated from isozyme or low-copy RFLP loci.

This distinction between the two types of RFLP analyses was also been reported by

McDonald and Martinez (1991) in their studies of the phytopathogenic fungus Septoria

tritíci. The low repeat-sequence similarities between isolates which were identical at

other markers, supports the hypothesis that repeat-sequence variants may arise

independently and frequently by mechanisms of genome rearrangement. Therefore,

these processes may constitute genetic mechanisms for the origin of evolutionary

novelties which do not reflect evolutionary relationships within the species. The

families of repetitive sequences analysed in this study appear to fall into this category

and exhibited too much va¡iation to allow accurate determination of phylogenetic

relationships within G. grarnínis.

9.4 Further research.

Genetic analysis ol G. gramínís

The establishment of a suite of genetic marken opens the possibility of constructing

a comprehensive genetic map of the G. graninís genome, for example by hybridising

the genomic clones to chromosomes after separation by pulse-field gel electrophoresis

(Schwartz and Cantor, 1984). This technique has many applications in the genetic

analysis of fungi and has been used to determine the chromosomal locations of

repetitive sequences inMagraporthe grisea (Hamer et a1.,1989) andCladosporium

fulvurn (Talbot et aL, 1991), to analyse the extent of chromosomal polymorphisms in

Saccharontyces cerevisiae @idenne et al., L992) and to map the cellulase and xylanase

genes of the fungus Tríchoderma reesei (Carter et al., 1992). DNA hybridisation

experiments with the cloned sequences used in this study would provide an assessment

of the copy number and distribution of these sequences throughout the genome. By

these methods the low-copy clones, with chromosomal locations determined, could be

selected to produce a genetic linkage map.
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Intra-variety crosses between isolates which were polymorphic at numerous RFLP

ma¡kers would provide a test-cross population to assess the number of individual loci

detected with each of the probelenzyme combinations. Segregation ratios at each of the

individual loci could then provide an assessment of the patterns of inheritance within

the pathogen and linkage analysis could be performed to generate a tentative

chromosome map (Hulbert et al.,1988; Christiansen and Giese, 1990; Anderson et al.,

L992). Since G. graminÍs has a haploid vegetative stage, this should allow the

unequivocal identification of recombinant and parental genotypes, providing accurate

estimates of recombination frequencies f¡om the segregating RFLP ma¡kers.

The use of RFLP markers to determine both the chromosomal locations of genes

and the genetic linkage between them allows for a comparison between physical and

genetic maps of the G. grarninis genome. This should aid in locating genes of interest,

such as those controlling pathogenicity and virulence. It is likely that cDNA clones will

be more appropriate for this purpose, since they a¡e derived from actively transcribed

genes and will avoid targeting dispersed heterochromatic regions of DNA, which are

abundant in the genome of this species.

PCR products generated ftom intron-exon splice junctions should also be useful

ma¡kers for mapping the G. graminis genome as they probably represent sequences

derived from non-heterochromatic regions of DNA. Additionally, since intons a¡e

present in many fungal genes (Scazzacchio, 1989) it is possible to target a multitude of

different genes and rapidly identify many genetic markers. This method has been used

previously to identify and map polymorphisms in cereals (Weining and Langridge,

1991).

The physical locations of clones with homology to the PCR products could be

determined by DNA hybridisation to electrophoretically separated chromosomes.

Chromosomes which hybridise with the probes could be excised from the gel, partially

digested with enzymes known to produce large restriction fragments and the DNA

electroeluted from the agarose matrix. Purification of the DNA and subsequent cloning

into cosmid vectors would produce chromosome-specific libraries to facilitate
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molecular analysis of the genes from which the PCR products were originally derived.

A simila¡ approach has been used to isolate and map mutant genes from the fungus

Coprírus cineretu (7-otan et al., L992).

It may be possible to deveþ laboratory strains of G. grarnin¡s which are capable of

inter-variety sexual hybridization, as has been achieved with Magruporthe grísea

(Valent et al., 1991). Inter-va¡iety crosses between pathogenic and non-pathogenic

isolates of G. grarnin¡s could be used to follow the inheritance of gene(s) associated

with pathogenicity. Hybrid progeny could be backcrossed to both parental genotypes

for a number of generations and their pathogenicity assessed on a range of cereal hosts.

Any correlations between the acquisition or loss of pathogenic potential associated with

the presence or absence of these ma¡ker loci in the progeny, may help to develop an

understanding the genetics of pathogenicity within G. grarnínís.

In the absence of successful crosses it may be possible to transform non-pathogenic

isolates with sequences thought to be associated with pathogenicity. G. grarnínis has

been shown to be amenable to genetic transformation (Henson et ¿/., 1988). This

approach offers an alternative methd to study the molecular mechanisms underlying

pathogenicity within the species.

9.5 Implications for disease control

The development of epidemics of take-all takes several years and furthennore

depends both on the range of hosts to which the pathogen has been exposed and the

effects of microbial antagonism. The role of specific soil micro-flora in the biological

control of. G. grarninis is well documented (for a review see Rovira and V/ildermuth,

1981). As the fertility of the soil is improved the severity of the disease frequently

diminishes, a process which is associated with the build up of antagonistic soil bacteria

under intensive cereal cropping. This suppression of fungal infectivity is known as

take-all decline (T.A.D.).

T.A.D. is thought to be prevalent in temperate climates in soils which a¡e richer in

organic matter and support relatively high populations of soil micro-biota (Yarham,



158

19S1). The bacteria responsible for the disease suppression can, however, be destroyed

by non-gramineous hosts or by high temperatures in soils of low water potential

(Rovira and Wildermuth, 1981). In the southern Ausralian cereal belt the combination

of high summer temperatures, low rainfall and generally nutrient-poor soils results in

lower numbers of antagonistic soil microorganisms and a perpetuation of G. gramínis

inoculum. Consequently, the development and persistence of take-all suppressive soils,

either by continuous cereal cropping or introduction of T.A.D. bacteria as seed

dressings, is considered unlikely within most of the cereal belt of southern Australia.

Cross-protection of crops, using avirulent fungi, has also been proposed as a means

of preventing severe take-all. Precolonisation of wheat roots by Phialophora

graminicola (the conidial state of Gaewtannomyces cylindrosporal) (Scott, 1970) and

Ggg (Wong, 1981) have been shown to protect against infection by Gga and Ggt. Ggg

and Phialophora spp. are only mildly pathogenic upon grasses and cultivated cereals

and colonisation is believed to elicit a host rcsponse leading to increased lignification

and suberisation of endodermal tissues, which restricts stela¡ infection by Ggt and Gga

(Wong, 1981).

Avinrlent fungi within the Gaeutnannomyces-Phíalopharø complex are abundant in

British grasslands and in cereal crops following grass pastures and have been successful

in short-term disease control, primarily because they occupy the same ecological niche

as the pathogen and appear to displace it by their prior occupation @eacon, 1973).

Control by this method requires persistence of the fungal antagonists and inoculum

levels can be increased by using grass leys between cereal crops @eacon, 1973). This

approach, however, is not practical within Australia since this study has shown that

Ggg is absent from regions under intensive cereal cropping and gmss leys will only

exacerbate the disease problem by allowing the persistence of large populations of Ggt

andGga.

In the absence of wheat and barley cultiva¡s with resistance to G. graminis, the only

effective methd for short term disease control involves attempts to reduce inoculum

levels by the use of non-susceptible hosts in regular rotation with cereals (Conerill and
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Sivasithamparam, 1988). For this procedure to be effective it is essential that these

break crops and pastures should be free of alternative grass hosts. Disease forecasting

schemes are necessary to advise farmers on the implementation and timing of these

control measures to prevent the sowing of highly susceptible cereal crops in potential

risk situations.

