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Samenvatting 

Samenvatting 
 
Appel is tegenwoordig één van de meest belangrijke fruitsoorten ter wereld. De appelteelt 
dateert reeds van de Romeinen en de Grieken en kent dus een lange geschiedenis. Het begin 
van de appelveredeling gaat echter niet zo ver terug in de tijd. Thomas Andrew Knight (1759-
1835) voerde als eerste doelgericht kruisingen uit. Door allelen anders te combineren of door 
nieuwe allelen of genen in te kruisen, trachtte hij nieuwe, verbeterde rassen te ontwikkelen. 
Uiteraard is de beschikbaarheid van voldoende genetische diversiteit bepalend voor de 
vooruitgang in de veredeling. Enkel wanneer voldoende diversiteit aanwezig is, kan er 
doelgericht veredeld worden. Opmerkelijk is dat net door de veredeling de genetische 
diversiteit in een aantal belangrijke gewassen sterk achteruit gegaan is. Doordat de veredelaar 
gedurende vele tientallen jaren alleen de meest superieure planten selecteerde, raakten wilde 
soorten, landrassen en oude rassen in onbruik. Een rijkdom aan genetische diversiteit ging 
verloren.  
In deze studie werd de genetische diversiteit van een collectie van modern appelcultivars en -
rassen beschreven en vergeleken met de genetische diversiteit van twee collecties van oude 
appelvariëteiten. Door deze vergelijking te maken, werd nagegaan of de genetische basis van 
de genenpool die momenteel gebruikt wordt in veredelingsprogramma’s breed genoeg is om 
ook in de toekomst vooruitgang in de veredeling van appel te kunnen verzekeren. Genetische 
diversiteit werd met behulp van microsatellietenmerkers op DNA-niveau bestudeerd. Deze 
analyses hebben aangetoond dat de genetische diversiteit bij moderne appel te vergelijken is 
met de genetische diversiteit bij oude appelvariëteiten. Toch zou de genetische samenstelling 
van appel ten gevolge van de veredeling enigszins gewijzigd zijn, zij het slechts in beperkte 
mate. De SSR-analyses hebben niettemin duidelijk aangetoond dat de genenpool die 
momenteel gebruikt wordt in veredelingsprogramma’s rijk genoeg is om de verbetering van 
appel ook in de toekomst te garanderen. Meer nog, op basis van deze studie worden in de 
toekomst niet direct inteelt-gerelateerde problemen verwacht.  
Wanneer de genetische basis van een bepaald gewas te eng dreigt te worden, kan de veredelaar 
verdere genetische verarming tegengaan door nieuw genetisch materiaal in te kruisen. 
Verwante wilde soorten, landrassen, of oude variëteiten kunnen een interessante bron van 
nieuw genetisch materiaal zijn. Door de twee appelcultivars, ‘Delbardestivale’ en ‘Braeburn’ 
te kruisen met verwante Malus- en andere Maloideae-soorten werd nagegaan in hoeverre de 
genetische basis van appel, indien nodig, verbreed zou kunnen worden via interspecifieke en -
generische kruisingen. Pollenadhesie, pollenkieming en pollenbuisgroei werden met behulp 
van fluorescentiemicroscopie bestudeerd om mogelijke pre-zygotische hybridisatiebarrières op 
te sporen. Vruchtzet, zaadzet en zaadkieming werden opgevolgd om mogelijke post-
zygotische barrières te identificeren. De analyses toonden aan dat Malus × domestica 
makkelijk kruisbaar is met andere Malus-soorten. De intergenerische kruisingen waren echter 
minder succesvol. Vertraagde pollenbuisgroei was de voornaamste oorzaak voor het falen van 
deze kruisingen. In de kruisingen met Chaenomeles, Cydonia en Mespilus stopten de 
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pollenbuizen op ongeveer 1/3 van de stijl met groeien, in de kruisingen met Pyrus op ongeveer 
2/3 van de stijl. Bijgevolg was zaadzet in de intergenerische kruisingen heel laag.  
De hybride oorsprong van een zaailing, bekomen via interspecifieke en -generische 
bestuivingen, kan nagegaan worden met behulp van DNA-merkers die in beide 
kruisingsouders amplificeren en polymorf zijn. Daarom werden microsatellietenmerkers die 
aanvankelijk voor appel ontwikkeld werden, getest in verwante Malus- en Maloideae-soorten. 
De overdraagbaarheid naar andere Malus-soorten was hoog, namelijk 94%. De 
overdraagbaarheid naar andere Maloideae-soorten varieerde tussen 58% en 81%. Zes 
overdraagbare microsatellietenmerkers werden vervolgens gebruikt om de hybride oorsprong 
van de zaailingen bekomen via interspecifieke en -generische bestuiving na te gaan. De 
microsatellietenresultaten bevestigden in het algemeen de hybride oorsprong van de zaailingen 
bekomen via interspecifieke bestuiving. Geen enkele zaailing bekomen via intergenerische 
bestuiving bleek daarentegen hybrid te zijn. Deze zaailingen waren het resultaat van 
ongecontroleerde bestuiving en bevruchting.  
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Abstract 

Abstract 
 
Apple is one of the most important fruit crops in the world and has been produced for a very 
long time. Apple breeding, on the other hand, started only recently. Thomas Andrew Knight 
(1759-1835) is considered as the first apple breeder; the first who made controlled crosses 
between apple cultivars. The basic ingredient for apple breeding, and breeding in general, is 
genetic diversity. Only when new allelic combinations can be made, or when new alleles or 
genes can be introduced, is breeding progress possible. However, the genetic base of several 
crops has become alarming narrow due to the strong selection pressure imposed during 
breeding practises.  
In our study, the genetic diversity of a collection of modern apple cultivars and breeding lines 
was described and compared with the genetic diversity of two collections of old apple 
varieties. The purpose was to determine whether or not the genetic base of the apple 
germplasm that is currently used for breeding is wide enough to guarantee future breeding 
progress. Diversity was analysed at the DNA level by means of ten microsatellite markers. 
This microsatellite analysis has demonstrated that the genetic diversity of the collection of 
modern apple cultivars and breeding lines is comparable with the genetic diversity present in 
the old apple varieties collections. However, breeding may have caused a (slight) shift in the 
genetic make up of apple. The genetic base of modern apple germplasm is, nevertheless, very 
likely wide enough to guarantee future breeding progress. Moreover, it seems rather unlikely 
that inbreeding will jeopardise the genetic improvement of apple in the (near) future.  
If the genetic diversity of a crop has reduced over time, further genetic pauperisation can be 
counteracted by the introgression of new germplasm. For apple, wild or ornamental Malus 
species, or even related Maloideae species may constitute a new source of genetic diversity to 
use for apple improvement. Before knowing whether or not there is a need to extend the 
genetic base of modern apple, the possibilities to increase this gene pool were studied. Two 
apple cultivars, ‘Delbardestivale’ and ‘Braeburn’ were crossed with related Malus and other 
Maloideae species in three successive years. Pollen adhesion, pollen germination and pollen 
tube growth were looked at by fluorescence microscopy to identify possible pre-zygotic 
hybridisation barriers. Fruit set, seed set and seed germination were evaluated to identify 
possible post-zygotic hybridisation barriers. This study has shown that Malus × domestica 
intercrosses readily with other Malus species. On the other hand, intergeneric hybridisations 
between Malus × domestica and other Maloideae species were unsuccessful. Hybridisation 
mainly failed due to severely reduced pollen tube growth. Pollen tubes stopped growing at 
about 1/3 of the styles in the cross combinations with Chaenomeles, Cydonia and Mespilus, 
and at about 2/3 of the styles in the cross combinations with Pyrus. Consequently, seed set was 
very low in the intergeneric cross combinations.  
To verify the hybrid origin of seedlings resulting from interspecific and intergeneric crosses at 
the DNA level, markers were needed which amplified and were polymorphic in both the pistil 
and pollen parent. Therefore, apple microsatellite markers were tested for cross-species and 
cross-genera transferability. Cross-species transferability was 94%. Cross-genera 
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transferability ranged from 58% to 81%. Six transferable microsatellite markers were 
consequently used to verify the hybrid origin of the seedlings obtained via interspecific and 
intergeneric pollinations. The microsatellite fingerprints generally confirmed the hybrid origin 
of the seedlings obtained in the interspecific cross combinations. On the other hand, the 
fingerprints did not evidence hybridity of the seedlings obtained in the intergeneric cross 
combinations. These seedlings resulted from uncontrolled, unintended hybridisations. 
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Introduction and aim of the study 

The domesticated apple or Malus × domestica is one of the most important temperate fruit crops. 
Apple classifies within the Rosaceae family, more specifically within the genus Malus of the 
Maloideae subfamily. Other fruit and ornamental species belonging to this subfamily are 
Amelanchier, Aronia, Chaenomeles, Cotoneaster, Crataegus, Mespilus, Pyrus and Sorbus.  
Malus × domestica is a complex hybrid and its ‘mysterious’ origin has been widely studied and 
debated. The domestic apple almost certainly originated from a series of interspecific 
hybridisations involving several Malus species such as M. sieversii, M. sylvestris, M. orientalis, 
M. baccata, M. prunifolia and M. mandschurica. Several authors suggested that M. sieversii is the 
main ancestor of M. × domestica (Janick et al., 1996; Hokanson et al., 1997; Robinson et al., 
2001 and Harris et al., 2002), based on morphological and molecular data. Wild M. sieversii 
occurs from the Tien Shan mountain range on the border between China and Kazakhstan, 
Kyrgyzstan and Tajikistan, to the edge of the Caspian Sea (Morgan and Richards, 1993). As M. 
sieversii is most diverse in Kazakhstan, this region is considered to be the centre of origin of 
cultivated apple (Janick et al., 1996). On the other hand, Coart et al. (2006) very recently 
demonstrated, based on chloroplast DNA information, that M. sylvestris is probably more closely 
related to M. × domestica than is commonly accepted. Clearly, the discussion on the origin of 
domestic apple has not yet ended.  
 
The base chromosome number of apple is 17. Most cultivars are diploid although triploid 
cultivars also occur. Apple flowers are pentamerous, bisexual and radially symmetrical. They are 
generally produced in five-flowered inflorescences (Campbell et al., 1991). Apple is an 
outbreeding fruit species and self-fertilisation is prevented by an S-RNase based gametophytic 
self-incompatibility system (Broothaerts et al., 2004). Pollination is mediated by honey-bees and 
bumble-bees.  
 
Cultivation of apple has been practised for a very long time and was introduced in Western 
Europe by the Romans (Harris et al., 2002). At present, apples are produced in almost all parts of 
the world, from Siberia and northern China to Colombia and Indonesia. In 2004, almost 62 
million tons of apples were produced worldwide, with China, the USA, the USSR, Poland and 
Iran being the five most important apple producing countries (FAOSTAT, accessed in October 
2005). Apple production in Europe exceeded the amount of 17 million tons in 2004. For Belgium, 
the average annual apple production is about 390.000 tons.  
Clearly, an enormous amount of apples is produced worldwide. Nonetheless, the world apple 
market has for long been dominated by only a few important cultivars, namely ‘Golden 
Delicious’ and, ‘Delicious’ and its red sports (Janick et al., 1996). This is because at the start of 
commercial apple production, only a few cultivars seemed to meet the criteria for large scale 
production. Consequently, since apples were no longer produced for the local market only, 
breeders have been trying to meet the demand for high yielding, qualitatively superior cultivars. 
At present, the apple market is changing. New cultivars, such as ‘Fuji’ and ‘Gala’, are gaining 
importance and reduce the market share of ‘Golden Delicious’ and ‘Delicious’ (Boon, 2005). 
However, the number of economically important cultivars is still limited.  
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Nowadays, breeders are also challenged to respond to the consumers’ demand for variation. The 
commercial life of a new apple cultivar is restricted to about 15 years. Then, it should be replaced 
by a new, different and, if possible, also exclusive cultivar. Apple breeders, however, not only 
aim at improving the quality of the apple itself, but also the technical aspects of cultivation of the 
crop, for example with regard to pest management, harvest practices and regular bearing.  
 
The basic ingredient for apple breeding, and breeding in general, is genetic diversity. The success 
of apple improvement largely depends on the availability of genetic diversity in apple. Only when 
new allelic combinations can be made, or when new alleles can be introduced, is breeding 
progress possible. The wider the genetic base of apple, the more a breeder can adapt this crop to 
certain quality or cultivation technical specificities. Also, when the apple gene pool is wide, apple 
is genetically less vulnerable because it can more easily adapt to, for example, changing 
environmental conditions or new strains of a pathogen.  
Although genetic diversity is of the utmost importance for sustained apple improvement, the 
strong selection pressure, often imposed during breeding practices, may have reduced the genetic 
base of apple. In a study by Noiton and Alspach (1996), pedigrees of 439 cultivars and selections 
were collected from available literature and recorded. The same five cultivars, namely 
‘McIntosh’, ‘Golden Delicious’, ‘Jonathan’, ‘Cox’s Orange Pippin’ and ‘Red Delicious’ occurred 
in the parentage of 281 cultivars and selections, 96 cultivars had two or more of these five 
cultivars in their parentage. This may indicate that modern breeding has reduced genetic diversity 
in apple. However, up till now, little is known about the impact of breeding on genetic diversity 
in apple. If modern breeding has indeed reduced diversity in apple, this may nevertheless be 
counterbalanced by the introgression of new genes. Old (forgotten) apple varieties, wild relatives 
or ornamental Malus species, but also related Maloideae species, can constitute a source of new 
traits to incorporate in apple if hybridisation between Malus × domestica and these related 
species is possible. In nature, hybridisation between species can be restricted by pre- and post-
zygotic hybridisation barriers. For example, geographical distribution, differences in flowering 
time, inferior pollen germination, aberrant pollen tube growth, embryo abortion or hybrid 
lethality. Some of these barriers may be easily circumvented, but others may indeed completely 
prevent hybridisation. Moreover, when seedlings are obtained after artificial interspecific and 
intergeneric pollinations, the hybrid origin of the seedlings needs to be confirmed. This is because 
the obtained seedlings may also result from uncontrolled, unintended pollinations or via 
apomixis. If available, molecular markers are ideal tools to verify, with certainty, hybridity.  
 
The aim of this study was to examine if the genetic base of the collection of modern cultivars and 
breeding lines currently used as breeding germplasm at the Centre of Fruit Culture is wide 
enough to guarantee breeding progress in the future. In addition, we investigated to what extent 
genetic diversity could, if necessary, be expanded by interspecific and intergeneric hybridisations 
with related Malus and Maloideae species. Therefore, in the first part of this study, the genetic 
diversity of a collection of modern apple cultivars and breeding lines was analysed and compared 
with the genetic diversity of two collections of old apple varieties.  
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In the second part of this study, the possibilities of interspecific and intergeneric hybridisations 
between M. × domestica and other Malus and Maloideae species were investigated. If 
interspecific and intergeneric apple hybrids can be obtained, interesting characters from related 
Malus and Maloideae species can be introduced in apple. For example, scab resistance from wild 
Malus species, the strong fruit aroma from Chaenomeles, the cold hardiness from Pyrus, the one-
flower inflorescence from Cydonia and self-fertility from Mespilus.  
To test the hybrid origin of the seedlings resulting from the artificial interspecific and intergeneric 
pollinations, apple microsatellite markers were first tested for cross-species and cross-genera 
transferability to other Malus and Maloideae species. Transferable markers could consequently 
be used for hybrid screening tests.  
 
Part I of this study, on the description of the genetic diversity in apple, comprises of two chapters. 
Chapter 1 is a general introduction on analysing and describing the genetic diversity of 
germplasm collections. In Chapter 2, the genetic diversity of a collection of modern apple 
cultivars and breeding lines is analysed and compared to the genetic diversity of two collections 
of old apple varieties, based on microsatellite marker data. This comparison was made to 
‘quantify’ the genetic base of the apple gene pool currently used for breeding and, consequently, 
to estimate the need to extend the genetic base of modern apple.  
The second part of the study deals with the possibilities of interspecific and intergeneric 
hybridisations with apple as female parent and consists of three chapters. The first chapter 
(Chapter 3) presents the results on cross-species and cross-genera transferability of apple 
microsatellite markers to related Malus and Maloideae species. Chapter 4 provides a general 
overview of interspecific and intergeneric hybridisation barriers in plants. Finally, chapter 5 
presents the results of the interspecific and intergeneric hybridisations between M. × domestica 
and related Malus and Maloideae species. 
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Chapter I: Description of genetic diversity in germplasm collections 

Introduction 
 
Genetic variability is the basic ingredient for breeding. Without genetic variability, breeding 
efforts to develop new, distinct and improved varieties are futile. Therefore, exploring and 
describing new genetic diversity in crop relatives, landraces and old obsolete varieties is of the 
utmost importance to achieve continuous progress in crop breeding. These related species and 
obsolete varieties can serve as a source of new genes or distinct alleles of genes to introduce in 
the crop of interest.  
Breeding programmes may also benefit from an in-depth study of the levels and patterns of 
genetic diversity in breeding germplasm. Insight into the genetic relationships among accessions 
can be helpful in deciding which genotypes to cross, predicting the outcome of these crosses, and 
identifying heterotic groups. Heterotic groups are groups of genotypes that produce high yielding 
progeny after crossing. Clearly, the genetic diversity present in breeding germplasm can be better 
exploited if the genetic structure and genetic relationships are better understood. 
Without any doubt, germplasm management can also profit from a thorough assessment of the 
genetic diversity of germplasm collections. For example, by the identification of duplicates and 
mislabelled accessions, redundancy in germplasm collections can be limited. In addition, the 
construction of core collections becomes more achievable when the underlying genetic structure 
of the total collection is unravelled. A core collection represents the spectrum of genetic diversity 
present in the whole collection at best, with a minimum of redundancy.  
 
In what follows, an overview is given of the most important technical and theoretical features of 
genetic diversity studies in germplasm collections. This overview focuses on genetic diversity of 
germplasm collections as it is an introduction to the next chapter on the genetic diversity of apple 
germplasm. In that chapter, the genetic diversity of a collection of modern apple cultivars and 
breeding lines is described and compared with the diversity of two collections of old apple 
varieties.  
Most models and parameters to describe the genetic diversity of germplasm collections are 
derived from the population genetics field, or evolutionary and phylogeny studies. Obviously, not 
all of these models and parameters are suited to describe and quantify the genetic diversity of 
germplasm collections. Therefore, only those technical and theoretical features which can be 
useful for studying the genetic diversity of germplasm collections are discussed here.  
 
 

1. Studying genetic diversity without DNA markers 
 
Before the DNA marker era, similarities or dissimilarities among accessions in a collection were 
measured based on morphological, physiological, biochemical and cytological characteristics, 
and pedigree data. These characteristics can distinguish accessions from one another up to a 
certain degree of diversity. However, at some point, these characteristics are often no longer 
polymorphic enough. In addition, the evaluation of these parameters is often very time 
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consuming and can be strongly influenced by other factors such as the environment, the type of 
tissue analysed and the developmental stage of the plant.  
Later, researchers started using isozymes to study diversity at the biochemical level. Again, 
polymorphism was often too limited to differentiate between closely related accessions. 
Moreover, the expression of these biochemical markers was not always consistent.  
These problems were (partly) solved with the application of DNA marker techniques. The major 
advantages of DNA markers are that they are abundant, highly polymorphic, can be evaluated at 
early developmental stages of the plant and that their evaluation is less influenced by external 
factors. So, with the entry of the DNA markers era, genetic diversity and genetic relationships 
could be analysed at a very different level.  
 
 

2. DNA marker systems 
 
With regard to genetic diversity studies, molecular markers can be subdivided into two 
categories. The first category comprises the allelic informative or codominant markers, such as 
microsatellite markers (SSRs) and restriction fragment length polymorphisms (RFLPs). The 
second category comprises the allelic non-informative or dominant markers, such as amplified 
fragment length polymorphisms (AFLPs) and random amplified polymorphic DNA (RAPDs). 
DNA markers are informative when allele frequencies per locus can be determined (Reif et al., 
2005). In a heterozygous diploid genotype, for example, the allelic frequency of each allele at a 
specific locus is ½. Dominant markers are not informative, because it is, despite modern 
technologies, still not possible to distinguish with certainty between bands that represent two 
times the same allele at a homozygous locus and bands that represent only one time the specific 
allele at a heterozygous locus (Nybom, 2004). Consequently, accurate allelic frequencies at a 
given locus can not be determined for dominant DNA markers. 
 
RAPDs, AFLPs, SSRs as well as RFLPs have previously been used for genetic diversity studies 
in apple. For example, RAPD markers were used to classify wild Malus species and apple 
cultivars (Dunemann, 1994), and to study genetic diversity and relationships in a Malus 
germplasm collection by Oraguzie et al. (2001). Coart et al. (2003a) used AFLP and 
microsatellite markers to analyse genetic variation in wild apple populations. Genetic variation in 
ornamental apple trees was analysed with RFLPs in a study by Nybom (1990). In Hokanson’s 
study (Hokanson et al., 2001) microsatellites were used to analyse genetic variation in a 
collection of Malus species and hybrids.  
Of course, each marker system has its advantages and disadvantages, but depending on the 
research goal, one marker system might be more or less suited than others. 
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2.1. Microsatellite markers 
 
Microsatellite markers are short DNA stretches of tandemly repeated nucleotide motives. The 
repeated motif is commonly a di-, tri- or tetranuclotide. In general, microsatellites are believed to 
be selectively neutral DNA markers, randomly distributed across the genome and mainly 
occurring in non-coding regions. However, in a review article by Li et al. (2002), the neutrality 
and random distribution of these DNA markers is questioned. Based on the available literature, 
the authors demonstrated that all types of microsatellites are present both in coding and non-
coding regions, but at different frequencies. Across the total genome, dinucleotide repeats are the 
most abundant microsatellites, mainly occurring in non-coding regions. Triplet repeats are clearly 
most frequently found in coding regions, possibly because of selection against frameshift 
mutations. Li et al. (2002) discussed the possible role of microsatellites in several cell processes 
such as the regulation of chromatin organisation, DNA replication and the regulation of gene 
activity. The recent development of genic microsatellites - microsatellites present in the 
transcripts of genes - to study functional diversity also evidences the possible role of 
microsatellites in gene expression or regulation (Varshney et al., 2005).  
 
Microsatellites are highly polymorphic mainly because of the high rate of replication slippage 
mutations at microsatellite loci which change the number of repeats (Schlötterer, 2000). Large 
mutations are more likely the result of unequal crossing-over and gene conversion during 
recombination (Richard and Pâques, 2000).   
 
The development of microsatellite markers in a new species traditionally starts with the 
construction of a partial genomic library. Genomic DNA from the species of interest is digested 
with restriction enzymes and length separated by gel electrophoresis. Small DNA fragments 
(between 300 and 700 bp) are selected and ligated into a plasmid vector. After transformation 
into bacterial cells, the recombinant clones are screened for the presence of tandem repeats by 
Southern hybridisation (Southern, 1975) with repeat-containing probes. Following, the positive 
clones are sequenced and microsatellite primers can be designed based on the microsatellite 
neighbouring sequences (Zane et al., 2002).  
For economically or scientifically less valuable species, the de novo development of 
microsatellite primers is not evident. The construction of a partial genomic library and the 
screening of the recombinant clones are time consuming and labour intensive, and thus quite 
expensive. However, expenses can be significantly reduced when microsatellite primers can be 
transferred from closely related species or genera to the species of interest. This has already been 
reported possible for several species, for example among Prunus species (Dirlewanger et al., 
2002), between Malus and Pyrus (Yamamoto et al., 2001) and among Maloideae (Yamamoto et 
al., 2004).  
Microsatellite primers can also be obtained by screening available DNA sequence databases for 
microsatellite repeats. Such microsatellite markers are called expressed sequence tags (EST)- 
microsatellites or sequence tagged microsatellite sites (STMS)- markers. 
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Another microsatellite-based marker technique is inter-simple sequence repeat (ISSR) 
amplification. This is a PCR based technique which amplifies inter-microsatellite sequences 
(Zietkiewicz et al., 1994).  
 
With regard to genetic diversity studies, microsatellite markers are very interesting tools because 
of their codominant mode of inheritance, their high degree of reproducibility, their high level of 
polymorphism and therefore their high discriminative power. However, researchers seem not 
always to agree upon the advantage of their high level of polymorphism to assess genetic 
relationships among accessions (Russell et al., 1997; Hedrick, 1999 and Belaj et al., 2003). 
Microsatellite markers may not always be useful for calculating genetic similarities among 
accessions as they are highly polymorphic. Consequently, the detected level of band sharing may 
be low compared to other marker systems.  
The technical advantages of microsatellite analysis are that the technique is amenable for 
automation and that scoring is easy because the number of loci simultaneously analysed per 
reaction (multiplex ratio) is low. On the other hand, the latter may also be experienced as a 
disadvantage. 
 
 
2.2. RFLP markers 
 
The RFLP marker technique (Botstein et al., 1980) is based on the detection of restriction site 
differences and size differences of DNA sequences between restriction sites. These differences 
result in different restriction patterns which can be visualised by Southern blotting (Southern, 
1975).  
Because the RFLP technique is very time consuming and labour intensive, it is not technically 
attractive. Moreover, this technique requires large amounts of DNA, which are not always 
available. On the other hand, the advantage of RFLP analysis is that no prior knowledge of the 
genome is needed to design hybridising probes.  
The main advantage of RFLP markers with regard to their use in genetic diversity studies is that 
they are allelic informative. On the other hand, their low multiplex ratio (Powell et al., 1996) may 
be experienced as a disadvantage. 
 
 
2.3. RAPD markers 
 
RAPD analysis (Williams et al., 1990) is based on the random amplification of DNA sequences 
with short arbitrary primers. The poor reproducibility of RAPD analysis is the main disadvantage 
of this technique. The resulting banding patterns may be strongly influenced by laboratory 
practices and PCR conditions. However, RAPD analysis may be interesting because it is a 
technically simple, fast and rather inexpensive technique. Also, no prior knowledge of the 
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genome is needed to develop the primers, a small amount of DNA will be sufficient for most 
research purposes and several markers can be obtained per PCR reaction.  
RAPD markers are dominant markers. Their multiplex ratio is generally higher than for 
microsatellites and RFLP markers, but lower than for AFLP markers. Their polymorphic level is, 
as for AFLP markers, lower than for microsatellites (Powell et al., 1996; Russell et al., 1997 and 
Garcia et al., 2004).  
 
 
2.4. AFLP markers 
 
AFLP-analysis (Vos et al., 1995) is based on the amplification of selected restriction fragments of 
a total genomic DNA digest.  
The AFLP technique is very informative because the number of markers obtained per single PCR 
reaction is high. However, dense banding patterns often complicate scoring. The DNA samples 
have to be of high quality, because incomplete digestion often occurring in poor DNA samples 
decreases the reproducibility of the technique (Goulão and Oliveira, 2001). As for RAPDs, 
primers can be developed without prior knowledge of genomic sequences.  
The choice of using AFLP markers for genetic diversity studies is generally based on their high 
multiplex ratio. However, their polymorphic information content is lower than for microsatellites. 
On the other hand, their high multiplex ratio can compensate for this (Powell et al., 1996; Russell 
et al., 1997 and Garcia et al., 2004). In fact, the major drawback for using AFLP in genetic 
diversity analysis is their dominant mode of inheritance. 
 
 
2.5. Microsatellite: marker of choice for genetic diversity studies? 
 
As shown above, each marker system has its technical advantages and disadvantages, making one 
marker system technically more attractive than the other. However, with regard to genetic 
diversity studies, the choice of the marker system is not only based on technical features, but also 
on their informative features such as, for example, their degree of polymorphism and the 
accuracy of the genetic similarity estimates. Comparative analyses of RFLPs, RAPDs, AFLPs 
and SSRs for studying the genetic diversity of germplasm have been reported for many species, 
for example, for soybean by Powell et al. (1996), for barley by Russell et al. (1997), for melon by 
Staub et al. (2000), for apple by Goulão and Oliveira (2001) and Goulão et al. (2001), for olive 
by Belaj et al. (2003), for sorghum by Uptmoor et al. (2003) and for maize by Garcia et al. 
(2004). Generally, the highest levels of polymorphism were revealed with SSRs, resulting in 
lower similarity coefficients. AFLPs are nonetheless often indicated as the most efficient marker 
system. This is because many polymorphic bands can be obtained per assay. When comparing 
genetic distances calculated based on different marker data, correlation was generally higher 
among dominant markers than between codominant and dominant markers (Russel et al., 1997; 
Staub et al., 2000; Belaj et al., 2003 and Uptmoor et al., 2003). In a review article by Nybom 
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(2004), different nuclear markers, namely RAPDs, ISSRs, AFLPs and STMSs were compared for 
estimating intraspecific genetic diversity in plants. Results from 307 genetic diversity studies 
were included in this review. Similarity measures, based on different marker data, were similar 
when comparing dominant marker systems. On the other hand, similarity values based on 
dominant marker data did not always correlate well with values based on codominant marker 
data. In general, similarity among accessions assessed by microsatellite markers was lower than 
with other markers, probably as a consequence of the high level of polymorphism of 
microsatellites (Russell et al., 1997 and Belaj et al., 2003). But, the lower correlation between 
genetic distances based on codominant and dominant markers may also be the simple 
consequence of the fact that similarities or dissimilarities between individuals can not be 
accurately calculated based on dominant marker data. According to Nybom (2004) and, Kosman 
and Leonard (2005), it is simply not possible to determine genetic similarity between two diploid 
individuals that share a band at the same position when it is not possible to distinguish between 
bands that represent two alleles at a homozygous locus and bands that represent only one allele at 
a heterozygous locus. On the other hand, discrepancy among marker types may also be due to the 
fact that different marker types evaluate different components of DNA variation. These 
components may evolve differently (Li et al., 2001). Of course, correlation coefficients may also 
be strongly influenced by the number of markers (bands) analysed (Garcia et al., 2004). 
Moreover, as some distance or similarity measures are more suited for one marker system than 
for another marker system, correlation coefficients may depend on the applied measure as well 
(Staub et al., 2000). Also the plant material surveyed may affect correlation between markers 
(Laborda et al., 2005)  
 
For our study on genetic diversity in apple collections, microsatellite markers were chosen as the 
most appropriate marker system. This choice was mainly based on their codominant mode of 
inheritance and their high level of reproducibility. Also, microsatellites had been developed for 
apple previously (Guilford et al.,1997; Gianfranceschi et al., 1998; Hokanson et al., 1998 and 
Liebhard et al., 2002). Consequently, these markers could be used without the need to develop de 
novo microsatellite primers. The decision to use SSR markers was also supported by a study by 
Goulão et al. (2001). In this study, the pros and cons of SSR, AFLP and RAPD markers in a 
genetic diversity study in apple were weighted against each other, revealing advantages of SSRs 
over AFLPs and RAPDs.  
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3. Genetic diversity parameters based on molecular marker data 
 
3.1. General genetic diversity measures 
 
A first general description of the genetic diversity in genetic resources, analysed by means of 
molecular markers, can be done by means of the following parameters: 
 

• Proportion of polymorphic loci 
 

• (Average) Number of alleles per locus  
 

• Effective number of alleles, Ae (Morgante et al., 1994):  
 

Ae = 
∑
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where pa is the  frequency of the ath of k alleles.   
By taking allele frequencies into account, this descriptor of allelic richness is less sensitive 
to rare alleles.  

 
• Expected heterozygosity or gene diversity for a single locus j, hj (Nei, 1978):  
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hj is the probability that at a specific locus in a diploid organism any two alleles, chosen at 
random, are different from each other. For dominant markers, allelic frequencies in an 
outcrossing population can only be estimated by assuming Hardy-Weinberg equilibrium 
and independent assortment of genes (Kosman and Leonard, 2005). This is because a 
marker band representing two times a specific allele at a homozygous locus can not be 
distinguished from a band representing only one time that allele at a heterozygous locus. In 
plant collections, and especially in collections of cultivars and varieties of a crop species, it 
is very unlikely that the conditions of Hardy-Weinberg equilibrium and independent 
assortment of genes are met. The reason for this is that cultivars and varieties are the result 
of domestication, selection and breeding. Clearly, expected heterozygosity in a plant 
collection should only be studied with codominant markers.  
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• Average expected heterozygosity or Nei’s genetic diversity, He (Nei, 1978):  
 

He = ∑∑
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211 , where m is the number of analysed loci. 

Average expected heterozygosity is the probability that at a single locus in a diploid 
organism any two alleles, chosen at random, are different from each other. It is an 
indication of the genetic diversity in a population.  

 
• Observed heterozygosity per locus (Ho) is the observed number of heterozygous genotypes 

over the total number of genotypes. 
 

• Wright’s inbreeding coefficient FIS (Wright, 1951) is a measure of correlation between two 
alleles of a single locus within individuals within a population. A positive FIS value 
indicates inbreeding as the observed heterozygosity is lower than the expected 
heterozygosity. Excess heterozygosity is indicated by a negative value of FIS.  
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According to Frankel et al. (1995), referred to by Mohammadi and Prasanna (2003), genetic 
diversity of a sample can be described by quantifying the allelic richness and the allelic evenness 
of the sample. ‘Allelic richness’ is defined as the total number of different alleles or genotypes 
present in the sample. ‘Allelic evenness’ is determined by the frequencies of different genotypes 
or alleles. Parameters of allelic richness are the number of polymorphic loci and the number of 
alleles per locus. Note that allelic richness is sensitive to rare alleles. Allelic evenness can be 
described by allele frequencies, effective number of alleles and, the observed and expected 
heterozygosity. 
 
 
3.2. Dominant markers and genetic distance between genotypes   
 
Suppose two individuals i and j in a sample of N individuals. The genetic fingerprint of each 
individual is represented by a (0,1) vector; 1 designating the presence of a marker band (first 
allele), 0 the absence of the band (alternative allele). The total length of the (0,1) vector equals 
the total number of bands found in the complete sample. For dominant markers, the total number 
of bands is conventionally set as the number of analysed loci. 
If a is the number of shared bands between i and j, b the number of bands present in i but absent 
in j, c the number of bands present in j but absent in i and n the size of the (0,1) vector, then the 
following similarity measures can be defined (Sneath and Sokal, 1973): 

• Jaccard’s coefficient of similarity (Jaccard, 1908): Jij = 
cba

a
++
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• Nei and Li (Nei and Li, 1979) or Dice’s coefficient (Dice, 1945): Dij = 
cba

a
++2

2  

• Simple match coefficient (Sneath and Sokal, 1973): Mij = 
n

cbn −−  

 
Note that the coefficients of Jaccard and Dice do not take the common absence of bands into 
account. Moreover, the similarity coefficient of Dice puts more weight to shared bands than the 
coefficient of Jaccard. 
 
 
3.3. Codominant markers and genetic distance between genotypes 
 
With codominant markers, genetic similarity between two individuals can not be calculated based 
on the proportion of shared alleles compared to the total number of alleles found in the complete 
sample, as for dominant markers. For codominant markers, the number of alleles per locus, 
determined for the total collection, is in general higher than two, opposite to the 1- and 0-allele 
for dominant markers. Consequently, the ratio of shared alleles over total number of alleles is not 
an appropriate measure for genetic similarity based on codominant marker data (Kosman and 
Leonard, 2005).  
 
Genetic distances among individuals genotyped with codominant markers are generally based on 
allele frequencies, except for the similarity coefficient of Lynch (1990). Also, genetic distances 
are often based on a specific evolutionary concept. The application of such genetic distances to 
assess the genetic diversity of germplasm collections might therefore be questionable. The 
following genetic distances, initially developed for population genetic analyses, do not assume an 
underlying genetic concept. Consequently, these distances are certainly suited for application in 
studies of the genetic diversity of germplasm collections.  

• Band similarity coefficient of Lynch (1990): Sij = 
ji

ij

NN
N
⋅

⋅2
 

 
with Nij the number of detected bands shared by individuals i and j, Ni the number of bands 
observed in i and Nj the number of bands detected in j.  

 
• Bowcock’s proportion of shared alleles, dPS (Bowcock et al., 1994): 

 

dPS = 1- ( )∑∑
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with pila the frequency of allele a at locus l for individual i, pjla the frequency of allele a at 
locus l for individual j, m the number of loci and k the number of alleles at locus l. 
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• Euclidean distance, dE:  
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The disadvantage of the Euclidean distance is that it ranges between zero and √2m and thus 
depends on the number of loci analysed. Consequently, comparing dE values between studies 
is difficult.  

 
• Rogers’ distance, dR  (1972): 
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Rogers’ distance is a modification of the Euclidean distance, so that the range of this 
distance measure does not longer depend upon the number of loci analysed. 

 
• Goldstein’s distance, δμ² (Goldstein et al., 1995a): special distance measure for 

microsatellite data based on size differences between alleles: 
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with xil the length of allele a (number of repeats) at locus l for individual i. 
Goldstein’s distance was specifically developed for microsatellite data assuming that not 
allele identities but differences in allele sizes better represent divergence between accessions 
or populations. Not all authors, however, agree upon this (Takezaki and Nei, 1996; Paetkau 
et al., 1997 and Kalinowski, 2002). 

 
• Kinship coefficient of Loiselle et al. (1995), Fij: the probability that two individuals have 

identical alleles at a given locus.  
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with pla the frequency of allele a at locus l in the total sample and kl the number of alleles at 
locus l. 
As defined here, the kinship coefficient in fact estimates a relative kinship. Fij depends on an 
arbitrary sample and, consequently, can be negative or positive, indicating that two 
individuals are more or less related than two random individuals.  
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• Relationship coefficient of Dewey and Heywood, rij (1988): the proportion of loci in one 
individual with alleles identical to a second individual. 
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with Var(pila) the variance of individual allele frequencies in the sample. 
As for the kinship coefficient of Loiselle et al. (1995), this relationship coefficient also 
depends on an arbitrary sample.  

 
The advantage of the relationship coefficient of Dewey and Heywood (1988) and the kinship 
coefficient of Loiselle et al. (1995) is that these genetic distance measures assign more weight to 
the sharing of rare alleles between two individuals than to the common presence of frequently 
occurring alleles. On the other hand, as these measures depend on a reference sample, the 
comparison of these measures between different studies is not straightforward.  
 
In our study, the relationship coefficient of Dewey and Heywood (1988) was calculated to 
quantify genetic similarity among apple cultivars or varieties in our collections. This choice was 
mainly determined by the software programme used to analyse our data. Because our apple 
collection included both diploid and triploid cultivars or varieties, the number of software 
programmes applicable to our data was severely limited. As a consequence of this limitation, the 
number of genetic distance measures at hand was also considerably reduced. From the software 
programme SPAGeDi 0.0 (Hardy and Vekemans, 2002), the relationship coefficient of Dewey 
and Heywood (1990) and the kinship coefficient of Loiselle et al. (1995) are both suited to 
calculate genetic distances among accessions with different ploidy, but the kinship coefficient 
assumes random mating of alleles. Therefore, the kinship coefficient of Loiselle et al. (1995) is 
less suited to quantify genetic distances in germplasm collections. 
 
 

4. Ordination methods 
 
Principal components analysis (PCA), principal coordinates analysis (PCoA) (Gower, 1966) and 
multidimensional scaling (MDS) are three ordination methods that are frequently used in genetic 
diversity studies to visually represent genetic relationships among accessions (Sneath and Sokal, 
1973 and, Mohammadi and Prasanna, 2003). Genotypes are plotted in a low dimensional space so 
that the geometric distances among genotypes correspond as much as possible to the original 
genetic distances.  
For PCA, eigenvalues and eigenvectors are calculated from variance-covariance or correlation 
matrices and for PCoA from similarity or dissimilarity matrices. Following, genotypes are plot in 
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a two or three dimensional space defined by the first two or three eigenvectors. Both PCA and 
PCoA can be applied in genetic diversity studies to identify groups of similar individuals based 
on molecular marker data. In PCoA, the input matrix is the dissimilarity or similarity matrix, 
whereas in PCA the input matrix is the original matrix of molecular marker data. With missing 
data, PCoA performs better than PCA because in PCA missing data are replaced by the mean 
value of the marker in question.  
When multidimensional scaling is applied in genetic diversity studies, the starting matrix is, as 
for PCoA, a distance matrix. In general, accessions are plotted in a two-dimensional space so that 
the distances between pairs of accessions in this space match as closely as possible the true order 
of the distances between accessions (Johnson, 1998). In multidimensional scaling, the axes 
creating the two-dimensional space are meaningless.  
 
 

5. Clustering algorithms 
 
Cluster analysis is the grouping of objects into different categories or classes based on similarities 
between items in order to minimise variation within and maximise variation between categories. 
In genetic diversity studies of genetic resources such as plant collections or breeding germplasm, 
cluster analysis is performed to find homogeneous groups of similar genotypes, to reveal 
underlying patterns of genetic diversity, to identify duplicates, to confirm pedigree data and to 
select genotypes that best represent the diversity in the total collection. 
 
The most important clustering methods can be subdivided in the following two categories: 
hierarchical distance-based methods and model-based methods. 
 
 
5.1. Hierarchical distance-based clustering methods 
 
In hierarchical distance-based clustering methods, a pairwise distance matrix is used as input file 
and individuals are grouped together following a specific algorithm. The results of the cluster 
analysis are graphically represented in a dendrogram or tree. Following, the different clusters can 
be visually identified. The two most frequently used distance-based clustering methods are the 
‘UPGMA’ method (Unweighted Pair-Group Method using Arithmetic Average) (discussed in 
Sneath and Sokal (1973) and, Hartl and Clark (1997)) and the ‘Neighbour Joining’ method 
(Saitou and Nei, 1987).  
 

• UPGMA: an algorithm consisting of the successive merging of groups of similar individuals. 
At the beginning of the clustering process, the number of groups is set equal to the number 
of individuals. Then, the two most similar individuals are fused together and pairwise 
distances between this newly formed group and the other accessions are calculated. 
Following, the next most similar groups are merged and distances between groups are 
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recalculated again. This is repeated untill all accessions are eventually grouped in one large 
cluster. The distance from one individual to a group is calculated as the average distance 
between the individual and each other member of the cluster. The distance between groups is 
calculated as the average of all pairwise distances between members of the different clusters. 
The term ‘unweighted’ indicates that the algorithm puts equal weight to each object in the 
cluster. 

 
• Neighbour Joining: The algorithm starts with setting the number of groups equal to the 

number of individuals. The groups are represented in a starlike tree. The individuals are 
paired one by one. For each pair of individuals the total sum of branch lengths of the 
resulting tree is calculated. These calculations result in a pairwise matrix with total branch 
lengths as cell values. That pair of individuals that produces the ‘shortest’ tree is retained. 
This is repeated until all accessions are eventually grouped in one large cluster.  

 
UPGMA is based on the assumption of a molecular clock (uniformity in the rate of nucleotide 
substitution) and can only be used when the evolutionary rate is nearly the same for all groups 
included in the study. This method is frequently used, although the assumption of a constant 
evolutionary rate is rarely met. The Neighbour Joining method, on the other hand, does not make 
any assumptions. This method is therefore applicable for a variety of situations (Takezaki and 
Nei, 1996). When studying the genetic diversity of germplasm collections, the Neighbour Joining 
method should be preferred above the UPGMA clustering method. The reason for this is that 
genetic differences among accessions in a germplasm collection are dominantly determined by 
selection and breeding rather than by evolutionary forces. It is almost certain that the assumption 
of a molecular clock is not met in germplasm collections.  
 
 
5.2. Model-based clustering methods 
 
The disadvantage of distance-based clustering methods is that the resulting clusters strongly 
depend on the chosen genetic distance measure, the clustering algorithm and the graphical 
representation. These methods are statistically not well-founded and should only be used for 
exploratory data analysis (Pritchard et al., 2000).  
In model-based methods, on the other hand, individuals of a cluster are assumed as being random 
draws of some parametric model. Standard statistical methods are used to estimate the parameters 
characterising the clusters and to assign individuals to the different clusters based on probability.  
The model-based clustering method of Pritchard et al. (2000) is based on the concept of linkage 
equilibrium between loci within populations and the principle of Hardy and Weinberg 
equilibrium within populations. When a population is in fact subdivided into several smaller 
subpopulations, the assumptions of linkage equilibrium and, Hardy and Weinberg equilibrium are 
rarely met. The model tries to account for these disequilibria by identifying subpopulations for 
which the assumptions are met. In an iterative process, the probability of the presence of N 
clusters (groups or populations), each characterised by a specific set of allele frequencies, is 
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maximised so that the probability of each individual belonging to one of the N clusters is 
maximal.  
It is almost certain that in a germplasm collection the assumptions of linkage equilibrium and, 
Hardy and Weinberg equilibrium are not met for most genes. However, when accessions of a 
germplasm collection are genotyped with microsatellite markers, it might be possible to identify 
groups of similar individuals by trying to solve the linkage disequilibrium and the Hardy and 
Weinberg disequilibrium for these markers.  
 
 

6. Validation of ordination and clustering methods 
 
Cluster and ordination solutions obtained from the same dataset may often differ depending on 
the genetic distance measure and type of ordination or clustering method chosen. Therefore, 
before interpreting the obtained results, the output should be carefully evaluated. Validation of 
the output can be done at different levels. For example, the goodness of fit of a dendrogram can 
be evaluated as a whole, but confidence can also be assigned to each cluster in the dendrogram 
separately. Moreover, as most clustering algorithms proceed clustering until only one group is 
left, the optimal number of clusters has to be determined to retrieve maximum information from 
the obtained clustering output.  
 
 
6.1. Validation of a single cluster  
 
The bootstrap and Jacknife test (Efron and Tibshirani, 1993) are resampling procedures that can 
be used in genetic diversity studies to assign confidence to the presence of clusters in a 
dendrogram. 
The bootstrap procedure consists of constructing N bootstrap matrices by drawing at random and 
with replacement samples from the original data matrix. The bootstrap matrix is of equal size as 
the original matrix. For each bootstrapped matrix, a new dendrogram is calculated. According to 
the 95% rule of Felsenstein (1985), the existence of a cluster is significant if the proportion of 
trees in which the cluster is present (G) is higher than or equal to 95%. Brown (1994) doubts the 
use of this 95% rule as a significance test. He claims that the presence of a cluster should be 
evidenced by a statistical hypothesis test in which G’s from bootstrapped and randomized data 
sets are compared.  
The Jacknife procedure is analogous to bootstrapping, except that the new data sets are 
constructed by omitting one observation at a time. Consequently, the number of Jacknifed data 
sets is limited by the number of loci analysed. 
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6.2. Validation of cluster and ordination solutions 
 
Several criteria can be used to validate cluster and ordination solutions. The most frequently used 
criteria are listed below. 
 
 
6.2.1. Correspondence to prior information 
 
The most straightforward way to validate or compare clustering methods is to compare the 
obtained clusters with prior information, such as pedigree data, features on geographical 
distribution or known taxonomic classifications. However, this kind of information is not always 
at hand.  
 
 
6.2.2. Cophenetic correlation coefficient 
 
The cophenetic correlation coefficient is a measure of agreement between the similarity values 
calculated from the dendrogram or scatter plot (cophenetic values) and those of the original 
similarity matrix upon which the clustering was based (Sneath and Sokal, 1973). Consequently, r 
quantifies the goodness of fit of a dendrogram or tree. If r is high, the dendrogram fits the original 
similarity data well. The Mantel t-test (Mantel, 1967) is widely used to test the statistical 
significance of the cophenetic correlation coefficient r. 
 
 
6.2.3. Mahalanobis distance 
 
The Mahalanobis distance D² (Mahalanobis, 1936) is a measure of distance between two units in 
a multidimensional space for which the contribution of each variable is scaled according to the 
variability of that variable.  
 

D² = ( )  ( 21
1'

21 μμμμ −− ∑− )
 
where (µ1 - µ2) is the vector of differences between two units for a number of variables and ∑-1 is 
the inverted variance-covariance matrix of the variables. 
 
In clustering analyses based on molecular marker data, the vector of means is a vector of allele 
frequencies. D² between centroids of clusters is a tool to compare cluster solutions. The best 
cluster solution is the one with the greatest D² distances between groups (Sneath and Sokal, 1973; 
Mohammadi and Prasanna, 2003 and Crossa and Franco, 2004). 
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6.3. Optimal number of clusters  
 
In model-based clustering methods, the optimal number of clusters is indicated by maximum 
probability values (Pritchard et al., 2000 and Falush et al., 2003). For distance-based clustering 
methods, a convenient strategy to determine the optimal number of clusters that best represent the 
underlying genetic diversity pattern is to calculate FST-values (Wright, 1951) or analogues (θ: 
Cockerham, 1973 and GST: Nei, 1973) for each cluster scenario (Mohammadi and Prasanna, 
2003). The FST-value describes the proportion of the total diversity that can be ascribed to an 
underlying genetic diversity structure. When within cluster variability is small compared to the 
between cluster variability, the FST value increases. The best cluster solution is indicated by the 
highest FST –value. 
 
 

7. Genetic distance between clusters  
 
7.1. General genetic distance measures 
 
Most genetic distance measures were initially developed for population genetic studies. These 
measures are generally based on allele frequencies and are used to infer population structure, as 
well as evolutionary relationships among populations and population history. Each measure has 
its own statistical and evolutionary characteristics, making one measure more suitable than the 
other for specific population genetic questions (Kalinowski, 2002). In Reif et al. (2005), the use 
of population genetic distances to study the genetic diversity of germplasm collections of 
breeding programmes and seed banks is discussed. According to this study, the distance measures 
from populations genetics can be used when their mathematical and genetic properties are well 
considered. Those distance measures for which no underlying genetic concept is assumed, can be 
readily applied for evaluating the genetic diversity of germplasm collections. The Euclidean 
distance and Rogers’ distance presented in III.3 can thus be used to calculate distances among 
populations or groups. However, pila in the formula now refers to the frequency of an allele in a 
population instead of the frequency of the allele in an individual.  
In addition, three other formulas initially developed to calculate genetic distances among 
populations can also be used to calculate genetic distances among groups in a germplasm 
collection, and they are represented herein.  
 

• Wright’s FST (Wright, 1951, referred to by Excoffier, 2003) measures the correlation 
between two alleles at a biallelic locus drawn at random within subpopulations relative to 
alleles drawn at random from the total population. FST is a measure of population 
differentiation, and measures the departure from Hardy and Weinberg equilibrium in the 
total population due to population subdivisions.  
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with vars p the variability of p among subpopulations, and p  the frequency of allele a in the 
total population. 

 
• Cockerham’s coancestry coefficient θ (Cockerham, 1969 and 1973) is an FST-analogue 

which was introduced in the framework of an analysis of variance of gene frequencies. θ can 
be expressed in terms of variance components; it is the ratio of variance due to differences 
among subpopulations over the total variance. θ measures the correlation of alleles of 
different individuals in the same population. As relatedness among individuals within 
subpopulations goes hand in hand with subpopulation differentiation, θ is also a measure of 
differentiation among subpopulations.  
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with f0 the probability of identity in state of two alleles within subpopulations, and f1 the 
probability of identity in state of two alleles drawn at random from different subpopulations. 

 
• GST (Nei, 1973): the coefficient of gene differentiation among subpopulations, is the FST-

analogue introduced by Nei (1973). While Wright’s FST-statistic is based on heterozygosities 
and only applicable for biallelic loci, Nei (1973) developed a population differentiation 
parameter based on gene diversities and applicable for multi-allelic loci. 
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with DST the average gene diversity between subpopulations, including the comparison of 
subpopulations with themselves, HS the average gene diversity within subpopulations and HT 
the gene diversity in the total population. 

 
 
7.2. Microsatellite specific genetic distance measures 
 
When microsatellites became the marker of choice for population genetic studies, specific genetic 
distances (Goldstein et al., 1995a and 1995b) and population differentiation parameters (Slatkin, 
1995 and, Michalakis and Excoffier, 1996) were developed to account for the specific 
characteristics of microsatellite markers. Microsatellites mutate at a higher rate than other 
markers and according to a different mechanism. Most markers mutate according to the infinite 
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allele model (IAM, Kimura and Crow, 1964), entailing that each mutation results in a new allele. 
What follows is that alleles identical in state are also identical by descent. Microsatellites are 
believed to mutate according to the stepwise mutation model (SMM, Kimura and Ohta, 1978). 
Per mutation, one (Kimura and Ohta, 1978) or more (two phase mutation model, Di Rienzo et al., 
1994) repeats are added or subtracted. This mutation model allows for homoplasy, meaning that 
alleles can be identical in state without being identical by descent. Moreover, allele size variation 
may be constrained (Bowcock et al., 1994). Several studies (Takezaki and Nei, 1996; Paetkau et 
al., 1997; Balloux and Lugon-Moulin, 2002 and Kalinowski, 2002) were set up to compare the 
performance of general genetic distances and population differentiation parameters with 
microsatellite specific parameters. The conclusion was that the performance of the microsatellite 
specific parameters was not necessarily superior to the general ones. Probably, because nor the 
infinite allele model, nor the stepwise mutation model fits the complex mutation mechanism of 
microsatellites perfectly (Balloux and Lugon-Moulin, 2002). Moreover, the performance of a 
distance measure or population differentiation parameter for inferring evolutionary relationships 
and population history does not solely depend on whether the assumed mutation model fits the 
real mutation mechanism completely (Kalinowski, 2002). Other factors also play. 
 

• Goldstein’s distance, δμ² (Goldstein et al., 1995a): special distance measure for 
microsatellite data incorporating differences in size between alleles of the same locus to infer 
genetic distance. 
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with xla the length of allele a (number of repeats) at locus l in population i and m the number 
of analysed loci. 
 

• RST (Slatkin, 1995): measures the fraction of total variance in allele size that can be 
explained by population subdivision. Slatkin developed this new population differentiation 
parameter to account for allele sizes in stead of only considering identity and non-identity of 
alleles as in Cockerman’s θ (1969 and 1973), Wright’s FST (1951) and Nei’s GST  (1973). 

 

RST = 
S
SS W−

  

with S  the total variation in allele size and SW the variation in allele size within 
subpopulations. 
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Introduction 
 
Apple is, anno 2004, the most important temperate fruit crop and belongs to the top five of the 
world’s most important fruit crops. In 2004, almost 62 million tons of apples were produced 
worldwide, with China, the USA, the USSR, Poland and Iran being the five most important apple 
producing countries (FAOSTAT, accessed in October 2005). For these countries, yield varied 
from 2.4 million tons, for Iran, to almost 24 million tons, for China. Although China was the most 
important apple producer in 2004, China ranked last for productivity, namely only 11 tons per 
hectare. Productivity was highest for the USA, namely 30 ton per hectare. 
Apple production in Europe exceeded the amount of 17 million tons in 2004. During the last 
decade, the USSR, France, Italy, Germany and Poland made up the top five of the most important 
European apple producing countries. In 2004, France and Italy were the most productive 
countries with a productivity of 38 and 35 tons per hectare, respectively. In the USSR, only four 
tons of apples per hectare were harvested on average. 
For Belgium, the average annual apple production is about 390.000 tons, based on apple 
production values of the last 15 years. A maximum production of 545.000 tons was reached in the 
year 2000. Production was minimal in 1991 (137.000 tons). Since 2001, Belgium ranks eleventh 
on the European list of apple producing countries (EUROSTAT and FAOSTAT, accessed in 
October 2005).  
In most countries, apple production is mainly dominated by only a few cultivars. The ranking of 
commercially important apple cultivars may differ from country to country and between 
continents (Way et al., 1991). Despite these differences, ‘Golden Delicious’ and, ‘Delicious’ and 
its red sports are the most important cultivars worldwide, and so they have been for many years 
(Janick et al., 1996). However, in many countries, the production of these major cultivars is 
decreasing nowadays and replaced by new, commercially more interesting apple cultivars. At 
present, in China, ‘Fuji’ already occupies 70% of apple production and the production of ‘Gala’ 
is continuously increasing. In the USA, ‘Golden Delicious’, ‘Red Delicious’ and ‘Gala’ make up 
50% of total apple production, but ‘Gala’ and ‘Fuji’ production is increasing fast at the expense 
of ‘Red Delicious’. Apple production in Poland mainly consists of ‘Idared’ (20%), ‘Golden 
Delicious’ (12%) and ‘Gala’ (9%). In the EU, the most important apple cultivars are ‘Golden 
Delicious’ (25%), ‘Gala’ (9%), ‘Red Delicious’ (7%), ‘Idared’ (7%), ‘Jonagold’ (7%) and 
‘Elstar’ (5%) (Boon, 2005). These data clearly illustrate that the monopoly of ‘Golden Delicious’ 
and ‘Red Delicious’ is disintegrating. Despite these changes at the top, the number of 
commercially important cultivars is still very limited.  
At one time, the apple market was completely different. Each region produced its own local 
varieties which were sold on the local market. However, when growers began producing apples 
not only for the local market but also for export, they switched to high yielding superior apple 
cultivars suitable for production on a large commercial scale (Janick et al., 1996). Since then, 
apple production has been dominated by only a few superior apple cultivars, mainly ‘Golden 
Delicious’, ‘Delicious’, ‘Cox’s Orange Pippin’, ‘Rome Beauty’, ‘Belle de Boskoop’, ‘Granny 
Smith’, ‘Jonathan’, ‘Reinette du Canada’ and ‘McIntosh’ (Way et al., 1991).  
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Interestingly, these superior apple cultivars are all chance seedlings, except for ‘Cox’s Orange 
Pippin’. These did not result from controlled breeding programmes, but were found by apple 
growers in the field. In fact, although apples have been grown since the Romans and the Greeks, 
apple breeding started only recently. Thomas Andrew Knight (1759-1835) was the first to make 
controlled crosses. Apple breeding made a slow start and for a long time apple breeding efforts 
were not really successful. The new hybrid cultivars could not replace superior chance seedling 
cultivars in the apple market. However, in the last 45 years, this situation has changed and more 
and more commercially important apple cultivars are the product of successful breeding 
programmes (Janick et al., 1996).  
At present, some researchers question the future success of apple breeding efforts. It is suggested 
that the genetic base of breeding programmes is too limited and that inbreeding may become a 
serious problem in the future. This may jeopardise further breeding progress. In a study of Noiton 
and Alspach (1996) pedigrees of 439 cultivars and selections were collected from available 
literature and recorded. The same five cultivars, namely ‘McIntosh’, ‘Golden Delicious’, 
‘Jonathan’, ‘Cox’s Orange Pippin’ and ‘Red Delicious’ occurred in the parentage of 281 cultivars 
and selections, and 96 cultivars had two or more of these five cultivars in their parentage.  
 
The aim of our research was to investigate if the genetic base of our collection of modern 
cultivars and breeding lines, currently used as breeding germplasm, is wide enough to guarantee 
breeding progress in the future. Therefore, the genetic diversity of this collection was described 
and compared with the genetic diversity of two Belgian collections of old local apple varieties. 
Additionally, we hoped to gain some insights into the genetic structure of these germplasm 
collections in order to improve their management.  
This research was part of an elaborate study on molecular and functional genetic diversity in 
apple, financed by the Belgian Federal Office for Scientific, Technical and Cultural Affairs 
(OSTC). 
 
 

1. Materials and methods 
 
1.1. Plant material 
 
In this study, 461 apple accessions were included. The modern apple collection comprised of 93 
cultivars and breeding lines, the NBS-collection included 137 old apple varieties collected in 
Flanders and the CRA-collection consisted of 231 old apple varieties collected in Wallony. The 
NBS-collection was a subset of a collection of more than 1540 accessions. This large collection 
was started in 1973 to preserve old local apple varieties grown in Flanders. The CRA-collection 
was part of a larger old apple varieties collection from the Walloon Agricultural Research Centre 
of Gembloux. This collection comprises of more than 1400 apple accessions grown in Belgium 
during the 18th and 19th century. The collection was started in the framework of a research 
project on ‘Fruit Tree Genetic Resources and Disease Resistance’.  
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Initially, a larger number of cultivars, breeding lines and varieties were included in this study. 
After genotyping all accessions with ten microsatellite markers, accessions with identical 
microsatellite fingerprints were removed from the dataset. The remaining accessions are listed 
per collection in Tables A.1, A.2 and A.3 in the appendix A.  
 
Table II.1 lists the reported origin, pedigree and year of discovery and/or commercial release of 
61 accessions of the collection of modern apple cultivars and breeding lines.
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Table II.1: Reported origin, pedigree and year of discovery and/or commercial release of 61 modern apple cultivars.  
Cultivar  Pedigree Origin Year Ref. 
Alkmene ‘Geheimrat Dr. Oldenburg’ × ‘Cox's Orange Pippin’ Germany  1930 a 
Angold ‘Antonovka’ × ‘G. D.’ Czech Republic  1976 f 
Arlette ‘G. D.’ × ‘Idared’ Switzerland  1989 e 
Baskatong 'Simcoe’ × ‘Meach’   k 
Baujade ‘Granny Smith’ × (‘Reinette du Mans’ × (‘G. D.’ × (‘G. D.’ × F2 26829-2-2))) France  1975/1988 c,d 
Berner Rosen chance seedling   a 
Blenheim Orange chance seedling England  1800 a 
Boskoop possibly a mutant of ‘Reinette van Montfort’  The Netherlands  1856/1863 a 
Braeburn chance seedling, possibly of ‘Lady Hamilton’ × ‘Granny Smith’ New Zealand  1952/1992 b,g 
Charlotte  M. coronaria cv ‘Charlotte’   b 
Delbard Jubilée ‘G. D.’ × ‘Lundbytrop’ France  1968/1983 c 
Ecolette ‘Prima’ × ‘Elstar’ The Netherlands  d 
Elshof ‘G. D.’ × ‘Ingrid Marie’   d 
Enterprise  ‘McIntosh’ × (‘Starking Delicious’ × (‘G. D.’ × F2 26829-2-2)) sib USA  1994 e 
Fantasia ‘McIntosh’ × ‘Linda’   k 
Fiesta ‘Cox's Orange Pippin’ × ‘Idared’ England  1986 e 
Florina ‘Jonathan’ × (‘Starking Delicious’ × (‘G. D.’ × F2 26829-2-2)) France  1977 e 
Freedom (‘Macoun’ × ‘Antonovka’) × (‘G. D.’ × F2 26829-2-2) USA  1983 e 
Frumos de Voinesti ‘Jonathan’ × ‘Belle de Boskoop’   k 
Fuji  ‘Ralls Janet’ × ‘Red Delicious’ Japan  1939/1993 c,d 
Gala Must ‘Kidd's Orange’ × ‘G. D.’   a 
Gloster ‘Glockenapfel’ × ‘Richared Delicious’ Germany  1951/1980 a 
GoldRush ‘G. D.’ × (‘Winesap’ open-pollinated × (‘Melrose’ × (‘G. D.’ × F2 26829-2-2))) USA 1995 e,l 
Granny Smith chance seedling, possibly from a open pollinated French crab apple  Australia 1850/1968 a,c,k 
Idared ‘Jonathan’ × ‘Wagner’ USA  1935/1942 a 

 



 

Indo possibly a seedling of ‘White Winter Pearmain’   g 
Ingrid Marie chance seedling, possibly from open pollinated ‘Cox's Orange Pippin’  Denmark 1936 a,k 
James Grieve seedling of ‘Pott's Seedling’ or ‘Cox's Orange Pippin’ Scotland 1890 a,k 
Jonagold ‘G. D.’ × ‘Jonathan’ USA  1953/1968 a 
Jonagored colour sport of ‘Jonagold’   d 
Karmijn ‘Cox's Orange Pippin’ × ‘Jonathan’ The Netherlands  1971 e 
Kidd's Orange ‘Red Delicious’ × ‘Cox's Orange Pippin’   a 
King mutant of ‘Jonagold’ Belgium  1985 d 
Liberty  PRI 54-12t × ‘Macoun’ USA  1979 e 
MacFree ‘McIntosh’ × breeding seedling of ‘Rome Beauty’, M. floribunda and ‘Jonathan’   k 
Merlijn ‘Liberty’ × ‘King Jonagold’   k 
Moiria ‘McIntosh’ × (‘Jonathan’ × F2 26829-2-2) Canada  1978 e 
Murray  ‘McIntosh’ × 52-05-26 Canada  1980 h,l 
Nabella ‘Mother’ × ‘Starking Delicious’ Czech Republic  1976 f 
Nova Easygro ‘Spartan’ × (‘Fanny’ × ‘Jefferies’) × (‘Wealthy’ × R12740-7A) Canada  i,l 
Ontario  ‘Northern Spy’ × ‘Wagner’  Canada  1874/1882 a 
Pinova ‘Clivia’ × ‘G. D.’ Germany  1993 c 
Priam ‘Jonathan’ × (‘G. D.’ × F2 26829-2-2) France/USA 1974 e 
Prima (‘G. D.’ × F2 26829-2-2) × ((‘Melba’ × (‘Wealthy’ × ‘Starr’)) × (‘Red Rome Beauty’ × ‘Melba’)) USA  1970 e 
Priscilla ‘Starking Delicious’ × (‘McIntosh’ × (‘G. D.’ × F2 26829-2-2)) USA  1972 e 
Pristine ‘Carnuzat’ × PRI 1659-10 USA 1995 j,l 
Queen's Cox mutant of ‘Cox's Orange Pippin’ England   g 
Renora ‘Clivia’ × seedling of M. floribunda Germany  1996 d 
Retina (‘Cox's Orange Pippin’ × ‘Geheimrat Dr. Oldenburg’) × F3 M. floribunda Germany  1991 e 
Rewena (‘Cox's Orange Pippin’ × ‘Geheimrat Dr. Oldenburg’) × F3 M. floribunda Germany  1991 e 
Rouville complex hybrid of ‘Melba’, ‘McIntosh’, ‘Wolf River’ and M. atrosanguinea 804   k 
Rubinette ‘G. D.’ × ‘Cox's Orange Pippin’  1966 c 

 



 

Rubinola ‘Prima’ × ‘Rubin’   k 
Selena ‘Britemac’ × ‘Prima’ Czechoslovakia  1990 e 
Summerred chance seedling   k 
Sunrise  (‘McIntosh’ × ‘G. D.’) × PC F 3.120 Canada  1968 c 
Sunset seedling of ‘Cox's Orange Pippin’    g 
Vanda  ‘Jolana’ × ‘Lord Lambourne’ Czechoslovakia  1990 e 
Wijcik mutant of ‘McIntosh’ Canada   d 
Worcester Pearmain ‘Devonshire Quarrenden’ (?)× ? England  1874/1875 d 
Zuzana ‘Glockenapfel’ × ‘James Grieve’ Czech Republic  1976 f 
     
F2 26829-2-2 (‘Rome Beauty’ × M. floribunda 821) × (‘Rome Beauty’ × M. floribunda 821)     e 
a: Petzold (1979), b: Fischer et al. (1999), c: Trillot et al. (1993)  
d: http://www.webvalley.co.uk/brogdale/collectionapples.php 
e: Noiton and Alspach (1996), f: Blažek and Paprštein (1994), g: Morgan and Richards (1993) 
h: http://www.pgris.com/partners/apple/scab.htm (accessed October 2005) 
i: http://res2.agr.ca/kentville/pubs/apple_cultivars-cultivars_pommes_e.htm (accessed October 2005) 
j: http://www.ne183.org/cultivars/ne183harvestdates.html (accessed October 2005) 
k: Prof. S. Brown, Cornell University, personal communication 
l: Prof. S. Korban, University of Illinois, personal communication 
‘G.D.’: ‘Golden Delicious’

 

http://www.pgris.com/partners/apple/scab.htm
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1.2. DNA extraction and concentration determination 
 
Fresh leaf samples were collected in the field. Following, the leaves samples were placed in 
plastic tubes (1.5 ml, Greiner Bio-one) with perforated screw caps and immediately deep-frozen 
in liquid nitrogen, or they were stored in humidified plastic bags until deep-freezing in the 
laboratory. The deep-frozen leaf samples were lyophilised (Freezone 4.5, Labconco) for at least 
24 hours.  
The DNA samples were prepared at the Department PLANT of the Institute for Agricultural and 
Fisheries Research in Melle (ILVO, former CLO), following the protocol described in Dumolin 
et al. (1995).  
 
 
1.3. Microsatellite analysis 
 
The apple cultivars were characterised with ten microsatellite markers. The markers 02b1, 04h11, 
05g8, 23g4 and 28f4 were developed by Guilford et al. (1997), while the markers CH01H10, 
CH01F02, CH01H01, CH02B12, CH02C06 and were developed by Gianfranceschi et al. (1998).  
The choice of these SSR markers was based on degree of polymorphism and linkage group 
location. General information on these ten microsatellite markers such as primer sequences, 
repeat motif, linkage group location and size range is given in Table II.2. 
 
Four SSR loci, namely 02b1, 04h11, 05g8 and 23g4 were genotyped at the Laboratory for Fruit 
Breeding and Biotechnology in Leuven (LFBB), the other six loci were genotyped at ILVO-
PLANT. 
For markers 02b1, 04h11, 05g8, 23g4, 28f4, CH01H01, CH02B12 and CH01H10, the PCR 
samples were prepared as described by Gianfranceschi et al. (1998), with some slight 
modifications: 5µl DNA-sample (5ng/µl) was added to 10 µl PCR mix consisting of 1.5 µl Mg2+-
rich PCR-buffer (Promega®), 1 U Taq polymerase (Promega®), 0.3 µl dNTPs (10mM each 
dNTP, Promega®), 2 µl AD, 3 µl of the labelled forward primer (MWG) and 3 µl of the 
unlabelled reverse primer (MWG). The forward primers were labelled with a fluorescent near 
infrared dye (IRDyeTM800). As the optimal concentration of the primers was primer-dependent, 
concentrations were determined in advance. Concentrations varied between 0.2 µM and 2µM.  
PCR reaction was carried out in a T1 thermocycler (Biometra®) (LFBB) or, in a PE9600 or 
PE9700 thermocycler (Perkin-Elmer®) (ILVO-PLANT). The PCR conditions were set as 
follows: five minutes at 96°C, 35 cycles of 40 seconds at 94 °C, 40 seconds at 55°C and 20 
seconds at 72°C and finally 10 minutes at 72 °C (Guilford et al., 1997).  
Before loading, 15 µl of loading buffer was added to each sample, the samples were denatured (3 
minutes at 95°C) and kept on ice. Then, the amplification products were separated by length by 
poly-acrylamide gel electrophoresis on a 4000L DNA Sequencer (Li-Cor®, Inc.). Fragment 
lengths were determined by comparison with a molecular weight marker (size standard 
IRDyeTM800, Li-Cor®, Inc.) using the GeneImagIR software (Li-Cor®, Inc.). 
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For markers CH01F02 and CH02C06, the same protocol was used, but the forward primers were 
labelled with a fluorescent dye for fragment detection on an ABI Prism 377 DNA sequencer as 
described by Coart (2003b). 
 

Table II.2: Features of microsatellite markers: published identification name and internal code 
(FTC), sequences of forward and reverse primers, repeat motif, linkage group location and size 
range.  
Microsatellite Primer sequences Repeat LG Range 
02b1a f 5’-CCG TGA TGA CAA AGT GCA TGA-3’ (GA)14 15c,d 212-238a

FTC 106-107 r 5’-ATG AGT TTG ATG CCC TTG GA-3’  5e  
04h11a f 5’-CTT CCA TCG AGA TTG CAT CAT A-3’ (GA)23 9d 201-223a

FTC 108-109 r 5’-CGA ATT GAG AGG TCG TCG TT-3’  17e  
05g8a f 5’-CGG CCA TCG ATT ATC TTA CTC TT-3’ (GA)18 4c,d 115-141a

FTC 110-111 r 5’-GGA TCA ATG CAC TGA AAT AAA CG-3’  16e  
23g4a f 5’-TTT CTC TCT CTT TCC CAA CTC-3’ (GA)19 6c,d 84-116a

FTC 112-113 r 5’-AGC CGC CTT GCA TTA AAT AC-3’  7e  
28f4a f 5’-TGC CTC CCT TAT ATA GCT AC-3’ (GA)18 12cd 98-112a

FTC 114-115 r 5’-TGA GGA CGG TGA GAT TTG-3’  10e  
CH01H10b f 5’-AGG AGG GAT TGT TTG TGC AC-3’ (AG)21 8c 93-119b

FTC 93-94 r 5’-TGC AAA GAT AGG TAG ATA TAT GCC A-3’  11e  
CH01F02b f 5’-ACC ACA TTA GAG CAG TTG AGG-3’ (AG)22 12c 168-222b

FTC 128-129 r 5’-CTG GTT TGT TTT CCT CCA GC-3’    
CH01H01b f 5’-GAA AGA CTT GCA GTG GGA GC-3’ (AG)25,5 17c 107-141b

FTC 130-131 r 5’-GGA GTG GGT TTG AGA AGG TT-3’  2e  
CH02B12b f 5’-CGC ATG CTG ACA TGT TGA AT-3’ (AG)20 13c 123-130b

FTC 124-125 r 5’-CGG TGA GCC CTC TTA TGT GA-3’  8e  
CH02C06b f 5’-TGA CGA AAT CCA CTA CTA ATG CA-3’ (GA)21(GA)17 2c 216-254b

FTC 134-135 r 5’-GAT TGC GCG CTT TTT AAC AT-3’  6e  
a: Guilford et al. (1997), b: Gianfranceschi et al. (1998), c: Liebhard et al. (2002), d: Maliepaard et al. 
(1998), e: Kenis and Keulemans (2005) 
f: forward primer, r: reverse primer, LG: linkage group  
 
The presence of a single fragment at a locus may indicate homozygosity at that locus, but can 
also indicate the ‘presence’ of a null allele; an allele that does not give a PCR product. Absence 
of amplification of an allele may be caused by mutations at the primer binding site, large 
insertions or other rearrangements in the DNA stretch or the deletion of the microsatellite as a 
whole (Varshney et al., 2004). In this study, null alleles were not considered.  
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1.4. Data analysis 
 
Coefficients of parentage (COP) were calculated in SAS 9.1 (SAS Institute Inc.) based on the 
available pedigree information.  
 
The analysis of the genetic diversity of the collection of modern apple cultivars and breeding 
lines and of the collections of old apple varieties was seriously complicated by the presence of 
triploid apple genotypes. Because most software programmes for population genetics and genetic 
diversity studies only deal with diploid marker data, the number of programmes applicable to our 
data set was very limited. SPAGeDi 0.0 (Hardy and Vekemans, 2002) was used to calculate (i) 
(average) number of alleles per locus, (ii) allele frequencies, (iii) expected heterozygosity He 
(Nei, 1978) and (iv) relationship coefficients between individuals (Hardy and Vekemans, 1999). 
Based on these data, (v) the number of effective alleles Ae, (vi) the observed heterozygosity Ho 
and (vii) Wright’s inbreeding coefficient FIS  were calculated. Relationship coefficients between 
individuals were calculated for each collection separately and for the total (joined) collection.  
 
Neighbour Joining clustering, based on the relationship coefficients calculated in SPAGeDi 0.0 
(Hardy and Vekemans, 2002), was performed in PHYLIP (Felsenstein, 1993) and NTSYSpc 
(Rohlf, 2000). Dendrogrammes based on the PHYLIP-output were drawn in TreeView (Page, 
1996). Note that these dendrogrammes only represent the clustering of cultivars and not the 
relationship coefficients between cultivars. The goodness of fit of the Neighbour Joining trees 
with the original similarity matrices was determined by the cophenetic correlation coefficient (r) 
which was calculated in NTSYSpc (Rohlf, 2000). The statistical significance of this coefficient 
was determined by applying the approximate Mantel t-test (Mantel, 1967) in NTSYSpc (Rohlf, 
2000). To provide support for the inferred dendrogram branches, 50 bootstrapped matrices were 
manually constructed using Excel. The reason for this is that the available bootstrapping 
programmes were not applicable on our data set. The corresponding similarity matrices of 
relationship coefficients were calculated in SPAGeDi 0.0 (Hardy and Vekemans, 2002). 
Bootstrapping values were calculated in PHYLIP (Felsenstein, 1993). Nodes of a dendrogram 
with a bootstrapping percentage higher than 70% were indicated with ‘*’.  
 
PCoA-plots were drawn to represent genetic diversity within and among collections in a different 
way.  
 
Model-based clustering was performed in STRUCTURE (Pritchard et al., 2000) using the 
admixture and F-model which takes the possible correlation of allele frequencies in closely 
related populations into account (Falush et al., 2003).  
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2. Results 
 
2.1. Coefficient of parentage of modern apple cultivars and breeding lines. 
 

The coefficient of parentage (COP) was for 1.6% of the pairwise combinations between cultivars 
and breeding lines equal to or higher than 0.25, equivalent to a parent-offspring or full-sib 
relationship. COP was between 0.125 (half-sibs) and 0.25 for 7.2% of the combinations, between 
0.0625 (first cousins) and 0.125 for 7.6% of the combinations and higher than 0 for 8.1% of the 
combinations. Based on the available pedigree information, 75.5% of pairs of modern cultivars 
did not share a parent in their parentage. 

 

 

2.2. General description of genetic diversity in modern apple cultivars and 
breeding lines, and old apple varieties 
 
2.2.1. Number of alleles 
 
In Table II.3, the absolute and effective number of alleles, and absolute number of frequently 
occurring alleles (allele frequency > 5%) found per locus are given for each collection.  
 
Table II.3: Absolute (# Alleles) and effective (Ae) number of alleles, and number of frequent alleles 
(# Fr. Alleles, allele frequency > 5%) found per locus for a modern apple collection of 93 cultivars 
and breeding lines, a collection of 137 old apple varieties from Flanders (NBS), a collection of 231 
old apple varieties from Wallony (CRA) and the total collection. 
  # Alleles # Fr. Alleles Ae

Locus Modern NBS CRA Total Modern NBS CRA Total Modern NBS CRA Total
CH01F02 17 15 19 22 6 7 6 6 8.0 8.2 6.9 7.6 
CH01H01 13 14 15 18 6 7 7 7 6.9 8.0 7.2 7.6 
CH01H10 10 9 8 13 3 3 4 4 3.0 2.8 2.7 2.8 
CH02B12 10 14 13 16 6 6 7 7 4.0 6.8 6.8 6.3 
CH02C06 18 17 17 22 6 7 6 8 7.7 7.9 7.8 8.2 
02b1 12 11 14 16 4 5 5 5 4.6 5.1 5.5 5.2 
04h11 8 8 8 11 4 4 4 4 2.9 3.3 3.4 3.3 
05g8 14 12 12 18 4 5 4 5 2.7 3.7 4.0 3.7 
23g4 14 15 14 15 6 4 2 3 5.6 3.5 3.4 4.0 
28f4 8 8 7 10 5 5 5 5 3.4 4.1 3.8 4.0 
Average 12.4 12.3 12.7 16.1 5 5.3 5 5.4 4.9 5.3 5.2 5.3 
 
For the three collections together, a total of 161 alleles were detected. The absolute number of 
alleles per locus was high and varied between eight (loci 04h11 and 28f4) and 18 (locus 
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CH02C06) for the modern apple collection, between eight (loci 04h11 and 28f4) and 17 (locus 
CH02C06) for the NBS-collection, and between seven (locus 28f4) and 19 (locus CH01F02) for 
the CRA-collection. Based on the absolute number of alleles per locus, loci 04h11 and 28f4 were 
the least polymorphic and loci CH02C06 and CH01F02 the most polymorphic loci, for the three 
collections.  
 
The number of frequently occurring alleles (frequency > 5%) ranged from three (locus 
CH01H10) to six (loci CH01F02, CH01H01, CH02B12, CH02C06 and 23g4) for the modern 
apple collection, from three (locus CH01H10) to seven (loci CH01F02, CH01H01 and CH02C06) 
for the NBS-collection, and from two (locus 23g4) to seven (loci CH01H01 and CH02B12) for 
the CRA-collection.  
 
The discrepancy between the absolute number of alleles per locus and the number of frequent 
alleles per locus indicates that each microsatellite locus is characterised by a limited number of 
frequent alleles and a series of rare alleles.  
 
The effective number of alleles per locus (Ae) was also considerably lower than the absolute 
number of alleles per locus. Ae is based on allele frequencies and is thus less sensitive to rare 
alleles. For example, for modern apple, the absolute number of alleles for locus 05g8 was 14 
while the effective number of alleles was only 2.7. Similarly, for locus CH01F02 in the Walloon 
old apple collection, the number of alleles decreased from 19 to 6.9.  
The effective number of alleles varied between 2.7 (locus 05g8) and 8.0 (locus CH01F02) for the 
modern apple collection, between 2.8 (locus CH01H10) and 8.2 (locus CH01F02) for the NBS-
collection, and between 2.7 (locus CH01H10) and 7.8 (locus CH02C06) for the CRA-collection.  
 
For most loci, the absolute number of alleles was similar for the three collections and in general, 
(relative) differences were even further reduced when only the number of frequent alleles or the 
effective number of alleles were considered. However, for the number of frequent alleles and 
effective number of alleles, relatively large discrepancies were found between collections for 
locus 23g4 and locus CH02B12. At locus 23g4, only two frequent alleles were found in the CRA-
collection, whereas respectively six and four in the modern apple collection and the NBS-
collection. On the other hand, for the CRA-collection, the effective number of alleles at this locus 
was comparable to the NBS-collection, but lower than that for the modern apple collection. At 
locus CH02B12, the effective number of alleles for the modern apple collection was 4.0, whereas 
6.8 for the CRA- and NBS-collection.  
Despite these discrepancies, the absolute number of alleles, the number of frequent alleles and the 
effective number of alleles differed in general only slightly among the collections. This was also 
evidenced by the fact that average values (averaged over loci) were similar for all three 
collections.  
 
Remark that differences in number of alleles per locus between collections were presumably not 
severely influenced by the size of the collections because the number of alleles for the Walloon 
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old apple collection (the largest collection) was not consistently higher than for the other 
collections or, vice versa, lower for the modern apple collection.  
 
 
2.2.2. Allele frequencies 
 
Figures II.1 till II.10 represent the frequencies of the alleles detected at the ten analysed 
microsatellite loci for the collection of modern apple cultivars and breeding lines, and for the 
NBS- and CRA-collection.  
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Figure II.1: Allele frequencies at microsatellite locus CH01F02 for a modern apple collection of 93 
cultivars and breeding lines, a collection of 137 old apple varieties from Flanders (NBS) and a 
collection of 231 old apple varieties from Wallony (CRA). 
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Figure II.2: Allele frequencies at microsatellite locus CH01H01 for a modern apple collection of 93 
cultivars and breeding lines, a collection of 137 old apple varieties from Flanders (NBS) and a 
collection of 231 old apple varieties from Wallony (CRA). 
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Figure II.3: Allele frequencies at microsatellite locus CH01H10 for a modern apple collection of 93 
cultivars and breeding lines, a collection of 137 old apple varieties from Flanders (NBS) and a 
collection of 231 old apple varieties from Wallony (CRA). 
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Figure II.4: Allele frequencies at microsatellite locus CH02B12 for a modern apple collection of 93 
cultivars and breeding lines, a collection of 137 old apple varieties from Flanders (NBS) and a 
collection of 231 old apple varieties from Wallony (CRA). 
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Figure II.5: Allele frequencies at microsatellite locus CH02C06 for a modern apple collection of 93 
cultivars and breeding lines, a collection of 137 old apple varieties from Flanders (NBS) and a 
collection of 231 old apple varieties from Wallony (CRA). 
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Figure II.6: Allele frequencies at microsatellite locus 02b1 for a modern apple collection of 93 
cultivars and breeding lines, a collection of 137 old apple varieties from Flanders (NBS) and a 
collection of 231 old apple varieties from Wallony (CRA). 
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Figure II.7: Allele frequencies at microsatellite locus 04h11 for a modern apple collection of 93 
cultivars and breeding lines, a collection of 137 old apple varieties from Flanders (NBS) and a 
collection of 231 old apple varieties from Wallony (CRA). 
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Figure II.8: Allele frequencies at microsatellite locus 05g8 for a modern apple collection of 93 
cultivars and breeding lines, a collection of 137 old apple varieties from Flanders (NBS) and a 
collection of 231 old apple varieties from Wallony (CRA). 
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Figure II.9: Allele frequencies at microsatellite locus 23g4 for a modern apple collection of 93 
cultivars and breeding lines, a collection of 137 old apple varieties from Flanders (NBS) and a 
collection of 231 old apple varieties from Wallony (CRA). 
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Figure II.10: Allele frequencies at microsatellite locus 28f4 for a modern apple collection of 93 
cultivars and breeding lines, a collection of 137 old apple varieties from Flanders (NBS) and a 
collection of 231 old apple varieties from Wallony (CRA). 
 
As already demonstrated in Table II.3, a number of frequently occurring alleles (frequency > 5%) 
and a series of rare alleles were found for each locus. Moreover, Figures II.1 till II.10 illustrate 
that allele frequencies can fluctuate strongly for certain loci. For example, for locus CH01H10, 
alleles CH01H10-92 and CH01H10-99 were detected in more than, respectively, 25% and 50% 
of the analysed apple accessions. The frequencies of the other alleles were generally below 5%. 
Also, loci 05g8 and 23g4 were mainly dominated by alleles 05g8-121 and 05g8-123, and 23g4-84 
and 23g4-110 respectively.  
 
If an allele was frequently present in one collection, it was generally also frequently observed in 
the other collections. This was the case for 49 of the 60 alleles with a frequency higher than 5% 
in at least one collection. Consequently, differences in absolute number of alleles per locus 
between collections (see Table II.3) were mainly due to the presence of rare alleles.  
Only six alleles were frequent alleles (frequency > 5%) in the old apple collections, but not in the 
modern apple collection, namely CH01H01-106, CH02C06-216, CH02C06-242, 02b1-234, 
05g8-135 and 05g8-141. Vice versa, only five alleles, namely CH02C06-234, 05g8-147, 23g4-
88, 23g4-100 and 23g8-106, were frequent alleles in the modern collection, but not in the old 
collections.  
Nine of the ten analysed loci also carried collection-specific alleles. In total, 39 alleles were 
found that were only present in one collection. Fifteen alleles only occurred in the modern apple 
collection, 17 alleles were only present in the Walloon old apple collection and seven alleles were 
restricted to the Flemish old apple collection. The frequency of only four collection-specific 
alleles was above 1%, namely of CH01H01-91, CH01H10-113, 02b1-242 and 04h11-219. 
Remarkably, they all belonged to the modern apple collection. Probably these alleles were 
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introgressed from wild or ornamental relatives and enriched in the modern apple germplasm 
through breeding.  
 
 
2.2.3. Heterozygosity and Wright’s inbreeding coefficient 
 
Expected heterozygosity (He), observed heterozygosity (Ho) and Wright’s inbreeding coefficient 
(FIS) for the modern apple collection, the NBS-collection and the CRA-collection are represented 
in Table II.4. 
 
Table II.4: Expected heterozygosity (He), observed heterozygosity (Ho) and Wright’s inbreeding 
coefficient (FIS) at ten microsatellite loci for a modern apple collection of 93 cultivars and breeding 
lines, a collection of 137 old apple varieties from Flanders (NBS) and a collection of 231 old apple 
varieties from Wallony (CRA). 

  He Ho FIS

Locus Modern NBS CRA Modern NBS CRA Modern NBS CRA 
CH01F02 0.8744 0.8787 0.8541 0.8925. 0.8905 0.8874 -0.0207 -0.0134 -0.0390 
CH01H01 0.8547 0.8744 0.8615 0.9462 0.8248 0.9048 -0.1071 0.0567 -0.0502 
CH01H10 0.6692 0.6403 0.6301 0.6667 0.7372 0.6797 0.0038 -0.1514 -0.0786 
CH02B12 0.7503 0.8523 0.8521 0.7742 0.8978 0.8615 -0.0318 -0.0534 -0.0110 
CH02C06 0.8693 0.8736 0.8717 0.8387 0.8905 0.8831 0.0352 -0.0194 -0.0131 
02b1 0.7818 0.8025 0.8182 0.9140 0.8978 0.9307 -0.1691 -0.1188 -0.1375 
04h11 0.6500 0.6978 0.7100 0.6774 0.8029 0.8052 -0.0422 -0.1506 -0.1341 
05g8 0.6275 0.7331 0.7528 0.3548 0.5693 0.5931 0.4345 0.2234 0.2122 
23g4 0.8220 0.7170 0.7098 0.8817 0.8394 0.8139 -0.0727 -0.1707 -0.1466 
28f4 0.7060 0.7536 0.7344 0.7634 0.8321 0.8052 -0.0814 -0.1042 -0.0964 

Average 0.7605 0.7823 0.7795 0.7710 0.8182 0.8165 -0.0137 -0.0459 -0.0474 
 
Expected heterozygosity (He) at a locus increases with increasing number of alleles per locus and 
equalising allele frequencies. The first criterion for high expected heterozygosity, high number of 
alleles per locus, was met for most loci (see Table II.3). The second criterion was less met 
because of the occurrence of only a small number of frequent alleles and a large series of rare 
alleles. However, Table II.4 shows that high heterozygosity values were obtained for most loci.  
He varied between 0.6275 (locus 05g8) and 0.8744 (locus CH01F02) with an average of 0.7605 
in the modern apple collection, between 0.6403 (locus CH01H10) and 0.8787 (locus CH01F02) 
with an average of 0.7823 in the NBS-collection and between 0.6301 (locus CH01H10) and 
0.8717 (locus CH02C06) with an average of 0.7795 in the CRA-collection. He was minimal at 
locus CH01H10 for the NBS- and CRA-collection, but at locus 05g8 for the modern apple 
collection. He was maximal at locus CH01F02 for the modern apple and NBS-collection and at 
locus CH02C06 for the CRA-collection. Differences between collections for He were only minor 
at these two loci.  
Per collection, the loci for which He was maximal or minimal did not correspond with the loci 
with the highest, and respectively, lowest absolute number of alleles. However, they did 
correspond to the loci with the highest and lowest effective number of alleles (see Table II.3). 
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This demonstrates that the absolute number of alleles is not solely determining for the level of 
heterozygosity but that equality of allele frequencies is also an important factor to augment 
heterozygosity.  
 
Observed heterozygosity varied between 0.3548 (locus 05g8) and 0.9462 (locus CH01H01) with 
an average of 0.7710 in the modern apple collection, between 0.5693 (locus 05g8) and 0.8978 
(loci CH02B12 and 02b1) with an average of 0.8182 in the NBS-collection and between 0.5931 
(locus 05g8) and 0.9307 (locus 02b1) with an average of 0.8165 in the CRA-collection. Ho was 
minimal at locus 05g8 for all three collections, but was, with a value of 0.3548, considerably 
lower for the modern apple collection. For this collection, He was also minimal at this locus, but 
for the NBS- and CRA-collection, He was minimal at locus CH01H10. Ho was maximal at 
different loci than He. Ho was maximal at locus CH01H01 in stead of CH01F02 (for He) for the 
modern apple collection and at locus 02b1 in stead of locus CH01F02 and CH02C06 (for He) for 
the NBS- and CRA-collection respectively. 
 
As indicated by Wright’s inbreeding coefficient (FIS) values, which only slightly differed from 
zero, observed heterozygosity matched expected heterozygosity for most loci. Apart from one 
locus, FIS values indicated that homozygosity was low at the analysed SSR loci. On the contrary, 
they rather indicated excess heterozygosity. Average FIS was negative for all three collections, 
but minimal (absolute value) for the modern apple collection. 
For locus 05g8, FIS was positive for the three collections and FIS for the modern apple collection 
was about twice the FIS value of the NBS- and CRA-collection. These positive values for FIS are 
almost certainly due to the presence of null alleles at this locus. Null alleles at locus 05g8 were 
previously detected by Kenis (2003) when comparing microsatellite fingerprints for pedigree 
analysis. In our study, null alleles were not taken into account. Consequently, allele frequencies, 
and thus also He, Ho and FIS values are biased for this locus. A possible explanation for the high 
value of FIS for the modern apple collection compared to the other collections is that this null 
allele was enriched in the modern apple collection through breeding.  
 
 
2.3. Genetic structure of the apple collections 
 
2.3.1. Neighbour Joining clustering 
 
2.3.1.1 Modern cultivars 
 
In Figure II.11 the dendrogram inferred for the modern cultivars and breeding lines is given. The 
dendrogram was obtained after Neighbour Joining cluster analysis in PHYLIP (Felsenstein, 
1993). Bootstrapping percentages were low. For only 15 pairs and two triplets of modern apple 
accessions, the bootstrapping percentage was higher than 70%. No larger clusters were supported 
by high bootstrapping values. The low bootstrapping values were probably partly due to the fact 
that only 50 bootstrapped matrices were constructed.  
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The cophenetic correlation coefficient was also low (r = 0.55, t = 37.98) and indicated that the 
inferred dendrogram did not fit the original distance matrix well.  
Moreover, the clustering output did not often correspond to the parentage coefficients (COP) 
which were calculated based on the available pedigree information (Table II.1). For example, 
‘Wijcik’ is a mutant of ‘McIntosh’ and ‘McIntosh’ is a parent cultivar of ‘Enterprise’, ‘Fantasia’, 
‘MacFree’, ‘Moiria’ and ‘Murray’. Consequently, the coefficient of parentage (COP) between 
‘Wijcik’ and these cultivars and breeding lines was 0.25. However, only ‘Fantasia’, ‘MacFree’ 
and ‘Moiria’ were found in the same cluster as ‘Wijcik’. Similarly, ‘Queen Cox’ is a mutant of 
‘Cox’s Orange Pippin’ and ‘Cox’s Orange Pippin’ is a parent of ‘Alkmene’, ‘James Grieve’, 
‘Karmijn’, ‘Rubinette’ and ‘Sunset’. Although COP between ‘Queen Cox’ and these cultivars or 
breeding lines was 0.25, ‘Queen Cox’ was only clustered with ‘James Grieve’ and ‘Sunset’. Also 
the following pairs of modern apple accessions with a COP of 0.25 were not detected in the 
dendrogram; ‘Arlette’ and ‘Idared’, ‘Braeburn’ and ‘Granny’, ‘Elshof’ and ‘Ingrid Marie’, 
‘Zuzana’ and ‘James Grieve’ and, ‘Merlijn’ and Liberty’. Moreover, ‘Ecolette’ and ‘Elshof’ were 
grouped in different clusters although their COP was high (0.2813). Also ‘Rewena’ and ‘Retina’ 
which have an identical parentage were not clustered together.  
On the other hand, some cultivars or breeding lines were grouped together (with a bootstrapping 
percentage > 70%) although they did not have a parent cultivar in common; for example, 
‘Charlotte’ and ‘Wijcik’ and, ‘Liberty’ and ‘Zuzana’.  
For some cultivars or breeding lines, however, the clustering results did correspond to the 
pedigree information. For example, the mutants ‘Jonagored’ and ