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Abstract

Efficient breeding and selection of high quality apple cultivars meeting consumer

preferences and breeding of resistant varieties as a disease management strategy requires the

knowledge and the understanding of the underlying genetics. The availability of suitable

molecular markers for the construction of genetic linkage maps is essential for the analysis of

the genome and the dissection of complex traits.

Microsatellites (simple sequence repeats, SSR) are very useful in this respect since they

are codominant, highly polymorphic, abundant and reliably reproducible. Over 140 SSR

markers have been developed in apple and were tested on 7 cultivars and 1 breeding selection.

Their high level of polymorphism is expressed with an average of 6.1 alleles per locus and an

average heterozygosity (H) of 0.74. To test the degree of conservation of the SSR flanking

regions and the transferability of the SSR markers to other Rosaceae species, 15 primer pairs

were tested on a series of Maloideae and Amygdaloideae species. The usefulness of the newly

developed microsatellites in genetic mapping is demonstrated by means of a genetic linkage

map.

To be most useful with respect to genome analysis and the detection of quantitative

traits, such a map should cover a significant part of the genome, should be densely populated

with markers, and in order to gain the maximum advantage, should be transferable to other

populations or cultivars than the ones on which it has been constructed. A reference apple

genetic linkage map has been constructed on the basis of a segregating population of the cross

between the varieties 'Fiesta' and 'Discovery'. A total of 840 molecular markers, including

475 AFLPs, 235 RAPDs, 1 SCAR, and 129 codominant and transferable SSRs were used for

the two parental maps constructed with JoinMap and spanning 1140 cM and 1450 cM,

respectively. As a result of the application of SSR markers, all 17 linkage groups,

corresponding to the 17 chromosomes of apple, were identified. Each chromosome carries at

least two SSR markers, allowing the alignment of any apple molecular marker map both with

regard to identification as well as to orientation of the linkage groups. This map is currently

the most advanced linkage map in apple with regard to genome coverage and marker density.

It represents an ideal starting point for future mapping projects in Malus since the stable and

transferable SSR frame of the map can quickly be saturated with dominant AFLP markers.

The availability of such a molecular marker genetic linkage maps enables the detection

and analysis of major genes as well as of quantitative trait loci contributing to disease

resistance, or to the expression of any physiological trait of interest in a genotype. The
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segregating population on which the map was constructed has been observed over three years

at three different sites in Switzerland. Field resistance against apple scab (Venturia

inaequalis) was recorded, additionally to a number of physiological traits, such as growth

habit, blooming behaviour, juvenile period and fruit quality.

QTL analyses were performed, based on the genetic linkage map. With the maximum

likelihood based interval mapping method, the variability of the investigated, complex traits

could be dissected into a number of QTLs affecting the observed characters. Genomic regions

were identified participating in the genetic control of fruit scab and leaf scab resistance, stem

diameter, plant height increment, leaf size, blooming time, blooming intensity, juvenile phase

length, time of fruit maturity, number of fruits, fruit size and weight, fruit flesh firmness,

sugar content and fruit acidity. Although 'Discovery' showed a much stronger resistance

against scab in the field, most scab resistance QTLs identified were attributed to the more

susceptible parent 'Fiesta'. This indicated a high degree of homozygousity at the scab

resistance loci in 'Discovery', preventing their detection in the progeny due to the lack of

segregation. A very similar situation was found concerning the acid content of the fruits.

'Discovery' fruits displayed a higher acid content, but both detected acidity QTLs were

attributed to the less acidic parent 'Fiesta', again indicating homozygousity at the acidity loci

in 'Discovery', thus preventing their detection due to no segregation. This revealed a very

important aspect of QTL mapping methods, relying solely on detected differences between

the inherited alleles. It has to be clear that the non detection of phenotypic differences by no

means indicates the lack of valuable alleles.
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Zusammenfassung

Eine Voraussetzung für die effiziente Züchtung und Selektion von qualitativ

hochstehenden Apfelsorten, die den Bedürfnissen der Konsumenten entsprechen, ist die

Kenntnis und das Verständnis der zugrunde liegenden Genetik. Die Verfügbarkeit von

geeigneten molekularen Markern für die Konstruktion von genetischen Karten ist

entscheidend für die Untersuchung des Genoms und die Analyse komplexer Merkmale.

Mikrosatelliten (simple sequence repeats (=Wiederholungen einfacher Sequenzen),

SSR) sind in diesem Zusammenhang sehr geeignet, denn diese Marker sind kodominant,

hochgradig polymorph, im ganzen Genom verbreitet und zuverlässig reproduzierbar. Mehr als

140 solcher SSR Marker sind für Apfel entwickelt worden und wurden auf 7 Sorten und einer

Züchtungslinie getestet. Ihr Allelreichtum manifestiert sich in der Zahl von durchschnittlich

6.1 Allelen pro Lokus und einer mittleren Heterozygotie (H) von 0.74 pro Marker. Um die

Mutationsresistenz der flankierenden Sequenzen der Mikrosatelliten und ihre Übertragbarkeit

auf andere Rosaceae zu überprüfen, wurden 15 Primerpaare auf einer Reihe von Maloideae-

und Amygdaloideae-Arten getestet. Der Nutzen der neu entwickelten Mikrosatelliten für die

genetische Kartierung wird anhand einer genetischen Karte gezeigt.

Um für Genomuntersuchung und die Analysen Quantitativer Merkmale den

grösstmöglichen Nutzen zu bringen, sollten genetische Karten einen wesentlichen Teil des

gesamten Genoms abdecken und dicht mit Markern besetzt sein. Um ein Maximum der

Vorteile nutzen zu können, sollten sie ausserdem auf andere Nachkommenschaften, als in

denen sie konstruiert wurden, übertragbar sein. Basierend auf einer Nachkommenschaft der

Kreuzung 'Fiesta' x 'Discovery' wurde eine genetische Referenzkarte für Malus konstruiert.

840 molekulare Marker, 475 AFLPs, 235 RAPDs, 1 SCAR, und 129 kodominante und

übertragbare SSR Marker wurden verwendet für die zwei Karten der Elternsorten. Zur

Berechnung der Karten, welche sich über 1140 Centi Morgan (cM) in 'Fiesta' und 1450 cM

in 'Discovery' erstrecken, wurde das Programm JoinMap verwendet. Dank der

Verwendung von Mikrosatelliten konnten alle 17 Kopplungsgruppen, die den 17

Chromosomen des Apfels entsprechen identifiziert werden. Jedes Chromosom trägt

mindesten 2 Mikrosatelliten was eine eindeutige Ausrichtung der Chromosomen und ihre

Zuordnung zu entsprechenden Chromosomen genetischer Karten anderer Sorten erlaubt.

Diese Karte ist zurzeit die am weitesten entwickelte Karte in Bezug auf Genom Abdeckung

und Marker Dichte. Sie stellt einen idealen Startpunkt für zukünftige Kartierung Projekte in
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Apfel dar, da das stabile und übertragbare Mikrosatelliten Gerüst sehr schnell mit dominanten

AFLP Markern aufgefüllt werden kann.

Die Verfügbarkeit einer solchen Karte ermöglicht nun die Detektion und die Analyse

vom Hauptgenen und QTLs (Quantitative Trait Loci = Genorte quantitativer Merkmale) die

zu Krankheitsresistenz oder der Ausprägung irgendeines anderen physiologischen Merkmals

von Interesse beitragen. Die Nachkommenschaft, mit der dir Karte konstruiert wurde, ist

während drei Jahren an drei verschiedenen Standorten in der Schweiz beobachtet worden.

Resistenz gegen Apfelschorf (Venturia inaequalis) wurde aufgezeichnet zusätzlich zu einer

Reihe von physiologischen Merkmalen wie Wuchsverhalten, Blüheigenschaften, Jugendphase

und Fruchtqualität.

QTL Analysen wurden durchgeführt, basierend auf der genetischen Karte. Mit der auf

'maximum-likelihood' beruhenden 'interval-mapping' Methode konnten die zum Teil

komplexen Merkmale in eine Reihe von QTLs zerlegt werden, die diese Eigenschaften

beeinflussen. Es konnte Regionen im Genom identifiziert werden die an der genetischen

Kontrolle von Blatt- und Fruchtschorfresistenz, Stammdurchmesser, Längenzuwachs,

Blattgrösse, Blühzeitpunkt, Blühstärke, Länge der Jugendphase, Fruchtreifezeitpunkt, Anzahl

Früchte, Gewicht der Früchte, Fruchtfleischfestigkeit, Zuckergehalt der Früchte und

Säuregehalt der Früchte beteiligt sind. Obwohl 'Discovery' eine wesentlich stärkere Resistenz

gegenüber Schorfbefall aufweist, wurden die meisten Schorfresistenz-QTLs dem anfälligeren

Elter 'Fiesta' zugeordnet. Die ist ein Hinweis auf einen hohen Anteil homozygoter Lozi für

Schorfresistenz in Discovery, was ihre Entdeckung verunmöglicht, da die Nachkommenschaft

nicht aufspaltet. Eine vergleichbare Situation wurde bezüglich des Säuregehaltes gefunden.

Früchte von Discovery hatten höhere Säuregehalte, aber beide entdeckten Säure-QTLs

wurden 'Fiesta', dem weniger sauren Elter zugeordnet. Wiederum ein Hinweis auf die

Homozygotie 'Discoverys' an den Säure-Lozi, welche unentdeckt bleiben weil die

Nachkommen nicht segregieren. Dies deckt einen ganz wichtigen Aspekt der QTL Analyse

auf, welche einzig auf messbaren unterschieden zwischen den involvierten Allelen beruht. Es

muss klar sein, dass das Nicht-Feststellen von Unterschieden in keiner Weise ein Nicht¬

Vorhandensein von für die Züchtung wertvollen Allelen bedeutet.
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CHAPTER 1

Introduction

1.1 General introduction

Ever since agriculture has been the second most important human activity keeping

mankind alive, a significant proportion of the grown food crop has been damaged by pests

and thereby lost for human consumption (Gessler 1997).

In current agriculture, approximately 40 % of the world food production is lost because

crops are destroyed by insects, diseases, and weeds, even though 26 Mrd US$ are spent for

the application of 2.5 Mio tons of pesticides on crops each year. Since pesticides adversely

affect public health and inflict considerable damage on the environment, adding costs of

another 100 Mrd US$ each year, improved pest control technologies have to be implemented

(Pimentel 1997). As shown by Pimentel, an ecologically sound food production is not only

beneficial for environmental and public health but also economically advantageous for the

farmers. Farmers are changing their production methods as a response to environmental

concerns, stricter regulation and altered demands on the markets. This requires improved

cultivation techniques but also the availability of improved and adapted cultivars. For

breeders this means an increased demand of cultivars meeting the changing requirements of

the farmers, satisfying the even faster changing consumer preferences and most importantly

expressing higher levels of resistances against pests and diseases. Although apple is not the

world's primary fruit crop, the most urging problems in world agriculture and apple

production are the same: The breeding of high quality cultivars with durable resistances.

Apple is an out bred Rosaceae species and belongs to the Maloideae subfamily. Like

most other woody tree species, it is an unpopular candidate for genetic studies. The large size

of the individuals makes their handling cumbersome and their maintenance expensive. Due to

the long juvenile period, lasting up to 10 years, and the slow growth, progress is slow and

results can only be obtained with great patience. Furthermore the large chromosome number

and the impossibility to produce inbred lines complicate the matter even more. Despite these

difficulties, there are definite advantages to genetic studies in apple since with vegetative

propagation genetically identical individuals can be obtained and grown in different

environments and observed over several years.

8



A number of single genes and their phenotypic traits are known (Brown 1992),

including fruit characters, growth habit, and resistances against pests and diseases. However,

most of them are qualitative characters and quantitative genetics in apple is still sparsely

investigated and understood.

Breeding apple cultivars is a lengthy and demanding task. Since backcrossing is not

feasible, two cultivars or selections are typically crossed to produce a large progeny. In the

full sib family, selection for resistances, productivity and fruit qualities are carried out in the

successive years. As out bred individuals, the two parents are expected to be heterozygous at

many loci and the progeny will segregate for a large number or characters. Only very few

individuals might display favourable combinations of the relevant phenotypes and

successfully pass all selection levels. They will eventually be released, 20 to 25 years after the

parents have been crossed.

To achieve further and faster progress in apple (resistance) breeding, the underlying

genetics of the inherited traits have to be better understood. Genes must be identified and

localised, alleles characterised and interactions among them have to be investigated. Tools for

this kind of investigation on plant genomes are provided as molecular markers, expressing a

simple Mendelian inheritance. A vast variety of molecular markers is available and useful for

linkage analyses resulting in genetic linkage maps. Most marker systems are based on the

visualisation of DNA polymorphisms and include the PCR technique, thus requiring only

little starting material. Besides the construction of genetic maps, markers are used for cultivar

identification or distinction. Furthermore, they can be used to follow chromosomal segments

over generations and when markers are co-segregating with the gene of a desired trait, the

origin of such a gene can be determined. In cases where the traits are expressed only late, co-

segregating markers also allow an early selection for these traits.

Molecular marker linkage maps are constructed upon information of the marker

segregation in the progeny, representing crossover events during meiosis in the parents. Such

an image of the entire genome with its chromosomes is a valuable tool for the localisation of

genes and for obtaining knowledge about segregation and genetic constitution of the species.

Furthermore, genetic maps allow the dissection of complex, polygenic characters into its

quantitative trait loci (QTLs) and enable their analysis.

Since apple does not belong to the world's most important food crops, the input in

breeding efforts and genetic research corresponds to its economical importance. This situation

requires a most efficient use of the available resources. For genetic analysis by means of
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molecular markers and genetic linkage maps this enforces a careful choice of the available

techniques since not all tools are equally suitable for all investigations.

PCR based markers systems, requiring only little DNA, are generally preferred. Simple

sequence repeats (SSR, microsatellites) and amplified fragment length polymorphisms

(AFLP) are often the methods of choice. A big advantage of the AFLP marker system is its

productivity, i.e. one single primer combination yields a large number of polymorphic marker

bands, representing different loci. With one PCR reaction information on as many as 30 loci

can be obtained.

Despite the large initial effort to clone the repeats, to obtain the sequences and design

primers, SSRs are very useful and can be applied efficiently. With the high level of variation

in the number of repeats, the co-dominance and the fact that the flanking regions are

conserved, SSR markers provide information on all (up to 4) involved alleles and can be

applied also on any other apple cultivar. When SSRs are used for map construction, the

obtained maps can be aligned, the chromosomes oriented and map information like marker

positions and marker orders can be transferred to other varieties. Furthermore, chromosome

segments can be traced in the ancestry lines and their origin can be determined.

A second important point concerning the efficient use of invested resources is not

related to methodology but rather the outline of entire research projects. If the effort is taken

to construct a linkage map and it is possible to use the information for more than the two

varieties on which it has been constructed a much greater benefit results. This is the case with

linkage maps containing codominant markers such as SSRs. Furthermore the analysis is not

restricted to the investigation of resistance traits. All possible characters of a cross can be

examined on the basis of the same genetic linkage map and this should be exploited to draw

the maximum benefit from the time and labour invested in the testing of markers and the

construction of a genetic map.

1.2 Outline of the thesis

The work presented here includes the characterisation of 140 SSRs developed in apple

and their application in genetic mapping. A linkage map of apple was constructed, which can

serve as a reference map, containing over 100 codominant SSR markers that are applicable on

any other apple cultivar. On the basis of this linkage map field scab resistance traits have been

investigated and several QTLs could be identified. Furthermore growth parameters, blooming
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behaviour, juvenile phase length and a number of fruit quality traits were examined and

dissected into contributing QTLs.
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CHAPTER 2

Development and characterisation of 140 new microsatellites in

apple (Malus x domestica Borkh.)1

2.1 Abstract

The availability of suitable genetic markers is essential to efficiently select and breed

apple varieties of high quality and with multiple disease resistances. Microsatellites (simple

sequence repeats, SSR) are very useful in this respect since they are codominant, highly

polymorphic, abundant and reliably reproducible.

Over 140 new SSR markers have been developed in apple and tested on a panel of 7

cultivars and 1 breeding selection. Their high level of polymorphism is expressed with an

average of 6.1 alleles per locus and an average heterozygosity (H) of 0.74. Of all SSR

markers, 115 have been positioned on a genetic linkage map of the cross 'Fiesta' x

'Discovery'. As a result, all 17 linkage groups, corresponding to the 17 chromosomes of

apple, were identified. Each chromosome carries at least two SSR markers, allowing the

alignment of any apple molecular marker map both with regard to identification as well as to

orientation of the linkage groups. To test the degree of conservation of the SSR flanking

regions and the transferability of the SSR markers to other Rosaceae species, 15 primer pairs

were tested on a series of Maloideae and Amygdaloideae species.

The usefulness of the newly developed microsatellites in genetic mapping is

demonstrated by means of the genetic linkage map. The possibility of constructing a global

apple linkage map and the impact of such a number of microsatellite markers on gene and

QTL mapping is discussed.

2.2 Introduction

The demand for breeding or selecting disease resistant apple cultivars of high quality

has driven research of the apple genome. Identifying major and minor genes contributing to

the desired traits, by means of molecular markers, has become an important goal.

Bulked segregant analysis (Michelmore et al. 1991) was proposed to identify molecular

markers closely linked to major genes of interest. This approach focuses on a specific region

of the genome that is identified by contrasting phenotypes and dominant markers. Many

1
Molecular Breeding (2002) 10:217-241
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successful examples have been reported including some in apple (Gardiner et al. 1996; Koller

et al. 1994; Xu and Korban 2000). The identified markers were then converted into more

reliable markers (Tartarini et al. 1999) that were used as a starting point for map based

cloning (Patocchi et al. 1999).

In contrast, the identification and localisation of quantitative trait loci (QTLs) still relies

on the use of a linkage map covering the entire genome (Paterson et al. 1988). To successfully

map QTLs, a saturated genetic map with regularly spaced markers is essential. Large gaps

between markers on the linkage groups or missing (unmapped) chromosome segments can

lead to inaccurate analyses. QTLs located in regions with marker gaps cannot be mapped

precisely, as their phenotypic effect will be underestimated because distant linkage cannot be

distinguished from small phenotypic effect (Lander and Botstein 1988) and QTLs on

unmapped regions of the genome will be overlooked completely.

Once QTLs are identified through linked markers it is desirable to locate and trace the

traits in other populations, cultivars or breeding selections. Simple sequence repeats (SSR) are

an ideal tool for QTL mapping, since they are codominant, multi-allelic and have conserved

flanking regions. The strong self-incompatibility of apple and the resulting high level of

heterozygosity require the use of codominant markers. Furthermore SSRs are highly

informative and transferable between cultivars. Until now, only a small number of SSR

markers have been available, insufficient for the identification and orientation of all linkage

groups in apple (Gianfranceschi et al. 1998; Guilford et al. 1997; Hokanson et al. 1998).

Likewise, the construction of a saturated linkage map consisting solely of SSRs has not been

possible.

To date, RAPDs, RFLPs, and isozymes have primarily been used to construct apple

linkage maps (Conner et al. 1997; Hemmat et al. 1997; Maliepaard et al. 1998; Seglias and

Gessler 1997). These markers are useful, but relatively inefficient (Pejic et al. 1998; Saliba-

Colombani et al. 2000). RAPDs usually yield less than five dominant markers per PCR

reaction, are difficult to reproduce (Jones et al. 1997), and are generally not transferable to

progenies derived from different parents. RFLPs are more informative, as well as being

codominant, but require a large amount of DNA compared to PCR-based markers. In

addition, RFLPs are as labour intensive as isozymes and are difficult to automate.

Other PCR-based marker systems such as AFLP (Vos et al. 1995) and SSR markers

(Weber and May 1989) have become available in recent years and are increasingly replacing

the methods above. The AFLP technique yields up to 30 polymorphic, dominant markers per

primer combination (Xu and Korban 2000), therefore being very powerful in mapping

13



projects: either for the generation of an initial map, to fill gaps, to extend existing maps, or to

increase marker density. Even with a large number of SSRs available, AFLPs will remain

helpful since only few reactions are necessary to generate a large number of markers for map

saturation.

Therefore, more SSR, AFLP, and other markers are needed to saturate a map for QTL

analysis. In this paper, we report the development of over 140 SSR markers, together with

establishment of map positions for most of these SSRs in the context of a genetic linkage map

based on progeny from the cross 'Fiesta' x 'Discovery'. Their transferability to other

members of the Rosaceae was also investigated. The high level of polymorphism achieved

with these markers was demonstrated by indicating the allele length in seven cultivars and one

breeding selection, five of which are used as parents in the European D.A.R.E. project

(Kellerhals et al. 1999; Lespinasse et al. 1999). Both benefits of SSRs for alignment with

other maps and the impact of such a number of new SSR markers on genetic mapping in

apple are discussed.

2.3 Material and Methods

2.3.1 Simple sequence repeats

New SSRs, designated as CH, were developed using the cultivar 'Fiorina' as source of

DNA. The complete procedure was described in detail by Gianfranceschi et al. (1998). SSR

markers of different origin were included in the analysis: MS-SSRs, developed at HRI,

Wellesbourne, UK, NZ-SSRs developed at Horticulture and Food Research Institute of New

Zealand, Auckland (Guilford et al. 1997), and the COL-SSR originally identified at Cornell

University, Geneva, NY, USA (Hemmat et al. 1997).

Oligonucleotide primer design, primer labelling, PCR amplification and gel

electrophoresis were performed as described in Gianfranceschi et al. (1998). Since all SSR

primers were designed for the same annealing temperature, up to three primer pairs were

combined in the same PCR reaction (multiplexing).

MS- (and NZ-) SSRs have slightly different PCR profiles: 94°C for 2'30" (4'),

followed by 33 (35) cycles of 60" (40") at primer annealing temperature, 60" (20") at 72°C

and 30" (40") at 94°C. Both profiles ended with a 10' extension at 72°C. The primers have

the following annealing temperatures: MS01a03 60°C; MS01a05, MS02a01, MS06c09,

MS06g03, MS14b04, MS14h03, NZ01a06, NZ02b01, NZ03c01, NZ04M1, NZ05g08 55°C;

NZ03c01, NZ28f04, NZ23g04 50°C.
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2.3.2 Plant material and DNA isolation

Eight apple cultivars ('Prima', 'Fiesta', 'Discovery', 'Durello di Forli', 'TNI0-8',

'Fiorina', 'Nova Easygro', and 'Starking') were used to determine the level of polymorphism

and the allele sizes of the new SSRs. 112 individuals of a segregating population of the cross

'Fiesta' x 'Discovery', with 'Fiesta' as maternal parent, were used for the construction of a

genetic linkage map to position the newly developed SSRs. The cross was produced in 1995

at Plant Research International, Wageningen, NL. Seeds were purchased by the Swiss Federal

Institute of Technology, Zurich, sown in 1996 and grown on their own roots at the Swiss

Federal Research Station (FAW), Wädenswil, Switzerland.

Leaf material of the cultivars and the progeny plants of the cross was kindly provided

by Markus Kellerhals from the Swiss Federal Research Station (FAW), Wädenswil,

Switzerland. DNA was extracted according to Koller et al. (2000).

2.3.3 Data scoring and analysis

The SSR allele composition of all eight cultivars was determined by comparison of the

allele size with a 33P labelled 30-330 bp ladder (Invitrogen, Life Technologies) used as a size

marker. Heterozygosity was calculated for each SSR locus by the formula: H=l-Sp/, where p

is the frequency of the /th allele of each SSR marker (Nei 1973). SSR markers, with at least

three polymorphic bands in 'Fiesta' and 'Discovery', together with some less informative

SSRs, were tested on two independent subsets of plants from the cross 'Fiesta' x 'Discovery',

consisting of 68 and 44 individuals, respectively.

2.3.4 Reproducibility and cross-species amplification

To test the reproducibility of the banding patterns in apple, 64 randomly chosen SSR

reactions were performed twice. The degree of evolutionary conservation of the SSR markers

and their primer annealing sequences was investigated by testing 43 Rosaceae species from

the Maloideae and Amygdaloideae subfamilies, with 15 markers from linkage groups 12 and

14. For the Maloideae the set comprised Amelanchier canadiensis, A. ovalis tamis, A. pumila,

A. x grandiflora, Cotoneaster dammeri, C. horizontalis, C. microphyllus, C. salicifolius,

Crataegus laevigata, Cr. monogyna, Cydonia oblonga, Malus baccata var. mandshurica, M.

communis, M. hupehensis, M. prunifolia, M. sieboldii, M. sylvestris, M. x atrosanguinea,

Mespilus germanica, Pyrus bertschneideri, Py. communis ('Abate', 'Williams'), Py. spec.

('Vallese'), Sorbus acuparia, S. domestica. For the Amygdaloideae the set comprised Prunus

armeniaca ('Bella di Imola', 'Cricot'), Pr. avium, Pr. cerasifera, Pr. cerasus, Pr. domestica

('Empress', 'Stanley'), Pr. dulcis, Pr. kurilensis, Pr. laurocerasus, Pr. lusitanica, Pr.
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mahaleb, Pr. padus, Pr. padus petraea, Pr. persica ('Fayette Aldini', 'Maria Clara

Alessandini'), Pr. salicina ('Midnight Star', 'Andy's Pride'), Pr. seratina, Pr. serrula, Pr.

spinosa, Pr. subhirtella, Pr. tenella.

2.3.5 RAPD analysis

A total of 483 Operon RAPD primers was tested on the parents and a set of six progeny

plants of the cross 'Fiesta' x 'Discovery'. 148 primers which produced at least one

polymorphic band between the parents and which segregated in the progeny were then tested

on the two subsets of plants of the cross mentioned above. PCR reactions and gel

electrophoresis were performed as described in Koller et al. (1994), using Amersham-

Pharmacia Biotech Taq DNA polymerase (0.066 UuT1) in place of SuperTaq (Stehelin AG,

Basel).

2.3.6 Genetic mapping

Segregation analyses were performed on 112 individuals of the 'Fiesta' x 'Discovery'

cross. Initially, the two sets of progeny plants were analysed independently to ease the

identification of problematic markers (Liebhard and Gessler 2000). Subsequently the two data

files (LOC files) were merged and used for the construction ofthe linkage map.

The assignment of markers to map positions was performed with JoinMap version 2.0

(Stam and Van Ooijen 1995) in connection with JMDesk 3.6 developed by one of the authors

(B.K.). JMDesk is a graphical interface, which simplifies the handling of the DOS based

JoinMap 2.0 software and allows a convenient investigation of the JoinMap 2.0 output data.

Additionally it offers the possibility of extracting map data from JMO files, determining the

linkage phase of the markers, creating of new LOC files with phase information, direct

display of LOD and %2 contribution of each marker to the calculated map or, the doubling of

loci in groups which are too small (n < 3) for JoinMap to calculate a map as suggested in the

JoinMap manual (Stam and Van Ooijen 1995).

Maternal and paternal data were analysed separately. A LOD score of 5.0 was used to

determine markers belonging to the same linkage groups with JMGRP. Irregular segregation

(distortion) of markers was investigated with JMSLA, and JMO files were checked for LOD

and x contribution of the markers to the map to identify problematic markers. For each

linkage group unlikely double recombinants having a chance of less than 0.01 to occur were

identified by means of the JMCHK module of JoinMap. Scores of all problematic markers

and of all unlikely double crossover events (p<0.01) were double checked with the original

gel pictures and autoradiograms. Markers were discarded when they mapped at the
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extremities of a linkage group and were linked (LODs > 5) to just one other marker. Parental

map diagrams were generated using MapChart (Voorrips 2001).

2.3.7 Nomenclature of markers and linkage groups

SSR marker names are prefixed with CH, MS, or NZ in capitals, associated with the

originating laboratory (CH: Swiss Federal Institute of Technology (ETH), Zurich,

Switzerland; MS: Horticulture Research International (HRI), Wellesbourne, UK; NZ:

Horticulture and Food Research Institute ofNew Zealand, Auckland, New Zealand), followed

by a combination of two two-digit numbers, separated by a lower case letter (e.g. CH05c03).

CH markers that originate from the same clone but which were amplified with a different

primer pair are ascribed an 'a' or 'b' suffix. Markers amplified by the same primer pair, but

mapping at different loci are given a 'z', 'y', or 'x' suffix.

RAPD marker names start with the Operon primer code followed by the indication of

the fragment size of the band in base pairs (e.g. G05-1600).

Linkage groups are numbered in accordance with the numbering of Maliepaard et al.

(1998), based on map positions of selected SSR markers on 'Prima' x 'Fiesta' (Van de Weg

unpublished data). All genotyping work and map saturation on 'Prima' x 'Fiesta' was

performed in the frame of the European D.A.R.E. project (Kellerhals et al. 1999; Lespinasse

étal. 1999).

2.4 Results

2.4.1 Development of CH-SSR markers

The Lambda ZapII genomic library (Gianfranceschi et al. 1998) was screened for the

presence of (AG)/(CT) repeats by plaque hybridisation. Approximately 500 positive clones

were selected and analysed with an anchored PCR assay (Rafalski et al. 1995) for the

presence of the repeat.

Clones with the repeat too close to the end of the insert or too far from both cloning

sites were discarded. The remaining 350 clones were sequenced. Of these, 54 appeared more

than once, two had flanking regions of the repeat which did not allow the design of suitable

primers and 13 contained more than one repeat. A total of 212 primer pairs were designed, of

which 140 produced clear, reproducible and polymorphic banding patterns.
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2.4.2 SSR Characteristics

All three types of repeats, as defined by Weber (Weber and May 1998), were found

among the 140 CH-SSRs, with 'Perfect' being the most frequent type (58%) followed by

'Imperfect' ( 32%) and 'Compound' (9%).

119 Primer pairs amplified a single locus with a maximum of two different alleles per

cultivar and two to eleven distinguishable alleles within the tested set of eight cultivars. 21

primer pairs amplified three or four different alleles per cultivar, indicating the presence of

two different loci, with 6 to 15 different alleles among the tested cultivars. These multi-locus

SSRs were excluded from the heterozygosity analysis since the alleles could not be assigned

properly to the loci in all cases or in all cultivars.

Table 2.1 summarises the marker names, the primer sequences, the repeat type, the size

range of the alleles, the number of distinguishable alleles found among the eight tested

cultivars, the heterozygosity value (H) for single locus SSR, the type of marker (single or

multi-locus and confirmed or presumed), and the linkage group(s) on which they map. Primer

sequences and allele information for 16 SSRs in this table have already been published by

Gianfranceschi et al. (1998) but are included in the list to present the entire series of CH-

SSRs. All CH-SSR raw sequences are available at our web site

http://www.pa.ipw.agrl.ethz.ch/. Additionally, seven MS-SSR markers, four of which were

mapped by Maliepaard et al. (1998) are included as well as the COL marker linked to the

columnar habit gene (Hemmat et al. 1997).

13 SSR primer pairs were tested for their suitability for multiplexing. Combinations of

up to tree primer pairs were successfully processed in the same reaction.

Table 2.1: Microsatellite primer sequences, type ofrepeat (perfect, imperfect, compound), allele size

range, number of alleles found in the 8 analyzed cultivars, heterozygosity (H), type of marker

(presumed or confirmed single or multi locus) and linkage group(s) on which they map.

Forward Reverse Repeat Size No. of Type of Maps
SSR name primer sequence (5'-3') primer sequence (5'-3') type range alleles H marker onLG#

CH01a07b aac cca tga aac aca ate cc ggaacgatccataggtggtg pert 206-246 8 n.d. près mloc

CH01a09 gat gtg gtt cca gaa get ac cac atg cat gaa aag cat at comp 198-384 10 n.d. près mloc

CH01b07 ccgcgagatgacaagtcc ate ttg caa tct tct tgc ata gg pert 91-121 5 0.71 près sloe

CH01b09b tta tag cag caa cag gag eg tattcg gga ggc atg gta tg comp 172-182 4 0.66 près sloe

CH01b11 gtt egg ctg tac tet ttg ag aac eta ace aaa cac gta eg pert 199-205 4 0.65 près sloe

CH01b12' ege atg ctg aca tgt tga at egg tga gee etc tta tgt ga pert 125-178 9 n.d. mix 4/12/13

CH01C06 ttc ccc ate ate gat etc tc aaa ctg aag cca tga ggg c perf 146-188 6 0.73 sloe 8

CH01c08 tea ctg tec tta tct ttc ace ac gca gaa aaa gca ccc ace pert 130-228 5 0.71 près sloe

CH01C09 tea tct ttc teg cet gee tec ate aaa ace aag ttt teg perf 92-108 5 0.74 près sloe

CH01C11 aaa tec taa aac aca age aaa ace tga ace aag tec tec act cc imp 112-151 8 0.84 près sloe

CH01d01 tct tec ctt tct tgt gca cc age tec tgg tgg tgt tgc perf 204-218 2 0.49 près sloe

CH01d03 ccacttggcaatgactcctc ace tta ccg cca atg tga ag perf 136-160 5 n.d. mloc 4/12
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Forward

SSR name primer sequence (5'-3')

Reverse Repeat Size No. of Type of Maps

primer sequence (5'-3') type range alleles H marker on LG#

CH01d07 aaa ate cag ttt tec ace tc agt cga aat ccc gaa caa tc imp 102-106 3 0.59 près sloe

CH01d08 ctccgccgctataacacttc tac tct gga ggg tat gtc aaa g perf 238-290 6 0.77 six 15

CH01d09 gec ate tga aca gaa tgt gc ccc ttc att cac att tec ag perf 134-172 6 0.76 sloe 12

CH01e011 ggt tgg agggac caa teat t ccc act ctct gtg cca gat c comp 106-120 5 0.67 sloe 14

CH01e09b cca tec aac tac tgc ctt tec ttt gat gaa ccc ctt ctt cc comp 118-140 5 0.72 près six

CH01e121 aaa ctg aag cca tga ggg c ttc caa ttc aca tga ggc tg perf 246-278 5 0.67 six

CH01f02' ace aca tta gag cag ttg agg ctg gtt tgt ttt cet cca gc perf 174-206 7 0.79 six 12

CH01f03a cac eta aaa agt ttc tec cet te aat ggg tta gag atg ggt gc perf 210-224 4 0.66 près six

CH01f03b gag aag caa atg caa aac cc etc ccc ggc tec tat tct ac imp 139-183 7 0.80 six 9

CH01f07a ccc tac aca gtt tct caa ccc cgt ttt tgg age gta gga ac perf 174-206 8 0.82 six 10

CH01f09< atg tac ate aaa gtg tgg att g aat tec aat ttc aga aca gg perf 125-160 7 0.77 six 8

CH0U12 etc etc caa get tea ace ac gca aaa ace aca ggc ata ac perf 145-162 6 0.80 six 10

CH01g05 cat cag tct ctt gca ctg gaa a gac aga gta age tag ggc tag gg perf 140-188 6 0.75 six 14

CH01g12< ccc ace aat caa aaa tea cc tga agt atg gtg gtg cgt tc imp 112-186 6 0.73 six 12

CH01h01' gaaagacttgcagtgggagc gga gtg ggt ttg aga agg tt perf 114-134 6 0.80 six 17

CH01h02' aga get teg age ttc gtt tg ate ttt tgg tgc tec cac ac imp 236-256 6 0.79 six 9

CH01h10' tgc aaa gat agg tag ata tat gee a agg agg gat tgt ttg tgc ac perf 94-114 5 0.65 six 8

CH01M1 acg cat etc tea gtt tga ag ttt ata ggc aga gac ctt cag perf 160-186 4 0.52 près six

CH02a03 aga agt ttt cac ggg tgc c tgg aga cat gca gaa tgg ag imp 144-170 7 0.77 six 16

CH02aO4 gaa aca ggc gee att att tg aaa gga gac gtt gca agt gg perf 66-112 9 n.d. mloc 2/7

CH02a08 gag gag ctg aag cag cag ag atg cca aca aaa gca tag cc perf 133-177 15 n.d. mix 5/10

CH02a10 atg cca atg cat gag aca aa acacgcagctgaaacacttg imp 143-177 6 0.80 six 10

CH02b03b1 ata agg ata caa aaa ccc tac aca g gacatgtttggttgaaaacttg perf 77-109 8 0.80 six 10

CH02b07 cca gac aag tea tea caa cac tc atg teg atg teg etc tgt tg perf 180-202 7 0.83 six 10

CH02b10< caa gga aat cat caa aga ttc aag caa gtg get teg gat agt tg perf 121-159 8 0.86 six 2

CH02b11 ace tta cet ggt aga gag aga cac aac gca gtt cga tea ct perf 114-158 7 0.84 près six

CH02M2' ggc agg ctt tac gat tat gc ccc act aaa agt tea cag gc imp 101-143 13 n.d. près mix 5

CH02c02a ctt caa gtt cag cat caa gac aa tag ggc aca ctt get ggt c perf 129-176 9 0.88 six 2

CH02c02b tgc atg cat gga aac gac tgg aaa aag tea cac tgc tec perf 78-126 5 0.70 six 4

CH02c061 tga cga aat cca eta eta atg ca gat tgc gcg ctt ttt aac at perf 216-254 8 0.85 six 2

CH02C09 tta tgt ace aac ttt get aac etc aga age age aga gga gga tg perf 233-257 6 0.77 six 15

CH02c11 tga agg caa tea etc tgt gc ttc cga gaa tec tct teg ac imp 219-239 7 0.78 six 10

CH02d08 tec aaa atg gcg tac etc tc gca gac act cac tea eta tct etc perf 210-254 7 0.82 six 11

CH02d10a tga ttt cet ttt teg caa gg ttc ate gtt ccc tct cca ac imp 215-229 5 0.73 sloe 16

CH02d10b gta ace ttt gtt gcg cgt g gee ttg agt ttc tea gca ttg perf 152-168 3 0.61 près six

CH02d11i age gtc cag age aac age aac aaa age aga tec gtt gc perf 118-148 7 0.73 six 15

CH02d121 aac cag att tgc ttg cca tc get ggt ggt aaa cgt ggt g perf 177-199 6 0.71 six 11

CH02e02 etc ate agt etc act gac tgt gtg agg gtc agg gtc agt cag g imp 122-130 2 0.44 près six

CH02e12 cca act ttt tct gcg gta gtg tgg gac cca tat ggt tga ata c imp 200-212 3 0.49 près six

CH02f061 ccc tct tea gac ctg cat atg act gtt tec aag cga tea gg comp 135-158 7 0.80 six 2

CH02g01 gat gac gtc ggc agg taaag caa cca aca get ctg caa tc perf 198-238 5 0.70 près six

CH02g04 ttt tac ctt ttt acg tac ttg age g agg caa aac tct gca agt cc comp 132-197 7 0.71 six 17

CH02g09 tea gac aga aga gga act gta ttt g caa aca aac cag tac cgc aa perf 98-138 8 0.78 six 8

CH02h07 tga get gac aag tgt aaa atg c gec gaa caa tgt aaa get eg imp 214-236 9 0.84 près six

CH02h11a cgt ggc atg cet ate att tg ctg ttt gaa ceg ctt cette perf 104-132 8 0.83 six 4

CH02h11b ggg acg taa aca ggt att etc tc atg gtt agg cca age aca te comp 214-240 4 0.61 près six

CH03a02 ttg tgg acg ttc tgt gtt gg caa gtt caa cag etc aag atg a perf 124-184 9 0.87 six 14

CH03a03 gtg gtg gta atg acg aga ace t aag caa agt age caa act gca t perf 154-182 7 0.81 près six

CH03a04 gac gca taa ctt etc ttc cac c tea agg tgt get aga caa gga g perf 92-124 11 0.89 six 5

CH03a08 ttg gtt tgc tag gaa aag aag g aag ttt ate ggg cet aca eg imp 146-218 7 0.75 six 13

CH03a09 gec agg tgt gac tec ttc tc ctg cag ctg ctg aaa ctg g perf 125-143 6 0.76 six 5

CH03b01 aca agg taa cgt aca act etc tc gtc aca aaa ceg cca gat g imp 160-180 6 n.d. près mix

CH03b06 gca tec ttg aat gag gtt cac t cca ate ace aaa tea atg tea c imp 111-131 5 0.73 six 15

CH03b10 ccc tec aaa ata tct cet cet c

CH03c01 cet ttt ggc act agg cag ac

cgt tgt cet get cat cat acte perf 99-121 5 0.79 six

ctg ccc tea agg aga atg tc perf 170-174 3 0.51 six
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Forward Reverse Repeat Size No. of Type of Maps
SSR name primer sequence (5'-3') primer sequence (5'-3') type range alleles H marker on LG#

CH03c02 tea eta ttt acg gga tea age a gtg cag agt ctt tga caa ggc perf 116-136 5 0.65 six 12

CH03d01 cgc ax aca aat cca act c aga gtc aga age aca gx tc imp 95-115 7 0.79 six 2

CH03d02 aaa ctt tea ctt tea ex acg act aca ttt tta gat ttg tgc gtc imp 201-223 6 0.75 six 11

CH03d07 caa ate aat gca aaa ctg tea ggc ttc tgg cca tga ttt ta perf 186-226 8 0.80 six 6

CH03d08 cat cag tct ctt gca ctg gaa a tag ggc tag gga gag atg atg a perf 129-161 5 0.71 six 14

CH03d10 etc cet tac caa aaa cac caa a gtg att aag aga gtg ate ggg g œmp 166-182 6 0.76 six 2

CH03d11 ax cca cag aaa cet tct cc caa ctg caa gaa teg cag ag perf 115-181 6 0.71 six 10

CH03d12 gec cag aag caa taa gta aac c att get cca tgc ata aag gg xmp 108-154 7 0.73 six 6

CH03e03 gca cat tct gec tta tct tgg aaa ace cac aaa tag cgc c imp 106-216 6 0.78 six 3

CH03g04 atg tec aat gta gac acg caa c ttg aag atg gee taa cet tgt t perf 122-144 8 0.84 six 14

CH03g06 ate cca cag ctt ctg ttt ttg tea cag aga ate aca agg tgg a perf 139-171 6 0.78 six

CH03g07 aat aag cat tea aag caa tx g ttt ttc caa ate gag ttt cgt t perf 119-181 5 0.77 six 3

CH03g12 gcg ctg aaa aag gtc agt tt caa gga tgc gca tgt att tg perf 154-200 10 n.d. mix 1/3

CH03h03 aag aaa teg gat cca aaa caa c tec etc aaa gat tgc txtg perf 72-120 12 n.d. près mix 13

CH03h06 ttg tx ctt ttt acg tct ttc c gtt att gag caa ggc gga ga perf 147-175 6 0.76 près six

CH04a06 aga aaa tct aag age age ag taa aac tea agt cgc ccgtc perf 106-110 3 0.56 près six

CH04a12 cag cet gca act gca ctt at ate cat ggt ex ata aac ca imp 158-196 8 0.86 six 11

CH04b10 age aga cca acg cat ate aa taa tct gtg xg gta tgt gc perf 169-277 6 n.d. près mix

CH04c03 tgc aca xa aac aca gga ct tat caa aca ttg ggg cac tg comp 194-198 3 0.41 près six

CH04c06 get get get get tct agg tt get tgg aaa agg tea ctt gc imp 155-186 8 n.d. près mix 17

CH04c07 ggc ctt cca tgt etc aga ag cet cat gee etc cac taa ca perf 98-135 8 0.82 six 14

CH04c10 ggg tta ggt tgt ctt etc tect get tct egg gtg agt ttt tc imp 133-180 7 0.82 six

CH04d02 cgt acg ctg ctt ctt «get eta tx ax ace cgt caa ct perf 118-146 3 0.54 sloe 12

CH04d07 tgt cet cca ate tta axeg cac aca gac gac aca ttc ax imp 119-142 9 0.87 six 11

CH04d08 aat tx aca ttc acg cat ct ttg aaa gac gga aac gat ca perf 116-142 6 0.76 près six

CH04d10 gag gga tct gta get ccgac tgg tga gta tct get cgc tg imp 138-204 10 n.d. près mloc 11

CH04d11 att agg caa tac aca gca c get get ttg ctt etc act x imp 132-152 6 0.81 près six

CH04e02 ggc gat gac tac cag gaa aa atg tag cca age cag cgt at imp 143-163 6 0.72 six 4

CH04e03 ttg aag atg ttt ggc tgt gc tgc atg tct gtc txtx at perf 179-222 11 0.88 sloe 5

CH04e05 agg eta aca gaa atg tgg ttt g atg get xt att gee ate at perf 174-227 8 n.d. près mix 7

CH04e12b cet gaa ate tgc aca act ax a ggt ggt gaa gaa gta gac age c perf 226-234 3 0.34 près six

CH04f03 ctt gx eta get tea aat gc teg ate egg tta ggt ttc tg imp 175-191 4 0.72 près six

CH04f04 gtc ggt aca aac tea gga cc cga cgt teg ate ttc etc tc perf 144-166 5 0.70 près six

CH04f06 ggc tea gag tac ttg cag agg ate ctt aag cgc tct xaca imp 159-179 7 0.76 six 14

CH04f07 cag ate atg aat gat tga aa gaa aat cac ace etc aaa xa t perf 83-113 6 0.73 près sloe

CH04f08 att tga gat tgg ggg tgg ac att tecccg att taa ccgtc imp 180-200 4 0.65 près six

CH04f10 gta atg gaa ata cag ttt cac aa tta aat get tgg tgt gtt ttg c perf 144-254 9 0.88 six 16

CH04g04 agt ggc tga tga gga tga gg get agt tgc ace aag ttc aca perf 170-186 5 0.73 six 12

CH04g07 ccc taa cet caa tec cca at atg agg cag gtg aag aag ga imp 149-211 9 0.84 six 11

CH04g09 ttg teg cac aag cca gtt ta gaa gac tea tgg gtg cca tt perf 141-177 11 n.d. mix 5/10

CH04g10 caa aga tgt ggt gtg aag agg a gga ggc aaa aag agt gaa cet perf 127-168 5 0.83 six 15

CH04g12 cac cga tgg tgt caa ctt gt caa caa aat gtg ate gx ac perf 141-186 8 0.83 près six

CH04h02 gga age tgc atg atg aga x etc aag gat ttc atg ccc ac imp 162-262 14 n.d. mix 11

CH05a02 gtt gca aga gtt gca tgt tage ttt tga xc cat aaa ax cac perf 111-135 7 n.d. mix 8/15

CH05a03 egg ctg age atg gtt act te tga teg ttg tga aag etc ca perf 182-220 6 0.68 près six

CH05a04 gaa gcg aat ttt gca cga at get ttt gtt tea ttg aat xc c xmp 159-189 8 0.83 six 16

CH05a05 tgt ate agt ggt ttg cat gaa c gca act xc aac tct tct ttc t imp 198-230 6 0.77 six 6

CH05a09 tga ttt aga cgt cca ctt cac ct tga ttg gat cat ggt gac tag g perf 152-200 7 0.74 six

CH05b06 aca age aaa cet aat ax ax g gag act gga aga gtt gca gag g imp 138-226 14 n.d. mix

CH05C02 tta aac tgt cac caa ate cac a gcg aag ctt tag aga gac ate c imp 168-200 4 0.60 près six

CH05C04 cet teg tta tct tx ttg cat t gag ctt aag aat aag aga agg gg imp 186-258 7 0.80 six 13

CH05C06 att gga act etc cgt att gtg c ate aac agt agt ggt age egg t imp 104-126 8 0.82 six 16

CH05CÛ7 tga tgc att agg get tgt act t ggg atg cat tgc taa ata gga t imp 111-149 7 0.84 sloe 9

CH05d02 aaa etc xt cac etc aca tea c aat agt cca atg gtg tgg atg g imp 203-225 9 0.86 six 4

CH05d03 tac ctg aaa gag gaa gee ct tea ttc ctt etc aca tx act perf 152-187 8 0.84 six 14
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Forward Reverse Repeat Size No. of Type of Maps
SSR name primer sequence (5'-3') primer sequence (5'-3') type range alleles H marker on LG#

CH05d04 act tgt gag ccg tga gag gt tec gaa ggt atg ctt cga tt perf 174-214 7 0.82 six 12

CH05d08 tea tgg atg gga aaa aga gg tga ttg cca cat gtc agt gtt comp 91-143 10 n.d. mix 9/17

CH05d11 cac aac ctg ata tx ggg ac gag aag gtc gta cat tx tea a imp 171-211 5 0.69 six 12

CH05e03 cga ata ttt tea etc tga ctg gg caa gtt gtt gta ctg etc cga c perf 158-190 10 0.87 six 2

CH05e04 aag gag aag ace gtg tga aat c cat gga taa ggc ata gtc agg a perf 153-234 9 n.d. près mix 16

CH05e05 tec tag cga tag ctt gtg aga g gaa ax ace aaa ccg tta caa t perf 138-160 7 0.82 six 14

CH05e06 aca cgc aca gag aca gag aca t gtt gaa tag cat ex aaa tgg t imp 125-222 8 0.85 six 5

CH05f04 gat gat ggt get etc ggt tat t tta tgt tgg gta atg tct tx g imp 160-172 6 0.69 six 13

CH05f06 tta gat ccg gtc act etc cac t tgg agg aag acg aag aag aaa g perf 166-184 5 0.74 sloe 5

CH05g01 ttt cat tea act tea cet etc etc ctt tx gat tct tct att tea comp 236-276 4 0.64 près six

CH05g02 agt gca get ttc age tea gat t agt cag aca cac caa aat ex t imp 135-145 5 0.66 près sloe

CH05g03 get ttg aat gga tac agg aac c cet gtc tea tgg cat tgt tg perf 135-192 6 0.73 sloe 17

CH05g05 atg ggt att tgc cat tct tgc cet gaa gca agg gaa gtc ata c perf 103-143 4 0.64 près six

CH05g07 ex aag caa tat agt gaa tct caa ttc ate tx tgc tgc aaa taa c imp 149-197 10 n.d. mix 12/14

CH05gO8 cca aga cca agg caa cat tt xc ttc ax tea ttc tea x imp 161-179 5 0.70 six 1

CH05g11 gca aac caa cet ctg gtg at aaa ctg ttc caa cga cgc ta imp 201-255 6 0.78 six 14

CH05h05 aca tgt cac tx tac gcg g gtg cag tga tta gca ttg ctg t perf 168-184 4 0.75 six

CH05M2 ttg egg agt agg ttt get« tea ate etc ate tgt gxaa perf 164-192 8 0.85 près six

COL* agg aga aag gcg ttt ax tg gac tea ttc ttc gtc gtc act g perf 220-240 5 0.76 sloe 10

MS01a03 age agt ata ggt ctt cag tgc gta gat aac act cga t unknown 235-249 6 0.73 six 10

MS01a05 gga agg aac atg cag act tga tgt ttc ate ttt aca comp 158-176 5 0.78 six 14

MS02a01 etc eta cat tga cat tgc at tag aca ttt gat gag act g imp 170-194 6 0.79 six 10

MS06C09 act att gga gta agt cga aat ata aga gx aga ggc comp 102-118 4 0.60 six

MS06g03 egg agg gtg tgc tgc cga ag gx cag ex ata tct get perf 154-190 9 0.87 près mix 10

MS14b04 xt taa gaa tea tgt gat act aat ggc aca aag att gt unknown 230-292 5 0.75 six 12

MS14h03 cgc tea cet cgt aga cgt atg caa tgg eta age ata perf 114-140 6 0.80 six 3

1

Sequences already published by Gianfranceschi et al. (1998). Allele size range, number of detected

alleles and expected heterozygosity vary because different cultivars were tested.

2.4.3 Allelic composition and allele size

The allelic composition of the eight cultivars tested is shown in Table 2.2. However it

was not always possible to completely determine their allelic status. In cases where only one

fragment is visible, a segregating population is necessary to determine whether the visible

fragment is either a homozygous allele or whether an invisible null allele is involved. Also

when more than two alleles are present in one (diploid) individual, or when bands appear

which cannot clearly be identified as artefacts, a segregating population has to be employed to

identify the alleles of the same locus. MS- and NZ-SSRs were also tested on these eight

cultivars and the results are included in Table 2.2.

SSR markers which were polymorphic between 'Fiesta' and 'Discovery' and SSRs

present on the maps Tduna' x 'A679/2' (Seglias and Gessler, 1997) and 'Prima' x 'Fiesta'

(Maliepaard et al. 1998) have been tested on the 'Fiesta' x 'Discovery' population for

mapping and alignment.
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Table 2.2: Allelic composition of the 8 (diploid) apple cultivars/selections. The numbers indicate the

size of the alleles in bp determined by comparison with an AFLP lObp ladder.

SSR Name 'PRIMA' 'FIESTA' 'DISCOVERY' 'DURELLO' 'TN10-8' 'FLORINA'

'NOVA-

EASYGRO' 'STARKING'

CH01a07b 2062342462 nd* 206 230 2322 2362 206234 206 218 2282 2062

CH01a09 2042 198 204 200 204 3602 200 216304 384 204 210276 200 2043602 200 204 3602 200204 360370

CH01b07 992 99121 992 972 9199 1072 992 9197

CH01b09b 172182 172172 176 182 172180 1722 176182 1822 172 182

CH01b11 199203 199 201 199 201 199201 199 205 199203 199203 199 201

CH01b124 127 1281782 125 127 160 178126 128 152 nul3127 128172 178 126 128 127 1281782 125 127 1782 126127 1782

CH01C06 156160 160 170 160 172 156160 172 188 160188 160 188 146 160

CH01C08 1322 1302 130 218 1302 nd' 130228 130 216 132 228

CH01c09 982 922 922 942 922 1082 92102 102 108

CH01c11 112145 1162 114147 128151 114145 114147 128 145 122 147

CH01d01 204 218 204 218 2042 2042 2182 204 218 204 218 2042

CH01d03 138 158 138136 138144 138 1441602 1382 138 158 1582 1382

CH01d07 102104 1042 102 104 102104 1062 102 104 1042 104106

CH01d08 252 270 252 270 238 290 2722 238 248 252 270 238 270 238 252

CH01d09 148 172 148154 138 148 138142 148 172 134148 134172 148 172

CH01e014 112120 106110 1102 1082 108110 1102 1102 108110

CH01e09b 138 140 118120 1202 120138 118138 126 138 1382 126 138

CH01e124 246 250 2502 2502 246250 262 278 250 278 250 278 2502

CH01f024 180 206 182 204 184 206 174 176 180 206 184 206 180 206 180 184

CH01f03a 2102 212 222 2122 2122 2122 2222 222 224 2222

CH01f03b 139159 159 171 139 177 171177 139 183 139 171 151171 139 179

CH01f07a 190194 174194 194 196 194198 176 196 194 198 190 192 198 206

CH01f09* 135160 125141 131 141 131141 131137 135 141 139 141 131141

CH01f12 145 162 154156 152 156 1452 154162 150154 154162 150 162

CH01g05 140157 144 174 144157 144164 140 188 144 157 1572 144157

CH01g124 112152 112156 114 152 1142 112152 112186 112184 1122

CH01h01" 118122 122134 120134 114122 1242 120134 120 124 1202

CH01h024 236246 236 244 246 248 2442 248 256 236 248 246 252 236 246

CH01h104 94101 101 101 101 106 1012 101 105 94114 942 94101

CH01h11 1722 172186 1602 162172 nd1 1722 1722 1722

CH02a03 150170 150154 148150 144 166 148154 150154 150154 150156

CH02a04 669198102 669196102 66 91106106 661101122 91 981022 661081102 66911102 66911082

CH02a08 139147151173145 155165 177 139 143 151173 133 155 161165 153165 1672 137 147 1512 137139147151137139151159

CH02a10 149155 143177 143 151 149151 145 177 155177 149177 149 155

CH02b03b4 9397 7797 97 99 97101 81101 97101 93 95 101 109

CH02b07 184 202 182192 188 200 188202 1822 180202 184 202 180 182

CH02b104 123 127 121127 131 131 135137 123 127 133135 135159 133 159

CH02b11 116122 114158 116118 116126 116156 156158 118122 114156

CH02M24 103111129141 1111271292 101109 127 139 131137 125 131 127141 129 141 141 143

CH02c02a 1702 148160 170 172 1762 148166 nd' 134166 129*36

CH02c02b 112116 112116 78126 1122 78122 112116 112116 112116

CH02c064 236 240 236 240 230 246 236 252 230 254 2502 2502 216 250

CH02cO9 233 243 233 249 245 257 245249 245 257 245 249 245 255 245 255

CH02c11 231 235 219231 225 229 225 239 231 237 231 235 231 235 2352

CH02d08 2542 224 254 228 250 210 224 228 254 212 228 212 254 212 218

CH02d10a 215217 217 225 215 217 215 229 215 225 223 225 217 225 215 217

CH02d10b 152156 152 156 152 156 1522 1562 156168 152 156 152 168

CH02d114 118132 120132 120 132 132148 122 126 1322 122 132 132 144

CH02d124 191199 181199 199 199 185199 1912 189 199 177 191 177 199

CH02e02 122130 1222 1222 122 130 1222 1222 122 130 122130

CH02e12

CH02f064

CH02g01

CH02g04

202212

156158

226238

187 132

2002

150158

226 226

191 197

2002

144158

198 218

188 192

2002

1502

220 226

184 192

200 212

135 147

218 226

1922

2002

1502

2182

1922

2002

138 158

218 238

1922

nd1

138150

218 226

1922
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'NOVA-

SSR Name 'PRIMA' 'FIESTA' 'DISCOVERY' 'DURELLO' 'TN10-8' 'FLORINA' EASYGRO' 'STARKING

CH02QÛ9 102 136 98112 108112 112138 135 138 112136 1122 112120

CH02h07 2162 2162 216 226 218232 2202 224 226 214 236 216 228

CH02h11a 124130 104128 124 128 106130 122 128 120 130 130 132 128 132

CH02h11b 2202 2202 2202 2402 214 220 220 238 2142 214 220

CH03a02 138 160 124184 128 160 1582 126 158 124 150 144160 144 150

CH03a03 166 182 170170 154170 158 168 154170 156170 168182 156168

CH03aO4 96106 106114 100112 106118 92100 114120 104116 96124

CH03a08 146 186 186 218 164172 168186 146 192 146186 146 186 1862

CH03aO9 131135 125131 131 135 135137 135 143 131143 139143 131135

CH03b01 160 1661782 162 1661782 162 166 1782 160 1621782 162 166 1782 160 1721802 160 180 1802

CH03b06 117131 115117 111117 117121 1112 1112 111121 111121

CH03b10 105109 105121 103 109 103 121 99109 99121 103 109 99103

CH03c01 172174 172174 172 174 1702 1722 1722 1722 1722

CH03c02 1282 128 128 116128 126 136 128 130 128 136 128 130 128 130

CH03d01 111113 101113 109115 95111 1072 111113 101111 1112

CH03d02 2232 217 223 203 223 201 213 203 223 203 205 203 223 203 205

CH03d07 206 218 206 218 186 206 202 226 206 216 190 202 192 206 206 226

CH03d08 129 145 133 135 133 145 133 145 1292 133161 1452 133 145

CH03d10 166168 166 182 166 nuP 172 182 170 172 172182 172 182 1722

CH03d11 121179 121 125 121121 115181 121 129 1252 121179 121 125

CH03d12 124150 108 136 136 146 124154 1242 1242 1242 126 124

CH03e03 1862 198206 198216 1062 1862 2062 186 206 186204

CH03g04 138144 140 144 122 138 130132 128 136 130144 130 138 130140

CH03g06 149165 139 171 1392 139141 167 171 165 171 139 149 139 165

CH03g07 1292 119123 123 181 119127 119127 123 127 123 129 127 129

CH03g12 162 170184184154 162 182 200154158 182196 184 1982 154182 2002 170168 2002 158170196 200154158184 20

CH03h03 91103 82113120 74 77 95107 72 74 91101 103 120 89113 912 91113

CH03h06 147 167 147167 1672 157167 155 175 167 173 157 167 157 173

CH04a06 1082 108110 108110 106108 108110 108110 108110 nd'

CH04a12 172176 164183 164196 158196 172 180 178180 172 176 176 178

CH04b10 1692 2012 2012 173 201253 277 2012 179201 2012 2012

CH04c03 1982 1982 1982 1942 1962 1982 1982 1982

CH04C06 155 170174178 170 1801862 166 170 1782 170 174 1782 170174 1832 170 1781862 170 178 1862 170 178

CH04c07 106 108 108113 108110 98108 108110 113135 104135 119135

CH04c10 133 145 160164 1602 133 145 174 180 145180 147 180 1452

CH04d02 1202 118120 120 146 118120 1202 120146 120 146 1202

CH04d07 130140 123 139 1372 130142 1322 132 138 140 142 119142

CH04d08 132142 116138 136136 116132 132 136 118136 1322 116132

CH04d10 141164 2022 150 162 160160 200204 138160 2042 141 164 1862 202 204 162 204

CH04d11 140 148 1522 1482 1322 nd' 1422 1382 1382

CH04e02 155163 147155 155 163 143155 1552 147 155 149 155 149 151

CH04e03 184 204 186196 210 222 194202 196 200 196198 179 198 198 202

CH04e05 174 181 2092 199227 197 201 174 181 2012 174 181 2012 181 201 181 203 174181 2032

CH04e12b 226 230 2262 2262 226234 2262 2262 2262 2262

CH04f03 1852 175191 1752 185187 185 191 187191 185 191 185 187

CH04f04 1502 146 150 1502 144150 150 152 146166 150 166 1662

CH04f06 175 178 171175 171 173 159179 175 178 175171 1752 175177

CH04f07 83109 83 89 832 972 99113 83109 1092 83109

CH04f08 1902 190 200 2002 180190 190194 190200 1942 1902

CH04f10 175 238 232244 244 246 175 240 2382 1952 2542 195 144

CH04g04 172 180 170 180 176 186 172186 172 180 180 186 172 180 172 186

CH04g07 151171 151175 149 161 167 211 169 173 173175 151 173 151173

CH04g09 151153 1692 147 151 1512 143 149 1772 153 157 153 157 141 145 1552 145 149 145 155

CH04g10 135 143 135 135 137 143 135 137 127 168 135168 137 143 137 168

CH04g12 155 174 155 155 141 186 1532 1492 149 155 149 151 151161

CH04h02 174 186190 224166 176 224 240174 182194 208 162174 2622 174 176 190 224174 176 194 224174182 190 206172174 194 261
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'NOVA-

SSR Name 'PRIMA' 'FIESTA' 'DISCOVERY' 'DURELLO' 'TN10-8' 'FLORINA' EASYGRO' 'STARKING'

CH05a02 1151251292 111 115125 135115 117 135135115 125131 135 1151251292 1151171292 1151291352 1151171352

CH05a03 2202 188 190 188 190 182190 190218 188190 190 206 1902

CH05aO4 163 183 165 189 169 nul3 1812 1812 1892 165 189 159 189

CH05a05 198 218 216 230 214 230 2222 216 218 216 218 216 218 214 218

CH05a09 154 182 176 188 174 176 152 200 176 182 176 182 176 182 176 182

CH05b06 172 174 164174 220 138160 174 226 156 182 194 220154 164 174 220 164 174 140164174 214 164 222

CH05c02 168 176 1682 168 170 1702 168 200 168 200 1682 1682

CH05C04 186 210 204 258 1862 186 188 200 210 186 208 186 200 200 208

CH05C06 104110 104118 106114 104 122 104 126 118126 118120 118126

CH05C07 141149 125 141 113139 135 141 125 135 141149 111139 113149

CH05d02 2232 215 218 225 nul3 2032 2192 205 223 213 223 213 219

CH05d03 152179 158 166 156 166 158 160 173 187 158 173 152 166 166 173

CH05d04 176186 176 214 178 182 1742 1762 180 182 1802 180 182

CH05d08 110122 106110122124 91110120122 91 122 124 106 122 125135 1101221432 1101221372 122 143

CH05d11 171 173 173 197 171173 171211 173 175 173197 1732 173 197

CH05e03 176 182 162 182 182 190 158164 166 174 162188 162 188 186 188

CH05e04 159 2302342 153167 2302 153161 2302 161234 159 175 1672 157 167 1672

CH05e05 142160 142 147 140 151 1482 1382 142148 148 160 138 148

CH05e06 134 216 216 222 125 150 140154 1502 140150 125 146 140 146

CH05f04 160164 164 168 160 172 164 170 1622 1642 1642 1642

CH05f06 180184 166 176 166 184 174184 180 184 176180 176 184 176 184

CH05g01 2762 246 276 246 276 2362 246 276 246 276 250 276 250 276

CH05g02 135145 1452 141 145 1352 135 145 143 145 135 143 135 145

CH05g03 162166 164184 135 162 1352 135 162 162 192 162 192 1622

CH05g05 103143 1432 117143 139 143 1392 1392 1392 1392

CH05g07 155163 151 155173 197 155163 173 197 149 169 155163 1732 155 1711792 155171 1792 1551651792

CH05g08 161175 175178 173 179 173 175 175 179 1752 161 175 175 179

CH05g11 201243 201 243 213 255 213243 201 213 243 247 201 247 229 243

CH05h05 168184 174174 168 184 174184 174 180 180184 168180 1802

CH05h12 182192 168168 164186 1842 1682 1802 1662 166180

COL4 222232 230232 230 240 2322 220 230 222 232 222 240 222 232

MS01a03 2452 245 nul3 249 nul3 2372 235 245 2432 2452 2452

MS01a05 174176 158176 158 158 nd1 nd' 172176 172 174 168172

MS02a01 178194 172194 176 178 nd1 nd' 170194 170 178 170182

MS06c09 102116 108116 108116 108116 1162 1162 116118 116118

MS06g03 166190 180184 166 190 154 1581822 166180 156158 180 190 170 180

MS14b04 2922 2782 2802 2782 2442 2302 2302 2302

MS14h03 114118 120138 120 135 nd' 120138 114140 114138 118138

NZ01a066 130 138 128130 132 134 1282 124 138 1302 130 136 120 136

NZ02b015 220 231 220239 225 233 220241 2292 219229 229 239 219 239

NZ03c015 73 891172 85117 73 85 992 99111 85105 73 85 892 73851032 73111

NZ04h115 2262 226 208 226 208 204 208 202 208 202 226 202 226 nd

NZ05g085 116128 122 nul3 116136 108144 116122 116122 1222 122142

NZ23f015 118130 124140 118138 110146 118124 118124 118124 124 144

NZ23g04= nd 85/99 85/119 nd nd nd nd nd

NZ28f045 98112 100110 98104 nd 110112 98110 110112 98112

1
Where the allele size was not determined, no PCR was performed, the PCR reactions failed or the

cultivar contains only null alleles.
2
Where allele sizes are missing, the missing allele could be of the same size (homozygous individuals)

or could be a null allele (heterozygous individuals).
3
null allele determined by the analysis of a segregating population of the cross 'Fiesta' x 'Discovery'.

4
Microsatellite marker data already published by Gianfranceschi et al. (1998).

5
NZ microsatellites developed and published by Guilford et al. (1997).
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2.4.4 Construction of the genetic map

A total of 217 RAPD markers and 118 SSR markers (94 RAPDs, 108 SSRs for 'Fiesta',

123 RAPDs, 104 SSRs for 'Discovery') were used to construct the genetic linkage map. The

initial grouping of markers with a LOD threshold of 5.0 resulted in 19 'Fiesta' and 21

'Discovery' linkage groups (Figure 2.1). The final map includes 214 RAPD markers and 115

SSR markers (94 RAPDs, 106 SSRs in 'Fiesta', 120 RAPDs, 100 SSRs in 'Discovery')

covering 914.2 and 1015.0 centi Morgan (cM) in 'Fiesta' and 'Discovery' respectively (Table

2.3). Three RAPD and three SSR markers could not be positioned on the map due to weak

linkage to other markers.

The alignment of the parental maps, based on 91 codominant SSR markers present on

both maps, allowed the assignment of linkage group fragments from one parent (F2a and b,

D3a and b, D16a and b, D17a and b) to their proper counterparts, resulting in 17 linkage

groups, corresponding to the basic chromosome number in apple (n=17). Fragments of

linkage group 1 were identified by AFLP markers which joined the two groups (Liebhard

unpublished data) and the alignment according to SSRs confirmed on 'Prima' x 'Fiesta' (Van

de Weg unpublished). The position of SSRs CH05d08z could be identified unambiguously on

LG 9 because the alleles are linked with three single loci microsatellites (CH01h02, CH05c07,

CH01f03b). The remaining alleles therefore must be assigned to the other locus which,

according to results in 'Fiesta', is located on linkage group 17.

Of the 101 SSR primer pairs tested on the segregating population, nine pairs amplified

markers on different linkage groups within the same parental genome and one primer pair

produced two markers in each parent, mapping at the same position (CH04h02 on linkage

group 11). The newly mapped microsatellites are evenly distributed over the genome. Each of

the 17 linkage groups contains at least two SSR markers, which allows the reliable

identification and orientation of all linkage groups and the alignment with other maps.

2.4.5 Transferability to other Rosaceae

Of the 15 SSR primer pairs from linkage groups 12 and 14, tested on the 43 Rosaceae

species, all produced markers in the Maloideae, while only one (CH04g04) amplified scorable

bands in the Amygdaloideae (Figure 2.5).
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Corresponds to linkage group 110 (Seglias and Gessler 1997), aligned with CH02b03b
5

Corresponds to linkage groups 17 and A3 (Seglias and Gessler 1997), aligned with CH02dl2
6

Corresponds to linkage groups 15 and All (Seglias and Gessler 1997), aligned with CH01bl2z and

CH01fD2
7

Corresponds to linkage group A5 (Seglias and Gessler 1997), aligned with CHOleOl
8

Corresponds to linkage groups II and A12 (Seglias and Gessler 1997), aligned with CHOlhOl

Figure 2.1: Genetic linkage map of the apple progeny 'Fiesta' (F) x 'Discovery' (D). Linkage groups

are numbered from Fl to Fl7 and from DI to D17. SSR markers are printed in bold.
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Table 2.3: Number and type of markers positioned on the 'Fiesta' x 'Discovery' linkage map (Figure

2.1), total number of markers per parent, in common (present in both parents), marker density, and

gaps on the map.

Marker Type

Num

(

'Fiesta'

ber of mai

jn the ma|

'Discovery'

•kers

i

in common

Number of markers on linkage group (in 'Fiesta

123456789 10 11

/in 'Discovery')
12 13 14 15 16 17

RAPD 94 120 4/4 6/6 4/7 2/10 7/10 6/5 6/7 9/9 7/5 12/8 2/5 2/9 3/5 6/6 6/6 5/8 7/6

SSR 106 100 91 2/2 8/6 4/4 7/5 7/8 4/3 2/2 4/4 3/4 12/11 9/6 10/12 5/4 12/10 6/8 6/6 5/5

Total number

of markers
200 220 6/6 14/12 8/11 9/15 14/18 10/8 8/9 13/13 10/9 24/19 11/11 12/21 8/9 18/16 12/14 11/14 12/11

Markers on

integr. Map
329

Length in cM 914.2 1015.0 25.9/

29.6

216/

65.3

70.8/

51.0

73.9/

73.8

56.2/

119.9

50.6/

15.8

653/

33.3

55.6/

65.2

42.2/

71.0

62.6/

82.7

59.9/

75.5

74.0/

75.1

8.3/

17.2

40.6/

15.7

94.5/

123.1

48.9/

55.1

63.2/

45.7

Marker density
in markers/cM

0.22 0.22
0.23/

0.20

0.65/

0.18

0.11/

0.22

0.12/

0.20

0.25/

0.18

0.20/

0.51

0.12/

0.27

0.23/

0.20

0.24/

0.13

0.38/

0.23

0.18/

0.15

0.16/

0.28

0.96/

0.52

0.44/

1.02

0.13/

0.11

0.22/

0.25

0.19/

0.24

1 Marker

every
_

cM
4.57cM 4.61 cM

4.32/

4.93

1.54/

544

8.85/

4.64

8.21/

4.92

4.01/

5.45

5.06/

1.98

8.16/

370

4.28/

5.02

4.22/

7.89

2.61/

4.35

5.45/

6.86

6.17/

3.58

1.04/

1.91

2.26/

0.98

7.88/

8.79

4.45/

3.94

5.27/

4.15

Largest gap 25.6 cM 29.3 cM 19.1/

9.3

11.9/

18.1

15.4/

20.0

25.4/

19.9

13.3/

26.4

12.6/

6.5

25 6/

7.3

14.0/

14.6

16.8/

28.1

12.2/

19.5

24.2/

28.0

19.9/

21.3

2.8/

8.4

11.0/

2.4

23.4/

29.3

16.4/

9.9

25.0/

17.2

2.5 Discussion

2.5.1 SSR characteristics

SSR markers are rapid and relatively simple to use, and their banding pattern is almost

always easy to interpret. SSR alleles can be recognised and distinguished from PCR artefacts

by the presence of stuttering bands (Figure 2.2) (Smeets et al. 1989). Such stutter bands

appear mainly in markers containing simple di-nucleotide repeats, which is the case with the

presented SSRs. Slippage ofthe polymerase during the amplification of the repeat is believed

to be responsible for the production of fragments that are reduced in length by a multiple of

the repeat units (Smeets et al. 1989).

Figure 2.2: SSR marker CH01f03b. Primers amplify four alleles

in a segregating population of the cross 'Fiesta' x 'Discovery' and

a series of non-stuttering artefacts (Smeets et al. 1989). Arrows

on the left side indicate the alleles of the SSR (with stutter bands)

present in this population, arrows on the right side indicate

artefacts without stutter bands. Band A and B are inherited from

'Fiesta', band C and D from 'Discovery'.

D

B

IP WiP*R
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2.5.2 Reproducibility

In general, SSR markers are reproducible and exchangeable between laboratories (Jones

et al. 1997). In this study, repeated tests of the same markers and individuals confirmed their

reliability in apple. The sizes determined for the amplified fragments differed between the

replications of the reactions at the most for two bases whereas the size differences among the

fragments of the tested cultivars was exactly the same in all repetitions. We have frequently

exchanged primers and protocols between laboratories and tested SSR primers of different

origin (NZ-SSRs). Our experience is in agreement with Yamamoto et al. (2001) and we could

verify that SSR markers give consistent results, reproducible in different laboratories.

The exact determination of the absolute fragment size can be difficult when different

size markers are used. Moreover, differences in salt concentration between the PCR reactions

and size marker as well as differences in gel temperature within one gel may cause unequal

migration rate of the fragments through the gel, resulting in a slightly different estimation of

the fragment size. The lObp DNA ladder used gave consistent results and the absolute size of

the fragments could be determined with an accuracy of+/-1 base pair.

Differences up to five base pairs (marker COL (Hemmat et al. 1997)) were observed

when comparing the new results with those published (Gianfranceschi et al. 1998), where the

T-lane of a sequencing reaction was used for size determination. Taking these difficulties into

consideration, the relative size of alleles becomes very important. The relative size differences

within and between tested cultivars are easier to estimate than absolute sizes and very often

stutter bands can be of help. The following example illustrates how the relative allele size

differences are more relevant than the absolute size. In fact, alleles of CH02M0 in 'Fiorina'

are 133 and 131 according to Gianfranceschi et al. (1998), while we estimated the same

alleles in 'Fiorina' to be 135 and 133. These results lay within the possible accuracy for size

determination especially with different size markers. However, the allele size difference is the

same and it is important to recognise that the two 133bp bands do not correspond to the same

allele: Thus 1330id=135new and 1310id=133new

By re-examining the original autoradiograms, inconsistencies between the new CH-SSR

and the ones already published with respect to relative differences were detected. Those errors

could be attributed to miscountings and typing errors in the first publication. The correct size

of the 'Fiorina' and 'Nova Easygro' alleles for CH01el2, COL, and CH02M0 is reported in

Table 2.2.
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Figure 2.3: Multi-locus SSR

CHlbl2 (left panel, alleles grouped)
and CH05a02 (right panel, alleles

mixed) on 'Fiesta' x 'Discovery'

progeny plants. Bands in capitals

belong to one locus, bands in lower

case belong to a second locus. The

assignment of the alleles to the loci

was done through the analysis of 68

progeny plants.

CH01bl2yandz CH05a02y and z

2.5.3 Multi-locus markers and chimerism

Particularly demanding and difficult banding patterns with different levels of

complexity occurred. Most primers involved in these complex patterns amplified more than

the two bands expected per individual, indicating the presence of a second locus. According

observations were also reported by Guilford et al. (1997). The bands were clustered either in

two clearly distinguishable groups, one for each locus (i.e. CH01M2), or as one single group

(i.e. CH05a02). In the latter case the bands of the two loci did not differ considerably in

length, resulting in one cluster of bands within a small range of base pairs (Figure 2.3). It was

necessary to score and map all bands individually to distinguish allelic bands and the different

loci. The most difficult situation was found in CH01d03, where only two alleles per cultivar

are visible. For an 'abxac' marker like CH01d03, about 25% ofthe progeny individuals would

be expected to segregate with the genotype 'be'. The analysis of the segregating population

derived from the cross 'Fiesta' x 'Discovery' showed that the band common to both parents

did not segregate at all. We concluded that this band is homozygous in either one parent, and

furthermore that a second locus must be involved. In fact, the two segregating bands mapped

to different linkage groups, and thus belong to different loci. A similar situation with three

different loci appeared with CH01M2, which amplified two sets of bands (Gianfranceschi et

al. 1998), mapping to three different loci. The segregating bands of the shorter set map to the

same two linkage groups as found with CH01d03.

CH02c02a and CH02c02b arose from the same clone of the ZAP library and were

named accordingly. This does not necessarily mean that they are physically positioned close

to each other in the genome. In several cases, including CH02c02, the close investigation of
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the sequences revealed the presence of a cloning site amidst the insert, indicating that this

resulted from accidental re-annealing of independent genomic DNA fragments, which were

cloned into the same plasmid. Therefore, not surprisingly the two markers are positioned on

different linkage groups.

2.5.4 Conservation

The general applicability of SSRs and the stability of their allele sizes proves to be very

useful in crossing experiments to identify outcrosses or self-pollinated individuals which do

not belong to the progeny of the aimed cross (Figure 2.4). Likewise, ancestries as well as

cultivar identity can be verified (Gianfranceschi et al. 1998; Guilford et al. 1997).

The flanking regions of the SSRs appear to be conserved since the markers developed

work reliably on a broad range of cultivars. Some Malus SSRs have been tested successfully

on pear (Pyrus) (Yamamoto et al. 2001), on a series of species of other genera of the

Maloideae (Amelanchier, Cotoneaster, Crataegus, Sorbus, Pyrus) and even on Prunus

species (Figure 2.5). This confirmed a conservation of the flanking regions of the SSRs and

the primer annealing sequences. However, not surprisingly, all 15 primer pairs tested

amplified bands in Maloideae, whilst only one primer pair (CH04g04for and -rev) amplified

markers in the Amygdaloideae.

Nevertheless, polymorphisms do occur within the primer annealing sequences, which is

one reason for the appearance of null alleles. Among the markers tested on the segregating

populations, null alleles were detected in six cases.

Figure 2.4: SSR CH04e03 on

25 plants of the 'Fiesta' x

'Discovery' population and the

parental plants on the two right
lanes. The numbers indicate the

size of the parental alleles in bp.
White horizontal arrows

indicate non-parental alleles in

outcrossed individuals (V). The

individual containing only
'Fiesta' alleles (O) is supposed to be self-pollinated. The plant with only one visible parental allele

(O) is also outcrossed, either homozygous for the visible band or carrying a null allele.

25 individuals from a cross between Fiesta (F) and Discovery (D)
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M 1-8 M 9-16 M 17-24 M 25-32 M 33-40 M 41-48 M 49-51

Figure 2.5: Allelic composition of the two SSR markers tested on 43 Rosaceae. A: CH04g04 B:

CH05d03. Lanes: M) lObp ladder starting with the 130pb band, 1) Amelanchier canadiensis, 2) A. x

grandiflora, 3) A. ovalis tamis, 4) A. pumila,5) Cotoneaster microphyllus, 6) C. dammeri, 7) C.

horizontalis 8) C. salicifolius 9) Crataegus leavigata, 10) Cr. monogyna, 11) Cydonia oblongata, 12)
Prunus armeniaca (Hunza), 13) Malus baccata vor. mandshurica, 14) M. communis, 15) M.

hupehensis, 16) M prunifolia, 17) M. sieboldii, 18) M sylvestris, 19) M x artosanguinea, 20)

Mespilus germanica, 21) Prunus avium, 22) Pr. cerasifera, 23) Pr. cerasus, 24) Pr. domestica, 25)
Pr. kurilensis, 26) Pr. laurocerasus, 27) Pr. lustanica, 28) Pr. mahaleb, 29) Pr. padus, 30) Pr. padus

petrea, 31) Pr. persica, 32) Pr. seratina, 33) Pr. serrula, 34) Pr. spinosa, 35) Pr. subhirtella 36) Pr.

tenella, 37) Pyrus bertschneideri, 38) Py. spec. ('Vallese'), 39) Sorbus domestica, 40) & acuparia,

41) Py. communis ('Abate'), 42) Py. communis ('Williams'), 43) Pr. persica ('Fayette Aldini'), 44)
Pr. persica ('Maria Clara Alessandini'), 45) Pr. armeniaca ('Bella di Imola'), 46) Pr. armeniaca

('Cricot'), 47) Pr. domestica ('Empress'); 48) Pr. domestica ('Stanley'), 49) Pr. salicina ('Midnight

Star') 50) Pr. salicina ('Andy's Pride') 51) Pr. dulcis. CH04g04 amplified bands in all tested species

(Maloideae and Amygdaloideae), CH05g03 amplified only in members ofthe Maloideae.

2.5.5 Map alignment

The broad application of more than 100 SSRs will have a considerable impact on

genetic and breeding studies. They allow a fast and reliable identification and orientation of

homologous linkage groups among cultivars. Furthermore, they enable the generation of fully

integrated maps over all apple varieties. Their power in alignment of genetic maps is

illustrated with the map of Tduna' x 'A679/2' (Gianfranceschi et al. 1998) and the 'Fiesta' x

'Discovery' map presented here. All Tduna' x 'A679/2' linkage groups containing SSRs

could be identified and assigned to the homologous linkage group of the 'Fiesta' x

'Discovery' map (Figure 2.1). Linkage group 1 was identified by a microsatellite developed
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from a BAC-clone of the F/region (Vinatzer and Patocchi pers.comm.). The map position has

not been determined, but a strong linkage (LOD>6.0) with other markers from this group was

observed.

The orientation of most linkage groups of Tduna' x
'A679/2' was not determined since

they contain only one SSR marker. Existing apple linkage maps such as the ones published by

Conner et al. (1997) or by Hemmat et al. (1994) could readily be enriched using a selection of

the newly developed SSRs to identify, orientate and align all 17 homologous linkage groups.

The order of the SSR markers along the chromosomes is expected to be the same for all

cultivars. This is the case with the map presented here with two exceptions. On linkage group

4 the markers NZ05g08 and CH04e02, and on linkage group 12 the markers CH05dll and

CH05g07 have alternate position in 'Fiesta' and in 'Discovery'. The problem in the first case

is believed to be due to the difficult scoring of marker NZ05g08 and the resulting high

number of unknown genotypes in the progeny. The inversion in the latter case is not

considered problematic since it occurs in a range smaller than 1 cM. Since the available SSRs

allow an unequivocal identification of all linkage groups, we propose to maintain the

numbering system used here in the future.

2.5.6 Duplication

Markers mapping at more than one position on the genetic linkage map were already

discussed in Maliepaard et al. (1998). A series of RFLP probes on the published 'Prima' x

'Fiesta' map revealed duplication patterns between several linkage groups. Twenty-two SSRs

were found to amplify more than two fragments per cultivar (presumed multi-locus SSRs).

Ten of these markers were analysed and mapped (confirmed multi-locus SSRs). Most of the

markers map on two different linkage groups, one marker maps on three linkage groups and

one marker twice on the same linkage group (Table 2.4). The duplication patterns of the

RFLP markers in 'Prima' x 'Fiesta' were compared with the patterns of the multi-locus SSRs

in 'Fiesta' x 'Discovery'. Seven multi-locus SSRs were found to correspond with the

duplication patterns in 'Prima' x 'Fiesta', including the linkage group pairs 1-7, 4-12, 5-10, 9-

17, 12-13, and 12-14. An in-depth analysis of the duplication pattern within the apple genome

could provide a valuable contribution to the dispute concerning the evolution of apple from

the rosoid ancestors (Chevreau et al. 1985; Darlington 1963; Juniper et al. 1999; Phipps et al.

1991; Zhou and Li 2000).

Both RFLP markers and the newly developed SSR markers can be of great help to

clarify the origin of apple when tested on potential ancestors. Either type has been shown to
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produce markers in the relevant species (Joobeur et al. 1998). Markers already developed on

other Rosaceae could be tested on apple so that the respective maps can be compared and the

synteny or co-linearity can be analysed.

2.5.7 Improvements of and new perspectives for QTL and gene mapping

The availability of a series of polymorphic SSRs that nearly cover the entire genome

will significantly influence future genetic mapping studies. They will allow selection of

markers according to their map position and therefore reduce the costs to generate new

linkage maps, especially considering their wide applicability and their suitability for

multiplexing. In contrast to the "random" markers (RAPDs, AFLPs), once the map position of

a SSR or a RFLP is determined, the chromosomal region is characterised by that specific

marker and its segregation can be followed in other apple cultivars and selections. This was

applied successfully in the elongation of chromosome 13 in Tduna' x 'A679/2' with the SSR

found in 'Fiesta' x 'Discovery' (Koller unpublished data). SSR also allow the validation and

verification of QTLs in cultivars other than that in which it was originally identified.

Furthermore, due to the multi-allelic nature of SSR markers, several QTL alleles can be

identified and their contribution to the total trait variability can be evaluated.

AFLP markers remain useful due to their efficiency in producing a greater number of

polymorphic markers per PCR reaction than SSRs. To fill gaps between anchor points like

SSR it might be much cheaper using AFLPs than saturating the map completely with

microsatellite markers.

Once a genome is well covered with microsatellite markers, a linkage group can be

represented by five to six SSRs with intervals less than 20 cM. Depending on the system used,

P labelled primers with Polyacrylamid gels or fluorescence labelled primers with an

automated sequencer, two to six SSR primer pairs can be combined in one PCR reaction

(multiplexing). This is dependent upon having the same annealing temperature, as is the case

with all CH-SSRs. Alternatively different PCR reactions can be combined in one lane of the

gel, or one capillary of an automated sequencer. Clearly, the combined primers have to be

tested for their compatibility, as self-annealing must not occur between any of the primers

involved. The PCR products of the different primer pairs are distinguished by their different

lengths on the gel or the different colours in the sequencer. Using this approach, between one

to three PCR reactions would be sufficient to examine an entire linkage group. Thus, in apple,

about 50 PCR reactions could give genetic information on the entire genome of a cultivar.
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This requires only a fraction of the resources currently required using alternative marker

technologies.
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CHAPTER 3

Creating a saturated reference map for the apple {Malus x

domestica Borkh.) genome2

3.1 Abstract

The availability of a high quality linkage map is essential for the detection and the

analysis of quantitative traits. Such a map should cover a significant part of the genome,

should be densely populated with markers, and in order to gain the maximum advantage,

should be transferable to populations or cultivars other than the ones on which it has been

constructed. An apple genetic linkage map has been constructed on the basis of a segregating

population of the cross between the cultivars Fiesta and Discovery. A total of 840 molecular

markers, 475 AFLPs, 235 RAPDs, 129 SSRs, and 1 SCAR were used for the two parental

maps constructed with JoinMap and spanning 1140 cM and 1450 cM, respectively. Large

numbers of codominant markers, like SSRs, enable a rapid transfer of the map to other

populations or cultivars, allowing the investigation of any chosen trait in another genetic

background. This map is currently the most advanced linkage map in apple with regard to

genome coverage and marker density. It represents an ideal starting point for future mapping

projects in Malus since the stable and transferable SSR frame of the map can be saturated

quickly with dominant AFLP markers.

3.2 Introduction

Saturated and high-density genetic linkage maps are very useful in fundamental and

applied genetic research. Such maps are becoming increasingly available for woody

perennials like Citrus (Sankar and Moore 2001), Prunus (Joobeur et al. 1998), Cacao

(Risterucci et al. 2000), and Malus (Liebhard et al. 2002; Maliepaard et al. 1998; Conner et al.

1997; Seglias and Gessler 1997; Hemmat et al. 1994). Genetic studies and breeding for high

quality apple cultivars has always been complicated by the slow growth, the long juvenile

phase and the strong self incompatibility present in this species. These considerations have

fostered the investigation of the apple genome by means of molecular markers and the

construction of genetic linkage maps. Linkage maps allow studies of the genome structure, the

localisation of genes of interest, and permit the identification of quantitative trait loci (QTL),

2
Theoretical and Applied Genetics (2003) 106:1497-1508
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by providing the framework to understand the biological basis of complex traits (Tanksley et

al. 1989). Finally, as a combination of the described properties, they enable marker assisted

breeding and selection (MAS). MAS is especially promising in perennial tree crops, like

apple, where many important traits are expressed only after years of costly field maintenance.

Using MAS, the presence of favourable alleles can be determined precociously, and therefore

the population size can be drastically reduced at the early stages of selection, theoretically by

factor 2n, where n is the number of loci under selection, with alleles showing a 1:1

segregation.

The maximum advantage of a genetic linkage map is gained when it can be easily

transferred to cultivars or populations other than those for which it was originally constructed

(Joobeur et al. 1998; Liebhard et al. 2002). A number of apple linkage maps have been

published so far (Hemmat et al. 1994; Conner et al. 1997; Seglias and Gessler 1997;

Maliepaard et al. 1998; Liebhard et al. 2002), composed mainly of RFLPs, isozymes, RAPDs

and microsatellite markers (simple sequence repeats, SSRs). Dominant markers, such as

RAPDs, can be used for map alignments if they are heterozygous in both parents, as shown by

Hemmat et al. (1994) and Conner et al. (1997) but their transferability to other maps is

limited.

Codominant markers like RFLPs and isozymes are very useful with regard to

transferability to other apple cultivars but are rather labour intensive and/or require large

amounts of high quality DNA. Additionally, although being theoretically codominant, in

practice they segregate to a large extent as dominant markers. In apple, Maliepaard et al.

(1998) found that only about 30% of RFLPs and 5% of isozyme markers segregate as highly

informative, codominant markers with at least 3 different alleles. By contrast, 90% and 75%

of the SSR markers tested by Maliepaard et al. (1998) and by Liebhard et al. (2002),

respectively, were codominant with at least 3 different alleles.

A large number of SSR markers available in apple have been reported to be useful in

map alignment and transferable between cultivars (Liebhard et al. 2002). Due to the large

number of SSR alleles present in apple, there is a high chance of finding polymorphisms in

and between most cultivars as shown by Gianfranceschi et al. (1998) and Liebhard et al.

(2002). The use of PCR based markers, such as codominant SSRs (Liebhard et al. 2002) and

dominant AFLPs (Vos et al. 1995), requiring only small amounts of DNA and being easily

automated, offers a simple and fast approach toward new and transferable maps. AFLP

markers have been successfully applied for map saturation purposes in apple (Xu and Korban

2000) and other crops (Vuylsteke et al. 1999; Risterucci et al. 2000), producing large numbers
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of polymorphic markers with only few PCR reactions. However, even though AFLP is a

powerful technique for the fast production of many markers in a specific linkage map, the

transferability ofthe map to other crosses relies completely on SSR markers.

Here we present a linkage map of the apple cultivars Fiesta and Discovery, consisting of

a robust core of SSR markers, saturated with a large number ofRAPDs and AFLPs. This map

should be taken as reference for future map constructions in apple since the large number of

SSR markers can be transferred to any apple cultivar and would serve as a frame which can be

quickly saturated with AFLPs. A detailed discussion of the mapping procedure, of the

problems encountered, and of software options used to handle them is provided. The linkage

maps are compared with those already published and the results obtained with two mapping

programs, JoinMap 2.0 (Stam and van Ooijen 1995) and MAPMAKER/EXP 3.0 (Lander et

al. 1987) are included.

3.3 Material and Methods

3.3.1 Plant material, DNA extraction

The segregating population of the cross between 'Fiesta' and 'Discovery', described in

Liebhard et al. (2002), was used for the construction of the genetic linkage map. A double

pseudo-testcross strategy appropriate for highly heterozygous, out breeding species was

applied (Grattapaglia and Sederoff 1994; Weeden et al. 1994). Leaf material of the parental

cultivars and the progeny plants of the cross was kindly provided by Markus Kellerhals,

Swiss Federal Research Station for fruit growing, viticulture and horticulture (FAW),

Wädenswil, Switzerland. DNA of about 300 progeny individuals was extracted according to

Koller et al. (2000). Samples were divided into 4 subsets consisting of between 46 and 90

individuals. These four subsets were maintained throughout the analysis until the final map

construction.

3.3.2 Automation

DNA samples were partially quantified by Pico Green fluorescence measurement

according to the manufacturer instructions on a TECAN SpectrafluorPLUS fluorescence

reader, allowing a very fast and accurate quantity determination. All liquid handling

processing, including DNA sample preparation for fluorescence quantification, template pre-

arrangement in a 96-well-layout, dilution to PCR concentration, replication of the subsets, as

well as non radioactive PCR mix preparation and distribution, were performed using a

40



TECAN Genesis 150 RSP working platform and a customer-written Gemini 2.0 protocol for

the specific liquid handling tasks.

3.3.3 Molecular marker analysis

RAPD and SSR marker reactions and analysis were carried out as described in Liebhard

et al. (2002) on 282 progeny plants. AFLP reactions were performed on the same 282

individuals as described in Vos et al. (1995) except that the restriction and ligation steps were

combined as described in Van der Lee et al. (1997). The restriction enzyme combination

EcoRI/Msel was used and the pre-amplification was performed with the primer combination

E01-M01 having the same selective nucleotide A. The selective amplification was performed

with all 96 possible primer combinations between E31 to E38 and M31 to M42 with 2

additional selective nucleotides on the parental cultivars and a set of 10 progeny plants. Fifty-

five primer combinations yielding at least 8 clear polymorphic bands were then tested on a

subset of 50 individuals and the resulting marker bands were mapped. This led to the

identification of 46 primer combinations producing markers which saturate or elongate the

existing linkage map of the two cultivars (Liebhard et al. 2002). These primer combinations

were then tested on all 4 subsets of the population producing over 400 polymorphic marker

bands.

AFLP fragments were scored as dominant, i.e. presence versus absence of bands, and

their size was estimated by comparison with 33P labelled Gibco 30-330 bp AFLP DNA ladder.

All marker bands were scored twice visually and the data files were double checked for mis-

scorings or typing errors with the computer program ReadMarkers, developed by one of the

authors (B. K.). This program reads the data file and gives an acoustic output of the marker

genotype (aa, ab, ac, ad, bd) allowing the scoring person to fully concentrate on the gel image

and the markers.

3.3.4 Map construction

Segregation analysis was performed on a total of 267 individuals of the 'Fiesta' x

'Discovery' cross. After the removal of all 15 outcrossed and self pollinated individuals, the

four subsets, generated for DNA extractions and marker reactions consisted of 44, 68, 70, and

85 individuals. All subsets were analysed independently. In the second stage of the analysis,

when data were revised, the locus files were merged and the final map was constructed.

All linkage analysis and map calculations were performed with JoinMap version 2.0

(Stam and Van Ooijen 1995) in connection with JMDesk 3.6 (http://www.ecogenics.ch/

software e.html). Maternal and paternal data were kept separate throughout the analysis. A
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LOD score of 4.0 was applied for each subset to determine markers belonging to the same

linkage groups (LGs). The thresholds for the following steps were set so that all data were

included (LOD=0.001, REC=0.499) and the Kosambi mapping function was applied.

Identification of problematic markers and the verification of unlikely or the correction of false

genotypes was performed as described in Liebhard and Gessler (2000) and Liebhard et al.

(2002). Markers were excluded from the analysis when their distorted segregation conflicted

with the segregation pattern of neighbouring markers, when they showed strong linkage to

two different linkage groups, or when their recombination frequencies conflicted with many

other markers in the same linkage group.

When the four subset maps were of satisfactory quality and displayed comparable

marker orders, i.e. the order of the SSR markers as anchor points had to be the same whereas

small inversions in the order of dominant RAPD and AFLP markers, extending over only a

few cM, were accepted, the data files of the subsets were merged and split into locus files for

each chromosome according to the information obtained from the subset maps. For the final

map construction, information of marker pairs with a LOD score below 0.5 and a

recombination frequency greater than 0.48 were excluded. The same data set was also

analysed with MAPMAKER/EXP 3.0, where the same mapping function (Kosambi) was

applied. JoinMap data files for each linkage group were reformatted to meet the requirements

of a Mapmaker F2 backcross analysis. The commands 'GROUP', 'COMPARE', 'MAP',

'TRY', and 'RIPPLE' were used to confirm the linkage of the markers, to determine their

order within the linkage group, to calculate the distances between the markers, to add more

markers to an existing map, and to test the map order by permutating local marker sequences.

3.3.5 Map integration

Homologous 'Fiesta' and 'Discovery' linkage group locus files were merged for the

construction ofan integrated 'Fiesta' x 'Discovery' linkage map. SSR markers were coded as

codominant markers with up to four distinguishable alleles. Markers with less than 100

informative individuals as well as some markers from very dense map regions were excluded

to facilitate the map construction. The same thresholds described for the construction of the

final single parent maps, were used.

3.3.6 Nomenclature of markers and linkage groups

RAPD and SSR markers are named as in Liebhard et al. (2002), except that allele size

information is provided for all microsatellite markers with their name. Size information of

each SSR allele allows the identification of the number of alleles involved and the recognition
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of the segregation type (i.e. aaxab, abxaa, abxab, abxac, abxcd) in the population. AFLP

marker names consist of the name of the primers, as introduced by KeyGene NV, followed by

the size of the fragment in base pairs. Linkage group numbering corresponds to the one used

in Liebhard et al. (2002) introduced by Maliepaard et al. (1998).

3.3.7 Visual presentation

Drawings of the parental maps were generated with MapChart (Voorrips 2001). The

visual presentation of the map also includes linkage phase information of the markers/alleles.

Homologous chromosomes within one parent are termed '+' and '-' and marker names/alleles

are provided with the symbol (i.e. + or -) of the chromosome on which they are located. With

codominant markers, phase information is provided in the order of allele sizes in the marker

name, i.e. the first phase information belonging to the first allele (Ex.: -/+CH03a09-125/131

indicates that the allele 125bp maps on chromosome '-' and the allele 131bp maps on

chromosome '+').

3.4 Results

3.4.1 AFLP markers

Of the 96 EcoRI/Msel primer combinations tested on ten progeny plants and the

parental cultivars, 75 yielded between 1 and 25 unambiguously scorable, polymorphic bands.

Forty-six primer combinations, selected according to the readability of the bands and the

number of polymorphisms, were tested on a set of 52 progeny plants and 514 marker bands

were scored and mapped. Based on the map positions of the markers, a further selection was

performed, and 21 primer combinations were tested on the entire population, resulting in 300

scorable marker bands. For the final map construction a total of 475 AFLP markers (300 on

all progeny plants, 175 on 52 plants only) from 46 primer combinations were available.

3.4.2 Map construction

A total of 840 AFLP, RAPD, SSR, and SCAR markers (439 in 'Fiesta', 499 in

'Discovery', 98 SSRs appearing on both maps) were used for the construction of the genetic

linkage map. The map (Fig. 3.1) covers a length of 1143.8 and 1454.6 cM in 'Fiesta' and

'Discovery', respectively, with an average chromosome length of 67.3 and 85.6 cM for the

two parental cultivars. Six pairs of previously unlinked chromosome fragments could be

connected. Four of them were linked in at least one of the four subsets (with a LOD score of

>4.0) and the fragments of linkage groups D3 and D6 were linked via the codominant SSR
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markers in the other parent. Six segments larger than 15 cM were added to the ends of linkage

groups. The overall number of gaps larger than 20 cM was not reduced due to the connection

of previously unlinked chromosome fragments, although 8 of the 11 gaps on chromosomes or

fragments in the previous map were filled with new markers. Two RAPD markers from the

previous map had to be discarded since they did not meet the stringent requirements with

respect to reproducibility and unambiguous scoring. Ten markers remained unlinked and 11

markers, showing distorted segregation, were also excluded, either because they map on two

linkage groups or because the molecular data conflicted with those of the neighbouring

markers of the linkage group.

The comparison of the four subset maps (data not shown) and the final map showed that

the marker distances and the linkage group lengths varied considerably, whereas the marker

order generally remained the same. Taking the final map as a reference the linkage groups

lengths between the subsets ranged from 47% (LG 13) to 133% (LG 16) in 'Fiesta' and from

35% (LG 14) to 125% (LG 2) in 'Discovery'. Various small inversions in marker order

appeared throughout the map when compared with the previously published ones. Although

these inversions are considered to be unproblematic artefacts of the mapping procedure that

only extended over a few cM, these regions are indicated in Fig. 3.1 in order to be aware of

marker orders which are possibly not fully correct. Number and type of markers, map lengths,

marker density, and gaps per linkage group and for the entire parental maps are presented in

Table 3.1 A and C as well as the relative increase of the specified measures compared to the

previous map (Fig. 2.1) in Table 3.1 B.

Phase information on markers and alleles, as presented in Fig. 3.1, allows the

identification of markers and QTLs in coupling, i.e. on the same parental chromosomes, and

of markers in repulsion, i.e. on different, homologous parental chromosomes. Allele size

information and recognition of the number of involved alleles is useful since the information

content of the marker correlates with the accuracy with which the markers can be mapped

(Maliepaard et al. 1997).

Several linkage groups turned out to carry markers with heavily distorted segregation.

These markers were generally not discarded, since they represent the occurrence of natural

selection in the otherwise unselected population. The markers are labelled in Fig. 3.1 with an

asterisk (*), representing the significance level of the x2 goodness-of-fit test. Thanks to the

linkage phase information, it is possible to clearly identify the chromosome regions under

selection, carrying the under-represented alleles: F2-, D2+, D3+, F5-, D5+, D6+, D10+,

D13+,andD14+.
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Figure 3.1: Genetic linkage map of the apple progeny 'Fiesta' (F) x 'Discovery' (D). Linkage groups

are numbered from Fl to Fl7 and from DI to D17. SSR markers are printed in bold. Newly mapped
chromosome segments are grey (j, regions with potentially erroneous marker orders are hatched yVi

linkage phase information is provided as + or - or both, indicating on which of the homologous
chromosomes the marker/allele is located. Order of phase information corresponds to order of allele

size with codominant SSR markers. Segregation distortion in indicated by means of significance level

p of the chi square test: *=0.05, **=0.01, ***=0.005, ****=0.001, *****=0.0005, ******=0.0001.

3.4.3 Map integration

The integrated 'Fiesta' x 'Discovery' map (data not shown) consists of a total of 643

markers of which 550 are dominant for one parent, 4 are codominant with only two different

alleles (abxab), 89 markers segregate for three (abxac) or four (abxcd) different alleles and

thus are fully informative. A genetic length of 1371 cM is covered by the map and the average

linkage group spans 81 cM with 38 markers. No significant changes in the marker order was

observed and the succession of the codominant SSR markers- was identical to the ones in the

maps of the single parents, which is interpreted as another indication of the robustness of the

genetic map.

Integration of parental maps by means of codominant markers has already been

performed and discussed in detail in Maliepaard et al. (1998). Although the single parent

maps can be used, an integrated map is advantageous for the analysis of quantitative trait loci

especially where both parents contribute to the investigated trait (Knott and Haley 1992;

Maliepaard and Van Ooijen 1994).

3.4.4 Comparison with MAPMAKER

Marker orders obtained with MAPMAKER generally corresponded with those obtained

with JoinMap. Slight differences observed in marker order involved a) regions already

identified by different orders compared to the previous 'Fiesta' x 'Discovery' map (Fig. 2.1),

indicated in Fig 3.1., b) markers tested on only a few (less than 50) individuals and therefore

not being unambiguously positioned, and c) regions densely populated with markers.

However, the alternative marker orders obtained with the two mapping programs were only a

little less likely. MAPMAKER indicates for the JoinMap order a log likelihood of between 0

and -1.5 compared to its own best order, i.e. equally likely to approximately 30 times less

likely.

Marker distances and linkage group lengths, however, were consistently larger with

MAPMAKER/EXP than with JoinMap, using the same mapping function (Kosambi). Linkage

group lengths were increased by MAPMAKER/EXP for up to 83% in 'Fiesta' and 96% in
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'Discovery' with an average of 36% and 38%, respectively. This resulted in total

MAPMAKER/EXP-genome lengths of 1551 cM for 'Fiesta' and 1845 cM for 'Discovery'.

3.5 Discussion

3.5.1 Automation

Using a Tecan pipetting robot proved to be extremely useful in high throughput

applications like genetic mapping projects, where a large work load of routine tasks has to be

accomplished. The biggest advantages of this mechanical pipetting help were its reliability,

precise pipetting and no oversights in extensive routine tasks, as well as its speed. Multiple

DNA quantifications, sample layout and PCR preparations could be executed simultaneously

in a fraction of time necessary to perform those tasks manually.

3.5.2 Extension and saturation of the genetic map

Apple linkage maps published to date (Hemmat et al. 1994; Conner et al. 1997; Seglias

and Gessler 1997; Maliepaard et al. 1998; Liebhard et al. 2002) consist of from 16 to 24

linkage groups. The most elaborated maps are considered to be the ones organised in 17

linkage groups (Maliepaard et al. 1998; Liebhard et al. 2002), corresponding to the 17 apple

chromosomes. Including a total of 329 markers (200 in 'Fiesta', 220 in 'Discovery' of which

91 appear on both maps) and covering 914.2 cM and 1015.0 cM in 'Fiesta' and 'Discovery',

respectively, the map of Liebhard et al. (2002) has so far been the most comprehensive

linkage map of apple.

A total of 511 new AFLP, RAPD, SCAR, and SSR markers (239 in 'Fiesta', 279 in

'Discovery', increasing the number of common markers from 91 to 98) were added to this

map, increasing the marker density and overall map length. An increase of 229.7 cM

(+25.1%) for 'Fiesta' and 439.6 cM (+43.3%) for 'Discovery' was achieved with the number

of markers more than doubled. The relatively small map length increase compared to the

increase in number of markers indicates that the present map is very close to full genome

coverage.

3.5.3 Map construction

On the basis of the existing linkage map of the two apple cultivars Fiesta and Discovery

(Liebhard et al. 2002), an updated map was constructed. To achieve such a genetic linkage

map, a strategy allowing the detection of problematic linkage groups and a stepwise detection,
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correction and/or elimination of markers and individuals was applied (Liebhard and Gessler

2000).

Problematic linkage groups, requiring a third round in the JMMAP module, often

corresponding with a high mean %2 goodness-of-fit, were identified. Erroneous marker scores

within such linkage groups were identified by their LOD and %2 contribution or their distorted

segregation, as revealed with the JMSLA module. Falsely genotyped individuals were

identified using the JMCHK module which detects unlikely double crossovers or with the

'Find Recombinants' option of JMDesk which identifies clustered recombinants generally

caused by gel loading mistakes. Once those problematic linkage groups were detected, the

markers were scored once more from the gel pictures and data were double checked and

compared with the original data files. When such results could be identified as mis-scorings or

scorings of doubtful genotypes, they were corrected or excluded, respectively.

The division into subsets of less than 100 individuals proved to be very useful since the

data files were kept small in size and easy to investigate. Additionally, the four subsets could

be regarded as replications of the same experiment where the identical outcome greatly

increases the certainty of the results. JMDesk provides an option to automatically merge pair

wise data files (*.pwd), which are the output of JMREC. The possibility to test data

heterogeneity, analysing the merged subset files with the JMHET module of JoinMap, proved

to be another advantage offered by the separate analysis of the subsets. JMHET indicates

differences in recombination frequencies of the same marker pair in the different subsets.

With this module, two markers were identified that were positioned very close to each other

in three subsets and quite far apart in the fourth, without causing a third round map, nor a

large mean x2> nor any unlikely double crossovers, but only different marker order in one

subset. The problematic linkage group was identified only after comparing the subset maps

and the recombination data of the involved markers using JMHET. A close investigation of

the actual recombinants showed them clustered and revealed an undetected loading mistake:

eight samples, coinciding with the recombinants were loaded twice. Working with only one

data set would never have allowed the detection of this kind of errors. The many options

provided by JoinMap and JMDesk to investigate and refine input and output files during the

mapping procedure are very powerful and improve the quality and reliability of the final

genetic linkage map.

The final map presented in this paper is stable over a wide range of settings. But this

was not the case for the first map calculated from a data set containing incorrect genotypes.

50



During the analysis we observed cases, where faulty classification of a single individual

caused an entire chromosome segment to change its orientation, illustrating the importance of

high quality raw data files.

3.5.4 Marker distances and map length

Marker distances and linkage group lengths between the different subsets varied

considerably whereas the order of markers, which is important, was generally the same.

Although an increase in length of 230 cM and 440 cM in the map of 'Fiesta' and 'Discovery',

respectively, has been achieved, the exact marker intervals, linkage groups and map lengths

are considered to be of minor importance. It is well known that even small error rates in

genotyping can lead to severe map inflation (Lincoln and Lander 1992). In the present study,

changing one single data point in the matrix of 40 markers x 250 individuals (i.e. 1 linkage

group; 40x250=10'000 data points) had considerable effects on the recombination frequencies

and therefore on map distances, especially when operating close to the set thresholds or with

high density maps.

Since each marker can influence all distances in the linkage group, the length of the

linkage group is a very sensitive measure. This is illustrated in Fig. 3.1 (compared with Fig.

2.1 ) where linkage groups, to which terminal segments have been added, are still shorter than

they were on the original map (D5) while other linkage groups increased in length without the

addition of markers at their ends (F10, D15).

Table 3.2: Comparison of published apple genetic linkage maps with regard to year of publication,
varieties mapped, map lengths, average marker distance, and mapping software used.

Authors and year of

publication Apple varieties

Map length
incM

Aver, marker

distance

Mapping software

used

Weeden et al 1994 White Angel

Rome Beauty

950

950

38

61

MAPMAKER

Conner et al 1997 Wijcik Mcintosh

NY 75441-58

NY 75441-67

1206 (integrated)

898

692

51

82

38

JoinMap

Seglias and Gessler 1997 Iduna

A679-2

548

690

61

46

JoinMap

Maliepaard et al 1998 Pnma

Fiesta

842

984

43

60

JoinMap

Liebhard et al 2002 (Fig 21) Fiesta

Discovery

914

1015

46

46

JoinMap

Map Figure 3.1 Fiesta

Discovery

FxD Integrated

1144

1455

1371

2.6

2.9

2.1

JoinMap
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A comparison of map lengths and marker density with previously published apple maps

is presented in Table 3.2. Good correspondence is observed between the number of markers

tested (expressed as marker density) and map length, in fact a higher degree of saturation is

often associated with increased cM-coverage. A comparison with maps from other Rosaceae

is difficult since we did not include RFLP markers in the current apple map and the few

published maps from Rosaceae species including peach (Foolad et al. 1995; Joobeur et al.

1998; Dirlewanger et al. 1998), almond (Viruel et al. 1995; Foolad et al. 1995; Joobeur et al.

1998) and cherry (Wang et al. 1998) do not contain SSR markers which could be transferred

to Malus.

3.5.5 Thresholds

A large number of thresholds have to be set by the user during the different steps of the

map construction. Initially, we used a LOD score of 4.0 to group markers belonging to the

same linkage group. That value is considered to set rather stringent conditions, especially for

small data sets such as the 44-individuals subset. In fact, in such a data set a LOD score of 4.0

represents a recombination frequency of 0.19 whereas in a subset of 90 individuals a LOD

score of 4.0 represents a recombination frequency of approximately 0.27. While other authors

(Hemmat et al. 1994; Seglias and Gessler 1997) used a LOD score of 3.0, we preferred to set

more stringent conditions and to use a LOD score of 4.0 as previously published by Conner et

al. (1997) and Maliepaard et al. (1998).

On the other hand, during the subsequent mapping procedure the thresholds were very

loose (LOD=0.001; REC=0.499) in order to use all the information available. This allows

markers from one end of the linkage group to influence distances between markers at the

other end. With dense maps this will inevitably lead to conflicts since markers can hardly be

ordered without contradictions. However, if we would set more restrictive thresholds,

information outside the thresholds (i.e. rec. freq. > threshold, LOD score < threshold) would

be neglected. As a consequence, large but true recombination frequencies would be discarded

and markers would be placed too close to each other. This too would lead to conflicts.

3.5.6 Saturation mapping and genome coverage estimation

The use of the AFLP technique to saturate apple linkage maps has been reported before

(Xu and Korban 2000) and has been successfully applied here to update and integrate the

previously published linkage maps of'Fiesta' and 'Discovery'. In relatively short time a large

number of primer combinations were screened, the promising combinations identified, tested

and mapped on the entire progeny. The present map will considerably facilitate future
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mapping in apple. The core of the map consists of a selection of codominant SSR markers;

their position is known, and the gaps between markers can easily and quickly be filled with

dominant AFLP markers, considerably reducing the time required for the construction of a

new linkage map.

Expressions like 'saturated' and 'high-density' when referring to genetic linkage maps

are used somewhat inconsistently. Maps described as 'saturated', range from an average

marker distance of 8 cM in rubber tree (Lespinasse et al. 2000) to 2 cM in Prunus (Joobeur et

al. 1998). The same is true for the term 'high density' used to describe map densities ranging

from an average marker distance of 2.6 cM in Brassica (Sebastian et al. 2000) over 2.1 cM in

Cacao (Risterucci et al. 2000) to less than 1 cM in maize (Vuylsteke et al. 1999) and tomato

(Haanstra et al. 1999). However knowing, that such average measures are of limited use since

linkage maps tend to be denser in centromeric regions than in regions close to the

chromosome telomeres, the term 'saturated' should be regarded as 'completely covered with

markers', emphasising a good coverage of the linkage group ends rather than gaps.

Several methods to estimate genome coverage have been proposed (Hulbert et al. 1988;

Chakravarti et al. 1991). Since one of the assumptions for the estimation is uniform

distribution of the marker loci and incomplete genome coverage, the estimate will always be

larger than the covered map distance, no matter how close to complete coverage the actual

map is. An estimation of the genome length according to Hulbert/Chakravarti (method 3),

based on the data of the first two subsets without AFLPs used for the construction of the map

in Liebhard et al. (2002), predicted a map length of 1500 cM and 1600 cM for 'Fiesta' and

'Discovery', respectively. Entering the data of the current map, the estimated lengths are 1850

cM and 2100 cM for the two cultivars. Genome length estimation according to Remington et

al. (1999), which corrects the overestimation of map length at the chromosome ends in the

Hulbert/Chakravarti formula assumes complete coverage already in the first map (Liebhard et

al. 2002). Estimates were 930 cM for 'Fiesta' and 1100 cM for 'Discovery' while 915 cM and

1015 cM were actually achieved with JoinMap for the previous map. An estimation according

to Remington with the present data predicts nearly the same (940 cM for 'Fiesta' and 1100 for

'Discovery') even though a considerable increase in map length was achieved with the newly

generated markers (Fig. 3.1, Table 3.2). The demonstrated variation in estimates clearly

shows that not only map length has to be taken cautiously but also genome length estimates

are not beyond doubt.
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3.5.7 Segregation distortion and differences in male and female recombination

frequencies

Markers with distorted segregation clustered on particular linkage groups have

repeatedly been reported in a variety of crops (Landry et al. 1991; Jarrell et al. 1992; Prince et

al. 1993; Cai et al. 1994; Vuylsteke et al. 1999). This clustering is not surprising if it is

assumed that sub-lethal genes are present on those chromosomal regions. Distorted

segregation of an entire set of markers can therefore be regarded as the expression of the

phenotypic trait 'low viability'. Genes coding for these traits are located where the distorted

markers map. The effect of such disadvantageous alleles can be estimated by the extent ofthe

distortion. In our case, genetic factors on LG D10 and D13 seem to have a larger effect than

the others observed. It is also clear that distortions sometimes affect only one parent since

some traits are inherited from one parent (D3, D6, D10, D14) and some traits from both (F2-

D2, F5-D5). Whether the under-representation of certain alleles is the expression of genes

conferring "low viability", on which level this low viability is expressed (zygote, embryo,

seedling) or whether egg and pollen formation or function are concerned cannot be answered

here. This would require an in-depth-analysis of embryogenesis and cytological studies during

meiosis and pollen development. It is noteworthy that the segregation distortions do not

coincide with the reported self-incompatibility locus S on LG 17 (Maliepaard et al. 1998).

Jarrell et al. (1992) stated that linkage group segments with highly distorted markers may be

mapped inaccurately. However, this cannot be confirmed with the results obtained here.

Linkage groups with distorted markers often have a non distorted, accurately mapped

counterpart (F3-D3, F6-D6, F10-D10, F14-D14) that not only displays an identical order of

codominant SSR markers but also corresponding distances between them. Only the upper part

of linkage group D13, which represents the largest terminal extension of a chromosomal

segment from the previous map, has to be treated with caution since no counterpart exists to

verify its accuracy. Some researchers discard markers deviating significantly from the

expected Mendelian ratio (Ellis et al. 1992; Castiglioni et al. 1998; Marques et al. 1998).

However, this seems to be unnecessary and in fact a waste of valuable data. The exclusion of

distorted marker data would have led to the loss of half of linkage group D10, which seems to

be mapped correctly, according to the comparison with the corresponding marker orders and

distances of the undistorted 'Fiesta' homologue.

The identical order of SSR markers on both parental maps implies that their positions

are correct and transferable between cultivars (Liebhard et al. 2002). The use of the molecular

markers allows exploration of recombination frequencies in corresponding genetic regions of
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different cultivars and between male and female gametes. No discrepancies in recombination

frequencies between the two parental cultivars were observed. Most of the differences in

distance between corresponding markers in 'Fiesta' and 'Discovery', visible on the map (Fig.

3.1) are caused by the algorithms used in the map construction (mapping artefacts) and they

do not represent actual differences in recombination frequencies. For example CH04e03 and

CH02hlla on LG 4 have map distances 20.7 cM in 'Fiesta' and 34 cM in 'Discovery' but

their effective recombination frequencies are 0.21 and 0.26. The map distances are influenced

by neighbouring markers that in one case compress and in the other case stretch the

corresponding map interval.

3.5.8 Comparison of JoinMap and MAPMAKER

MAPMAKER has been reported to produce systematically larger linkage groups with

identical data by other authors (Vuylsteke et al. 1999; Cai et al. 1994; Castiglioni et al. 1998).

One possible explanation is the use of different mapping algorithms, different ways of

applying the same mapping function, and usage of different amounts of available information

for map calculations. In addition, slightly different marker orders and distances should be

expected when using different mapping software and even with different settings of the same

program and this was the case in the present study. In large data sets, like those used in

mapping projects, small changes of the thresholds affect the statistical calculations and the

output results. In our experience the settings that were optimal for one program were

suboptimal for the other. However, only minor differences occurred in marker orders, and the

differences in length were systematic. We considered the data set and the output maps to be

robust and reliable and concluded that the two programs deliver comparable results. The

major and most relevant differences are the many possibilities provided by JoinMap, to check

input files and analyse intermediate data, especially when used in conjunction with JMDesk.

These options are a great advantage with large data files where small errors can hardly be

found without such functions.

The question arises whether an indication of the achieved map length is truly

meaningful. As we have seen, many factors (segregation type), error rate in data files,

mapping function, mapping algorithm, thresholds) are influencing the marker distances and

therefore the map length, making it an extremely sensitive estimate. Much more important is

the degree of saturation of a map and the fraction of the genome covered with markers.
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CHAPTER 4

Mapping quantitative field resistance against apple scab in a

'Fiesta'X 'Discovery' progeny3

4.1 Abstract

Breeding of resistant apple cultivars (Malus x domestica Borkh.) as a disease

management strategy relies on the knowledge and understanding of the underlying genetics.

The availability of molecular markers and genetic linkage maps enables the detection and the

analysis of major resistance genes as well as of quantitative trait loci contributing to the

resistance of a genotype. Such a genetic linkage map was constructed, based on a segregating

population of the cross between the apple varieties 'Fiesta' (Syn. 'Red Pippin') and

'Discovery'. The progeny has been observed for three years at three different sites in

Switzerland and field resistance against apple scab (Venturia inaequalis) was assessed. Only a

weak correlation was detected between leaf scab and fruit scab. A quantitative trait loci (QTL)

analysis was performed, based on the genetic linkage map consisting of 804 molecular

markers and covering all 17 chromosomes of apple. With the maximum likelihood based

interval mapping method, eight genomic regions were identified, six conferring resistance

against leaf scab and two conferring fruit scab resistance. Although the cultivar 'Discovery'

showed a much stronger resistance against scab in the field, most QTLs identified were

attributed to the more susceptible parent 'Fiesta'. This indicated a high degree of

homozygosity at the scab resistance loci in 'Discovery', preventing their detection in the

progeny due to the lack of segregation.

4.2 Introduction

Breeding apple varieties with disease resistances has gained major importance as a

response to consumer demands and environmental concerns, which require a reduction in the

amount of fungicides applied to crops, and introduced in the ecosystem. About 43% of the

pesticide expenses for fruit production in Switzerland concern fungicides, amounting to 4 Mio

Euro per year (ca. 600 Euro/ha). A targeted deployment of resistance genes has the potential

to drastically reduce this amount.

3

Phytopathology (2003) 93:493-501
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Apple scab caused by the fungus Venturia inaequalis is the most important disease in

apple growing areas with high spring and summer rainfall. The fungus infects leaf and fruit

likewise. Leaf infection causes loss of assimilation surface and, in severe cases, complete

defoliation of the tree, resulting in low yield. Additionally, early fruit infection causes

deformed, unmarketable fruit, and late infection of fruit leads to losses due to 'storage' scab

(MacHardy 1996). In commercial orchards up to 15 fungicide treatments per season are

applied to control the disease.

Several major scab resistance genes have been known for a long time (Williams and

Kuç 1969), originating mostly from small fruited Asiatic Malus species. Three of them, Vf

Vm, and Vr, confer vertical resistance against apple scab, as defined by Vanderplank (1984),

while the other resistance genes have not yet been characterised. Vr (from Russian Seedling

Rl2740-7A), Vbj (from Malus baccata jackii), Vb (from Malus baccata), Vm (from Malus

micromalus), and Vf(fxom Malus floribunda 821) have been introgressed into breeding lines

and selections to make them available for breeding purposes. Until now, only the Vfresistance

has been incorporated into commercially available cultivars, and over 50 scab resistant

varieties were released since 1970 (Crosby et al. 1990; Goerre et al. 1999; Kellerhals and

Furrer 1994), all carrying this same resistance gene.

Such a major resistance gene shows a great effect when the pathogen lacks the matching

virulence. However, this effect also enforces a high selection pressure onto the pathogen

population, which has to circumvent only one single hindrance to be successful again. Most

known major resistance genes are 'recognition genes', i.e. they allow the recognition of the

pathogen and trigger a defence reaction (Bergelson et al. 2001; Jones 2001). The different

resistance genes differ in their recognition ability, whereas the defence reactions may very

well be the same in all cases.

As MacHardy et al. (2001) stated, all major resistances in apple are ephemeral

(MacHardy et al. 2001), and therefore it is only a question of time when the pathogen with the

matching virulence appears and overcomes such a resistance. It has been hardly a decade ago

that the ^resistance was reported to be overcome by the pathogen in several locations

(Bénaouf and Parisi 1997; Parisi et al. 1993). Vm (Dayton and Williams 1970; Williams and

Brown 1968) and Vr have been defeated (Hemmat et al. 2002; Shay and Williams 1956;

Williams and Kuç 1969; Patocchi unpublished) even before being used in commercial

cultivars.

Many more than the described and named major resistance genes are present in apple,

but undetectable in the field because they have been rendered ineffective by the pathogen's
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virulence alleles (Gessler 1989; Gessler and Biaise 1994; Koch et al. 2000; MacHardy et al.

2001). Because the interactions between pathogen and host follow a gene-for-gene pattern

(Flor 1956), such resistances can only be detected with differential, monoconidial isolates

representing a defined set of virulences/avirulences. The postulated ephemeral resistance gene

(Koch et al. 2000) from 'Golden Delicious' was recently identified in this manner, named Vg,

and mapped (Durel et al. 2000).

To reduce the risk of resistance breakdown and to achieve more durable resistances, it is

necessary to broaden the genetic basis of resistance against apple scab. New sources of

resistance should be discovered and tools have to be developed to exploit these resistances in

breeding programs. A promising reduction of the risk of resistance breakdown is the

combination of several functionally different resistance genes in a single cultivar, so called

pyramiding. Due to the unknown mixture of pathogen races in the field, the observed

infection severity allows no conclusions with respect to number and type of resistance genes

present in a new cross. To identify the resistance genes and determine their presence in an

individual by inoculations with a differential set of pathogen races is impractical for breeding

purposes because it is cumbersome and only a limited number of differential races are

available.

The only practical way of pyramiding different resistance genes in a single cultivar is

the application of molecular markers, closely linked and co-segregating with the desired

genes. Such markers are known for ^(Gardiner et al. 1996; Gianfranceschi et al. 1996;

Koller et al. 1994; Tartarini 1996; Tartarini et al. 1999; Xu and Korban 2000), Vr (Hemmat et

al. 2002), one for Vm (Cheng et al. 1998) and more are being developed (Gessler

unpublished).

New sources of resistance are being represented either by so far unknown ephemeral

(major) resistance genes, which might be successful in combination with other major genes,

i.e. by pyramiding, or by combining with genes conferring quantitative or partial resistance

against scab. Quantitative resistances have been described in apple for mildew (Brown 1959;

Janse et al. 1994; Seglias and Gessler 1997) and scab (King et al. 1999; Redalen 1990) and

are believed to be responsible for the phenotypic expression of the low scab susceptibility of

certain apple cultivars carrying no known major resistances.

In contrast to major genes, partial or quantitative resistance genes as defined by

Vanderplank (1984), conferring race independent, horizontal resistance (MacHardy 2001;

Vanderplank 1984), generally have smaller effects and therefore result in only low selection

pressure on the pathogen. They are believed not to be based on recognition systems as is the
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case with most major genes, but the possibility can not be excluded (Vanderplank 1984). Also

the assumption, that they are truly horizontal, i.e. race independent, may in some cases not be

true. The distinction between major and quantitative genes is an artificial, theoretical

construct, whereas in reality the borderlines blur as investigations on pathogen race specific

QTLs show (Parlevliet 1997). To achieve a comparable level of resistance as with a major

gene, several quantitative resistance loci would have to be combined. This necessarily also

leads to a high selection pressure on the pathogen, but in this case the pathogen has to

circumvent several different, unknown resistance mechanisms. Little is known about the

modes of action of quantitative resistance genes and therefore on the probability of

circumvention.

Due to the different recognition and/or defence mechanisms involved in pyramided

major genes or in combined quantitative resistances (and the resulting high threshold for the

pathogen to overcome), this strategy is believed to result in a more durable resistance.

However, pyramiding resistance genes does not always lead to the aimed goal of a durable

resistance as work conducted in wheat against mildew showed (Brown et al. 1997). The

durability of a resistance is dependent on the pathogens evolutionary potential (McDonald and

Linde 2002) and it might be necessary to selectively combine major and quantitative genes to

achieve the desired durability in resistance.

With the availability of apple genetic linkage maps (Conner et al. 1997; Hemmat et al.

2002; Liebhard et al. in press; Maliepaard et al. 1998; Seglias and Gessler 1997) and the

possibility to calculate the positions of QTLs on these maps (Haley et al. 1994; Kearsey and

Hyne 1994; Lander and Botstein 1989; Van Ooijen and Maliepaard 1996), molecular markers

for quantitative disease resistance can be developed.

The aim of this investigation was to determine whether single QTLs with effects large

enough to be detected despite a potentially large environmental variability, could be found in

a cross between the two apple varieties 'Fiesta' and 'Discovery'. This cross was assessed in

the field for three years and the resistance against apple scab was recorded. Several QTLs

were found and their observable effects as well as their positions in the genome are presented.

The applicability of such resistances in resistance breeding is discussed.
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4.3 Material and Methods

4.3.1 Plant material and orchard locations

Seeds of a cross between the apple varieties 'Fiesta' and 'Discovery', carried out in

1995 at Plant Research International, Wageningen, The Netherlands, were purchased by the

Swiss Federal Institute of Technology, Zurich. 'Discovery', an open pollinated descendant

from 'Worcester Pearmain' and, supposedly, 'Beauty of Bath', was discovered in 1949, and is

assigned a high, polygenic resistance to apple scab (Kellerhals and Rusterholz 1996; Redalen

1990; Silbereisen et al. 1996). 'Fiesta', introduced in 1985 as a cross of 'Cox's Orange

Pippin' x Tdared' from HRI East Mailing, is reported to show no appreciable resistance

against scab (Aeppli et al. 1989).

Seeds of this cross were sown in 1996 and grown on their own roots for three years at

the Swiss Federal Research Station for fruit growing, viticulture and horticulture (FAW),

Wädenswil, Switzerland. The entire progeny of approximately 330 plants was triplicated in

summer 1998 by budgrafting on M27 rootstocks and planted in the following winter at three

different locations in Switzerland, Wädenswil (Zurich) at 47°13'20"N, 8°40'05"E, 455 m

altitude, Conthey (Wallis) at 46°12'30"N, 7°18'15"E, 478 m altitude, and Cadenazzo

(Ticino) at 46°09'35"N, 8°56'00"E, 203 m altitude. Five trees of each parental variety were

planted in fall 2000 at each location. The trees were planted in rows 3.5 m apart and with tree

to tree distances of 50 cm in Wädenswil and Conthey and of 125 cm in Cadenazzo. Orchard

and plant maintenance included mulching between the rows, in-row-herbicide-treatments and

sprays against aphids at all sites and sprinkler watering in Conthey. No fungicide treatments

and only a minimum of pruning were applied. Of the total progeny, 30 genotypes did not

survive the three years of observation or were too small to be scored. Simultaneously with the

'Fiesta' x 'Discovery' progeny, 275 genotypes of an unselected cross of 'Iduna' x 'A679-2', a

Vfearner Seglias 1997), were planted in Wädenswil and in Conthey in the neighbouring rows

ofthe same experimental plot.

Climatic conditions at the three locations are characterised with the average temperature

in °C, rainfall in mm, and hours of sunshine in the growing period between March and

October of the years 1999 to 2001 (Table 4.1). Orchard specific weather data for the

calculation of infection periods and reports on ascospore release were recorded in Wädenswil

and Conthey with Lufft HP-100 weather recording and disease prediction devices.
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Table 4.1: Climatic characterisation of the three orchard locations. Standard values are based on

climatic data of the period 1960 to 1990.

Average Temp Total rainfall in Hours of

in °C from Deviation in °C mm from Rainfall in % of sunshine from Sunshine in %

Year March-Oct from standard March-Oct standard March-Oct of standard

Wädenswil 1999 13.6 1.2 1186 118.6 1314. 103.4

2000 13.9 1.5 1045 105.6 1414 108.5

2001 13.6 1.2 1296 140.4 1384 107.9

Conthey 1999 14.7 1.4 475 131.8 1580 95.7

2000 14.9 1.6 371 100.2 1686 101.9

2001 14.6 1.3 505 136.5 1649 98.9

Cadenazzo 1999 16.2 1.5 2179 155.7 1347 88.0

2000 16.3 1.6 1789 128.3 1473 95.7

2001 15.8 1.1 1493 113.7 1585 103.7

4.3.2 Scab Inoculations

Ascosporic infection pressure was artificially increased by distributing heavily scabbed

apple leaves in the orchard. The leaves were collected in orchards within the neighbouring 10

km of the experimental sites, carrying a local inoculum mixture. Leaves were collected

mainly from 'Golden Delicious' (90%) and supplemented with infected leaves from 'Gala',

'Elstar', and individuals of the cross 'Iduna' x 'A679-2' (Seglias and Gessler 1997). To

prevent the collected leaves from being blown away by wind or pulled below surface and

eaten by insects and worms, 5 to 10 leaves were packed into a flat 15x20 cm glass

fibre/nylon-mesh bag. The lower side mesh was a fine 1 mm net to protect the leaves from

soil creatures, while the upper side consisted of a coarse 9 mm net to allow leaves to be

weathered and ascospores to mature under natural conditions. The bags were fixed with tent

pegs under the trees with a density of approximately one bag every 8 trees. Such bags were

installed at all three locations in late fall 1999 and 2000 and were removed again in June of

the following spring after ascospore discharge. No herbicide treatment was applied while the

inoculation bags were in the field.

Artificial inoculations with spore suspension were performed in spring 2000 in

Wädenswil and Conthey. Scabbed leaves were collected in June from the same cultivars as

described above at each site and conidia were washed off with water. Twenty 1 of spore

suspension was applied to the 330 trees with a motorised Birchmeier M-125 backpack

sprayer. Spore concentrations at both sites were between 90,000 and 100,000 spores per ml,

yielding between 5 and 6 Mio spores per tree. The inoculation in Conthey was carried out at

night after 3 h of watering with an over head sprinkler and a temperature of 25°C. Trees in
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Wädenswil were inoculated in the morning after a rainy night and a temperature of slightly

below 20°C.

4.3.3 Detached leaves assay

The same local conidial inoculum as used for the artificial spray inoculations in

Wädenswil was used for a detached leaf assay, as described in Yepes and Aldwinckle (1993).

Conidia concentration was adjusted to 300,000 spores per ml before droplet infection, and leaf

discs were prepared for light microscopy as described in Gessler and Stumm (1984).

4.3.4 Data collection

Scab assessments were made three to four times per season at each location in four to

six week intervals, starting in May with the first primary infections and ending in August. A

quantitative nine-step evaluation scale was used to determine the susceptibility of the

investigated trees as follows: 1, no visible symptoms; 2, few small scab spots detectable on

close scrutiny; 3, scab immediately apparent; 5, infection wide spread over tree; 7, multiple

lesions per leaf or large surfaces covered by scab on most leaves; 9, nearly all leaves black

with scab, eventually scabbed leaf fall; 4, 6, and 8 being intermediate classes (scale developed

by L. Parisi, pers. comm.).

In 2001, scab was also evaluated on the harvested fruit on a 0 to 3 scale as follows. 0,

no scab; 1, fruit not deformed, normal sized, no depressions, only few spots visible and fruit

has to be turned and inspected carefully to find spots of less than 3mm; 2, fruit is not

deformed or only with light depression at the site of the large flecks (>lcm), which can be

seen on superficial inspection; 3, fruit show severe deformations due to early scab infection,

are often undersized and cracked (scale developed by G. King, pers. comm.). Fruit were

assigned to one of the four infection classes and average fruit scab values were calculated for

each tree.

4.3.5 Data analysis

Plants which had not been genotyped previously (31 random plants) (Liebhard et al. in

press) or outcrossed individuals (15 plants), were excluded from the analyses or analysed

separately. A set of 251 phenotyped and genotyped individuals was available for trait

analyses. Scab scores were averaged over all evaluations per year for each location and

individual. Additionally, the maximum score per season was determined for each plant.

The statistical analysis of yearly scab evaluation averages per individual at each

location, yearly scab evaluation maxima per individual at each location, and calculated fruit
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scab values was performed with S-Plus 6.0 (Insightful Corp.). The phenotypic effect was

estimated for each genotype by means of a linear model (ANOVA) with genotype, location

and year as explanatory factors. The amount of total variability explained by those factors was

estimated from the 'type III sum of squares'. We did not take into account the somewhat

skewed distribution of the averaged disease scores. In the first step of the data analysis we

only estimated for each genotype an effect corrected for location and year. Since the scale is

limited and the genotypes have similar distributions the effect of distortion can be neglected.

No test of significance was performed.

Since the trees have been planted in the same order in all three locations, special

attention has been paid to neighbouring effects. Data sets of each scab evaluation were tested

for unexpected high numbers of infected, adjacent plants according to Vanderplank (1946):

where p is the expected number of infected pairs, n is the number of consecutive plants

examined, and X is the number of infected plants observed.

4.3.6 QTL analysis

QTL analyses of the ANOVA estimates as well as of the average and maximum values

per year and location were performed with MapQTL 3.0 (Van Ooijen and Maliepaard 1996).

Both single parent genetic linkage maps as well as the integrated linkage map of 'Fiesta' x

'Discovery' (Fig. 3.1; Liebhard et al. in press) were used to determine the positions and the

effects of the QTLs with the Kruskal-Wallis single locus analysis and the maximum-

likelihood based interval mapping approach. Since the integrated map consists of markers

with different segregation types, the 'all marker mapping approach' (Knott and Haley 1992)

was applied. This method employs not only the flanking markers, but also markers from

neighbouring intervals to calculate the probabilities of the presence of a QTL. For the interval

mapping approach, five neighbouring intervals and a step size of 1 cM was applied.

4.4 Results

4.4.1 Field scorings

4.4.1.1 Leafscab

Scab scoring means of the field evaluations decreased slightly, but not significantly,

from 1999 to 2000, and increased significantly from 2000 to 2001 in Wädenswil and Conthey,

whereas in Cadenazzo a steady increase was observed (Table 4.2). Development and severity
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of scab epidemics in Wädenswil and Conthey were in good accordance with the recorded

local weather conditions and ascospore reports.

The ranking of the three locations with respect to population mean scab incidence was

stable over the three years. Trees in Cadenazzo always showed the lowest scab incidence, in

2000 and 2001 together with plants in Conthey. Highest scab incidence for all three years was

observed in Wädenswil. This ranking was emphasised when maximum scores were used

instead of average values for the genotypes (Table 4.2). Although all 15 outcrossed

individuals were identified (Liebhard et al. in press), they remained planted in the orchard,

and it is noteworthy that the outcrosses in 1999 showed a similar, and in 2000 and 2001 a

significantly higher scab incidence than the rest ofthe population (Table 4.2, Fig. 4.3).

Table 4.2: Scab evaluation data of 251 progeny plants and 15 outcrosses at the three orchard locations

over three years. Each individual was evaluated three to four times per year and location.

1999 2000 2001

Max.3 Avr.b oc.c Max.3 Avr.b oc.c Max.3 Avr.b OC.c

Wädenswil mean4 1.53 1.22 1.40 1.46 1.19 1.80 1.90 159 2.80

max6 6.00 4.33 4.00 5.00 4.33 4.00. 6.00 5.00 7.00

SDf 1.03 0.51 0.77 0.94 0.42 1.00 1.06 0.77 1.67

Conthey mean 1.28 1.12 1.29 1.18 1.08 1.40 1.53 132 ,169

max6 6.00 3.66 3.00 3.00 2.75 3.75 5.00 3.66 4.00

SDf 0.75 0.34 0.52 0.44 0.25 0.78 0.75 0.51 0.95

Cadenazzo meand 1.06 1.03 1.10 1.17 1.09 1.53 139 128 2.63

max6 6.00 4.00 2.50 5.00 3.33 4.00 4.00 4.00 7.00

SDf 0.42 0.24 0.39 0.55 0.31 0.86 0.74 0.58 197

a

Only maximum scab scores for each progeny plant considered.
b
Average scab scores for each progeny plant considered.

c

Average scab scores for each outcrossed plant are considered.
d
Mean value calculated from 251 progeny plants and 15 outcrossed genotypes, respectively.

e
Maximum value obtained by a single genotype.

f
Standard deviation of scab scores of251 and 15 genotypes, respectively.

Since the parental varieties were only planted in autumn 2000, only one season of field

scorings is available. The scorings were averaged across all trees and evaluations per

locations for both parental varieties and amounted for 'Fiesta' to 2.7, 1.8, and 1.4 in

Wädenswil, Conthey, and Cadenazzo, respectively. 'Discovery' scorings averaged to 1.0 in

all locations, indicating no scab infections at all.

The distribution of plants in the different incidence classes confirmed the increase in

scab incidence over time by a reduction of the number of plants in the resistance class 1 and

an increase of the number of plants in all higher classes (Fig. 4.1). A comparable distribution
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was obtained when not genotyped and outcrossed individuals were included, reaching score

averages up to 4.8.

Figure 4.1: Distribution of leaf scab

scores for the 251 individuals of the

'Fiesta' x 'Discovery' population,
averaged over three locations with three

to four evaluations each. The means of

the two parental varieties scored only in

2001 are shown. Complete leaf scab scale

in 'Material and Methods'. 1 = no visible

symptoms; 2 = few small scab spots
detectable on close scrutiny; 3 = scab

immediately apparent with lesions thinly
scattered in the tree.
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Average scab scores

Variability of leaf scab incidence contributed by the genotype and by the environment

was estimated at 30% and 10% of the total variability, respectively. An astonishingly high

residual variability of 60%) remained, representing the variability within genotypes. A detailed

analysis, taking all interactions into account, revealed a negligible year x location interaction

of less than 1 % and an equal contribution of interactions between genotype x year, genotype

x location, and the triple interaction genotype x year x location of approximately 20 %. With

yearly average scores and yearly maximum scores, identical variability proportions were

obtained.

Table 4.3: Fruit scab evaluation for all three orchard locations in 2001. Harvested fruit of each tree

were assigned to 1 of the 4 fruit scab classes: 0, healthy fruit; 1, fruit not deformed, only few, small

(<3mm) spots visible; 2, fruit with light depression at the site of the large flecks (>lcm); 3, fruit shows

severe deformations due to early scab infection. Fruit scab values for genotypes were calculated as

follows, (number of fruit) * (fruit scab class) / (number of harvested fruit per tree).

Wädenswil Conthey Cadenazzo

Number of fruit bearing trees 110 141 156

Scab score mean 0.40 0.15 0.12

Scab score maximum 2.57 2.00 2.00

Standard deviation 0.55 0.33 0.25

4.4.1.2 Fruit scab

Fruit scab scorings in 2001 confirmed the ranking of the location found with leaf scab

with Wädenswil providing best conditions for scab followed by Conthey and Cadenazzo

(Table 4.3). A low correlation was found between leaf scab and fruit scab incidence (Fig. 4.2).

68



The correlation analysis (Pearson) with fruit and leaf scab scores revealed an r value of 0.41.

Variability proportions of fruit scab incidence contributed by the genotype and the

environment (=location) were estimated as 46% and 9%>, respectively, and again a relatively

high residual within genotype variability of45%.

Figure 4.2: Unweighted averages of

leaf scab versus fruit scab values of

208 fruit bearing genotypes recorded

in 2001, in Wädenswil, Conthey, and

Cadenazzo. Complete leaf and fruit

scab scale in 'Material and

Methods'. Leaf scab: 1 = no visible

symptoms; 2 = few small scab spots
detectable on close scrutiny; 3 = scab

immediately apparent with lesions

thinly scattered in the tree. Fruit

scab: as in Figure 4.1.
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4.4.2 Neighbouring effects

The expected number of pairs of infected plants was calculated according to

Vanderplank (1946) for each row at each site on each evaluation. In approximately 50 % of

all evaluations with pairs of infected plants, significantly more pairs were observed than

would have been expected. Furthermore, it was noticed that up to 25 % of the observed

infected pairs occurred also in one or both other locations.

4.4.3 QTLs for scab resistance

QTLs for scab resistance were found on seven linkage groups, six QTLs associated with

leaf scab resistance and two with fruit scab resistance (Table 4.4). For both traits the strongest

QTLs were mapped on linkage group (LG) 17 of both parents and are located very close to

each other on the same parental chromosome. All leaf scab resistance QTLs, except one, were

detected in all environments over several years. On LG 10, the QTL could only be mapped

with data from Wädenswil, no association was found in Conthey nor in Cadenazzo. Of all

eight QTLs, six were found to be inherited from 'Fiesta'. Cumulated, the single parent QTLs

explain 26% and 21% of the phenotypic variability, attributed to the genotype in 'Fiesta' and

'Discovery', respectively. The QTLs on the integrated map explained between 4% and 23%

of the variability and sum up to 55% for leaf scab incidence and 16% for fruit scab incidence,

respectively.
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Table 4.4: QTLs detected for leaf scab resistance and for fruit scab resistance in 251 individuals of a

segregating population of 'Fiesta' x 'Discovery'. For each QTL, the original parental chromosomes

are indicated (Chr.), the position with the maximal likelihood on the parental map (Fig. 3.1) (Pos.),

the LOD score at this position (LOD), and the percentage of explained variability for this parent (%

expl.). For the integrated map, information is provided (bold framed) on the LOD score (upper line)
and the variability proportion explained (lower line) (Integr.).

Linkage

group Chr.

Leaf scab resistance

Pos. LOD % expl. Integr. Chr.

Fruit scab resistance

Pos. LOD % expl. Integr.

6
F+ 65 3.1 6% 2.9

5%

7
F+ 65 2.3 4% 2.3

4%

10
F+ 14 2.2 4% 3.1»

6%

11
F+

D+

17

16 4.2 8%

6.0

11%

12
F+ 15 2.1 4% 2.8

6%

15
F+ 10 2.5 6% 2.8

7%

17
F-

D+

15

32

4.5

7.2

8%

13%

13.2

23%

F- 10 2.8 6% 4.9

9%

QTL was detected only with data from Wädenswil.

4.5 Discussion

4.5.1 Phenotypic data

Scab incidence on the test plants was found to be low in all three environments and

increased only slightly over the three years of observation. A first reason for such a low

disease incidence seemed to be the low infection pressure given by the fact, that in Conthey

and Cadenazzo, no other apple trees were nearby which could have provided the necessary

scab inoculum. The orchards were laid out new and there were no apple plantings before,

which could have provided primary inoculum. Therefore, the amount of primary inoculum in

the orchard was artificially increased at the beginning of the second and third year by

distributing scabbed leaves under the plants. A second potential reason for the low incidence

was the insufficient adaptation of the (local) pathogen populations to the genotypes of this

new cross. This is supported by findings from Wädenswil and Conthey, where the

experimental plants were neighboured by rows with 275 contemporaneously planted

genotypes of an unselected cross of Tduna' x 'A679-2' (Vf carrier), (Seglias and Gessler

1997). These plants showed in all three years significantly more disease symptoms than the

'Fiesta' x 'Discovery' progeny. Disease score averages of the 'non-Ff-carrier' in the

neighbouring population reached up to 3.5 (data not shown), thus proving the presence of
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primary inoculum. This argumentation was also supported by microscopic observations of

circular 5 mm leaf punches of the 'detached leaves assay' (Gessler and Stumm 1984; Yepes

and Aldwinckle 1993). Conidia on the leaves, after 10 and 15 days at 18°C and 100% RH,

had formed germination tubes and eventually appressoria, but no further development was

observed. Whereas on identically treated 'Golden Delicious' control leaves successful

infections and sporulation could be seen (data not shown).

With the genotyping of the apple population by means of molecular markers, such as

RAPDs, AFLPs and SSRs (Liebhard et al. 2002; Liebhard et al. in press), several outcrossed

individuals were identified in this progeny. These plants, although not belonging to the full-

sib family which was analysed, remained in the field. The outcrosses showed much more

disease and had, except in 1999, significantly higher mean scab incidences in all locations

than the rest of the progeny (Table 4.2). The slow increase in scab incidence over the

observation period indicates an ongoing adaptation of the pathogen population to the new

apple genotypes. Since the increase observed in the outcrossed plants was much stronger than

in the rest of the population, this may indicate that the 'Fiesta' resistance was being eroded.

The outcrossed individuals were descendants form 'Fiesta' with an unknown father, lacking

the 'Discovery' resistance in their genomes. The observed difference in scab severity between

'Discovery' descendants and outcrosses (non-'Discovery'-descendants), suggests that the

strong resistance in 'Discovery' is highly heritable. The heavily affected outcrossed genotypes

were regarded valuable for the experiment since a) they might in fact accelerate the adaptation

of the pathogen population by providing an intermediate level of resistance, b) they proved

that inoculum was present and that favourable infection conditions occurred, and c) they

provided better adapted inoculum than the imported 'Golden Delicious' leaves. Therefore,

they remained in the orchards. It will certainly be helpful to keep the population in all three

locations under further investigation for the next few years in order to confirm the pathogen

evolution by appropriate sampling and analyses.

Weather data recorded in Wädenswil and in Conthey during the three years of

investigation can further explain or confirm the epidemiological observations (Fig. 4.3).

Ascospore discharge (primary season) in Switzerland is regarded to be completed by mid June

(Bosshard et al. 1993; Jerminil987) and later infections will solely depend on conidia. In

Wädenswil, seven and nine infection periods occurred during primary scab season in 1999

and 2000, respectively. The not well adapted inoculum had comparable chances to infect the

plants in both years. To develop a high scab incidence, conidia of successful pathogen races

have to receive favourable conditions after primary season for secondary infections. In
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contrast to 1999, there were fewer infection periods for secondary infections in 2000,

resulting in lower scab incidence. Only five infection periods in the primary season and

occasional light infection periods later provided optimal conditions for the adapting scab

population in 2001, starting with more primary infections than the years before and

developing nicely during the season. The situation reconstructed for Conthey showed much

bigger differences between the two years. Nine infection periods occurred in primary season

1999 in contrast to only 3 in 2000. The slightly better adapted pathogen population was able

to achieve more infections at the beginning as the first evaluation in 2000 shows, but the

adverse conditions during the season did not allow a substantial epidemic development,

whereas in 1999 the few successful pathotypes found optimal conditions for a mass

development, which resulted in a higher average incidence. In Conthey, the 2001 epidemic

started with nine infection periods in the primary season, providing good conditions for the

infection and early development of the adapting pathogen population. The very few infection

periods afterwards however, impeded the development in the later season.

Evaluation» 1999 Evaluations 2000 Evaluation 2001

120 140

Julian days

3 50T

,300

2 50

2OOf

t50

1 00

Conthey

-311 Prog plants
~ 15 Outcrosses

120 140

Julian days

120 140

Julian days

Figure 4.3: Scab epidemic development in three years based on scab class means of 311 to 314

progeny plants and 15 outcrosses at the evaluation dates in Wädenswil, Conthey, and Cadenazzo.

Arrows indicate the artificial conidia inoculation sprays in June 2000. Complete leaf scab scale in

'Material and Methods'. 1 = no visible symptoms; 2 = few small scab spots detectable on close

scrutiny; 3 = scab immediately apparent with lesions thinly scattered in the tree.
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Figure 4.3 clearly shows the ineffectiveness of the artificial conidia inoculations

performed in June 2000. A much greater impact would have been expected with such a high

number of conidia applied per tree. These observations give strong support to the assumption

of a non-adapted pathogen population since the inoculation spray with scab inoculum

originating mainly from 'Golden Delicious' in Wädenswil remained without significant

effect, although coinciding with a heavy infection period. The same is probably also true for

the artificial infection with ascospores at the beginning of the second and the third year.

However, the artificial infections were only ineffective against 'Discovery' descendants. The

faster development of the disease in the years 2000 and 2001 on the outcrossed individuals

(Fig. 4.3) might in fact be a consequence of the artificially increased ascospore density.

For the statistical analysis and the QTL mapping, scab score averages over the

evaluations in one season as well as maximum scores obtained have been used. Although both

approaches delivered comparable results, the two methods are controversial. Assuming that

the field scorings were not always impeccable and some lesions have been overlooked, a

number of individuals could have been scored healthy or at least healthier than they really

were. This underestimation is mitigated with the consideration of maximum values, since

infected plants are unlikely to be overseen in every evaluation. However, if the field scorings

are considered accurate, it can be argued that moderate resistance and moderate to high

resistance can only be distinguished with the use of average scores over all evaluations in one

season. A genotype is regarded to be more susceptible if even a low incidence can be

observed several times, indicating a slow disease development, compared with a genotype

where low incidence was observed only once and the disease did not develop at all.

An ANOVA of the phenotypic data revealed a rather high (-60%) within genotype

variability (genotype x year and genotype x location and genotype x year x location

interactions), i.e. larger differences between the scorings of the same genotypes than between

the population means. Different infection pressures in different years can, especially with low

disease incidence, lead to this kind of variability. Low infection in one year allows all

genotypes to stay in the lower classes 1 (healthy) or 2 (small spots detectable on close

scrutiny). A slightly more severe infection in another year leaves the moderately resistant

genotypes in class 2 and eventually 3 (scab immediately apparent), whereas the susceptible

genotypes jump from class 2 to class 5 or even 6 (scab widespread over tree). Since only the

most susceptible plants were affected, the majority was still scored in the lower classes and

the population mean stayed low accordingly. Such changes of single genotypes are increasing

the within genotype variability fraction, which is expressed as genotype x year interaction.
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Location specific pathogen populations are a possible reason for the variability expressed as

genotype x location interaction. The scab resistance QTL on linkage group 10 is possibly a

result of such a situation, since this QTL was detected only in Wädenswil, but in all three

years of observation. Variability proportions accounted for by triple interaction, genotype x

year x locations, take into consideration the different local weather conditions in one year

causing a higher number of infection periods in one orchard compared to other orchards and

other years as discussed above.

As Gessler et al. (1997) reported for downy mildew sampling in vineyards, a proportion

of the variability can be due to the sampler. This is most likely true for all diseases ofwhich

the incidence/severity is scored rather than measured eg. by counting lesions, which are not

immediately apparent due to their size and colour, or due to a dense, compact foliage. The

scoring accuracy not only depends on the education of the scorer, but also on his/her current

physical and mental condition. Aware of this difficulty, the same scoring team was

commissioned to all evaluations. To ensure the highest possible accuracy ofthe field data, one

orchard was scored twice by different subgroups of the scoring team and the evaluations were

compared. A good agreement among the scorers was found and therefore the variability

introduced by the samplers is considered to be low and not considered further.

The poor correlation between leaf and fruit scab incidence is surprising since fruit on

trees with a high leaf scab incidence were subjected to a much higher infection pressure and

would therefore have been expected to show also higher fruit scab incidence. As fruit scab

was recorded at the time of harvest, it is possible that the latest infections did not have

sufficient time to develop visible lesions. A longer observation of harvested fruit for storage

scab would be necessary. The low correlation could be confirmed by not finding QTLs for the

two traits on the same loci. Thus leading to the conclusion that leaf and fruit scab resistance

were independent, and in fact implied a negative correlation between the two traits. This

could be verified in a leaf scab independent fruit scab investigation.

4.5.2 Neighbouring effects

In many cases, series of consecutive, infected plants involved outcrossed or other not

genotyped individuals. Excluding these individuals from the very beginning would have

reduced the number of pairs of diseased plants drastically so that no unexpectedly high

numbers of adjacent infected plants were present anymore. However, the clearly existing

neighbouring effects imposed a higher disease pressure on always the same plants. Such

plants might have been scored as more resistant, when placed near other neighbours. The
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consequences of this underestimation of possibly moderately resistant genotypes are, that the

overall observed disease level was higher and that the effect of resistance QTLs was

calculated too low. This would imply that detected QTLs might in fact be stronger than

reported here, and weak QTLs were probably not even detected.

4.5.3 Quantitative trait loci

A QTL analysis always investigates the differences between parental alleles at a certain

locus. These differences can range from nil to extreme and accordingly some QTL alleles are

not detected or considered valuable for breeding and for improving the future varieties.

4.5.3.1 Low LOD QTLs

Several QTLs for leaf and fruit scab resistance in apple were found with the analysis of

field data in combination with a molecular marker map. Although three of the QTLs did not

reach a LOD score of 2.5 or 3.0, representing a significance level of 95% in the single parent

map or the integrated map, respectively (Van Ooijen 1999), they still are presented in Table

4.4. The calculated low LOD scores can be due to the reported neighbouring effects, diluting

the effect of the superior allele/s, thus reducing the phenotypic difference between the carriers

of the alternative alleles. Or it can be the result of the actual small difference between the

effects of the involved alleles. This is the case when both alleles from one parent, or all four

possible combinations of alleles from both parents contribute almost equally to the trait. A

third possibility for a low LOD score is the genetic background. When several loci contribute

to the same trait, the difference between the alleles at one locus can be masked by the effects

contributed by the other loci from the same or the alternative parent, i.e. only a small

proportion of the total, large variability can be attributed to one locus. Additionally

interactions between loci, or between alleles of the same locus, or epistatic effects can be

responsible for a weak or undetectable effect of a QTL.

It has to be clear that such an observed weakness of the QTL is only relevant for the

cross / parent under investigation, since the effect measured is the difference between the

involved alleles and not necessarily the intrinsic quality of the QTL. Although statistically not

significant, these QTLs are believed to be mapped accurately and are not random artefacts.

The repeated appearance of the QTL in the analysis of field data from different years and

locations indicated a reproducible effect, albeit weak.

4.5.3.2 Undetected QTLs

Although 'Discovery' has been used as the resistant parent (Aeppli et al. 1989), and

current field observation confirmed its resistance, the overwhelming majority of all detected
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resistance QTLs was mapped and assigned to 'Fiesta'. As mentioned above, the detected

effect of a QTL is only based on the difference between the involved alleles. In the case of

'Discovery', it must be assumed that other QTLs are present and responsible for a good

resistance, and that except on LG 11 and LG 17, there are no differences between the

resistance alleles at the same loci. The two alleles at each locus are similarly effective or even

equal, i.e. 'Discovery' is homozygous at the resistance loci involved. The conclusion that

'Discovery' is not valuable for breeding since no or only few resistance QTLs could be found

would in fact be fatal. As the observation of the outcrossed individuals demonstrates,

'Discovery' is a very potent parent for resistance breeding, where all descendants display a

high level of field resistance against scab.

4.5.3.3 Determination ofmaximal QTL effect and applicability in breeding

Applicability and usefulness of QTLs in resistance breeding depends on the 'real' effect

of the alleles and the ease with which they can be introgressed into commercial cultivars. The

percentage of explained variability, delivered as a result of the QTL analysis concerns only

the phenotypic difference between the involved parental alleles. To estimate the 'real' effect

of a QTL allele, it has to be compared with an ineffective allele at the same locus. Crosses

have to be performed between grand parents, such as 'Discovery' and a susceptible variety,

known to contribute nothing or very little to the trait under investigation, i.e. donor of the

'ineffective allele'. In such a cross, heterozygous carriers of the 'effective allele' have to be

chosen as parents for the F2. They must be crossed again, ideally with an ineffective cultivar.

The difference between the grand parental alleles ('effective' vs. 'ineffective') observed in the

F2 represents the real effect of the 'effective allele'. However, the second parent of the F2 is

of minor importance since only the grandparental alleles in the 'Discovery' descendants are of

interest.

The difference between the QTL alleles on linkage group 11 and 17, explaining 11 %

and 23 % of the variability observed, represent promising starting points for resistance

breeding. Being located in a map region, densely populated with molecular markers makes the

QTL on Fl7 the ideal candidate, since closely flanking markers (SSRs), which are usable in

other crosses, exist already. They allow the QTL alleles to be traced in other progenies. To

prove their usefulness, they must be tested for stability over a broader range of environments.

Most important for the successful applicability in breeding programs will be their

performance in different genetic backgrounds and their interactions with other loci as well as

their durability.
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4.5.3.4 Comparison with reported scab resistance QTLs or resistance modifiers

Four scab resistance QTLs have been reported by Durel et al. (2002). Two of them are

located on the same linkage groups as QTLs described here (LG 10 and 17), while two others,

supposedly being located on linkage groups 2 and 3, could not be detected in the current

analysis. The already defeated, major resistance gene Vg, conferring resistance to race 6 of

Venturia inaequalis (Durel et al. 2000), though located on linkage group 12, does not coincide

with the scab resistance QTL on the same linkage group described here. Neither 'Fiesta' nor

'Discovery' carry Vg, which would not have been detected here since mainly 'Golden

Delicious' inoculum was used for the artificial infections.

Scab resistance QTLs and Vf scab resistance modifier genes in a cross between Tduna'

and 'A679-2' have been described for several linkage groups (Seglias 1997). One QTL,

located on the linkage groups I7/A3, which corresponds to LG 11 in 'Fiesta' x 'Discovery', is

most likely the same as the one reported here. It has a comparable position in relation to the

SSR marker CH02dl2 and is therefore suspected to be the same. A closer investigation of the

QTL found on I5/A7, which corresponds to LG 12 in 'Fiesta' x 'Discovery' (Liebhard et al.

2002; Liebhard et al. in press) as well as to LG 12 in 'Prima' x 'Fiesta' (Maliepaard et al.

1998), and a comparison of the SSR positions (Van de Weg, unpublished in Liebhard et al.

2002) suggest that this QTL corresponds to the Vg locus (Durel et al. 2000).

4.5.4 Outlook

To confirm the above speculations, the future disease development has to be observed

in the orchards and changes in the pathogen population should be monitored. The

effectiveness of the detected QTLs has to be confirmed at higher disease levels as well as in

other genetic backgrounds.
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CHAPTER 5

Mapping quantitative physiological traits in apple (Malus x

domestica Borkh.)4

5.1 Abstract

Efficient breeding and selection of high quality apple cultivars requires knowledge and

understanding of the underlying genetics. The availability of genetic linkage maps constructed

with molecular markers enables the detection and analysis of major genes and quantitative

trait loci contributing to the quality traits of a genotype. A segregating population of the cross

between the apple varieties 'Fiesta' (Syn. 'Red Pippin') and 'Discovery' has been observed

over three years at three different sites in Switzerland and data on growth habit, blooming

behaviour, juvenile period and fruit quality has been recorded. QTL analyses were performed,

based on a genetic linkage map consisting of 804 molecular markers and covering all 17 apple

chromosomes. With the maximum likelihood based interval mapping method, the investigated

complex traits could be dissected into a number of QTLs affecting the observed characters.

Genomic regions participating in the genetic control of stem diameter, plant height increment,

leaf size, blooming time, blooming intensity, juvenile phase length, time of fruit maturity,

number of fruit, fruit size and weight, fruit flesh firmness, sugar content and fruit acidity were

identified and compared with previously mapped QTLs in apple. Although 'Discovery' fruit

displayed a higher acid content, both acidity QTLs were attributed to the sweeter parent

'Fiesta'. This indicated homozygosity at the acidity loci in 'Discovery' preventing their

detection in the progeny due to the lack of segregation.

5.2 Introduction

Breeding apple varieties of high quality, meeting grower demands and satisfying

consumer requests is a time consuming and challenging task. Strong self incompatibility, slow

growth and a long juvenile phase of the plants hamper the efficient crossing and the fast

selection of desired genotypes. Between 20 to 25 years elapse between the actual crossing and

the release of a new variety (Kellerhals and Meyer 1994). Further complicating is the fact that

a large number of characters has to be taken into consideration such as resistance against a

variety of diseases and pests, growth habit and tree vigour, fruit characters like flesh firmness,

4
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flavour, sugar and acid balance, not leaving out numerous generative traits such as juvenile

phase length, blooming habits, and alternate fruit bearing.

The long generation cycles and the impossibility of back crossing makes apple breeding

a very promising field for marker assisted selection and breeding (MAS and MAB). This

method applies molecular markers, linked to the genes of desired traits, for selection instead

of selecting the plants according to their phenotypic behaviour (Kellerhals et al. 2000).

The availability of molecular markers and genetic linkage maps both allows the

localisation of major genes with bulk segregant analysis (BSA) as well as the dissection of

complex, polygenic traits into a number of quantitative trait loci (QTLs) (Lander and Botstein

1989; Haley and Knott 1994; Van Ooijen and Maliepaard 1996). With this focus, the genetic

determinants of a number of physiological traits, such as growth, blooming, and fruit qualities

have been investigated.

Vegetative growth of apple trees is largely determined by environmental conditions and

can be influenced by means of light, temperature, and nutrition. Growth characters and tree

form of apple trees however, are mostly controlled through pruning and the selection of

rootstocks on which the varieties are grafted.

Only few studies have been carried out on the underlying genetics of growth habit.

Lawson et al. (1995), Seglias (1997), and Conner et al. (1998) reported a number of genomic

region carrying QTLs, involved in the control of growth characters. Lawson and Seglias

reported only few responsible factors, one for branching habit and two for plant size, whereas

Conner described over 10 chromosomal regions influencing growth characters, indicating a

very complex trait, involving a large number of QTLs, each contributing only little to the total

variability. This makes it difficult to detect and identify influential genes. Moreover, these

properties are easily affected by environmental factors, which additionally complicate their

detection.

Nevertheless, the knowledge of the genetic factors and the understanding of their mode

of action will simplify their application in breeding and the production of new varieties

including growth governing rootstocks will be put on a larger genetic basis and potentially be

accelerated (Fischer C 1994; Fischer M 1994)

Blooming behaviour and fruit quality traits are good candidates for a successful

application of marker assisted selection, since the characters concerned are expressed after

only several years. This represents a great potential of saving time, thus accelerating the

breeding and selection progress.
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Most important with respect to blooming is the length of the juvenile period, determined

by the appearance of the first inflorescences, which can last up to 12 years (Fischer C 1994).

A short juvenile phase is desired to quickly reach productivity or to have the plants available

for further crosses. Various methods have been described to shorten the time until first

flowering, including growing under ideal conditions in the greenhouse, and/or grafting on the

dwarfing rootstock M9 (Visser 1964; Aldwinckle 1975; Fischer C 1994). However, dwarfing

rootstock M27 was reported to have very little effect on juvenile phase lengths (Verhaegh et

al. 1988). Accelerated growing in the greenhouse, although resulting in first flowering as

early as 16 months after sowing, is impractical since it results in tree lengths of 2 to 5 m

(Aldwinckle 1975; Zimmermann 1971). Several crab apples have been described to normally

have short juvenile periods (Zimmermann 1972), therefore, time to first flowering can be

shortened not only by cultural methods, but also with targeted breeding for this quality

(Visser 1965).

Visser (1970) disclosed the relation between seedling vigour and juvenile phase length

and demonstrated them to be inversely correlated (Visser 1970; Verhaegh 1988). Independent

of whether grown on their own roots or grafted, seedlings with thicker stems flowered earlier

and were more productive. Therefore seedling vigour, expressed as stem diameter, could be

used as a marker for precocity and productivity. It is expected to find the genetic determinants

ofthese characters close to each other or at least on the same chromosome.

Apple cultivars are known to vary in flowering date up to more than 30 days. Since

apple trees are most sensitive to frost when they are in full bloom, late flowering selections

often avoid freezing injury (Mehlenbacher and Voordeckers 1991). For growers in regions

with a high risk of spring frost, the planting of late flowering varieties might be a welcome

alternative to the investment in wind machines and heaters. On the other hand, late blooming

increases the risk of fire blight infections (Spotts et al. 1976). Work has been conducted in

establishing methods for the early selection of late blooming genotypes by correlating late

blossoming with time of leaf bud break (Tydeman 1958), but Lawson et al. (1995) showed

that the two characters are not correlated and are inherited independently. Among European

cider apples, there are many late flowering genotypes (Murawski 1967) and represent

valuable germplasm for the development of late flowering breeding selections. The

knowledge of the involved genetic factors can considerably simplify and accelerate their

introgression in commercially grown cultivars.

Fruit qualities such as appearance, texture, and flavour are key factors for the success of

a cultivar on the market. Texture as a major component of consumer preference, has been
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analysed in detail by King et al. (2001). Mechanical as well as sensory evaluations were

performed and several QTLs have been detected for a variety of wedge fracture and

compression measurements and qualities like crispness and juiciness (King et al. 2001). Fruit

appearance, form, size, colour, and flavour, are the other determinants for consumer

preference. Flavour consisting of odour and taste is most complex to analyse. Over 350

volatiles have been detected in apple (Maarse 1991), eleven organic acids were identified in

apple pulp with an additional five in whole fruit (Hulme and Rhodes 1971).

In apple, the predominant factor of variation in flavour is the balance between sugars

and acids. Malic acid, being the main substrate for respiration in apples, also represents the

principal acid in apple fruit (Hulme 1963). Content of malic acid in fruit has been proposed by

several authors to be controlled by a single gene (Nybom 1959; Knight 1963; Visser 1968;

Visser and Verhaegh 1978) although not always in unison (Visser et al. 1968). The exact

position of the Ma gene was determined by Maliepaard et al. (1998) by means of a genetic

linkage map of the cross 'Prima' x 'Fiesta'. Since most varieties are of the heterozygous

Ma/ma genotype (Brown and Harvey 1971), 25%) of the progeny of a cross will be

homozygous for ma/ma, expressing an unacceptable low acid phenotype and 25% will be

homozygous for Ma/Ma, expressing an unpleasantly sour phenotype. Early pH indicators like

leaf acidity as proposed by Visser and Verhaegh (1978) have not been widely applied due to

their unreliability and their impracticability. Therefore, the knowledge of major genes and

QTLs governing fruit acidity and the development of linked molecular markers enables an

early selection and prevents the waste of resources by maintaining plants which will never

express an acceptable phenotype.

For sugar content a polygenic, quantitative inheritance, independent from acidity, was

proposed (Visser et al. 1968; Brown and Harvey 1971). Large variation between cultivars was

observed in total sugar content as well as in the proportions of the main sugars present,

namely fructose, sucrose and glucose, whereas within cultivars contents and compositions

were fairly constant from tree to tree and from year to year (Brown and Harvey 1971). From

these results a rather robust genetic determination of sugar content, which is not overly

influenced by the environment can be expected.

In the work presented here, several physiological traits have been investigated with the

aim to determine the number and the location of effective major genes and QTLs governing

these traits. The detection of such genes and genomic regions and the development of markers

linked to genes of interest are important steps towards a successful MAS- and MAB-strategy.

With the availability of closely linked markers, the presence of genes of interest can already
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be verified in the parents, enabling the breeders to select the right parents for the aimed cross,

which is not always unambiguously possible otherwise (Gessler unpublished).

Here we report the analysis of several quantitative traits in an apple progeny of the cross

'Fiesta' x 'Discovery'. Growth characters, blooming traits, and fruit quality QTLs have been

investigated at three different locations of clearly distinct climatic conditions in Switzerland

over several years. Detected QTLs for the respective characters are presented and their

potential applicability in accelerated fruit tree breeding is discussed.

5.3 Material and Methods

5.3.1 Plant material and orchard locations

A cross between the apple varieties 'Fiesta' (Syn. 'Red Pippin') and 'Discovery' was

carried out in 1995 at Plant Research International, Wageningen, The Netherlands.

'Discovery' is an open pollinated descendant from 'Worcester Pearmain' and, supposedly,

'Beauty of Bath', discovered in 1949 and named in 1962. With its low to medium vigour,

'Discovery' reaches productivity rather late. The early ripening summer variety produces fruit

with excellent flavour, tightly connected to the tree, so there is almost no fruit fall at maturity

(Silbereisen et al. 1996). 'Fiesta' was introduced in 1985 as a cross of 'Cox Orange' x

Tdared' at HRI East Mailing. It is a slightly later ripening variety than 'Discovery', more

vigorous and reaches a steady productivity early (Aeppli et al. 1989).

Seed of this cross were purchased by the Swiss Federal Institute of Technology, Zurich,

sown in 1996 and grown on their own roots for three years at the Swiss Federal Research

station for fruit growing, viticulture and horticulture (FAW), Wädenswil, Switzerland. The

entire progeny of approximately 330 plants was triplicated in summer 1998 by budgrafting on

M27 rootstocks and planted in winter 1998/1999 at three different locations in Switzerland,

Wädenswil (Zurich) at 47°13'20"N, 8°40'05"E, 455 m altitude, Conthey (Wallis) at

46°12'30"N, 7°18'15"E, 478 m altitude, and Cadenazzo (Ticino) at 46°09'35"N,

8°56'00"E, 203m altitude. The trees were grown in rows 3.5 m apart and with tree to tree

distances of 50 cm in Wädenswil and Conthey and of 125 cm in Cadenazzo. Orchard and

plant maintenance included mulching between the rows, in-row-herbicide-treatments and

sprays against aphids at all sites and sprinkler watering in Conthey. No fungicides were

applied. Climatic conditions of the three locations are characterised with the average

temperature in °C, rainfall in mm, and h of sunshine in the growing period between March

and October of the years 1999 to 2001 (Table 5.1).
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Table 5.1: Climatic characterisation of the three orchard locations with average temperature, rainfall,

and hours of sunshine during the growing season (March, 1 to October, 31 ). Standard values are based

on climatic data of the period 1960 to 1990.

Average Temp Total rainfall Hours of

in °C from Deviation in °C in mm from Rainfall in % of sunshine from Sunshine in %

Year March-Oct from standard March-Oct standard March-Oct of standard

Wädenswil 1999 13.6 1.2 1186 118.6 1314 103.4

2000 13.9 1.5 1045 105.6 1414 108.5

2001 13.6 1.2 1296 140.4 1384 107.9

Conthey 1999 14.7 1.4 475 131.8 1580 95.7

2000 14.9 1.6 371 100.2 1686 101.9

2001 14.6 1.3 505 136.5 1649 98.9

Cadenazzo 1999 16.2 1.5 2179 155.7 1347 88.0

2000 16.3 1.6 1789 128.3 1473 95.7

2001 15.8 1.1 1493 113.7 1585 103.7

5.3.2 Field data collection and harvest

Growth data has been collected in 1997 and 1998 on the seedlings in Wädenswil and

from 1999 to 2001 on the replicates in all three locations. On the seedlings, length and width

of mature leaf number 6, 7, and 8, counted from the base of the one year old shoot, was

measured in fall 1997. Leaf area was calculated by considering the leaves to be elliptical.

Stem diameter was determined 30 cm above ground in summer 1998 with a vernier calliper.

On the replicates, stem diameter was measured 30 cm above grafting point at the end of each

growing season (late fall 1999 to 2001). Height increment was evaluated in 1999 at all three

locations.

Blooming data were collected from 1999 to 2001. In 1999, only blooming versus not

blooming was recorded. A more accurate observation was performed in spring 2000 and

2001. At the estimated time of full bloom of the population, percent open flowers and number

of flower bunches were determined per tree. The percentage of open flowers was recorded as

a measure of the flowering time. Early blooming genotypes have a considerable part of open

or already withered flowers at the time of evaluation, whereas late flowering trees still carry

unopened flower buds and only a few open flowers. This evaluation allowed scorings greater

than 100%), when the observation was after full bloom and the majority of flowers on a tree

were withered. As an indication of juvenile phase length, the year of first bloom was

recorded. Plants flowering for the first time in 1999 were assigned 0, 1 for first flowering in

2000, 2 for first flowering in 2001, and 3 for not yet flowering in 2001. Although the recorded

values are discrete, the underlying trait is continuous, but observed with rather low resolution.

Apples were harvested up to twice a week as they reached maturity in 2000 and 2001.

All fruit from one tree were harvested at once and all collected apples were assayed.
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Harvested apples were immediately analysed or stored for not more than 10 days at 4°C

before analysis. Since parental trees were not planted before autumn 2000, fruit of these

varieties were harvested and analysed only in 2001 in Wädenswil. Of each cultivar, 10 apples

were collected and analysed as described below.

5.3.3 Fruit trait assessment

Harvest and fruit data consist of date of harvest, number of fruit harvested per tree,

single fruit weight, fruit flesh firmness, sugar content, and acidity. Date of harvest and

number of fruit was recorded in both years (2000 and 2001) in all locations. Fruit weight,

sugar content and fruit flesh firmness was evaluated in Conthey and Cadenazzo in both years,

in Wädenswil only in 2000, but additionally fruit acidity was measured.

Analysis of the harvested fruit from Conthey and Cadenazzo were conducted at the

Swiss Federal Research station for plant production in Changins (RAC), Centre les Fougères,

Conthey, on a fully automated fruit analysis device: Pimprenelle, SETOP GIRAUD

TECHNOLOGIE, F-84300 Cavaillon, France. Fruit from Wädenswil were analysed at the

Swiss Federal Research station for fruit growing, viticulture and horticulture (FAW),

Wädenswil. Fruit flesh firmness was determined with an automated Magness-Taylor

penetrometer (Stevens CR-Analyzer, C. Stevens & son, St. Albans UK). Small areas of skin

were removed with a peeler either two at opposite sides of the fruit or four at angles of 90°

along the fruit equator. Fruit were then placed on a cork stand and penetrated by the

mechanised probe. Penetrometer settings were identical in both systems (Pimprenelle, CR

Analyser). Penetration speed was 4.0 mm/sec, penetration depth 8.0 mm, both penetrometers

were equipped with an 11-mm probe, and the readings were recorded as maximum force in

g/cm of skinned cortex tissue.

Penetrated fruit were pressed with a hand operated squeezer and the juice collected.

Sugar content was determined with a digital refractometer, (model PR-1, Atago Co. Ltd,

Tokyo Japan), by adding a few drops of apple juice onto the lens of the measuring device.

Refractometry results were recorded in °Brix which equals to g sugar per 100 ml juice at

20°C. One °Brix corresponds to approximately 18g sugar/1.

Acidity measurements were executed immediately after harvest, or collected juice was

stored at -20°C for up to 2 months. Fruit acidity was determined as titratable acid and results

were recorded in gram malic acid/kg juice. For these acidity tests a Mettler-Toledo

autotitrator DL 67 in combination with a sample changer ST20A (20 positions) and a

connected analysis scale, model PM 4600 was utilised.
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5.3.4 Data analysis

Plants, which have not been genotyped previously (31 plants) (Liebhard et al. in press)

or outcrossed individuals (15 plants) were excluded from the analyses or analysed separately.

A set of 251 phenotyped and genotyped individuals was available for trait analyses.

The phenotypic effect was estimated for each genotype by means of a linear model with

genotype, location, year, or group (i.e. location-year combinations) as explanatory factors.

The corresponding ANOVAs were performed with S-Plus 6.0 (Insightful Corp.). Fruit harvest

data were available with several measures (fruit) per individual and year and location or even

several measures (penetrometer readings) per fruit and individual and year and location. Such

data were averaged over fruit and over tree, and the ANOVA was performed as described

above with the average values. The amount of total variability explained by those factors was

estimated from the 'type III sum of squares'.

5.3.5 QTL mapping

QTL analyses of the ANOVA estimates of the traits for each genotype as well as of the

year and location specific data sets were performed with MapQTL 3.0 (Van Ooijen and

Maliepaard 1996). Both single parent genetic linkage maps as well as the integrated linkage

map of 'Fiesta' x 'Discovery' (Fig. 3.1; Liebhard et al. in press) were used to determine the

parental chromosome, carrying the effective allele, the positions and the effects of the QTL

with the Kruskal-Wallis single locus analysis and the maximum-likelihood based interval

mapping approach. Since the integrated map consists of markers with different segregation

types, the 'all marker mapping approach' (Knott and Haley 1992) was applied. This method

employs not only the flanking markers but also markers from neighbouring intervals to

calculate the probabilities of a QTL. For the interval mapping approach, five neighbouring

intervals and a step size of 1 cM was used. Significance thresholds for the presence of a QTL

were determined according to Van Ooijen (1999) and fixed at a LOD score of 2.5 for single

parent maps and 3.0 for the integrated map.

Results of the QTL analysis consisted of information about the parental chromosome on

which the more effective QTL allele/s is/are located, i.e. F+, F-, D+, or D-, the genetic

position of the QTL on the parental map (Liebhard et al. in press), the LOD score for the

presence of a QTL at this position, and the percentage of phenotypic variability attributed to

the genotype explained. Since the QTL analysis detects phenotypic differences associated

with the two involved parental alleles, the results presented include information on the

specific expression ofthe trait connected with the indicated allele.
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5.4 Results

5.4.1 Phenotypic data

5.4.1.1 Growth

Stem diameters of two-year-old seedlings ranged from 0.7 mm to 32.9 mm with a

population average of 17.1 mm. Leaf size obtained from one-year-old seedlings ranged from

0.2 cm2 to 60.1 cm2 with an average of 22.7 cm2. The correlation coefficient between stem

diameter data and leaf size data was R=0.31, and the measures are considered not correlated

and therefore the traits must be inherited independently.

Table 5.2: Stem diameter and leaf size of 251 'Fiesta' x 'Discovery' seedlings and height increment

and stem diameter of budgrafted triplicates at three different sites with population minima, maxima,

means, and standard deviations (SD). Variability proportions contributed to each trait by genotype and

environment are indicated.

Measurements on Leaf size Stemdiam.

seed|i"9S 1997 in cm2 1998 in mm

Min 0.2 0.7

Mean 22.7 17.1

Max 60.1 32.9

SD 10.4 5.1

Measurements on

replicated plants
Height incr.

1999 in cm

Stem diam.

1999 in mm

Stem diam.

2000 in mm

Stem diam.

2001 in mm

Wädenswil Min

Mean

0.0

24.7

4.0

11.9

10.0

16.3

12.0

21.6

Max 102.0 18.0 30.0 32.0

SD 17.0 1.7 2.9 3.7

Conthey Min

Mean

0.0

34.5

5.0

12.0

5.0

16.8

6.0

20.8

Max 105.0 20.0 27.0 36.0

, SD 21.3 2.1 3.4 4.8

Cadenazzo Min

Mean

0.0

50.5

4.0

14.1

2.0

21.0

5.0

26.8

Max 101.0 22.0 31.0 47.0

SD 19.3 2.9 5.0 5.9

Variability
proportions

Variability contributed

by the genotype

Variability contributed

by the environment (=site)

Variability contributed

by interactions genotype x

environment (within

genotype variability)

32%

25%

43%

52%

20%

28%

50%

26%

24%

51%

27%

23%
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The largest values for all growth traits were obtained from trees grown in Cadenazzo,

followed by plants grown in Conthey and Wädenswil. Taking the climatic conditions into

account (Table 5.1) these results become plausible since Cadenazzo clearly provides the most

favourable growing conditions, i.e. highest temperatures combined with sufficient rainfall and

hours of sunshine.

Weak correlations were obtained between stem diameter and height increment. R values

of 0.41, 0.39, and 0.34 were calculated for Wädenswil, Conthey and Cadenazzo, respectively.

For stem diameter measurements, the variability proportion contributed by the genotype

amounted steadily to about 50 % whereas the proportion contributed by the environment

increased from 20 % in 1999 to 27% in 2001. For height increment, the variance proportions

amounted to 32%) and 25% for genotype and environment, respectively (Table 5.2).

5.4.1.2 Blooming

More flower bunches were observed and more trees were blooming in Cadenazzo in

2001 compared to the two other locations, indicating an advanced development of these trees

(Table 5.3). This observation corresponds with the growth measurement, showing the same

ranking of the three locations. Since number of flower bunches is strongly influenced by

treatments like pruning in the previous year, and parental trees were planted only in fall 2000,

no data was recorded on these varieties.

Percentage of open flowers observed is highly dependent on the time of evaluation,

therefore, population means as well as minimum and maximum scores have no significance

on their own, except as an indication ofthe time of evaluation. These records are valuable for

the ranking of the individuals with respect to their blooming time or for a comparison with the

parental varieties. However, blooming time showed transgressive segregation in the progeny

both towards earlier and later flowering, i.e. earlier than Discovery and later than Fiesta.

Variability proportions contributed by the genotype and the environment were 27% and

39%) for the number of flower bunches, and 52% and 14% for juvenile phase length,

respectively (Table 5.3).
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Table 5.3: Blooming data of 251 'Fiesta' x 'Discovery' progeny plants in 2000 and 2001 at three sites

with population minima, maxima, means, and standard deviations (SD). '% open flowers' represents

blooming stage of the trees at time of evaluation (before full bloom < 80%, at full bloom = 80%, after

full bloom > 80%), as an indication of flowering time. 'Time of first flowering' represents the end of

juvenile phase by the appearance of first inflorescences. Variability proportions contributed by the

genotype and the environment to each trait are indicated.

Spring 2000 Spring 2001

Wädenswil 68 of 251 trees

flowering

161 of 251 trees

flowering

No. of flower

bunches

No. of flower

bunches % open flowers

Minimum value observed 1.0 1.0 0.0

Population mean 4.2 10.0 11.2

Maximum value observed 10.0 53.0 80.0

Standard deviation 3.1 9.1 19.1

Fiesta n.a. n.a. 3.0

Discovery n.a. n.a. 36.0

Conthey 146 of 251 trees

flowering

189 of 251 trees

flowering

No. of flower

bunches

No. of flower

bunches

% open flowers

Minimum value observed n.a. 1.0 0.0

Population mean n.a. 11.8 8.2

Maximum value observed n.a. 71.0 80.0

Standard deviation n.a. 11.9 17.9

Fiesta n.a. n.a. 4.0

Discovery n.a. n.a. 33.0

Cadenazzo 135 of 251 trees

flowering

227 of 251 trees

flowering

No. of flower

bunches

No. of flower

bunches

% open flowers

Minimum value observed 1.0 1.0 0.0

Population mean 8.9 29.9 39.4

Maximum value observed 43.0 97.0 80.0

Standard deviation 7.9 18.5 26.2

Fiesta n.a. n.a. 17.0

Discovery n.a. n.a. 61.0

Variability proportions No. of flower bunches Time of first flowering

Variability contributed

by the genotype

Variability contributed

by the environment

(=year x location or location)

Variability contributed

by interactions genotype x

environment (within genotype
variability

27%

39%

37%

52%

14%

37%
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5.4.1.3 Fruit Harvest

A comparison of the population means showed that the trees grown in Cadenazzo

ranked at the top end of the scale, bearing earlier ripening, heavier and softer fruit with higher

sugar content, followed by the plants in Conthey and Wädenswil. In 2000, the highest number

of fruit bearing trees was observed in Cadenazzo, although more trees were flowering in

Conthey. In 2001, trees from Conthey yielded the most fruit although most trees were

flowering in Cadenazzo (Table 5.4).

Table 5.4 A: Fruit harvest data of 'Fiesta' x 'Discovery' progeny genotypes in 2000 and 2001 at three

sites with population minima, maxima, means, and standard deviations (SD) of harvest date ([Julian]

Day of harvest), number of fruit, single fruit weight in gram, fruit flesh firmness (FFF) in gram/cm2

penetration resistance, sugar content in °Brix, and fruit acidity in gram titratable acid/kg juice as well

as variability proportions contributed by the genotype and the environment to the traits evaluated more

than once.

A: Harvest 2000 Harvest 2001

Wädenswil 54 of 251 fruit bearing trees 110 of 251 fruit bearing trees

Day of No. of Fruit Sugar Fruit Day of No. of Fruit Sugar Fruit

harvest fruit weight FFF content acidity harvest fruit weight FFF content acidity

Min 206 1.0 33 5173 9.5 3.3 221 1.0 n.a. n.a. n.a. n.a.

Mean 219.3 6.5 99 10905 12.3 8.9 235.0 7.3 n.a. n.a. n.a. n.a.

Max 232 30.0 199 17936 16.4 18.7 250 36.0 n.a. n.a. n.a. n.a.

SD 7.0 5.7 35 2301 1.1 3.7 7.5 6.3 n.a. n.a. n.a. n.a.

Conthey 69 of 251 fruit bearing trees 165 of 251 fruit bearing trees

Day of No. of Fruit Sugar Fruit Day of No. of Fruit Sugar Fruit

harvest fruit weight FFF content acidity harvest fruit weight FFF content acidity

Min 207 1.0 53 5213 10.9 n.a. 210 1.0 55.5 4540 11 n.a.

Mean 216.2 5.8 100 9688 13.9 n.a. 219.4 9.7 105.4 9728 14.1 n.a.

Max 267 14.0 195 14066 19.6 n.a. 236 43.0 251 14124 17.7 n.a.

SD 16.7 3.2 28 2159 1.7 n.a. 11.0 7.9 31.4 1994 1.3 n.a.

Cadenazzo 84 of 251 fruit bearing trees 158 of 251 fruit bearing trees

Day of No. of Fruit Sugar Fruit Day of No. of Fruit Sugar Fruit

harvest fruit weight FFF content acidity harvest fruit weight FFF content acidity

Min 204 1.0 52 1180 7.3 n.a. 205 1.0 52.2 3280 10.8 n.a.

Mean 212.6 4.4 159 9520 14.6 n.a. 214.4 8.2 119 9379 15.3 n.a.

Max 218 18.0 171 14875 17.3 n.a. 229 32.0 232.1 14790 19.5 n.a.

SD 6.8 3.3 29 2572 1.4 n.a. 10.5 5.9 39.7 2045 1.5 n.a.

Variability proportions Day of harvest No. of fruit Fruit weight FFF Sugar content

Variability contributed by the

genotype

Variability contributed by the

environment (=year x location)

Variability contributed

by interactions genotype x

environment (within genotype

variability

45%

15%

40%

40%

10%

50%

52%

20%

28%

68%

4%

28%

47%

24%

29%
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In all fruit quality traits, the variability contributed by the genotype ranged from 40% to

68% and the contribution of the environment was less than 24% (Table 5.4a). The results of

the fruit analysis of the parental varieties showed clear differences between the two varieties

in harvest time, fruit weight, sugar content and acidity, whereas the fruit flesh firmness was

about the same (Table 5.4b).

Table 5.4 B: Fruit harvest data of the parental varieties harvested in Wädenswil.

B: Day of Sugar

Parental varieties harvest No. of fruit Fruit weight FFF content Fruit acidity

Reste 252 ÏÔ 190 7195 107 73

Discovery 210 10 160 7109 13.3 8.1

5.4.2 QTL analysis

5.4.2.1 Growth traits (Table 5.5)

With the analysis of seedling data, five QTLs for growth characters were identified,

three associated with stem diameter and two associated with leaf size (Table 5.5). None of

these seedling QTLs could be detected with data obtained on the replicated (grafted) plants.

Nine genomic regions associated with stem diameter were identified in the replicates and even

though three are positioned on the same chromosomes as QTLs for seedling stem diameters,

they could be clearly distinguished by their location. Six genomic regions were found to be

associated with height increment. Five of them are located on the same chromosomes as

QTLs for stem diameter and four are actually coinciding with stem diameter QTLs (Table

5.5). The QTL for stem diameter on linkage group Fl showed to be more effective in 1999

than in later years, whereas the QTLs for the same trait on linkage groups D2 and F15 could

not be detected or only weak in 1999 and grew increasingly stronger from 1999 to 2001.

Since effects like growth of continuously expressed traits are accumulated and summed over

the years, QTL results presented on stem diameter are, unless otherwise stated, based on the

measurements of 2001.

The presence of the alleles indicated for growth traits are inducing thicker trunk, bigger

leaves, and larger height increment than their alternative alleles.
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Table 5.5: Growth QTLs detected in the segregating population of 251 progeny genotypes of the cross

'Fiesta' x 'Discovery' for leaf size and stem diameter in seedlings and for height increment and stem

diameter in budgrafted plants at three different sites. For each QTL, the parental chromosomes from

which it originates are indicated (Chr.), the position with the maximal likelihood on the parental map

(Fig. 3.1) (Pos.), the LOD score at this position (LOD), and the percentage of explained variability for

this parent (%expl.). For weak QTLs or very small contributions, only the parental chromosome and

possibly the position are indicated or the line is left blank. For the integrated 'FxD' map (Integr.),
information is provided (framed bold) on the LOD score (top line) and the variability proportion

explained (bottom line).

Leaf size, seedl.

, l,
1997

Linkage

9rouP Chr. Pos. LOD % expl. Integr.

Stem diameter, seedl.

1998

Chr. Pos LOD % expl. Integr.

Height increment, repl.
1999

Chr. Pos LOD % expl. Integr.

Stem diameter, repl.
2001

Chr. Pos LOD% expl. Integr.

1
F-*

D- 25 5.3 11%

6.1a

13%

2
F- 57 2 4%

D-

3.1

6% D- 36 2.5 5%

3.5"

6%

3
D- 83 2 4%

2.4

5% D+ 91

2.6

7%

5
D+ 85

3.2

7%

8
F-

D- 46 3.3 6%

4.0

7% D- 33 2.2 4%

2.9

5%

D- 54 2.9 5%

3.0

6%

11
D- 84 1.8 4%

3.3

6% D- 15

3.5

6%

13
D+ 30 3.3 6%

3.7

10% D+ 30 1.5 3%

1.7

4%

14
F+ 2 2.0 4%

D+ 9 2.3 4%

2.5

5%

15
F- 60 2.2 7%

D+ 75 2.9 9%

3.5

10%

F-M- 0 2.0 4% 2.0

5%

16

.,
F+ 10 3.9 7%

17

4.2

8%

F+ 15 3.2 6% 4.8

10%

F+ 15 4.2 8%

D+ 6 2.1 4%

6.2

11% D+ 3 2.1 4%

6.5

13%

a

QTL is more effective in 1998 and 1999 then in the later years.
b
QTL undetectable or weak in 1998, grew increasingly stronger from 1999 to 2001.
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5.4.2.2 Blooming traits (Table 5.6)

Five QTLs were detected for the investigated blooming characters. Three were

associated with blooming time and were located on linkage groups 7, 10, and 17. Two were

associated with the number of flower bunches and were located on linkage groups 8 and 15. A

further two were found to be associated with juvenile phase length and were located on

linkage groups 3 and 15 (Table 5.6). The QTLs for number of flower bunches and for juvenile

phase length on linkage group 15 were found to be very close to each other but on the

alternative chromosomes F- and F+.

Presence of the alleles, observed for blooming traits, are inducing earlier flowering,

larger number of flower bunches, and shorter juvenile phase compared to the alternative

alleles.

Table 5.6: Bloom QTLs found in the segregating population of 251 progeny genotypes of the cross

'Fiesta' x 'Discovery' for flowering time, expressed as '% open flowers' at the time of evaluation,

number of flower bunches, and juvenile phase length, expressed as the year when the trees bloom for

the first time. For each QTL, the parental chromosomes from which it originates are indicated (Chr.),

the position with the maximal likelihood on the parental map (Fig 3.1) (Pos.), the LOD score at this

position (LOD), and the percentage of explained variability for this parent (% expl). For weak QTLs

or very small contributions, only the parental chromosome and possibly the position are indicated or

the line is left blank. For the integrated map (Integr.), information is provided (bold framed) on the

LOD score (top line) and the variability proportion explained (bottom line).

Linkage
group

Chr.

Flowering time

Pos. LOD % expl. Integr.

Number of flower bunches

Chr. Pos. LOD % expl. Integr.

Juvenile phase length

Chr. Pos. LOD % expl. Integr.

3

F+ 62 3.2 7%

D+

4.0

8%

7
F-

D+

26 3.1 6%

35 2.8 7%

3.6

7%

8
F-

D- 54 2.9 6%

3.6

7%

10
F-

D+

2

5

3.5

13%

15
F- 18 4.2 13% 5.1

10%

F+ 17 3.0 6% 3.2

6%

17
F+ 7 1.8 4% 2.5

5%

5.4.2.3 Fruit traits (Table 5.7)

One strong QTL was found for the trait 'harvest date' on linkage group 3, originating

from the early ripening parent Discovery and explaining 16% of the phenotypic variability.
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The trait 'number of fruit' could be attributed to three genomic regions on linkage groups 5,

15, and 16, whereas for 'fruit weight' not less than 8 QTLs were identified.

Four QTLs were found for fruit flesh firmness with the one on linkage group 3

accounting for 27 % ofthe phenotypic variability followed by the ones on LGs 6, 11, 12, and

14, with 16%, 11,%, 8%, and 6%, respectively. Sugar content ofjuice could be attributed to

five genomic regions on linkage groups 3, 6, 8, 9, and 14.

Variability contributed by the genotype in the trait 'fruit acidity' was almost completely

explained by two QTLs on linkage groups 8 and 16 accounting for 46% and 42%,

respectively. Linkage group 16 is known to carry the Ma gene for Malic acid (Maliepaard et

al. 1997). Two markers were identified as being tightly linked with the respective genes for

acidity. On F8 the AFLP marker E31M38-0193 with the aa-allele and on Fl6 the SSR marker

CH05e04z with the 167 pb fragment. Fruit from trees, carrying both acidity alleles showed an

average of 11.2 g of titratable acid per kg of juice, fruit from trees carrying only one of the

alleles averaged at 7.9 g and 7.4 g oftitratable acid for the F8 and the Fl6 allele, respectively,

and trees which inherited none of the two Fiesta alleles produced fruit with an average of 5.8

g titratable acid.

The presence of the alleles detected, are conferring earlier ripening, more fruit, heavier

fruit, harder fruit, sweeter fruit, and more acidic fruit, compared to the alternative alleles at the

same loci.

All of the detected QTLs, except for seedling traits and fruit acidity, were found with

several, if not with all, independent data sets of the specific trait evaluations per year or per

location. This fact justifies the presentation of also weak QTLs like the ones for stem diameter

on LG 8 or for height increment on LG 3. Although explaining only 5% of the variability, the

QTLs were detected in all years and all locations and are therefore regarded as real QTLs and

not artefacts, even if they might not reach a significance level of 0.05.

5.5 Discussion

All investigated traits, which could be compared with parental phenotypes, showed

transgressive segregation. Since apple is an out bred, self-incompatible species it is rather

expected to find heterozygous than homozygous loci. Therefore, a combination of the

superior parental alleles is likely to result in a phenotype exceeding the parental value.

A direct comparison with parental trees was not always possible. However, a dissection

of the complex traits into their responsible factors, as conducted here, is also possible without
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information on parental phenotypes, since the contribution of the parents can be assigned by

means of the genetic linkage maps.

5.5.1 Growth

Yearly stem diameter increments recorded were believed to be too small and not robust

enough to be used for the QTL analysis. Therefore stem diameter records were considered,

representing the sum of all increments in the past. As the phenotypic effects accumulate, most

significant results were obtained with the latest records of 2001. Likewise, an accumulation of

the environmental influence can be observed. Over the years, the differences between the

locations were increasing, expressed by the increasing variability proportion contributed by

the site. While at the same time, the within genotype variability, possibly originating from the

nursery, levels out (decreases). Furthermore as trees grew thicker, measurement inaccuracies

due to not completely round trunks and small unevenesses in the bark like buds and knots

proportionally decreased.

Based on data obtained from 7-to-8-year-old seedlings, Visser (1970) reported a

correlation between seedling vigour and precocity, which enables an early selection. Such

results include a huge proportion of root growth and nutrient uptake influence, which is not

given in the case of our observations on replicates on genetically identical rootstocks.

However, a similar correlation, albeit weaker, was described for grafted plants (Visser 1970).

All differences observed on our test plants, originate from the above surface part ofthe plants

and the scion/rootstock interaction. Since seedling measurements are largely influenced by

root growth genes, it is not surprising that the correlation analysis of growth parameters

between seedling measurements and measurements on the grafted plants did not reveal any

correlation. A correlation analysis of growth and blooming data of the replicates revealed only

very poor correlations between stem diameter and juvenile phase length with R values below

0.3 and could therefore not confirm the findings of Visser.

Since plants behave differently depending on their age, it can be assumed that during

the different stages in the life of an apple tree, different sets of genes are expressed for certain

traits. Stem diameter records of consecutive years showed correlations with r values of up to

0.86, but grew continuously weaker with larger time differences between the measurements,

reaching a low r value of 0.29 after 3 years. This result indicates that different genotypes

reach top scores across evaluations, and furthermore, that possibly different genes govern one

trait over time. In fact, the QTLs found to be responsible for seedling stem diameter were not
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the same detected in the replicates and even in the replicates different QTLs were identified to

be most effective at different times during the three years of observation.

Although no strong correlation could be detected between stem diameter and height

increment, QTLs detected for both traits on linkage group (LG) 8 possibly and on LG13 and

17 certainly coincide.

Again the fact that the QTLs are not expressed at the same time as well as the influence

ofthe other QTLs might obscure such a correlation. Furthermore it is known that trees change

their growth rate when entering the reproductive stage (Verhaegh et al. 1988). A detailed

analysis of stem diameter QTL on LG 14 showed that in 'Discovery' the trait is more

pronounced in plants not yet bearing fruit, whereas in 'Fiesta' the contrary was the case.

5.5.2 Blooming

To avoid frost injuries during full bloom in spring, flowering time can be an interesting

trait to breed for. To meet these specific demands, it is sufficient to incorporate the characters

in certain varieties whereas a short juvenile phase should be globally introduced in breeding

selection to accelerate breeding progress.

The trait 'number of flower bunches' is much more difficult to exploit since an

optimum can hardly be defined. The right number of flowers depends on the size of the tree,

on the time of blooming and the risk of frost, and on the fruit fall in June. Furthermore, the

number of flower bunches is influenced by thinning and yield in the previous year.

Investigations over a longer period of time are necessary to record more relevant aspects of

the blooming physiology including alternate fruit bearing.

5.5.3 Fruit traits

Fruit quality traits are among the most promising for early and marker assisted

selection, because they have the greatest potential of resulting in a significant reduction of

costs since unfavourable genotypes can be discarded long before the insufficient fruit qualities

become evident.

For obvious reasons blooming traits and fruit traits are not completely independent.

Trees intensively flowering will have better chances to achieve a great yield. One of the QTLs

detected for the number of flower bunches, located on LG 15, actually coincides with a QTL

detected for number of fruit. However, no correlation could be revealed between the two

phenotypic traits (r=0.41). The poor correlation may be due to the influence of the number of

other QTL affecting the same traits or due to the fact that still not all trees have been

flowering and bearing fruit. It is possible that blooming behaviour as well as fruit traits
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change when trees reach their full productivity. Since plants are indeed still very young, the

traits observed might not be identical with the expression in later years. Therefore it is

important to keep the trees under investigation to conclude whether such early records are

representative and useful for selection.

For acidity a monogenic inheritance was proposed (Nybom 1959; Knight 1963; Visser

1968; Visser and Verhaegh 1978) with homozygous individuals being either too sweet (flat)

or too sour. The result obtained here revealed two genetic locations, explaining 98% of the

phenotypic variability attributed to the genotype. They, surprisingly, both originate from

Fiesta although Discovery is the more acidic parent. The QTLs determined, map on LGs 8

and 16, and the position on LG 16 correspond with the Ma locus determined by Maliepaard et

al. (1998). The fact, that no QTLs could be determined in Discovery indicates that no

differences result when a progeny individual inherits one or the other Discovery allele. This

inevitably leads to the conclusion that Discovery must be homozygous at all loci involved in

fruit acidity or that the effects of the two alleles per locus are close to identical.

It is important to recognise that a QTL analysis can only detect differences between the

inherited, parental alleles and not absolute effects. As the acidity situation shows, Discovery,

due to its homozygousity, cannot inherit different alleles, therefore no QTLs can be detected.

But this indicates by no means that Discovery does not inherit alleles affecting fruit acidity.

The same considerations justify the presentation of weak QTLs, which do not reach the

predefined significance level. It is not the small effect of the QTL but the small difference

between the involved alleles leading to low LOD scores. Furthermore the QTLs were detected

in all years and / or all location and therefore regarded to be reproducible results and not

artefacts.

To determine the genetic status of Discovery with respect to fruit acidity, further crosses

will be necessary between 'Discovery' descendants with low acid content and, ideally, a

known very low acid genotype. In such an F2 cross, the measured difference between the two

grand parental alleles, carried by the 'Discovery'-low-acid-descendant will be maximised and

will be close to the absolute effect ofthe effective acidity allele from 'Discovery'.

The detection of Discovery's homozygousity at the Ma locus further shows that other

flavour and taste compounds are able to counterbalance a 'sour' genotype (Ma/Ma) and

achieve a favourable phenotype. A situation which is rather unlikely to appear with a

homozygous sweet genotype (ma/ma).

The investigated plants are very young, both with respect to 'genetic age', i.e. age since

germination, and 'clonal age', i.e. age since grafting. It is known, that the plant age has an

100



influence on fruit characters, in the sense that first harvests might not reach the best possible

qualities. However, the ranking of the genotypes will not be affected by such changes and

furthermore the age effects are considered negligible compared to the environmental effects

from the three different locations.

5.5.4 Comparison with mapped QTLs

QTLs for growth traits, blooming time, and fruit qualities have been investigated and

mapped by several authors (Lawson et al. 1995; Conner et al. 1998; Seglias 1997; King et al.

2000; King et al. 2001). Due to the lack of codominant microsatellite markers, full alignment

is, except in the case of 'Prima' x 'Fiesta' (Maliepaard et al. 1998; King et al. 2000; King et

al. 2001) not feasible. Therefore, only a limited comparison of the mapped QTLs is possible,

which considers chromosomes but no map positions. Disclosed correspondences are listed in

Table 5.8. Fruit flesh firmness and fruit weight were also evaluated and mapped by King et al.

(2000; 2001) and the methods are directly comparable. For penetrometer readings, 12 and 5

QTLs were detected in 'Prima' x 'Fiesta' and in 'Fiesta' x 'Discovery', respectively, with

only 3 on corresponding chromosomes. A similar situation appeared with fruit weight, with 8

and 3 QTLs in the 'Prima' x 'Fiesta' and the 'Fiesta' x 'Discovery' progeny, respectively, of

which 2 were located on homologous chromosomes.

Table 5.8: Comparison ofQTLs detected in 'Fiesta' x 'Discovery' with other crosses. Linkage groups

(LG) and traits are

Fiesta x Discovery

Fig. 3.1

indicated.

Prima x Fiesta

Maliepaard et al, 1997;

King et al. 2000; 2001

Iduna XA679-2

Seglias and Gessler,
1997

Wijcik Mcintosh x
NY75441-58and-67

Conner et al. 1997;

Conner et al. 1998

Rome Beauty x
White Angel

Hemmat et al. 1994;
Lawson et al. 1995

LG1: stem diameter

LG3: FFF LG3: FFF

LG A 5: size

LG6: FFF

fruit weight

LG6: compression stiffness

fruit weight

LG8: size LG WM 7: size

LG12:FFF LG12: FFF

LG14: stem diameter LG NY58 2: stem diameter

LG16: acidity

fruit weight

LG16: Malic acid gene

fruit weight

LG17: blooming time

size LGNY581:size

LG WA1 : blooming time

The detection of different QTLs for the same traits in half sib families at different

locations as it is the case with the 'Fiesta' x 'Discovery' and the 'Prima' x 'Fiesta' progeny

investigated here and by King et al. (2000; 2001), respectively, can have several reasons. If

the alleles, responsible for the phenotypic difference originate from the common parent
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('Fiesta'), the genetic background might be responsible by influencing their expression

differently. Also the environmental conditions might possibly be responsible for the

expression only at particular locations. If the responsible alleles originate from the parent not

in common, the same considerations are true, but additionally not both parents might carry

alleles inducing phenotypic differences in the progeny.

For breeding purposes such comparisons are of great importance and value, since they

provide information on other alleles of the same QTL, reveal more QTLs affecting the same

trait, and allow an estimation of the effectiveness of the QTL alleles in other genetic

environments.
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CHAPTER 6

General Conclusions

The availability of a large number of polymorphic SSRs that nearly cover the entire

genome can considerably facilitate genetic mapping studies in the future. The allelic richness

of SSR markers, due to the high degree of variation in the number of repeated units, makes

them very informative. Being codominant, they can provide simultaneous information on up

to four alleles in both parents. Due to the fact that their flanking regions are evolutionary

conserved, SSR primers allow the amplification of alleles at the same locus in other apple

cultivars and even other Rosaceae. Once the map position of an SSR is determined, the

chromosomal region is characterised by that specific marker and its segregation can be

followed in any cultivar or selection. Since SSR positions are fixed, genetic maps of different

cultivars can be reliably aligned and compared.

The mapped SSR markers represent the 'backbone' of the Malus genome, which was

easily saturated with quickly obtained AFLP markers in a large number, for any specific

cross. This new mapping approach significantly reduces the time for the construction of a new

cultivar specific, saturated linkage map.

Major genes as well as QTL alleles detected with such a map, can be followed through

the pedigree analyses with the aid of linked SSR alleles, to determine their origin.

Furthermore, identified QTL alleles can be investigated in other populations to determine

their performance in other genetic backgrounds without the necessity to construct an entire

new map.

With a QTL analysis, only phenotypic differences between the involved alleles can be

detected. If all alleles, i.e. both from the parent under investigation or all four combinations in

a cross, contribute equally, no differences can be observed. The conclusion, that there is no

valuable QTL present might be fatal, since both alleles of the possibly homozygous parent or

both parents, contribute equally strong to the expression of the trait. It now becomes clear that

also the phenotypic expression level of the trait in the entire population has to be considered.

Even if no QTL could be located, the effective alleles are possibly present and conferring a

strong expression of the investigated trait, thus making the parents and the population highly

valuable for breeding.

Information on effective (strong) QTL alleles found in a segregating population, are

probably only valid for the cross where they were detected. Their effectivity in other crosses
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and their usefulness for breeding has to be investigated and validated in other genetic

backgrounds. Since other alleles at the same locus as well as other genes might have

pleiotropic effects on the strong allele detected or other loci contributing to the same trait can

mask the effect of the allele under investigation the effect attributed to one specific allele

might differ considerably in another genetic environment. Furthermore not the same alleles

will be the most important ones for the same trait in different crosses.

If the effects of QTL alleles are in fact largely dependent on the genetic background, a

transfer to crosses and their use in breeding would be extremely limited. In a case, where the

effect of an allele of an allele combination can only be determined after the cross is made the

knowledge comes too late to be exploited in marker assisted selection (MAS).

The aim ofMAS is to predict the phenotypic performance based on marker genotypes.

To be applied successfully, the MAS approach must allow a cheaper, faster, earlier, more

accurate selection than the conventional selection methods.

As stated by Luby and Shaw (2001), the first requirement for a successful application of

MAS for polygenic traits in fruit breeding is that the trait must be well understood. With

investigations on quantitative traits like the one presented here, valuable information is

contributed toward the understanding but no methods will result, directly applicable in

breeding programs. More information on the mode of action and interaction of QTLs will

have to be accumulated to enable the necessary predictions for the application of QTL-MAS.

Since monogenically inherited characters, i.e. major genes, are much easier to

investigate and better understood, such simply inherited traits are much more likely to be

successfully exploited with MAS. To determine the presence of a number of genes in progeny

individuals, which are considered absolutely necessary for the success and the acceptance of a

new variety or selection, MAS provides a potent tool. Especially in cases, where alternatives

exist only theoretically, like the pyramiding of resistance genes. Their presence could be

verified by inoculation tests with differential pathotypes, but such inoculum might not be

available. Furthermore the presence of a number of genes or alleles can be verified

simultaneously with multiplexed PCR reaction, identifying the linked markers.
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