The RFLP and PCR variety-specific ma¡kers developed in this resea¡ch can be used

to determine the pathotype composition of G. graminis populations and provide a

means of advising control practices aimed at limiting high incidences of take-all. For

example, oats are often grown in rotation with wheat to reduce inoculum levels of G.

grarninis and prevent high incidence of take-all in the successive wheat crops. This

practice is successful if the pathogen populations a¡e dominated by Ggr. Conversely, if

populations contain high frequencies of Gga, cropping oats will act to select those

isolates which are equally well adapted to parasitising wheat in the following crops.

Therefore, a wheat-oats-wheat rotation could result in the perpetuation of take-all

disease, as has been reported to occur within the Western Australian grain belt (Yeats er

al.,1986).If the frequency of Gga isolates is high, a non-cereal host (e.g. grain legume,

clover pasturc) should be planted to prevent increases in take-all inoculum and improve

soil fertility (Cotterill and Sivasithampar¿tm, 1988).

In situations where fields contain large amounts of Ggt it may be advisable to

expose the pathogen population to oats for one or more seasons before sowing a non-

cereal break crop. This would select Gga and suppress Ggf, resulting in signiflicant

reductions in the density of inoculum. Furthermore, since Ggahas been shown to be

genetically homogeneous in comparison to Ggt, the overall levels of genetic diversity

within the pathogen population would be significantly reduced by growing oats.

Restricting the genetic base of the population may make the pathogen more amenable

to control by factors such as limited non-specific microbiological antagonism, when

surviving saprophytically in the presence of non-susceptible break crcps.

These methods can be hoped to provide only short-term control of take-all.

Efficient long-term disease control may come about only by developing a g¡eater
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understanding of the genetic determinants of pathogenicity and the genetic control of

host defence mechanisms in rcsPonse to infection.
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Appendix A Composition of solutÍons and media

4.1 Isozyme analysis

Isozyme extraction buffer: þer 100 ml distilled water) 0.4 g Tris, 0.01 mg NADP,

0.1 ml2-mercaptoethanol,0.l ml Triton x-100, pH 7.0.

NDY culture medium: (per line of distilled water) 2 g NaNO3,1 g KH2POa,0.5 g

MgSOa. 7H2O,0.5 g KCl, 10 ml 0.1 7o solution FeSO4,0.5 g yeast extract, 30 g

sucrose.

SM-GGT3 (G. gratnin¡s selective isolation medium): þer litre of distilled water) 39

g Difco PDA, 10 mg dicloran, 10 mg metalaxyl, 25 mg 1-(3,5-dichlorophenyl)-3-

methoxymethylpyrrolidin-2,4-dion (Hoe 00703), 100 mg streptomycin sulphate, 500

m g L- þ3,4-dihydroxyphenylalanine (L-DOPA).

A..2 RFLP analysis

(2 x)pUCl9 speciflrc oligolabelling buffec 40 pM d(ATP, GTP, TTP), 100 mM Tris

(pH 7.6), 100 mM NaCl, 20 mM MgCl2, 200 ¡tglml acetylated DNAse free bovine

serum albumin (Fraction V; Sigma). Per 500 Fl add 2 ¡tgeachpUCl9 specific primers,

primer 1: 5' ACAGCTATGACCATG 3', primer 2: 5' TMCCAGTMACGACGT 3'.

Store as 12.5 td aliquots at -20' C.

5 x HSB: 3 M NaCl, 100 mM PIPES, 25 mM NazEDTA, pH 6.8 with 4 M NaOH.

10 x CIP dephosphorylation buffer: 10 mM ZnCL110 mM MgCl2, 100 mM Tris,

pH 8.3.

10 x gel loading buffer: 100 mM Tris-HCl, 200 mM EDTA, 0.25Vo bromophenol

blue,O.2íVo xylene cyanol, 30Vo frcoll type 4000, pH 8.0.

10 x Ligation buffer: 500 mM Tris (pH 7.6), 100 mM MgCl2, 100 mM

dithiothreitol, 500 pglml bovine serum albumin (Fraction V; Sigma).
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10 x Restriction endonuclease buffer B: 10 mM Tris-HCl, 5 mM MgCl2, 100 mM

NaCl, I mM 2-mercaptoethanol, pH 8.0.

10 x Restriction endonuclease buffer H: 10 mM Tris-HCI, 10 mM MgCl2, 100 mM

NaCl, 1 mM dithiothreitol, pH 7.5.

10 x Restriction endonuclease buffer L: 10 mM Tris-HCl, 10 mM MgCl2, 1 mM

dithiothreitol, pH 7.5.

10 x Restriction endonuclease buffer M: l0 mM Tris-HCl, 10 mM MgClz,50 mM

NaCl, I mM dithioth¡eitol, pH 7.5.

10 x TAE: 400 mM Tris, 30 mM sodium acetate, 10 mM Na2EDTA, pH 7.8

20 x SSC: 3 M NaCl, 300 mM Na3citrate.

Denaturing solution: 1.5 M NaCl, 500 mM Na0H.

Denha¡dts In: 27o gelatin, 2Vo ftcoll,2Vo polyvinyl pyrollidone (PVP), 107o SDS,

57o tetrasodium ppophosphate. Filær at 65' C.

DNA extraction buffer: 100 mM Tris, 100 mM NaCl, 17o SDS, 20 mM EDTA, 100

mM NazSO3, pH 8.0.

LB medium: (p€r litre distilled water) 10 g bacto.tryptone, 5 g yeast extract, 10 g

NaCl, pH 7.0.

LB agar: þer liue of LB medium) 15 g bacto-agar.

LB plates (for identification of recombinant E. colí):To 100 ml of LB agar add 100

pl of 100 mM isopropyl p-thiogalactopyranoside (IPTG), 200 pl bromo-(5)-4-chloro-3-

indolyl-p-D-galactopyranoside Cx-gal) Í2Vo wlv in dimethyl formamide (DMF)1, 100 ttl

50 mg/ml ampicillin.

Neutralising solution: 1.5 M NaCl, 500 mM Tris-HCl, 10 mM NazEDTA, pH 7.0.

PhenoVchloroform/iso-amyl alcohol (25:24:l): redistilled phenol was saturated with

0.5 M Tris-HCl (pH 8.0) and mixed with chloroform and iso-amyl alcohol as indicated.

Salmon spenn DNA: add 0.5 g salmon spenn DNA to 100 ml nanopure H2O,

autoclave.

Sephadex G -100: To 300 ml TE buffer add l0 g Sephadex G -100, incubate with

gentle shaking for 2 h at 65' C.
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SOB: To 950 ml of deionised water, add: 20 g bacto-tryptone, 5 g bacto-yeast

extract, 0.5 g NaCl, 10 ml250 mM KCI (pH 7.0). Just before use, add I ml each sterile

solution 10 mM MgCl2, 10 mM MgSOa:7H2O per 100 ml SOB.

SOC: I ml SOB, L0 ¡t"12 M MgCl2,7 pl særile 507o glucose.

TE buffer: 10 mM Tris-HCl (pH 7.5), 1 mM NazEDTA.

TFB buffer: 10 mM (Morpholino)ethanesulphonic acid (MES), 45 mM

MnClz:4HzO, 100 mM RbCt, l0 mM CaClz:2HzO, 3 mM HACoCI¡ (hexylamine

cobalt chloride). Sterile filter and freezn.

4.3 PCR analysis

10 x PCR reaction buffer: 500 mM KCl, 200 mM Tris-HCl,25 mM MgC12, 1

mg/ml bovine sorum albumin, pH 8.4.

10 x TBE buffer: I M Tris, 10 mM NazEDTA, 860 mM boric acid, pH 8.3.




