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2 Abstract

Abstract

Venturia inaequalis is the causal agent of apple scab, the most important disease in

apple production in Europe. The pathogen is mainly controlled by fungicides, but the plantation
of scab-resistant apple cultivars becomes increasingly important, being a more ecological
cultivation strategy. The mostly used resistance gene (Vf) originated from Malus floribunda

821, but a break down of this resistance has already been reported in 1984 in Ahrensburg

(Northern Germany), in 1994 in Kent (Great Britain), and in 1997 in Wilheminadorp (The

Netherlands). Since most new resistant varieties carry the V/-resistance, concern about a large
scale breakdown of this resistance increases. However, the V/-resistance is still largely effective

despite of growing Vf-resistant cultivars in European as well as in American breeding stations

for more than 30 years and for a shorter time in commercial orchards. The more V/-resistant
cultivars are planted the higher the probability that V/-virulent pathotypes establish is. To

estimate the speed and direction of the spread of Vf-virulent V. inaequalis in Europe it is

necessary to understand how populations of this pathogen interact. Therefore, we collected

populations of V. inaequalis in Switzerland and other European countries in 1993 and 1995

including one population from Ahrensburg where Vjf-virulent pathotypes had first been

documented. For quarantine reasons it was not possible to test the isolates for Vf-virulence in

the greenhouse. Therefore, we developed presumed neutral molecular markers such as RAPD,

PCR-RFLP and microsatellites that allowed us to determine within-population diversity as well

as population differentiation. Population differentiation in relation to factors such as geographic
distance among populations, bottleneck situations and cultural methods such as fungicide
treatments or choice of cultivars, can then be used to estimate the relative importance of

differentiating and homogenising processes among the European V. inaequalis populations.
This gives us a base for speculations on the local durability of the V/-resistance in apple.

Diversity within all V. inaequalis populations is very high and many shared rare

alleles among them have been detected. Only few identical multilocus haplotypes were found

in the analysed populations confirming that ascospores are the most important primary
inoculum. Until about 50 years ago apple trees were planted at random in meadows found all

over the countryside. Thus, V. inaequalis was easily distributed by rainsplashing of the spores

as well as by wind distribution of infected leaf litter. Due to the annual sexual reproduction,

immigrating and hereditary individuals recombined and therefore built up a high diversity. In

the population from Ahrensburg where most isolates were collected from V/-carrying cultivars,

diversity was much lower than in the other European populations and only few rare alleles and

no private allele were found. Because initially only one or few isolates might have been capable
of infecting ^/-carrying cultivars, the Vf-virulent founder isolates must have gone through a

strong genetic bottleneck.

Differentiation among the analysed populations was low to moderate and the pairwise
comparison of all populations showed that differentiation increased with the geographic
distance. Due to the fact that conidia as well as ascospores of V. inaequalis are naturally not

spread over large distances, gene flow might have become restricted when the meadow

growing system was replaced by the orchard growing system which opened up large gaps

between the orchards. From this moment migration was probably only possible among nearby
orchards with the result that random genetic drift and local selection could start to differentiate

the isolated populations.

Considering these results we would expect the V/-virulence to spread slowly and

radially from the place of origin. However, the occurrence of new foci of the Vf-virulence lets

us assume that human activity such as the unintentional transportation of diseased plants could

unpredictably increase the speed as well as enlarge the range of the dispersal of Vf-virulent V.

inaequalis.
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ZUSAMMENFASSUNG

Venturia inaequalis ist der Verursacher des Apfelschorfes, der wichtigsten

Krankheit des Apfels in Europa. Der Pathogen wird hauptsachlich mit Fungiziden

kontrolliert, jedoch erhalt der Anbau von schorfresistenten Apfelsorten aus

okologischen Griinden einen immer grosseren Stellenwert. Das am haufigsten

eingekreuzte Resistenzgen (Vf) stammt von Malus floribunda 821; ein Durchbruch

dieser Resistenz wurde jedoch bereits 1984 in Ahrensburg (Norddeutschland), 1994 in

Kent (England) und 1997 in Wilheminadorp (Holland) festgestellt. Da die meisten

neuen resistenten Sorten die Vjf-Resistenz tragen, steigt die Besorgnis iiber einen

grossflachigen Durchbruch dieser Resistenz. Die Vjf-Resistenz ist aber weitgehend

immer noch wirksam, obwohl Vf-resistente Sorten seit mehr als 30 Jahren in

europaischen und amerikanischen Ziichtungsanstalten und seit kurzerer Zeit auch in

kommerziellen Anlagen angebaut werden. Je mehr Vjf-resistente Sorten angebaut

werden, desto grosser wird die Wahrscheinlichkeit, dass sich Vjf-virulente Pathotypen

etablieren. Um die Geschwindigkeit und die Richtung der Ausbreitung der Vf-Virulenz

in Europa abzuschatzen, ist es wichtig, die Interaktionen der V.-inaequalis-Popu\ationen

zu kennen. Deshalb haben wir Populationen von V. inaequalis in der Schweiz und

anderen europaischen Landern in den Jahren 1993 und 1995 gesammelt; unter anderem

in Ahrensburg, wo die VJ-Virulenz erstmals entdeckt wurde. Aus Quarantanegriinden

konnten die gesammelten Isolate nicht im Gewachshaus auf VJ-Virulenz untersucht

werden. Deshalb haben wir neutrale molekulare Marker wie RAPD, PCR-RFLP und

Mikrosatelliten entwickelt und so die Diversitat innerhalb der einzelnen Populationen

und die Differenzierung zwischen den Populationen bestimmt. Die Differenzierung der

Populationen im Zusammenhang mit Faktoren wie der geographischen Distanz

zwischen den Populationen, 'Flaschenhals'-Situationen und Kultivierungmassnahmen

wie Fungizidanwendung oder Sortenwahl kann dann fur die Abschatzung der relativen

Wichtigkeit von differenzierenden und homogenisierenden Prozessen zwischen den

europaischen Populationen von V. inaequalis gebraucht werden.

Die Diversitat innerhalb aller V.-inaequalis-Populationen ist sehr hoch und

viele seltene Allele wurden gefunden. Nur sehr wenige identische Multilocus-

Haplotypen wurden in den untersuchten Populationen beobachtet. Dies bestatigt, dass
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Ascosporen das wichtigste Anfangsinokulum darstellen. Bis vor 50 Jahren wurden in

Europa Apfelbaume mehr oder weniger Flachendeckend im Streuobstbau kultiviert.

Dabei wurden Sporen von V. inaequalis sehr einfach durch Regenspritzer und infizierte

Blatter vom Wind verbreitet. Durch den jahrlichen sexuellen Zyklus rekombinierten

immigrierende und angestammte Individuen und konnten so eine hohe Diversitat

aufbauen. In der Population von Ahrensburg, woher die meisten Isolate von Vf-

resistenten Sorten stammen, war die Diversitat viel tiefer als in den anderen

europaischen Populationen und es wurden nur sehr wenige seltene und keine 'privaten'

Allele gefunden. Da anfanglich wahrscheinlich nur ein einziges oder sehr wenige Isolate

fahig waren, Vjf-resistente Sorten zu infizieren, sind diese vermutlich durch einen sehr

starken genetischen 'Flaschenhals' gegangen.

Die Differenzierung zwischen den analysierten Populationen war niedrig bis

moderat, und der paarweise Vergleich zwischen alien Populationen zeigte, dass die

Differenzierung mit der geographischen Distanz zunimmt. Da sowohl Konidien als auch

Ascosporen von V. inaequalis natiirlicherweise nicht uber grossere Distanzen

transportiert werden, wurde der Genfluss eingeschrankt, nachdem der Streuobstbau vom

Anbau der Apfel in Plantagen verdrangt und grosse Lucken zwischen den Anlagen

geoffnet wurden. Seit diesem Zeitpunkt war Migration wahrscheinlich hochstens noch

zwischen benachbarten Anlagen moglich. Das Resultat war, dass zufallige genetische

Drift und lokale Selektion beginnen konnten, die voneinander isolierten Populationen zu

differenzieren.

Aufgrund dieser Resultate wurden wir erwarten, dass sich V/-virulente

Pathotypen langsam und radial vom Ort ihres heutigen Auftretens ausbreiten. Da bis

anhin die Herde der Vjf-Virulenz lokal und sehr verstreut auftraten, vermuten wir, dass

durch den unbeabsichtigten Transport infizierter Pflanzen die Geschwindigkeit, aber

auch der Umfang der Verbreitung Vjf-virulenter V. inaequalis unvorhersehbar sind.
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Introduction

Venturia inaequalis (Cooke.) Winter amend. Aderhold is the causal agent of

apple scab, the most important disease on apples (Malus x domestica) found in

temperate regions that have cool, moist weather in early spring. It is very likely that V.

inaequalis has its origin in East Asia from where the first apple trees were imported to

Europe by the Greeks and Romans 2000-2500 years ago. It only became an important

pathogen in the early 20th century when apples were grown more extensively (22). V.

inaequalis belongs to the class Ascomycetes. During the winter pseudothecia are

produced on fallen leaves. Ascospores, which mature in spring, will then be actively

ejected from pseudothecia upon wetting by rain during daylight (22). Aerosol

ascospores are wind dispersed over short distances (up to 200 m, 47). In a water film

they may germinate and, if deposited on young apple leaves, cause an infection. Wind

distribution in autumn of infected leaf litter may transport V. inaequalis over longer

distances than the wind dispersed ascospores. Overwintering of the fungus on shoots or

budscales is less frequent. If this should happen, the asexually produced conidia will be

dispersed by rain splashing. Consequently a typical heavy infection of the leaves of the

infected and nearby branches will occur (5, 22). Even if ascospores are considered to be

the most important primary inoculum, the fact that early infections caused by

overwintered conidia, which in turn could cause an epidemic, should not be neglected

(5, 22). Lesions caused by primary inoculum will produce conidia that will be dispersed

by rain splashing and that may initiate the secondary infection cycle by infecting young

leaves and apples, depending on temperature and wetness (24, 25). Up to eight asexual

cycles might be completed in one growing season.

Early infections of apples caused by V. inaequalis can cause deformities of the

growing fruit or even complete loss of the harvest. Slightly scabbed apples are not

accepted by markets and by the consumer. Therefore, farmers have to take measures to

reduce the disease to a minimum for economic reasons. V. inaequalis is mainly

controlled by fungicides, with up to 15 applications per season. Fungicide resistance

towards benomyl (19) or demethylation-inhibitors (DMI; e.g., 11, 20, 21) became a

serious problem in many countries after their intensive and exclusive use. Field

populations of V. inaequalis were tested in vivo and in vitro to gauge the present
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resistance level towards benomyl as well as towards DMIs (e.g., 27, 42, 43, 44).

Mutations in the p-tubulin gene were found to cause the resistance towards benomyl

(19). Resistance towards DMIs is caused by changes in the sterolbiosythesis pathway.

However, the genetics of this resistance are not yet known (e.g., 6,21).

Breeding and cultivation of scab-resistant cultivars could be a step towards

more ecological production systems of high-quality apples with reduced fungicide input

(10). Disease resistance is therefore an important aim in today's apple breeding

programs. Wild Malus species (ornamental or crab apples) are used as resistance

sources. The clone Malus floribunda 821 has become the most important resistance

source. Most scab resistant apple cultivars released up to now (about 50 cultivars) carry

the Vjf-resistance gene derived from M. floribunda 821 (10, 22). Although the Vf-

resistance was considered to be highly durable (8), the first V. inaequalis isolates

capable of infecting particular Vf-resistant cultivars were found in 1984 in Northern

Germany (Ahrensburg) and named race 6 (30). After the detection of Vjf-virulent scab in

Ahrensburg in 1984, race 6 was also identified in Kent (Great Britain) in 1994 (31) and

in Wilhelminadorp (The Netherlands) in 1997 (14). However, scab isolates originating

from Ahrensburg could only successfully infect selected Vjf-hybrids, but not M.

floribunda 821. Inoculum found on a M. floribunda in Kent could cause sporulating

lesions on M. floribunda 821 and on some selected Vjf-hybrids (29, 30, 31). Until now,

the breakdown of V/-resistance is locally restricted, and in most areas where V/-resistant

cultivars are planted the resistance is still holding.

Variability of the fungus V. inaequalis has been well studied over the last 100

years. The first documentation of the morphological and physiological variability

among V. inaequalis isolates from different regions is dated 1899 (1) and was then

followed by other publications in the early 20th century (e.g., 28, 32, 33, 34, 35, 47). In

addition to descriptions of cultural differences such as morphology, growth rate and

colour, the first evidence for differences in pathogenicity was provided in the above

literature. Currently, six 'races' of V. inaequalis have been named (30, 36, 48). A 'race'

of a pathogen is, by definition, characterised through its ability to attack only certain

varieties of a plant species but not other varieties (2). According to this general

definition, the term 'race' might not be correct for V. inaequalis, since the 'races' are

differentiated on different Malus species or breeder's selections. With the exception of
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some cultivars of the species M. domestica carrying new resistances such as Vf, Vr, Vm

(22), all traditional cultivars of M. domestica can be infected by V. inaequalis of 'races'

1-6 (30, 36, 48). Therefore, the term 'race' should be replaced by the more adequate

term 'pathotype'. In the field all traditional cultivars are susceptible to V. inaequalis,

because field populations of V. inaequalis are composed of pathotypes with several

differential virulences that enable some isolates to infect selected cultivars and other

isolates to infect other selected cultivars (e.g., 3, 10, 18, 29, 37). Inheritance studies

have shown that differential virulences might be regulated by one or more genes (e.g.,

13, 38).

In recent years techniques that allowed analyses of DNA polymorphisms have

become increasingly important to determine the variability in natural populations. I will

briefly explain several techniques: restriction fragment length polymorphism (RFLP)

and polymerase chain reaction (PCR) based techniques such as PCR-RFLP and cleaved

amplified polymorphic sequences (CAPS), random amplified polymorphic DNA

(RAPD), sequence characterised amplified regions (SCAR), microsatellites and

amplified fragment length polymorphism (AFLP).

RFLP is based on the length polymorphisms in restriction fragments between

individuals that can be detected by hybridising DNA probes to a single target sequence

in the genome (4). This type of marker is usually codominant, and multiple alleles at a

RFLP locus can be scored. The development of the probes is labour intensive since

single locus probes are required. In preparation for the blot, a large amount of high-

quality DNA is needed. However, one blot can be reprobed several times with different

RFLP-probes (45).

Since the PCR technique was invented in the late 1980s (12) several PCR-

based marker systems have been developed. The great advantage of PCR-based

techniques over RFLP is the small quantity of DNA needed. PCR-RFLP and CAPS are

based on restriction differences within locus-specific PCR amplification products. These

markers are either dominant or codominant. Locus-specific primers must be found either

in public databases, or from DNA sequencing of genomic clones. Once the PCR product

is amplified, restriction endonucleases must be screened to find polymorphisms.
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The RAPD method uses single short oligonucleotide primers of arbitrary

sequence for the amplification of randomly distributed segments of genomic DNA (49).

Polymorphisms result from sequence differences at or between primer binding sites.

RAPD markers are usually dominant making genetic studies difficult, but due to their

easy usage and low costs, many genetic studies are based on this type of marker. One

big disadvantage of this method is that results are often not reproducible, because the

method is highly sensitive to changes in amplification conditions. Small differences in

DNA concentration, temperature profile of the thermocycler, magnesium concentration

or different origin of the Ta^-polymerase can change results substantially.

SCAR markers are developed by cloning and sequencing of RAPD fragments

of interest (e.g., RAPDs linked to a resistance gene) and designing longer and therefore

more specific primers complementary to the ends of the original RAPD fragment. Even

if the development of a SCAR marker is laborious, its advantages such as high

reproducibility and locus specificity is worth the effort.

Microsatellites or SSRs consist of stretches of tandemly repeated motifs of 1-6

nucleotides. Microsatellite sequences can be found by searching for them in a public

database or screening of a genomic library. SSR loci are amplified by PCR using

primers specific to the unique sequence flanking the microsatellite. Polymorphisms are

observed because of length variation due to inserts or deletions of repeat units. SSR

markers are codominant and thus better for genetic analysis, and once they are

generated, many alleles can be scored per locus.

AFLP relies on the variability of restriction sites combined with the 1-10

nucleotides immediately adjacent to the restriction sites and involve the selective

amplification of an arbitrary subset of restriction fragments. With this method up to 100

diallelic loci can be scored on one gel. This type of marker can be either dominant or

codominant. Large amounts of DNA are needed and non-Mendelian polymorphisms,

due to incomplete digestion, can lead to artifactual polymorphisms (45).

Population genetics analyses the relative importance of evolutionary processes

that lead to population differentiation or homogenisation. Mutation, random genetic

drift due to finite population size, and selection favouring adaptations to local

environmental conditions will all lead to genetic differentiation of local populations.
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Gene flow due to the migration of individuals between established populations, and

extinction and recolonisation will oppose population differentiation (39, 40). 'Neutral'

mutations, i.e. mutations not affecting the functionality of a gene, can lead to a genetic

differentiation or even fixation of alleles due to random genetic drift in moderate sized

and small populations (15, 16). Fisher's (9) and Clarke's (7) selectionist theory assumes

that advantageous mutations, followed by local selection, are the most important factor

in differentiating populations. Selection may be of greater importance in large

populations.

Dispersal of a species over a particular geographic range might be inhibited by

natural barriers, such as mountain ranges, deserts, and oceans. On a smaller scale,

differences in ecological factors, such as climate and resources can isolate populations

from each other. If the structure of the environment remains stable, local populations

will persist continuously for long times. If the environment changes frequently, a patchy

population structure might be found with areas of high abundance separated by areas in

which the species is rarely or never found. Since V. inaequalis can only grow on Malus

sp. its distribution is dependent on the presence of its host, the apple. The choice of

cultivars, fungicide treatments and other cultivation measures influence the composition

of a V. inaequalis population. Selection in favour of the same alleles in different sites,

e.g. fungicide resistance in V. inaequalis, would produce geographic uniformity

regardless of any gene flow. Selection favouring different alleles in different locations

might produce local differentiation, e.g. if the fungicide is only applied in one but not in

the other orchard. Neutral or only weakly selected loci will show a uniform population

differentiation, whereas local selection can cause substantial differences at a single or at

few loci.

If local populations are completely isolated from each other, random genetic

drift would tend to fix different neutral alleles in different local populations leading to

population differentiation. The effect of drift depends on the size of the remaining

sexually recombining population and the number of generations since isolation took

place. Gene flow will counteract population differentiation if it exceeds a certain level;

one or more immigrant individuals every other generation are sufficient to prevent

fixation of an allele due to genetic drift (50). In terms of the relative strengths of

evolutionary forces, gene flow might be weaker than selection at some loci yet much
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stronger than genetic drift at other loci (40). Selection can also result in a pattern

indicating little or no gene flow even if the actual level of gene flow is much larger.

Since all neutral loci within a population are affected by drift and gene flow in the same

way, inconsistency of allele frequencies of one locus with all the others suggests that

selection is affecting that locus (40).

To estimate population differentiation from allele frequency data we can use

Wright's (50) F-statistics that are based on the 'island' model of population structure

where every local population is equally accessible from one to the other. Long-distance

gene flow is possible, but gene flow among nearby locations might be more frequent so

that allele frequencies of nearby locations will be correlated (41). The stepping-stone

model (17, 23, 51) has been developed for theoretical predictions of identities by

descent, but has not been applied to natural populations (41).

As concern about the large-scale break down of the V/-resistance grows,

strategies to prevent the spread of Vf-virulent V. inaequalis have to be found. A suitable

approach has to be developed to estimate the speed and range of the spread of the Vf-

virulence. Therefore, we collected in 1993 four populations of V. inaequalis in

Switzerland and in 1995 eleven populations of V. inaequalis in several European

countries. The collection from 1995 included a population from Ahrensburg where the

Vjf-resistance is no more effective. In the following chapters the populations collected in

1993 will be denoted as 'Swiss' populations since sampling was done only in

Switzerland, and the populations collected in 1995 in Switzerland as well as in other

European countries will be denoted as 'European' populations. Artificial inoculations of

Vjf-resistant apple cultivars with the V. inaequalis isolates, which are carried out in the

greenhouse, would show if the Vf-virulence is already present in a population or not.

However, because the danger of dissemination of V/-virulent spores would have been

too high, tests for Vjf-virulence were not performed in the present thesis for quarantine

reasons. Ideally, the VJ-virulence allele would be identified whereupon V. inaequalis

populations could then be rapidly and easily screened for Vf-virulence, but this work

alone would fill another thesis.

Instead, the approach taken here was to develop neutral molecular markers for

V. inaequalis so that we can apply the models, based on the neutralist's theory, to our
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data. Wright's F-statistics (50) seem to be optimal for the estimation of the relative

balance between genetic drift and gene flow in natural populations (41). I used this

model with the complementary formula of Nei for subdivided populations (26) for

estimation of within-population diversity and population differentiation in V. inaequalis

based on allele frequency data. In the present thesis, the sample of V. inaequalis from

one orchard is defined as a 'population', even if drawing of a clear line between nearby

orchards might not be correct because they might be so close that the two V. inaequalis

populations might be considered as one panmictic population. Rough predictions about

the spread of the Vf-virulence might be made with the help of molecular data,

knowledge about short- and long-distance dispersal of V. inaequalis and agents that

might influence dispersal.

The RAPD, PCR-RFLP and microsatellite markers were chosen for several

reasons. The PCR technique, especially RAPD, was already well established in our

laboratory when the population genetics project on V. inaequalis was started. The low

amount of DNA needed for PCR is a big advantage over conventional RFLP when large

sample sizes have to be screened. With RAPD several markers can be generated with

one primer and the dominant character of this marker-type is not a problem when

studying haploid organisms such as V. inaequalis. Factors influencing the reaction

conditions that could lead to artifactual results, were reduced to a minimum but can

never be excluded. PCR-RFLP of the ITS locus could be performed because universal

primers for filamentous ascomycetes in this region were published in White et al. (46).

The P-tubulin sequence of V. inaequalis is published in GenBank (M97951), and

primers in this region could be designed. Since point mutations within the P-tubulin

sequence cause resistance towards the fungicide benomyl (19), isolates were tested in

vitro against several concentrations of this fungicide. The need for more multiallelic,

highly reproducible markers with a high information content lead me develop

microsatellite markers constructing genomic libraries enriched for specific repeats of V.

inaequalis.
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Chapter 1

Subdivision and genetic structure of four populations of

Ventvria inaequalis in Switzerland

Abstract

Analyses of four populations of Venturia inaequalis in Switzerland were

performed to obtain information about migration and to predict the probable speed of

the spread of new pathotypes able to overcome resistance, e.g. Vjf-resistance, of new

cultivars. Genetic and haplotype diversity was calculated based on allele frequencies of

random amplified polymorphic DNA (RAPD) markers and the internal transcribed

spacer (ITS)-region of ribosomal DNA, which are regarded to be neutral, and the |3-

tubulin locus which may be under selection pressure. Within-population diversity was

found to be quite similar over all four populations. Normalised haplotype diversity

based on RAPD and ITS data was very high with a mean of 0.95. Diversity among

populations (GST) was consistent over all neutral loci with a low mean of 0.04, but

reached the high value of 0.26 for the selected ^-tubulin locus. Low GST based on neutral

loci may suggest a high level of gene flow. Considering these results, new pathotypes

would be expected soon outside their place of identification. But actual gene flow is

easily overestimated because of effects of gene flow in the past. However, naturally

occurring gene flow could be increased by human activity. Therefore, it is very difficult

to predict durability of the V/-resitance in Switzerland.

Published as: Tenzer, I., and Gessler, C. 1997. Subdivision and genetic structure of four populations of

Venturia inaequalis in Switzerland. Eur. J. PL Path. 103: 565-571.
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Introduction

Apple scab, caused by Venturia inaequalis (Cke.) Wint., is the most important

disease found in apple (Malus x domestica) cultivation in Europe. V. inaequalis is a

heterothallic haploid ascomycete which reproduces sexually and asexually. During the

sexual stage which takes place in winter, the fungus grows as a saprophyte in fallen

apple leaves and forms pseudothecia (8). From the end of March until mid May (1)

ascospores cause primary lesions on young apple leaves, and conidia continue the

epidemic. The conidia as well as the ascospores are mainly spread by rain splashing on

the leaves (3, 20). Depending on weather conditions (9), six to eight asexual cycles per

season may be completed.

By the end of the 19th Century, researchers were becoming aware of the

possibility of developing scab-resistant varieties. Besides race-specific resistance genes

in M. x domestica (15), a large pool of scab resistances exist in other Malus species

(crabapples) which were used for the breeding programs. Since 1970 many scab-

resistant cultivars carrying the VJ-resistance derived from M. floribunda 821, have been

released (8).

The V/-resistance was considered highly durable (2). However, in 1984 the first

scab isolates capable of infecting particular VJ-resistant cultivars were found in an

orchard in Northern Germany (11). The VJ-resistance was also overcome in Kent (UK)

(12). Isolates collected from a naturally infected M. floribunda in a house garden caused

sporulating lesions on M. floribunda 821 as well as on several cultivars carrying the Vf-

gene. Until now, this virulence has not been found outside the sites of identification

even though large orchards of Vf-carrying cultivars were planted more than ten years

ago in other places. Although the Vjf-virulence has not yet been observed outside

Ahrensburg and Kent, there is growing concern about the possibility of a widespread

breakdown of the Vf-virulence across Europe due to the spread of the virulence.

The virulence spreads by migration of individuals carrying it into another

population. Gene flow occurs when there is also genetic exchange between the invading

and the original population and the two populations may merge into one randomly

mating population. Differentiation of populations can be caused by random genetic drift

or selection and both kinds of differentiation are manifested in differences in allele
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frequencies among populations (16, 17). Due to the annual numerous recombination

events in V. inaequalis populations, selection can act on individual loci and still allow

gene flow or drift at other loci.

To estimate gene flow between populations it is important to include both

neutral and selected markers because selection on a certain locus could result in a

pattern indicating little or no gene flow even if the actual level of gene flow is much

larger (17). Therefore, supposed neutral loci like RAPD markers and the ITS-region of

the ribosomal DNA, as well as the P-tubulin locus which may be under selective

pressure were chosen for DNA-analyses.

The purpose of the study was to find out about migration and population

differentiation. This was achieved by comparing four different V. inaequalis populations

of which samples were collected in various parts of Switzerland. The comparisons were

then used to estimate the probability of rapid migration of a new virulence such as the

Vjf-virulence.

Material and Methods

Production of single spore cultures and DNA extraction. Isolates of V.

inaequalis were collected in July and August 1993 at four different sites in Switzerland

in orchards under various methods of management (Oberwil, Giittingen, Gland and

Etoy) (Figure 1).

Figure 1: Sampling sites of populations of Venturia inaequalis in Switzerland. In Oberwil 43 lesions

were collected from 22 trees, in Giittingen 58 lesions were collected from 46 trees, in Gland 46 lesions

were collected from 46 trees and in Etoy 24 lesions were collected from 24 trees.
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Leaves with well sporulating ascosporic or early secondary lesions were

collected from trees chosen at random. In Oberwil four lesions per tree were collected at

the most, in Giittingen three lesions per tree, in Gland and Etoy one lesion per tree. If

more than one lesion was collected per tree the lesions were taken from different leaves

and as far apart from each other as possible to reduce the probability of collecting

clones. The lesions were excised, dried in an Eppendorf tube containing silicagel and

stored at 3 °C. From each lesion, single spore isolates were produced and grown on

terramycin-malt-agar plates (15). When the diameter of the culture was about 4 cm, the

mycelium was scraped off the agar plate then put into an Eppendorf tube containing

glass beads of 0.45-0.5 mm diameter and lyophilised. The lyophilised mycelium and the

glass beads were shaken in a cell homogenisor (B. Braun, Melsungen, Germany) for 80

seconds. DNA was extracted after a shortened protocol of the total-DNA mini-

preparation of Zolan and Pukkila (22) with the same modifications as described by

Sierotzki et al. (15).

Selection of markers. The RAPD loci and the ITS-region of the ribosomal

DNA were chosen because they are supposed to be selectively neutral. Since neutral

markers tell little or nothing about adaptive genetic changes in evolution (4), the fJ-

tubulin locus was chosen as a further marker. This locus may be under selective

pressure because single-base mutations in this locus are responsible for the resistance of

V. inaequalis to the fungicide benomyl (5). That is why, in addition to the molecular

analysis of the (3-tubulin locus, each isolate was tested on benomyl-amended agar plates

to test its resistance level.

Polymerase Chain Reaction (PCR). Amplification reaction volumes were 15

ul containing 10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.5 mM MgCl2, 100 fiM each of

dATP, dCTP, dGTP and dTTP (Boehringer Mannheim, Germany), 0.3 uM Primer for

RAPDs and 0.15 iiM of each Primer for specific reactions, 5 ng of genomic DNA and

0.1U Super Taq DNA Polymerase (Stehelin, Basel, Switzerland). Amplification was

performed in a Perkin Elmer Cetus Gene Amp. PCR System 9600 or a Hybaid

OmniGene (Teddington, UK).

Random amplified polymorphic DNA (RAPD). After screenings of about

200 decamer primers from Operon Technologies Inc. USA the following four were
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selected for population analysis: F04 (5'-GGTGATCAGG-3'), R01 (5'-

TGCGGGTCCT-3'), T07(5'-GGCAGGCTGT-3'), U19 (5'-GTCAGTGCGG-3'). The

amplification of the marker bands was reproducible and the bands were polymorphic

among isolates of V. inaequalis. Reactions were performed as described by Koller et al.

(6) and the evaluated markers defined with the name of the Operon primer and the size

of the band in base pairs (e. g. F04-1300). Electrophoresis was performed on a 1%

agarose gel.

PCR-Restriction Fragment Length Polymorphism (PCR-RFLP). PCR-

RFLP was performed for the internal transcribed spacer-region (ITS) of the ribosomal

DNA and the |3-tubulin-locus. The ITS1, 5.8S rDNA and the ITS2 were amplified with

primers provided by MWG-Biotech (Synthesis Lab, Miinchenstein, Switzerland) ITS5

5'-GGAAGTAAAAGTCGTAACAAGG-3' and ITS4 5'-

TCCTCCGCTTATTGATATGC-3' (19). A 1190 base pair fragment of the (3-tubulin

gene (5) was amplified using the primers PI 5'-CAAACCATCTCTGGCGAACACG-3'

and P2 5'-CGTGGTCTTAAGATGTCCTCCA-3' (Wisconsin sequence Analysis

Package, Version 8, Genetic computer group, Madison, USA). Amplification conditions

for the ITS region were 40 s at 94 °C, 15 s at 64 °C, 2 min at 72 °C, 20 s at 94 °C, 20 s

at 62 °C, 2 min at 72 °C, 20 s at 94 °C, 20 s at 60 °C, 2 min at 72 °C. Then 30 cycles

with 20 s at 94 °C, 20 s at 60 °C and 2 min at 72 °C followed. The last amplification

was at 72 °C for 10 min. Amplification conditions for the (3-tubulin gene were 90 s at 94

°C then 40 cycles with 30 s at 94°C, 30 s at 55 °C and 90 s at 72 °C. Amplified DNA

was electrophoresed on a 1% agarose gel. Digestion of the amplified fragments was

performed for two hours in a final volume of 10 |Xl containing 1U enzyme, lx reaction

buffer (Boehringer Mannheim, Germany) and 100 ng amplification product. A 2%

agarose gel was used for the electrophoresis.

ITS region. For further analysis of the ITS region, the amplified fragments

were purified (NucleotraP®CR, Macherey-Nagel GmbH&Co. KG, Diiren) and cloned

into the vector pUC18 (Pharmacia Biotech Sure Clone Ligation Kit). Competent E. coli

(strain DH5cc) cells were used for the transformation following a standard protocol (13).

Plasmids were extracted (Wizard midipreps, DNA Purification System, Promega,

Madison, Wisconsin, USA) and the ITS region was sequenced (Microsynth GmbH,
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Balgach, Switzerland). The position of the rDNA and ITS was determined by sequence

comparison using Wisconsin sequence Analysis Package (Version 8, Genetic computer

group, Madison, USA). Using the same package, restriction sites within the sequence

could be found.

In vitro test for benomyl resistance. Each isolate was grown on potato

dextrose agar (3.9% w/v PDA, Difco, USA) amended with 6 different concentrations (0,

0.005%, 0.05%, 0.125%, 0.5% 1% w/v) of benomyl (Benlate, 50% benomyl, du Pont de

Nemours & Co., Wilmington, DE, USA). After three weeks, the isolates were classified

as susceptible (S, growth on < 0.005% benomyl), low resistant (LR, growth on < 0.05%

benomyl), medium resistant (MR, growth on < 0.125% benomyl), high resistant (HR,

growth on < 0.5% benomyl) and very high resistant (VHR, growth on 1% benomyl)

(18).

Data analysis. Presence or absence of polymorphic bands was scored.

Frequencies of the alleles at each locus were calculated and the contingency %2 test of

Workman and Niswander (21) for significant differences in allele frequencies among

populations was performed.

Further genetic diversity within (Hs, equation 1) and among populations (GST,

equation 3) was calculated with the following formulae (10):

Hs=l-ixiJ2(l) HT=l-t~XlJ2(2) G^t^i (3)
.=i ,=i jj

T

where h is the number of alleles and xy is the frequency of the i"1 allele in population j.

Hj. (equation 2) is the total genetic diversity over all populations where k is the number

of populations and x is the frequency of allele i averaged over all populations. Hs is

the average genetic diversity of all populations.

k

Haplotype diversity (Shannon's index of diversity) is 5/; = -£p XmP„ (7)
1=1

where py is the frequency of the i"1 haplotype in population j. Because SIj is dependent

on sample size, normalised haplotype diversity was calculated as Sl^SI/lnk where k is

the sample size (14).
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Results

Twelve polymorphic RAPD bands were sufficiently clear and constantly

amplified to be scored easily (Table 1).

Table 1: Allele frequencies of the RAPD markers (xfJ) in populations of Venturia inaequalis collected at

four locations in Switzerland. %2 test for significant differences in allele frequencies among populations
was performed and genetic diversity within populations (Hs), among populations (GST) and within the

total collected population (HT) was calculated. The number of isolates analysed per population is given in

parentheses.

PopuLation

Switzerland (Marker Oberwil (43) Guttingen (58) Gland (46) Etoy (24) 171)

x„ H, x„ H< \ H< x„ H, Hs H, Gw

F04-1300 0.03a 0.05 0.11 0.19 0.03 0.06 0.00 0.00 0.08 0.08 0.04

F04-1500 0.95 0.10 0.98 0.04 0.94 0.12 0.96 0.08 0.08 0.08 0.01

F04-1800 0.66 0.45 0.42 0.49 0.41 0.48 0.46 0.50 0.48 0.50 0.04

R01-750 0.95 0.09 0.95 0.10 0.96 0.08 0.96 0.08 0.09 0.09 0.00

R01-850 0.95 0.10 0.93 0.13 0.80 0.31 0.83 0.28 0.20 0.21 0.04

R01-1000 0.45 0.50 0.30 0.41 0.35 0.45 0.30 0.41 0.44 0.45 0.02

R01-1150 0.07 0.13 0.17 0.29 0.20 0.31 0.21 0.33 0.27 0.17 0.02

T07-500 1.00 0.00 0.88 0.21 0.93 0.13 0.96 0.08 0.11 0.11 0.04

T07-550*" 0.13 0.22 0.43 0.49 0.19 0.31 0.13 0.22 0.31 0.34 0.10

U19-410 0.41 0.49 0.28 0.40 0.19 0.31 0.42 0.49 0.42 0.44 0.04

U19-450*" 0.71 0.41 0.97 0.07 0.69 0.43 0.96 0.08 0.25 0.28 0.12

U19-500 0.46 0.50 0.41 0.49 0.34 0.45 0.21 0.33 0.44 0.46 0.04

Average 0.25 0.28 0.29 0.24 0.26 0.28 0.04

"

Frequency of the allele that is shown by presence of the band

*, **, *** x2 values were significant at P<0.05,0.01 and 0.005, respectively

With primers ITS4 and ITS5 either a fragment of 955bp or 573bp was

obtained. Restriction fragment polymorphisms were found only within the intron of the

18S rDNA (Figure 2). Five alleles (A-E) were identified in this region with the

restriction enzymes Cfol and Sail. While alleles A, B and E were present in all four

populations, the allele C was found only in the population from Etoy and the allele D

only in the population from Guttingen (Table 2).
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100bp

18SrDNA

Intron

CC CC C C

Intron

CCS C" CC C C

Intron

CCS CC C C

Intron

Figure 2: Internal transcribed spacer (ITS) region with the five alleles (A-E) found within isolates of

Venturia inaequalis. Restriction sites of Cfol and Sail are indicated as C and S, respectively. C* is the

only polymorphic restriction site recognised by Cfol.

Four alleles were found at the P-tubulin locus (Table 2). Except for allele 4

which was only present in benomyl-susceptible isolates, no allele was correlated with a

resistance class. In the samples from Gland and Giittingen all resistance classes as well

as susceptible isolates were present, whereas in the population from Oberwil only

susceptible isolates were detected and in the population from Etoy only very highly

resistant isolates were found. However, all isolates from Etoy possessed only allele 3

whereas all four alleles were found in the other populations (Figure 3).

Table 2: Allele frequencies of the ITS locus (A-E) and the p-tubulin locus (1-4) of populations of

Venturia inaequalis collected at four locations in Switzerland. %2 test for significant differences in allele

frequencies among populations was performed and genetic diversity within populations (Hs), among

populations (G^) and within the total collected population (HT) was calculated.

Population ITS P-tubulin

Na B D Hc N 1 H«

Oberwil 25 0.08 0.28 0.00 0.00 0.64

Giittingen 39 0.10 0.36 0.00 0.10 0.44

Gland 32 0.38 0.22 0.00 0.00 0.41

Etoy 19 0.05 0.32 0.16 0.00 0.47

Switzerland 115 0.17 0.30 0.03 0.03 0.48

0.51 22

0.66 37

0.65 23

0.65 17

0.62" 99

0.65°

0.05"

0.36 0.27 0.09 0.27

0.11 0.51 0.27 0.11

0.13 0.39 0.39 0.09

0.00 0.00 1.00 0.00

0.15 0.34 0.38 0.12

0.71

0.64

0.67

0.00

0.51"

0.69'

0.26"

*, **, *** x2 values were significant at P<0.05, 0.01 and 0.005, respectively
"

Sample size

Hs,°HT, GCT
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Oberwil (22) Guttingen (32)

X X X X

Resistance class / Allele

Gland (21)

____
CC CC CC CC

XXII IIII
> > > >

ct cc cc t

Resistance class / Allele

Etoy (17)

' in cc cc cc ( cc cc cc cr

I I I 1

Resistance class / Allele Resistance class / Allele

Figure 3: Distribution of the Venturia inaequalis isolates concerning their sensitivity towards the

fungicide benomyl and the allele of the (3-tubulin locus. Shown is the frequency (y-axis) of the isolates

for each combination of resistance class (S, LR, MR, HR, VHR) / allele (1-4) (x-axis) in each population.
The number of isolates analysed per population is given in parentheses.

Allele freqencies of the loci T07-550, U19-450, ITS and (3-tubulin were

significantly different (%2 test) among the four populations (Tables 1 and 2). The within-

population diversities (Hs) were very similar in all four locations and genetic diversity

across all populations (HT) did not differ much from the means (Hs). Diversity indices

of the RAPD loci varied from very low (Hs, Hs, HT<0.1) to very high (Hs, Hs, HT>0.4)

values within populations whereas genetic diversity among populations (GST) of V.

inaequalis in Switzerland was consistent over presumed neutral loci (RAPD and ITS)

with a low mean of 0.04 (Tables 1 and 2). In contrast, GST for the P-tubulin locus was

0.26 (Table 2).

There was very low clonality within the collected populations indicated by high

normalised haplotype diversities (SI,') based on RAPD and ITS data. SI' was 0.87 in

Oberwil (24 isolates tested), 0.97 in Guttingen (37 isolates tested), 0.97 in Gland (15

isolates tested) and 0.98 in Etoy (21 isolates tested), whereas the highest possible value

for SI' would be 1.00 if all isolates had a unique haplotype.



24 Chapter 1

Discussion

The estimates of the parameters Hs, F^, GST and SI,' and the low differentiation

(%2 test) among populations suggest that the V. inaequalis population is highly diverse,

but distributed homogeneously throughout Switzerland.

The polymorphisms within the 18S rDNA of V. inaequalis were located in the

middle of the intron. In addition to the alleles A, B and E, present in all populations,

alleles C and D were found in low frequencies in the populations from Etoy and

Guttingen, respectively. This might be due to recombination within the locus, but

nevertheless it could be that the different alleles evolved independently in the different

populations.

With respect to the selected (J-tubulin locus it is very probable that no

correlation exists between an allele and a resistance class. This might be either because

sample size is too small in each resistance class / allele combination or because

restriction polymorphisms are due to neutral mutations within the |3-tubulin gene.

Distribution of the resistance classes within the four subpopulations has to be discussed

with knowledge about benomyl-treatments of the orchards. In Oberwil, only susceptible

isolates were found and this orchard was never treated with benomyl. In all other

orchards benomyl was used as a fungicide until the problem of building up of resistance

occurred and this fungicide was replaced by others by the mid 1980s. Remarkable is the

conservation of only resistant isolates in the population from Etoy even though selection

pressure had been stopped.

The very low genetic diversity among populations (GST=0.04) across the

presumed neutral loci (RAPD and ITS) can be explained by the history of apple growing

in Switzerland. Until about 50 years ago apple trees covered the whole midland not in

the form of formal orchards but as meadow growing trees with little or no scab control.

With the assumption that the scab population was continous at that time, constant

migration over the whole area could have been possible. Short-distance transport of the

inoculum due to natural forces such as splash dispersal of conidia during the rainy

periods of summer and leaf litter distribution of infected plant material during winter

storms brought scab with a high probability to a new host. Eventually, inoculum was

also spread over large distances through the exchange of scab-infected plant material by
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human activity. Since then, planting methods of apple trees have changed. Orchards

with intensive scab control have replaced the old system almost completely, and large

regions without apple trees have appeared. Therefore, the natural spread of scab may be

more limited and due to the fact that planting material originates from nurseries with

almost complete scab control, eventual spread through human activity might have

almost been eliminated. This theory leads to the assumption that, even if data show only

little differentiation, migration between the populations might be limited. Gene flow

easily could be overestimated because of the effects of gene flow in the past. Therefore,

the effects of colonisation events cannot be distinguished from current gene flow when

differentiation among populations is analysed (16, 17). The fact that four particular

markers, three assumed to be neutral, appear to a significant different frequency among

the populations, may be interpreted as a first indication for subdivision of the scab

populations in Switzerland.

The question arises why scab on Vf-resistant trees has so far only been found in

Ahrensburg (Germany) and Kent (UK) but not in any other country where orchards with

Vf-resistant cultivars are also planted. It is a possibility that the Vf-virulence has not had

enough time to spread from Ahrensburg and Kent to Switzerland and it could be for this

reason that to date Vf-virulence has not been recorded. Nevertheless, its spread could go

on without being recognised through the ability of Vf-virulent scab to also infect non-V/-

carrying cultivars such as the most important cultivar in Europe, Golden Delicious.

If only natural gene flow occurs, that means splash dispersal of conidia or

distribution of scab-infected leaf litter, it may take many years for the Vf-virulent scab to

migrate to Switzerland and other countries. The speed of migration might be increased

however due to artificial gene flow through exchange of scab-infected plant material

that should not be neglected. The fact that gene flow occurred in the past, and natural as

well as artificial gene flow are hard to distinguish, makes it very difficult to predict

durability of the VJ-resistance in Switzerland.
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Chapter 2

Genetic diversity of Venturia inaequaus across Europe

Abstract

The genetic diversity of eleven populations of Venturia inaequalis from five

European countries was analysed. We calculated diversity from the allele frequency of

18 random amplified polymorphic DNA (RAPD) markers and the internal transcribed

spacer (ITS) region of the ribosomal DNA. Diversity within each population (Hs) was

very high with values ranging from 0.26 to 0.33. Average differentiation among

populations (GST) was 0.11 and populations were isolated by distance (r2=0.50, P<0.01).

This leads to the conclusion that very frequent short distance gene flow occurs in

Europe. However, dispersal over longer distances also occurs frequently enough to

prevent differentiation due to genetic drift. We expected that there might be greater

population differentiation between populations North and South of the Alps, because V.

inaequalis is primarily dispersed by rain splashing and wind distribution of leaf litter

and the Alps might form a barrier to dispersal. However, our results suggest that human

mediated gene flow due to transport of spores or infected plant material has occurred.

Submitted to the European Journal of Plant Pathology: Tenzer, I., and Gessler, C. Genetic diversity of

Venturia inaequalis across Europe.
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Introduction

Apple scab, caused by the ascomycete Venturia inaequalis (Cke.) Wint., is the

most important disease in apple (Malus x domestica) cultivation in Europe. In spring the

ascospores start the epidemic and cause primary lesions on young apple leaves. Conidia

are then produced and continue the epidemic by infecting leaves and fruits. Up to eight

cycles may be completed in a growing season (5). Although, ascospores and conidia are

primarily spread by rain splashing on infected leaves (2, 16), wind distribution of

infected leaves and aerosol ascospores can also add to the migration of the fungus (5).

V. inaequalis is principally controlled by fungicides. However, breeding and

cultivation of less sensitive cultivars could be a step towards more ecological production

of high-quality apples with reduced fungicide input. Several breeding programs include

other Malus species (crab apples), such as M. baccata and M. floribunda, as resistance

sources (3). The VJ-resistance gene originating from M. floribunda 821 has become the

most important one and many cultivars carrying this resistance gene have been released

since 1970 (3, 5). Although this resistance was considered highly durable (1), scab

isolates capable of infecting particular Vf-resistant cultivars were found in Ahrensburg

(Germany) in 1984 (8) and Kent (Great Britain) in 1994 (9). Since cultivars carrying the

VJ-resistance are also planted in other regions, there is growing concern about the

possible migration of Vjf-virulent scab from these orchards.

In an earlier study of the genetic structure of four populations of V. inaequalis

in Switzerland (15), we found high diversity within populations (Hs between 0.24 and

0.62), but low differentiation among populations (average GST was 0.04 for RAPD loci,

0.05 for the ITS locus and 0.28 for the p-tubulin locus), suggesting a homogeneous

distribution of V. inaequalis populations within Switzerland and a high level of gene

flow among them. However, current levels of gene flow might be overestimated due to

effects of gene flow in the past, when populations are not in equilibrium (13). We

interpreted the fact that the frequency of four markers out of fourteen was significantly

different among the four populations, as an indication that differentiation among

populations might be in progress. This information, combined with the knowledge of

the spread of V. inaequalis by rain splashing or wind distribution of infected leaf litter,
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suggested that it might take many years before VJ-virulent scab isolates could spread

over the whole of Europe.

We were interested in determining rates of gene flow and probable migration of

Vf-virulence in more detail. Therefore, eleven scab populations were sampled in five

European countries in 1995. They were examined for diversity and differentiation based

on allele frequency of 18 random amplified polymorphic DNA (RAPD) markers and the

internal transcribed spacer (ITS) region of the ribosomal DNA. Because the biology of

the distribution of the fungus restricts the likelihood of long distance dispersal, isolation

by distance would be expected if populations were at, or near equilibrium between gene

flow and genetic drift (14).

Material and Methods

Production of single spore cultures and DNA extraction. Isolates of V.

inaequalis were collected in May and June 1995 at eleven sites in five European

countries in orchards managed after organic farming guidelines: one in France (F), two

in Germany (Dl, D2), four in Italy (South Tyrol, 11-4), one in The Netherlands (NL)

and three in Switzerland (two in Southern Switzerland, CHI, CH2, and one in Northern

Switzerland, CH3) (Figure 1).

For sampling trees were chosen at random and leaves with well sporulating

primary lesions (derived from ascospore infection) or early secondary lesions were

collected. Only one leaf per tree was sampled. The isolates were collected from the

cultivar Golden Delicious except for the populations from Ahrensburg, Wageningen and

Oberwil. The isolates from Ahrensburg were collected from Golden delicious as well as

from cultivars carrying the Vf-gene such as Fiorina, Freedom and Prima, but also from

progenies of two crosses, which were selected for VJ-resistance (8). Isolates from the

orchard in Wageningen were collected from different cultivars and progenies of diverse

crossings (Centrum voor Plantenveredelings en Reprodukieonderzoek, Wageningen,

The Netherlands, J. Janse, pers. comm.), whereas the isolates from Oberwil were

sampled from Boskoop, Champagner Reinette, Glocken-Apfel, Maigold and Spartan

(Table 1).
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Figure 1: Origin of the eleven Venturia inaequalis populations collected in Europe in 1995.

Lesions were excised, dried in an Eppendorf tube containing silicagel and

stored at 3 °C. From each lesion, single spore isolates were produced and grown on

terramycin-malt-agar plates (11). The mycelium was then grown in Erlenmeyer flasks

containing 50 ml of potato dextrose broth (2.4% w/v, Difco, USA). After three weeks

the mycelium was washed twice with 20 ml ice-cold water and lyophilised. About 20

mg of freeze-dried mycelium were brought to an Eppendorf tube containing glass beads

of 0.45-0.5 mm diameter and shaken in a cell homogenisor (B. Braun, Melsungen,

Germany) for 20 seconds. DNA was extracted after a shortened protocol of Zolan and

Pukkila (18) with the same modifications as described in Sierotzki et al. (11) or with the

DNeasy Plant Mini Kit (Qiagen, Basel, Switzerland).
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Table 1: Origin of the eleven Venturia inaequalis populations collected in Europe in 1995.

Country Orchard3 Abbreviation Nb Cultivar

France

Germany

Angers

Ahrensburg

F

Dl

Germany Moorburg D2

Italy (South Tyrol) Algund 11

Italy (South Tyrol) Auer 12

Italy (South Tyrol) Margreid 13

Italy (South Tyrol) Neumarkt 14

The Netherlands Wageningen NL

Switzerland Ascona CHI

(Southern Switzerland)

Switzerland San Antonino CH2

(Southern Switzerland)

Switzerland Oberwil CH3

(Northern Switzerland)

44 Golden Delicious

28 Fiorina', Freedom', Golden Delicious,

Prima', Progenies of two crossings
selected for Vf- resitanced

43 Golden Delicious

36 Golden Delicious

31 Golden Delicious

21 Golden Delicious

30 Golden Delicious

46 diverse cultivars, and progenies of

diverse crossings'

26 Golden Delicious

14 Golden Delicious

23 Ananas Reinette, Boskoop,

Champagner Reinette, Glocken-Apfel,
Maigold, Spartan

*

All orchard were managed after the guidelines of organic fanning (no input of artificial fertilizers or pesticides)
b

Sample size
"

Cultivars carrying the Vjf-gene
'

Prima x A143/24 and Prima x Fiesta (8)
*

Centrum voor Plantenveredelings en Reprodukieonderzoek (CPRO-DLO), Wageningen, The Netherlands, (J. Janse, personal
communication)

Polymerase Chain Reaction (PCR). Amplification reaction volumes were 15

jil containing IX reaction buffer (Pharmacia Biotech, Uppsala, Sweden), 100 uM each

of dATP, dCTP, dGTP and dTTP (Boehringer Mannheim, Germany), 0.3 uM primer for

RAPDs and 0.15 jxM of each primer for specific ITS reactions, 5 ng of genomic DNA

and 1.05U DNA TAQ Polymerase (Pharmacia Biotech, Uppsala, Sweden).

Amplification was performed in a Perkin Elmer Cetus Gene Amp. PCR System 9600.
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After screenings of about 200 decamer primers (Operon Technologies Inc.,

USA) the following six were selected for population analysis: D07 (5'-

TTGGCACGGG-3'), E15 (5'-ACGCACAACC-3'), F01 (5'-ACGGATCCTG-3'), F04

(5'-GGTGATCAGG-3'), U10 (5'-ACCTCGGCAC-3') and U19 (5'-GTCAGTGCGG-

3'). Reactions were performed as described by Roller et al. (4) and the evaluated

markers defined with the name of the Operon primer and the size of the band in base

pairs (e.g. D07-900). Electrophoresis was performed on a 1% agarose gel in 0.5X Tris-

borate/EDTA buffer (10). The bands that were polymorphic among isolates of V.

inaequalis were tested for reproducibility by repeating the reaction twice or three times

with a set of eight isolates.

PCR-Restriction Fragment Length Polymorphism (PCR-RFLP) was performed

for the ITS of the ribosomal DNA, and the five alleles A, B, C, D and E described in

Tenzer and Gessler (15) were analysed.

Data analyses. Presence or absence of polymorphic bands was scored. Allele

frequency at each locus was calculated and the contingency %2 test of Workman and

Niswander (17) was performed to find loci of which allele frequencies are significantly

different among the eleven European V. inaequalis populations.

Further, genetic diversity within (Hs, equation 1) and among populations (GST,

equation 3) was calculated with the following formulae (6):

ff^l-tVO) //r=l-i>,2(2) G„3d*L (3)

where h is the number of alleles and xy is the frequency of the i1" allele in population j.

HT (equation 2) is the total genetic diversity over all populations where k is the number

of populations and xtJ is the frequency of allele i averaged over all populations. Hs is

the average genetic diversity of all populations.

Isolation by distance was tested as described by Slatkin (14). Estimation of

gene flow (M'=(l/GST-l)/2) (14) and geographic distance between each pair of

populations was determined. The denominator for the calculation of M' was 2 instead of

4 because V. inaequalis is haploid. The logarithm of M' will be negatively correlated

with the logarithm of the geographic distance if populations are in equilibrium (14). All

analyses were performed with Microsoft Excel Ver. 5.0a.
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Results

The eleven European V. inaequalis populations were genetically differentiated

and the allele frequency of 12 markers out of 19 was significantly different (%2 test,

P<0.05) among all populations (Table 2).

Table 2: Allele frequencies of the random amplified polymorphic DNA (RAPD) and internal transcribed

spacer (ITS) markers (xtJ) in each Venturia inaequalis population collected in Europe in 1995. Significant

differences in allele frequency among all populations (%2 test) as well as the average genetic diversity

within (Hs) and among (GST) populations is shown.

Population F Dl D2 il 12 13 14 NL CHI CH2 CH3 EU~

Marker x„" x„ x. x„ x„ x„ x„ x„ x„ x„ x„ GCTC

D07-900"* 0.84 0.61 0.84 0.31 0.42 0.38 0.42 0.63 0.54 0.36 0.35 0.13

D07-1350 0.91 1 0.86 0.94 0.94 1 1 0.96 1 0.86 0.87 0.05

E15-1000*" 0.34 0.46 0.56 0.31 0.55 0.52 0.52 0.15 0.46 0.57 0.43 0.06

E15-1800 0.55 0.71 0.49 0.44 0.35 0.38 0.48 0.50 0.50 0.71 0.52 0.05

F01-390* 0.66 0.25 0.44 0.44 0.58 0.62 0.52 0.57 0.62 0.05 0.70 0.06

F01-800 0.02 0 0.07 0.06 0.06 0.05 0.03 0.04 0.04 0.14 0.13 0.03

F01-900*" 0.73 0.14 0.47 0.72 0.77 0.52 0.58 0.65 0.73 0.86 0.78 0.16

F04-1000*" 0.07 0.07 0.21 0 0.07 0 0.03 0 0 0.07 0.13 0.07

F04-1300 0.02 0 0.02 0.06 0.07 0 0.10 0 0.34 0 0 0.04

F04-1500"* 0.95 1 1 0.92 0.67 0.56 0.84 1 0.88 0.93 1 0.12

F04-1800"" 0.35 0.21 0.37 0.47 0.87 0.67 0.52 0.41 0.58 0.79 0.22 0.17

U10-1250 0.95 0.68 0.86 0.86 0.87 0.86 0.81 0.85 0.92 0.86 0.96 0.04

U10-1400 1 1 1 1 1 0.90 0.97 0.93 1 0.93 0.96 0.04

U10-1700 0.41 0.43 0.58 0.58 0.61 0.52 0.58 0.57 0.42 0.71 0.48 0.03

U10-1800*" 0.50 0.71 0.70 0.42 039 0.10 0.29 0.54 0.15 0 0.52 0.21

U19-400"* 0.02 0.36 0.40 0 0 0 0 0.46 0 0 0.17 0.28

U19-450*" 0.93 0.89 0.86 0.64 0.74 0.71 0.84 0.96 0.88 1 0.87 0.08

U19-500"* 0.81 0.14 0.44 0.25 0.32 0.29 0.19 0.43 0.54 0.36 0.96 0.24

A 0.09 0 0.02 0 0 0 0 0 0 0 0.17

B 0.23 0.32 0.28 0.78 0.73 0.76 0.73 0.28 0.54 0.67 0.22

ITS*" C 0 0 0 0.03 0 0.07 0 0.15 0.04 0 0.19

D 0 0 0 0 0 0.10 0 0 0 0 0

E 0.68 0.68 0.70 0.22 0.23 0.14 0.20 0.72 0.31 0.29 0.61

Average G^ 0.11

Average H,. 0.26 0.27 0.33 0.29 0.31 0.29 0.31 0.30 0.28 0.26 0.29

',
""

x2 values were significant at P<0.05 and 0.005, respectively
*

origin of the populations see table 1
*

frequency of the presence of the RAPD band and die allele of the ITS marker, respectively
'

diversity indices were calculated before rounding off



35 Chapter 2

At the ITS locus, the alleles B and E were the most frequent, whereas the

alleles A, C and D were either very rare or absent (Table 2). Allele E was found in 61%

or more percent of the isolates from North of the Alps, whereas in the populations from

South of the Alps allele E could be found in 31% of isolates at the most. The allele B

was found in 54% or more percent of all isolates in the populations from South of the

Alps and in up to 32% in the populations from North of the Alps (Table 2).

Average diversity within each population (Hs) over all markers was very high

with values ranging from 0.26 to 0.33 (theoretically, Hs for these markers ranges from 0

to 0.52). Diversity within populations D2,12,14 and NL is equal to or higher than 0.3.

Lowest diversity could be found within the populations F (Hs=0.26), Dl (Hs=0.27) and

CH2 (Hs=0.26). Average population differentiation among all sampled European

populations (GST) was 0.11, even though values at single loci fluctuated between 0.03

and 0.28 (Table 2).

Pairwise genetic differentiation values (GST) were low. Values higher than 0.1

could only be found for the comparisons of Dl with particular populations from South

of the Alps (12,13, CHI, CH2) and CH3 (Table 3).

Table 3: Genetic differentiation (GST, in lower triangle) and geographic distance (in upper triangle)
between pairs of Venturia inaequalis populations collected in Europe in 1995.

Popu¬

lation F Dl D2 II 12 13 14 NL CHI CH2 CH3

F -

Dl 0.09"

D2 0.04

11 0.06

12 0.07

13 0.07

14 0.06

NL 0.04

CHI 0.03

CH2 0.08

CH3 0.03

1010c 990

20

0.04

0.08 0.06

0.11 0.07

0.10 0.08

0.07 0.06

0.06 0.03

0.10 0.07

0.13 0.09

0.11 0.06

890 890

770 810

750 790

40

0.03

0.03 0.03

0.02 0.02

0.05 0.07

0.03 0.03

0.06 0.05

0.06 0.08

890 890

810 810

790 790

40 40

10 1

1

0.01

0.07 0.05

0.02 0.02

0.04 0.04

0.08 0.07

660 750

380 830

360 810

760 190

800 190

800 190

800 190

730

0.05

0.08 0.04

0.05 0.05

740 610

830 700

800 670

170 290

170 310

170 310

170 310

740 560

20 180

_ 190

'

origin of the populations see table 1
"

pairwise genetic differentiation between populations (GST)
°

distance in kilometers between populations
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Differentiation between (GST) the pooled populations from North of the Alps

and the pooled populations from South of the Alps was 0.05. Differentiation among

populations from the same region was 0.03 for South Tyrol (11-4), 0.04 for Northern

Germany (Dl, D2) and 0.04 for Southern Switzerland (CHI, CH2). Diversity among all

populations from South of the Alps (CHI, CH2,11-4) was 0.05 (data not shown).

Isolation by distance of the populations could be shown with the relationship

gene flow-geographic distance introduced by Slatkin (14). The regression analysis is

highly significant (P<0.01) and 50% (r2=0.50) of the variation among populations could

be explained by geographic distance (Figure 2).

o

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0

'

:•>
r2=0.50

P<0.01

0.5 1.5 2.5 3.5

(10km) (100km) (1000km)

log (geographic distance in km)

Figure 2: Correlation between the logarithm of the estimation of gene flow (M') and the logarithm of the

geographic distance between each pair of Venturia inaequalis populations collected in Europe in 1995.

Estimation of gene flow is based on data of 18 random amplified polymorphic DNA (RAPD) loci and the

internal transcribed spacer (ITS) locus.
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Discussion

The eleven scab populations sampled in Europe in 1995 were isolated by

distance under a geographically limited gene flow. Fifty percent of the variation among

populations could be explained by isolation resulting from geographic distance. The

other 50% might be due to other factors such as loci analysed, identity of the cultivars

which the isolates were sampled from, local climatic conditions, fungicide treatments,

and other unmeasured factors.

It is probable that loci with GST values higher than 0.1 might be under selective

pressure or linked to a locus under selection in some populations. However, V.

inaequalis undergoes an obligate annual sexual stage. Thus, crossing over events

recombine allele combinations and selection can act on an individual locus and still

allow drift or gene flow at other loci. Looking at pairwise differentiation between each

pair of populations, high GST values (GST>0.1) were only observed between population

Dl and 12, 13 and CHI-3. This high differentiation might not only be explained by

isolation resulting from large geographic distance between Dl and the latter populations

since differentiation among other populations separated by large distances is not that

high. However, between populations with small geographic distance, such as the four

Italian (11-4), the two Southern Swiss (CHI and CH2) and the two German Populations

(Dl and D2), differentiation was always very low (GST < 0.04). This leads to the

conclusion that in Europe very frequent short distance gene flow happens, but also

dispersal over longer distances occurs frequently enough to counteract genetic

differentiation due to genetic drift.

Genetic drift due to random changes in allele frequencies is mainly important

in small populations (7). In practice, population size of V. inaequalis becomes reduced

when primary inoculum is lowered by rotting and collecting of fallen infected apple

leaves in winter and during the season when fungicides are applied. The mentioned

measures are very effective in reducing disease incidence and these bottleneck situations

might cause a loss of diversity as well as a reduction of the number of alleles (7). Since

we always found very high diversity within each of the eleven populations, we suspect

that reduction in population size is not strong enough that genetic drift could

differentiate populations.
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Gene flow, counteracting genetic drift, can be due to migration of individuals

between existing populations, but also due to recolonisation after a complete local

extinction (12). For every kind of gene flow, it might be difficult to distinguish between

current and historical effects (13). Both aspects of gene flow and the relation to drift

have to be considered in respect to apple growing systems in Europe, and the biology of

the fungus. Until 50 years ago, apples were grown in the meadow growing system

where trees were planted all over the landscape. The probability that potential inoculum

reached a new host in another meadow due to distribution of airborne ascospores or

infected leaf litter was very high. Therefore, a frequent exchange of genetic material

happened, leading to highly diverse V. inaequalis populations with a low differentiation

among them. Splash dispersal of conidia of V. inaequalis is mainly important for

migration within or between neighbouring trees and in the today's intensive orchard

growing system that opens large gaps without apple trees, natural migration among

orchards might be more difficult. Recolonisation of newly planted apple trees seems to

take place quite quickly, since there has never been a scab free (not fungicide treated)

orchard reported in Europe. However, newly planted single trees in isolated sites may

stay scab free for several years (C. Gessler, pers. obs.). In Western Australia, where

apples are grown in far distant locations, orchards with susceptible cultivars free of V.

inaequalis still existed until about 1990. The chronological development of the

occurrence of newly infected orchards in this region has been reported in detail. New

infections can be traced back to introduction of infected apple trees from a nursery or

transport of conidia of V. inaequalis on the body or clothing of humans travelling

among heavily infected orchards and these orchards (5). This shows the importance of

humans in influencing the population dynamics of plant pathogenic fungi. The transport

of infected plant material might be a reason why only moderate differentiation among

European populations was found, and why geographically close populations are only

slightly differentiated.

The Alps are not a barrier sufficient to clearly differentiate populations from

North and South. Differentiation among populations from South and North of the Alps

is low, but if the Alps were an important barrier to gene flow, a very high differentiation

among Northern and Southern populations would be expected. It can not be determined
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whether V. inaequalis by-passes the obstacle Alps by natural migration or by human

intervention.

Distance seems to be the most important factor in reducing gene flow, as it

explains 50% of the variation among the European V. inaequalis populations. It reflects

the process of natural gene flow and does not contradict the human caused gene flow (as

plant material is distributed more frequently locally and less frequently over long

distances). A slow, radial, natural distribution of the V/-virulence with Ahrensburg or

Kent as centre should be expected. The importance of human-mediated migration of

scab due to transport of spores or infected plant material must not be neglected, and

could lead to the establishment of secondary foci of the new virulence. The absence of

large scale orchards with V^-resistant cultivars and the ability of Vf-virulent scab to

infect susceptible cultivars such as Golden Delicious (the most common in Europe),

makes the likelihood of an eventual migration very problematic.
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Chapter 3

Identification of microsatellite markers and their application

to population genetics of venturia inaequalis

Abstract

To study the population genetics of V. inaequalis across Europe more

extensively, the eleven populations of this pathogen that have been collected in 1995

(chapter 2) were analysed with microsatellites. The microsatellite markers have been

developed constructing genomic libraries of Venturia inaequalis enriched for the simple

sequence repeats (TC)n and (AAC)n, respectively. Seven markers, three with (TC)n-

repeats and four with (AAC)n-repeats, have been selected for the analyses of the 350

isolates of V. inaequalis. Polymorphism in the (TC)n-repeats was higher than in the

(AAC)n-repeats. Expected heterozygosity varied between 0.52 and 0.96 for the

microsatellites containing (TC)n-stretches and between 0.09 and 0.36 for the

microsatellites containing (AAC)n-stretches. Within-population diversity (Hs) was very

high with values ranging from 0.28 to 0.49, whereas differentiation among all European

populations (GST) was low with an average of 0.07. In the population from Ahrensburg

(Northern Germany) where isolates were mainly collected from apple varieties carrying

the Vf-gene, usually resistant to V. inaequalis, we could show a bottleneck effect with

reduced diversity and loss of alleles. The great advantage of microsatellite markers over

RAPD and PCR-RFLP markers, which were used in previous studies on population

genetics of V. inaequalis, are their high specificity, high polymorphism, good

reproducibility and unambiguous scorability.

Partially submitted to Phytopathology: Tenzer, I., degli Ivanissevich, S.*, Morgante, M.\ and Gessler, C.

Identification of microsatellite markers in Venturia inaequalis.
*

Dipartimento di Produzione Vegetale e Tecnologie Agrarie, Universita di Udine, Via delle Scienze 208,

33100 Udine, Italy
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Introduction

Apple scab, caused by the ascomycete Venturia inaequalis (Cke.) Wint., is the

most important disease found in apple (Malus x domestica) cultivation in Europe. In

spring the ascospores cause primary lesions on young apple leaves and start the

epidemic. Conidia are then produced and continue the epidemic by infecting leaves and

fruits. Although ascospores and conidia are primarily spread by rain splashing on

infected leaves (4, 43), wind distribution of infected leaves and aerosol ascospores can

add to the migration of the fungus (13). V. inaequalis is principally controlled by

fungicides. However, breeding and cultivating of scab resistant apple cultivars,

primarily cultivars carrying the VJ-resistance gene, could be a step towards more

ecological production systems of high-quality apples with reduced fungicide input (5,

13). Although the Vf-resistance was considered highly durable (1), scab isolates capable

of infecting particular Vjf-resistant cultivars were found 1984 in Ahrensburg (Germany,

24), 1994 in Kent (Great Britain, 28) and 1997 in Wilheminadorp (11).

In previous studies on molecular population genetics of V. inaequalis, random

amplified polymorphic DNA (RAPD) markers as well as PCR-restriction fragment

length polymorphism (PCR-RFLP) markers were used (34, 37, chapter 2). On each

PCR-RFLP locus several alleles were detected, whereas only two alleles per locus could

be scored at RAPD loci. Moreover, results from RAPD markers may be difficult to

reproduce, because the reaction is highly sensitive to changes in amplification

conditions (42). RAPD markers are usually dominant, but this is of minor importance

for V. inaequalis since this fungus is haploid. RAPD- and PCR-RFLP data showed that

diversity within V. inaequalis populations is very high, whereas differentiation among

them is low (37, chapter 2).

Microsatellites, also called simple sequence repeats (SSR), are stretches of

tandemly repeated nucleotide motifs (1 to 6 nucleotides per motif). SSRs are usually

highly polymorphic due to variable number of repeats. Insertions and deletions of repeat

units are caused by DNA polymerase slippage during replication or unequal

recombination (9, 12, 30, 31, 32). Microsatellites have several advantages: they are

technically simple to perform, small amounts of DNA are needed for PCR-

amplification, SSR markers are unambiguously scorable, and results are highly
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reproducible. In addition, they are codominant and therefore widely used in genome

mapping (e.g., 6, 17, 40) and population genetics (e.g., 7, 22, 25, 26). Because of the

species specificity and high sensitivity of SSRs it is also possible to make PCR analyses

of contaminated DNA, i.e. DNA of V. inaequalis extracted directly from the lesion

together with plant DNA, because we assume that all spores of one lesion are produced

by one individual. The time consuming procedure of producing and growing single

spore cultures would no longer be necessary. Recent works on phytopathogenic fungi

are mainly based on RAPD or RFLP data (e.g., 3, 10, 14, 15, 27, 33, 39), but we are

convinced that microsatellites will become the markers of choice, because of their

numerous advantages and because they are very likely to be neutral (2).

Several methods have been used for the development of microsatelhte markers.

SSR containing sequences can be found by searching public sequence data bases, e.g.

GenBank. This is however not possible for organisms that are not yet well studied and

for which few sequences are published. On the other hand, genomic libraries can be

constructed and screened for SSR containing clones. However, many colonies have to

be screened, because the proportion of microsatellites to the entire genome is quite low

(23). The only two published sequences of V. inaequalis (P-tubulin gene [M97951] and

ribosomal DNA [U63624-U63628]) do not contain SSRs. Since we were however

interested in generating microsatellite markers for V. inaequalis we decided to use an

effective method for the construction of genomic libraries enriched for specific SSRs

(M. Morgante, unpublished). Once the SSR containing sequence is determined, unique

primer pairs can be designed from the SSR flanking region for the PCR-amplification of

the microsatellite locus. The most abundant repeats with n>10 in fungi are (AT)n-, (A)n-,

(AAT)n and (AAC)n (7). In Neurospora crassa, which is an Ascomycete like V.

inaequalis, the most frequent repeats are (AG)n with n>4 and (AAC)n with n>3 (8). We

thus constructed genomic libraries of V. inaequalis enriched for these two repeats.

Eleven populations of V. inaequalis (350 isolates) collected in Europe in 1995

(chapter 2) have been tested with seven microsatellite markers. Expected heterozygosity

for each marker, diversity within each population and population differentiation have

been determined.
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Material and Methods

Sampling, cultivation and DNA extraction of V. inaequalis. The same

populations that had already been analysed with RAPD and PCR-RFLP markers (see

chapter 2) were used for microsatellite analyses.

Construction of enriched genomic libraries of V. inaequalis and

microsatellite sequence determination. One-hundred u,g of DNA of V. inaequalis

were digested with the restriction enzyme Tsp5091 (New England Biolabs). The

fragments were separated on a 2% agarose gel (Seakem) in lx Tris-borate/EDTA (TBE)

buffer. The fraction containing fragments from 200 to 700 bp was recovered on a NA-45

DEAE cellulose membrane (Schleicher & Schuell) and ligated to adapters

(TSPADSHORT: 5'-CGGAATTCTGGACTCAGTGCG-3\ TSPADLONG: 5'-

AATTGGCACTGAGTCCAGAATTCCG-3'). The size-selected fragments were then

enriched separately for (TC)n and (AAC)n repeats through hybridisation with the

biotinylated oligonucleotides (TC)i3 and (AAC)10 ligated to streptavidin coated magnetic

beads (Dynabeads M280, DYNAL, Norway). Hybridisation was performed in lOx SSC,

0.2% sodium dodecyl sulphate (SDS) at 65°C for (TC)13 and 48°C for (AAC)10. Two

stringent washing steps followed at 60°C in 2x SSC, 0.1% SDS for (TC)13 and at 42°C

in 0.5x SSC, 0.1% SDS for (AAC)10. Enriched fragments were amplified by PCR with

TSPADSHORT as primer, then cut with the restriction enzyme EcoRl (Pharmacia

Biotech), purified with Wizard PCR Preps DNA purification System (Promega Co.,

Madison, WI) and again size selected for fragments of 200 to 700 bp. Following the

manufacturer's instruction the enriched fraction was cloned into the Lambda ZapII

vector (Stratagene). The Lambda ZapII library was screened by plaque lifting (400

pfu/plate) on nylon membranes (Hybond N, Amersham Life Science) and hybridisation

to (y-33P) ATP- (1000 to 3000 Ci/mmol, Amersham Life Science) end-labelled (TC)13

and (AAC)10, respectively. Hybridisation was performed in 5x SSC, lx Blocking reagent

(Boehringer Mannheim), 0.1% Laurylsarcosine and 0.02% SDS at 56°C for (TC)13 and

45°C for (AAC)10. Stringent washing steps followed in 0.5x SSC and 0.1% SDS at 60°C

for (TC)13 and 45°C for (AAC)10. After exposure of the membranes to X-ray films

(Kodak, X Omat AR), the plaques containing the SSRs could be identified and retrieved

out from the agar plate. Insert size for each clone was determined with PCR using Ml3
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universal primers and in vivo excision of the pBluescript SK(-) phagemids with insert

sizes between 200 and 700 bp was performed (Stratagene). Plasmids were purified

(Wizard Minipreps, Promega Co., Madison, WI) and sequenced on an Applied

Biosystems 373A automated sequencer using the ABI PRISM dye terminator cycle

sequencing kit or ALF (Pharmacia Biotech, Uppsala, Sweden).

Microsatellite PCR amplification. Oligonucleotide primer sequences for the

PCR amplification of the microsatellite loci were designed using the program Primer

(Version 0.5, Whitehead Institute for Biomedical Research, Cambridge, Massachusetts,

USA). The theoretical melting temperature of the primers was chosen to be about 58°C.

Oligonucleotides were synthesised by MWG-Biotech (Ebersburg, Germany). PCR

amplifications were performed in 10 (xl volume containing 5 ng of genomic DNA of V.

inaequalis, lx reaction buffer (Pharmacia Biotech), 0.1 mM of each dNTP, 0.2 (xM each

of forward and reverse primer and 1U of TAQ polymerase (Pharmacia Biotech). One

quarter of the forward primer was end-labelled with (y-33P) ATP (1000 to 3000

Ci/mmol, Amersham Life Science). PCR was performed in a Gene Amp PCR System

9600 (Perkin Elmer) under the following conditions: 33 cycles 40 sec at 94°C, 40 sec at

58°C, 20 sec at 72°C with a final extension of 10 min at 72°C. Before loading, the

radiolabeled PCR products were denatured by adding 1 volume of denaturing gel

loading buffer (29) and heating at 94°C for 5 min. Microsatellite alleles were separated

by running the reactions on a 6% denaturing acrylamide gel (National Diagnostic,

Atlanta, USA) in lx TBE buffer using an IBI DNA sequencing unit. After this run, gels

were transferred onto Whatman 3MM paper, dried at 80°C in a gel dryer (Bio Rad) and

exposed for 24 to 48 hours to an X-ray film (Kodak, X Omat AR).

Data analysis. The repeat type (perfect, imperfect, compound) of each SSR

marker was classified after Weber (41). The allele size of the isolate that was used for

the construction of the library was determined by running the PCR product next to the

PCR product of the plasmid with known length which was used for primer design. At

the same locus allele size of the other alleles was determined by comparison with alleles

of known length. Number of alleles and expected heterozygosity (HE, equation 1) at

each locus was determined. Genetic diversity within (Hs, equation 2) and among

populations (GST, equation 4) was calculated with the following formulae (20):
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tf£=l-5>,2(l) ^=1-IV(2) H7=l-i>2(3) G^^^i (4)
rr >=i '=i h

where h is the number of alleles, x, is the frequency of the i1" allele of each SSR marker

and x is the frequency of the i* allele in population j. H,. (equation 3) is the total genetic

diversity over all populations where k is the number of populations and x^ is the

frequency of the allele i averaged over all populations. Hs is the average genetic

diversity of all populations.

Results

Identification of microsatellite markers in V. inaequalis. All of the 23

sequenced inserts contained one SSR. In some clones the SSR was too close to the

cloning site, therefore primer design was impossible. Several primers that were designed

for the amplification of the (TC)n containing sequences did not amplify in locus specific

manner. Seven SSR markers were finally used for the analyses of the V. inaequalis

isolates (Figure 1). Besides the microsatellite allele, which is indicated by an arrow in

Figure 1, and 'shadow' bands, unspecific PCR products were observed, but we did not

take them into consideration since they are most probably just PCR artefacts.

In general, loci with (TC)n-stretches were more polymorphic than loci with

(AAC)n-repeats with an average number of alleles of 30.3 and 3.8, respectively. We

found four perfect repeat types, two imperfect repeats and one compound repeat. Allele

size range was large and differences did not always correspond to multiples of the

repeat, possibly indicating more complex mutational events (Table 1).
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Figure 1: Microsatellite analyses of five Venturia inaequalis isolates. Isolates 1-5 were tested with seven

markers (ltda, ltclb, Itclg, laac3b, laac4b, laac4f, laac4h) each. The alleles are indicated by arrows.

Allele size of isolates 1-5 for locus ltcla is 143, 129, 129, 117, 131bp; for locus ltclb: 173, 153, 169,

169, 163bp; for locus Itclg 151. 147, 159, 149, 116bp; for locus laac3b: 121, 121, 121, 121, 121bp; for

locus laac4b: 171, 171, 171, 171, 177bp; for locus laac4f: 104, 115, 104, 104, 104bp; for locus laac4h:

201,201,201, 198, 20Ibp.
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Table 1: Microsatellite primer sequence, repeat type, allele size range and number of alleles in the eleven

populations of Venturia inaequalis collected in Europe in 1995.

Name Primer Sequence 5'- 3' Repeat Type" Allele Size

Range (bp)

No. of

Alleles

ltcla F TCGAGATCCTCAAACTTCCTT

R TTTTAACTGTGCGGCCTG

perfect

(TC)„

109-187 26

ltclb F CGATTGGGGATATGAAGACTT

R TTAGTAATCAAATCGCACCCA

imperfect

(TC),CC(TC)2CC(TC)6CC(TC)7

149-210 17

ltclg F TCACTCAACAATACAGTTTCTTACG

R TTTCACGGTAGCGATAGGAG

perfect

(CT)26

111-185 48

laac3b F AGCGCTAGGTCGTGAAATC

R TTTCTGAAGTGTGTGGGACAT

perfect

(CAA),

118-174 5

laac4b F GGTGAGGAGGGAGACGAG

R CATCACGCCCCTATCAAAC

imperfect

(GTT)fiGTC(GTT)GTC(GTT),

166-177 4

laac4f F CTTGACAGACCACAGCGAC

R CTGACTGAGAGTGGCATCG

perfect

(CAA),

96-116 4

laac4h F TCGTTCATCGTTCGTTTTTTCG

R AATAGTGCGTACCCATATATCCA

compound
(GTTT),(GTT),GCT(GTT),

198-201 2

"after Weber (41)

Genetic analyses of the V. inaequalis populations. Only few alleles were

represented in every population, whereas all other alleles were found in only some

populations (Table 2). These 'rare alleles' (35) appeared at very low frequencies.

Several 'private alleles' (19), i.e. alleles only found in a single population, have been

detected. Twenty-five isolates were found to have a private allele that was present only

once. In two populations the private allele was found in two isolates and in one

population six isolates had the same private allele (Table 2).

Average within-population diversity (Hs) ranged between 0.28 and 0.49 and

averaged expected heterozygosity was 0.46. Differentiation among populations was low

(GST ranging from 0.03 to 0.11) with an average of 0.07 (Table 3).
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Table 2: Allele size and frequencies of the three microsatellite loci containing (TC)„-repeats and the four

microsatellite loci containing (AAC)n-repeats in Venturia inaequalis isolates collected in Europe in 1995.

Sample size is indicated in parentheses.

ltcla (349) ltclM35(N ltclg (259) ltclg. continued

length Freq. length Freq. length Freq. length Freq.
inbp inbp inbp inbp

709* 0.003 149 0.003 111 0.004 141 0.039

111* 0.115 153 0.071 116 0.027 142 0.008

113 0.023 755 0.003 117 0.015 143 0.035

115 0.052 157 0.006 118 0.012 145 0.077

117 0.011 767 0.003 779 0.004 147 0.035

119 0.003 163 0.006 120 0.008 149 0.008

121 0.006 767 0.003 121 0.008 750 0.004

123 0.032 169 0.666 122 0.015 151 0.035

125 0.049 171 0.163 123 0.019 153 0.050

127 0.043 173 0.023 124 0.039 755 0.004

129° 0.258 177 0.006 725 0.004 756 0.004

131 0.172 779 0.003 126 0.019 157 0.012

133 0.095 181 0.023 127 0.035 758 0.004

135 0.029 785 0.003 128 0.008 159 0.039

137 0.023 787 0.003 129 0.027 161 0.008

139 0.011 189 0.014 130 0.027 762 0.004

141 0.014 270 0.003 131 0.019 163 0.027

143 0.014 132 0.058 165 0.012

145 0.006 133 0.015 167 0.008

147 0.006 134 0.012 169 0.012

149 0.011 135 0.077 777 0.004

151 0.006 137 0.058 173 0.008

153 0.006 138 0.015 175 0.008

755 0.003 139 0.031 785 0.004

177 0.009

187 0.003

laac3b(348) laac4b(348) laac4f(350) laac4h (348)

length Freq. length Freq. length Freq. length Freq.
inbp inbp inbp inbp

778" 0.017 766 0.003 95 0.003 198 0.764

121c 0.848 171 0.954 104 0.943 201 0.236

124" 0.103 174 0.020 106 0.026

126 0.029 177 0.023 115 0.029

174 0.003

"

private allele (cursive, frequency of one individual is 0.003, at the locus ltclg 0.004)
*

rare allele (normal)
°

allele present in all populations (bold)
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Table 3: Within- (Hs) and between- (GST) population diversity, expected heterozygosity (HE) at each

microsatellite locus and average number of alleles of the eleven populations of Venturia inaequalis
collected in Europe in 1995.

Population" F Dl D2 11 12 13 14 NL CHI CH2 CH3

Nb 44 28 44 36 33 21 31 46 28 14 23

Locus Hs Hs Hs Hs Hs Hs Hs Hs Hs Hs Hs Exp.Het. GST

ltcla 0.78 0.42 0.72 0.87 0.90 0.90 0.86 0.77 0.86 0.78 0.73

ltclb 0.60 0.14 0.52 0.56 0.48 0.67 0.47 0.54 0.55 0.37 0.47

ltclg 0.94 0.74 0.92 0.93 0.93 0.91 0.91 0.94 0.87 0.86 0.85

laac3b 0.24 0.00 0.20 0.36 0.22 0.32 0.27 0.16 0.56 0.13 0.38

laac4b 0.08 0.35 0.00 0.11 0.06 0.00 0.00 0.09 0.07 0.00 0.16

laac4f 0.04 0.00 0.24 0.21 0.27 0.00 0.12 0.27 0.00 0.00 0.08

laac4h 0.34 0.34 0.45 0.42 0.30 0.32 0.41 0.23 0.41 0.41 0.23

Average 0.43 0.28 0.44 0.49 0.45 0.45 0.44 0.43 0.47 0.36 0.41 0.46 0.07

Av.No.of 7.57 3.14 5.71 6.71 6.86 6.00 5.42 7.71 4.86 3.29 4.14

alleles'

"

Origin of the populations see chapter 2
*

sample size
'

Average number of alleles over all eleven populations is 15.14

0.87 0.11

0.52 0.05

0.96 0.07

0.27 0.07

0.09 0.08

0.11 0.06

0.36 0.03

Discussion

Identification of microsatellite markers in V. inaequalis. Because

polymerase slippage during replication of SSRs usually leads to insertions or deletions

of one or two repeat units, the stepwise mutation model is broadly accepted to explain

evolution of SSRs (16, 18, 36, 38). It is therefore possible that alleles of the same size

could have evolved independently from each other or that they are identical by descent.

This leads us to believe that we could expect to find all alleles with differences in one

repeat unit within the observed size range, but in the analysed V. inaequalis isolates not

all theoretically possible alleles could be found. A total of 350 isolates were tested and

usually at each locus one or two alleles were found at a much higher frequency

compared to the others, thus it is possible to conclude that the missing alleles appear at

frequencies under the detection level. It is also possible that some alleles had not yet

evolved.
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During our analyses we found alleles which differed by only one nucleotide in

length. Insertions or deletions of one nucleotide could have happened in any position in

the sequence and not only within the repeat. It is very likely that after the insertion or

deletion of one base stepwise mutations in the original and new allele happened

independently and in parallel to each other. Sequence comparison of alleles with

differences of one nucleotide could help in clarifying this idea.

Since mutation rate of microsatellites due to polymerase slippage is quite high

(10"4 - 10"6 slippage events per cell division, 32) we expected mutations during

replication occurring in the liquid fungus culture and in the bacteria clones with the SSR

insert. In actuality, only the size of the locus ltclg decreased of one repeat unit in the

plasmid compared to the original DNA used for the construction of the library.

However, the earlier the mutation happens during culturing of the fungus or bacteria, the

higher its proportion in the end and the more probable its later detection with PCR-

amplification will be.

We expected only one band, i.e. one allele, amplifying DNA of the haploid V.

inaequalis. However, studying the locus ltclg, 17 % of the samples showed two

amplified bands. It is probable that the single spore culture consisted of two individuals

and the two bands are the alleles of each of the individuals. In 61% of the samples with

two bands amplified this theory is very likely since allele combination of the other six

markers may be found several times by chance, not allowing to distinguish two

individuals. In the remaining 39% of samples showing two bands amplified, it is not

very probable that the single spore culture consisted of more than one individual, since

it is very unlikely to find the allele combination of the other six markers by chance. In

the latter case the two bands might represent two homologous loci in the same isolate or

a mutation during fungal propagation lead to a mixed culture with two alleles. However,

the two amplified bands were excluded from data analyses.

A big advantage of the microsatellite markers over the RAPD markers is their

high specificity and high polymorphism as well as their unambiguous scorability and

high reproducibility. Scoring of presence or absence of a RAPD band may be difficult,

because the resolution on agarose gels is limited. Faint bands might not be detected due

to poor staining and bands differing by only a few base-pairs are not differentiated. It is

further impossible to detect contamination with extraneous DNA or with DNA from
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other isolates. The null-allele at a RAPD locus is always scored as an allele even if

sequence differences at or between primer binding sites are not the only cause of the

lack of amplification. Infact, minor changes of the reaction conditions can also lead to a

deficient amplification which in turn might cause misleading interpretation of the data.

SSR 'null-alleles' were found sporadically in several populations, but they were very

rare. Problems with amplification conditions as well as mutations in the primer binding

site not allowing annealing of the primer are possible causes for non-amplification.

Therefore, SSR null-alleles in V. inaequalis are treated as missing data and the

interpretation of the results will not be influenced by incorrect scoring.

Genetic analyses of the V. inaequalis populations. Microsatellites are very

useful markers for population genetics of V. inaequalis even though the initial effort for

the construction and screening of the enriched libraries was high. Diversity within the

eleven European V. inaequalis populations collected in 1995 was very high,

differentiation among them was low and many different shared rare alleles were found.

However, it is not possible to determine whether alleles with the same length have

evolved independently from each other or whether they are identical by descent and

distributed by gene flow from one place to another. Which of the two possibilities is

more probable is strongly dependent on the evolutionary history and the geographic

distribution of the organism analysed. Since apple trees and V. inaequalis were imported

to Europe only 2000 to 2500 years ago by the Greeks and Romans from East Asia (13),

it is most probable that shared rare alleles are a product of historical and actual gene

flow among the corresponding populations rather than the product of independent

evolution.

The population from Ahrensburg (Dl), where Vf-virulent scab was first

detected (in 1984, 24) and where 79% of the samples were collected from varieties

carrying the VJ-gene, had the lowest within-population diversity as well as the smallest

number of alleles. Furthermore, isolates from this population share only a few rare

alleles with the other European populations and private alleles could not be detected.

These findings lead to the conclusion that this population might have gone through an

extreme bottleneck (see 21, for a comprehensive discussion of the bottleneck effect). If

'bottleneck size' is small enough there will be a reduction in heterozygosity and loss of

alleles. The Vf-virulent V. inaequalis population from Ahrensburg could have been
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founded by only one or few pathotypes that were able to overcome the Vf-resistance.

Growth rate of V. inaequalis is not very high and only 11 years passed from the moment

when Vf-virulence was first detected in 1984 to when sampling was done in 1995.

It is not clear whether the VJ-virulent founder population originated in

Ahrensburg or whether, due to the importation of new Malus species as sources of scab

resistance, it was introduced from Asia. However, selection favouring newly arising Vf-

virulent pathotypes that mutated from VJ-avirulent individuals would be the same in

each orchard where Vjf-resistant apple varieties are planted, but in most places the

resistance is still holding. Therefore, we tend to assume that the Vf-virulent pathotypes

have their origin in Asia. From there, V/-virulent pathotypes might have migrated to

Ahrensburg and later to Kent and Wilheminadorp, most probably due to unintentional

transport of infected plant material among these breeding stations.
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Discussion

Molecular markers such as RAPD, PCR-RFLP and SSRs have been developed

and applied to population genetics of V. inaequalis in Europe. Sampling sites covered

several European apple growing regions. Four populations of V. inaequalis were

collected in 1993 in Switzerland (29), denoted as 'Swiss' populations and eleven

populations were collected in 1995 in Switzerland as well as in other European

countries, denoted as 'European' populations. RAPD, PCR-RFLP, and microsatellite

data show that diversity within all V. inaequalis populations is very high. Differentiation

among the populations was low and many shared rare alleles were found. Values for

differentiation among the 'European' populations (GST) fluctuated in a wider range for

single RAPD and PCR-RFLP loci, whereas these values were more constant for SSR

loci. Averaged over the RAPD and ITS loci differentiation (GST) among the 'Swiss'

populations collected in 1993 was 0.04. Population differentiation (GST) among the

eleven 'European' populations collected in 1995 was 0.11 based on RAPD and ITS data

and 0.07 based on SSR data. As we assume our markers to be neutral, random genetic

drift is likely to be the most important factor causing population differentiation.

However, we did not test our markers for neutrality and it is therefore possible that loci

with high GST values were locally under selection pressure or linked to a locus under

selection (26).

Multilocus haplotype (MLH) of each isolate collected in 1995 in Europe was

determined, and it was found that identical MLH were very rare. Only the two

populations from Ascona and San Antonino (CHI and CH2) twice shared two identical

MLHs, but this may be a labelling error rather than migration of individuals between

these two populations. Identical MLHs within a population were found in Oberwil

(CH3) with two identical MLHs, and in Ahrensburg (Dl) once with two and once with

three identical MLHs. Since the probability of finding one of these MLTs more than

once by chance is very low (< 1.44*10"6), we concluded that identical MLHs are clones

which originated from overwintered conidia or from a first asexual propagation of V.

inaequalis during the current season. This, and the very high within-population diversity
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show that ascospores are the most important primary inoculum and that overwintering

of conidia can almost be neglected as a cause for the epidemic.

The development of RFLP or RAPD markers is relatively easy and therefore

our first population studies of V. inaequalis were based on these markers. In addition,

recent studies on molecular genetics of other plant pathogenic fungi were also based on

RFLP or RAPD data (e.g., 5, 9, 13, 14, 21, 25, 31). PCR-RFLP of the ITS- and the p-

tubulin locus in V. inaequalis showed several alleles, whereas each RAPD locus had

only two alleles ('presence' or 'absence' of a band). In point of fact, multiallelic

markers are more informative for population genetics, but as we analysed many RAPD

loci these results are also representative. Because of the technical difficulties in

reproducibility of the RAPD markers, only bands that gave strong signals on the gel

were chosen as markers and scored as 'presence' of the band. As sample sizes were

large, reproducibility of the marker amplification was confirmed by repeating the

reaction with only eight individuals three times. For the screening of the populations,

reaction conditions were standardised and amplification was always performed in the

same thermocycler. The allele that is scored as 'absence' of the band is based on the

assumption that polymorphism in the sequence of the primer binding site is too high for

a successful amplification. However, in the screening poorly amplified fragments were

also observed in some individuals. This faint band might 'disappear' by artefacts such

as poor gel staining or bad photographic documentation and then be scored as 'absence'

of the band. This can lead to wrong results and subsequently to misleading data

interpretation. The need for more multiallelic and reproducible markers that have a high

information content led us to develop microsatellite markers for V*. inaequalis. SSRs are

evenly distributed throughout the genome (22), are rare in protein-coding regions (23),

and they are therefore very likely to be neutral (2).

Because mutation rate at microsatellite loci is relatively high due to polymerase

slippage during replication leading to insertions or deletions of one or two repeat units,

the high-rate stepwise mutation model has been developed (6, 15, 16, 28, 30). There is

abundant evidence that the size of a new mutant allele depends on the size of the allele

that mutated (28). The above mentioned model takes into consideration the variance of

allele size and assumes that alleles that differ in fewer repeat units are closer related to

each other than alleles that differ in more repeat units. Since both insertions as well as
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deletions of repeat units are possible, the mutations might generate alleles already

present in the population. The high-rate stepwise mutation model is an expansion of the

infinite alleles model with low mutation rate of Kimura and Crow (10) which is based

on the idea that a given allele may mutate and create a new unique allele, whereas back-

mutations are impossible. In the latter model alleles are either identical or different

regardless of the prior allelic state of the mutated allele.

In the V. inaequalis populations we not only found alleles that differed in size

by one or two repeat units, but we also observed differences in either many more units

or in only one nucleotide. Gain or loss of many repeat units might be due to unequal

crossing over events rather than polymerase slippage (7), although this theory is not yet

clear (24). Size differences of one nucleotide are due to an insertion or deletion of a

nucleotide which can be found in any position of the sequence and not only in the

repeat. Because microsatellite evolution in V. inaequalis might include aspects of the

high-rate stepwise mutation model as well as aspects of the low-rate infinite alleles

model, we tested the populations for isolation by distance using both models. Under the

infinite alleles model, where alleles were treated as either identical or different

regardless of their size, there was no correlation between the pairwise comparison of the

logarithm of the estimation of gene flow and the logarithm of the geographic distance

(27; r2=0.002, P=0.77). Based on the the same data pairwise RST, a GST analogue for

microsatellite data taking into account the SSR allele size (28), was calculated using the

program 'Microsat' provided by D. Call and J. Hallett (Washington State University,

USA; http://lotka.stanford.edu/microsat.html). Spearman rank correlation of RST and

geographic distance in kilometres between all 55 combinations of populations has been

performed (Spearman-coefficient=0.33, Systat 5.05 for Windows). In this case we found

an increase in population differentiation with increasing geographic distance (z-

statistics, p=0.008, R. Dietrich, Phytomedicine/Pathology, Institute of Plant Sciences,

ETH Zurich, pers. comm.). As we wanted to compare values for population

differentiation (GCT) obtained from RAPD and PCR-RFLP data with SSR data, also

values for the latter markers were calculated based on the infinite alleles model.

However, the high-rate stepwise mutation model is more likely to explain the

microsatellite evolution therefore data should be generated using this model whenever

possible.
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When evaluating the molecular data, the biology of V. inaequalis and the

cultivation strategies of apples should be taken into consideration. Neither the dispersal

of conidia nor of ascospores give any indication of long-distance migration of the

fungus; conidia of V. inaequalis are only dispersed by rain splashing. During rainy and

very windy weather, conidia in raindrops could be found up to 10 m distance away from

the tree from where they were washed off (32). However, the conidia of V. inaequalis

are mainly responsible for the epidemic within the tree from where they originate. In

contrast, ascospores are ejected from wettened leaves and are then wind distributed.

Wiesmann (32) found ascospores in the air at a distance of up to 200 m from the place

where they had been released. Furthermore, inoculum can be distributed by infected leaf

litter during windy weather (12).

During the first 2500 years that apples were grown in Europe, V. inaequalis

was not a serious problem and because scabbed apples were accepted as edible it is most

probable that through the trade of apples and apple trees V. inaequalis might have

spread all over. It is only since the beginning of the 20th century that apples have been

grown more extensively and scab has been considered as a loss of quality (12). Until

about 50 years ago, apples were grown in the meadow growing system, where migration

of V. inaequalis could easily have taken place due to wind distribution of infected leaf

litter. Because apple trees were planted all over, the probability that the inoculum

reached a new host in another meadow was high. Since V. inaequalis has an obligate

annual sexual stage, the ancestral and the immigrating populations possibly recombined

and a high diversity inside the population could have been built up and maintained

resulting in no or low differentiation among neighbouring populations.

Today, apple trees are planted in the orchard growing system due to

intensification of agriculture. Orchards are planted in locally restricted areas and gaps of

many kilometres wide are made between the densely grown apple trees. These gaps

without apple trees might act as a natural barrier which V. inaequalis might have

difficulty overcoming. We would therefore expect populations of V. inaequalis from

different apple growing regions that became completely isolated from each other, to

differentiate due to random genetic drift and local selection.

Since changes in frequency of neutral alleles, due to genetic drift, are mainly

important in small populations (17), it is worth considering events in the life cycle of V.
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inaequalis which reduce population size. Reduction of primary inoculum due to

eradication or rotting of infected leaves on the ground during winter and/or fungicide

treatments during the season are all systems that are very effective in reducing disease

incidence in practice. We would therefore expect population bottlenecks with random

genetic drift to affect allele frequencies of neutral markers. If 'bottleneck size' is small

enough there will be a reduction in heterozygosity as well as a loss of alleles (17).

To obtain a rough estimation of the bottleneck size of the yearly mating V.

inaequalis population in an orchard that corresponds to the ones in which we did the

sampling we took into consideration data from K. Wolewinski (33). She found primary

lesions with 17 different alleles of one microsatellite locus on 15 neighbouring trees.

This finding lead to the conclusion that each tree had been infected by at least one

unique ascospore, each deriving from the mating of one unique parent with any other

isolate of opposite mating type. Extrapolation of these data to an orchard of one hectare

with 2000 trees, we would expect at least 2000 unique individuals having overwintered

and mated. This estimated bottleneck size of 2000 is far higher than observed sizes in

other species ranging from less than five to 90 individuals (1, 3, 8, 18). The 2000 unique

primary lesions of V. inaequalis of which one grows on each tree might not each have a

unique allele at each locus, but alleles will be found in a certain frequency. During the

asexual propagation in summer and without selection allele frequencies will remain

constant. In autumn infected leaves will fall on the ground and which of them will rot or

become eradicated is left to chance. Due to random genetic drift changes in allele

frequencies are then possible. Actually, significant differences in allele frequencies

among populations were observed for several markers. However, as bottleneck size is

quite large, we could not expect a reduction in heterozygosity or a loss of alleles.

When fungicides are applied to control V. inaequalis, only resistant individuals

or individuals that were not in direct contact with the fungicide will survive. Besides the

effect of selection for resistant strains, we might expect a reduction in diversity due to

random genetic drift in the surviving population. For example, the orchard in the

sampling sites Guttingen, Gland and Etoy (Switzerland, 1993; chapter 1) were treated

for many years with the fungicide benomyl until this fungicide became ineffective. This

ineffectiveness is due to resistance that is caused by changes of single bases in the |3-

tubulin locus (11). In Etoy only very highly resistant isolates with the allele 3 (PCR-
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RFLP of the ^-tubulin locus) were found, whereas in the populations from Oberwil (no

treatments with benomyl), Guttingen and Gland susceptible as well as resistant isolates

with all four alleles were detected. Diversity in the population from Etoy is reduced to

zero at this locus, but diversity regarding the presumed neutral markers was only

slightly lower than in the other 'Swiss' populations. Therefore, we must assume that

bottleneck size was not small enough so that random genetic drift could have reduced

average diversity in this population. In the 'European' populations collected in 1995

fungicides might not have influenced population size and therefore diversity, since

disease level was already very high in May and orchards were only treated with sulphur

and copper or not treated with fungicides at all.

When an apple variety with a new resistance such as the VJ-resistance is

planted and VJ-virulent founder individuals immigrate, the genetic bottleneck will be

very strong, assuming that initially only one or few isolates are able to grow on the Vf-

carrying cultivars. For successful sexual reproduction in winter the heterothallic V.

inaequalis needs both mating types growing on one leaf. In the case that only one single

VJ-virulent isolate in a population is able to grow on a VJ-carrying cultivar, the epidemic

might be stopped due to the lack of the opposite mating type. Only if the VJ-virulent

isolate overwinters in its asexual stage on shoots or budscales, can conidia continue the

epidemic in the following spring. VJ-virulent pathotypes can also successfully infect

other susceptible cultivars (4, 19, 20), increasing the chance for finding a compatible

mating type and successfully mating during winter. Due to recombination ascospores

with different new combinations of mating type, Vf- and other virulences and many

other characteristics will be created. The epidemic will continue in spring and the VJ-

virulence might establish itself very well.

Regarding the microsatellite data of V. inaequalis in this thesis, within the

population from Ahrensburg (Dl), where VJ-virulent scab was first identified and 79%

of the isolates were collected from varieties carrying the VJ-gene, diversity was much

lower compared to the other European populations. No private allele and only few

sharing rare alleles were found. Diversity and number of alleles did not reach the

European level within the 11 generations that have been completed since the first

detection of Vf-virulence in 1984 and the sampling in 1995. It is not clear whether

isolates originating from the Ahrensburg population became virulent due to a mutation
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or whether Vf-virulent isolates were brought in with apple trees which were imported as

new resistance sources from East Asia.

Observations in newly planted apple orchards showed a very rapid

recolonisation with V. inaequalis. The disease incidence was reduced only in the first

year, because inoculum had to immigrate from surrounding populations (P. Mouron,

Eidg. Forschungsanstalt fur Obst-, Wein- und Gartenbau, pers. comm.). Since apple

orchards are mostly planted in a traditional apple growing region, inoculum sources are

always present in the form of other orchards, apple trees in meadows or in home

gardens. By the second year, disease incidence will already reach a level that needs a

'regular' fungicide treatment. Only very isolated single trees might remain scab-free for

several years (C. Gessler, pers. comm.). In a newly planted orchard disease level is

reduced, and we therefore might expect a founder effect due to initially reduced

population size. However, we found no correlation between the age of the orchards (3-

20 years old) and the diversity within the V. inaequalis populations. Since apple

orchards are always planted in apple growing regions which might cover many hectares

of land and consist of thousands of apple trees, the definition of a 'population' of V.

inaequalis should not be reduced to the sample of one orchard, but should include the

whole region. The size of the yearly mating population on traditional (susceptible)

cultivars is, under this assumptions, possibly much larger than roughly estimated.

Therefore, and because disease level was very high in the orchards where samples were

taken, we could not have expected bottleneck or founder effects with reduced diversity

and loss of alleles in the analysed populations. The only exception is the orchard in

Ahrensburg (Dl) with the VJ-resistant cultivars.

Low differentiation, many shared rare alleles, and rapid recolonisation might

suggest a high level of ongoing gene flow. However, actual gene flow might be easily

overestimated due to gene flow in the past. For an estimation of ongoing gene flow we

studied the (3-tubulin locus in more detail, because we know that this locus has been

under high selection pressure due to fungicide treatments with benomyl. Some years

ago, treatments with benomyl were stopped in most Swiss apple orchards because the

fungicide became ineffective due to built up resistance. However, in Etoy (Switzerland,

1993) exclusively very highly resistant isolates in combination with allele 3 (PCR-

RFLP, 4 alleles) have been found, whereas in the other populations susceptible as well
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as resistant isolates in diverse combinations with the four alleles have been detected.

Had there been a high level of gene flow, at least between orchards with small air-

distance, such as Etoy and Gland (air-distance 14 km) it would have been possible that

highly resistant isolates with allele 2 migrated from Gland to Etoy during the years

when both orchards were treated with benomyl. We could also have expected a

migration of susceptible isolates from Gland to Etoy when treatments with the fungicide

benomyl were stopped. From the above information we can therefore assume that the

low differentiation and many shared rare alleles among the European populations found

for neutral markers are effects of gene flow that mainly happened in the past when

apples were grown on meadows.

Besides the natural mechanisms that influence the dispersal of the fungus

human mediated gene flow through transport of spores or infected plant material holds

an important rank. A study in Western Australia on apple trees that were completely

scab free until 1990 could trace back the first scab symptoms to the introduction of V.

inaequalis by infected trees from a nursery and to conidia transported on the body or

found on the clothing of humans who travelled among these orchards as well as heavily

infected orchards (12). Another example showing the importance of human mediated

gene flow is the low differentiation and the many shared rare alleles found between V.

inaequalis populations from North and South of the Alps. The three orchards where Vf-

virulent scab was detected are all within (Ahrensburg, Wilheminadorp) or near (Kent,

near East Mailing) breeding stations. Because new resistant cultivars mainly carry the

VJ-gene (12) and exchange of plant material among breeding stations is frequent, danger

of human mediated migration of Vf-virulent V. inaequalis pathotypes might be

increased. In breeding stations as well as in orchards where Vjf-resistant cultivars are

planted, no or only few fungicide treatments are carried out. After the import of Vf-

virulent pathotypes to such a place, they might spread unhindered and rapidly within the

orchard, infecting Vjf-carrying but also susceptible cultivars. Migration of VJ-virulent

pathotypes can easily go on without being recognised when they grow on traditional

cultivars. Since resistance is still effective in most orchards in Europe where Vjf-resistant

cultivars are planted, we regard mutations from VJ-avirulence to V/-virulence as not

important for newly arising VJ-virulent strains. With the low level of actual gene flow

and only natural dispersal of the VJ-virulence we could expect a slow radial distribution
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from a centre of origin (e.g. Ahrensburg). New foci of occurrence of Vf-virulence in

Great Britain and The Netherlands led us to believe that humans might increase the

speed and therefore enlarge the geographic range of the distribution of V/-virulent V.

inaequalis and in so doing make predictions very difficult.
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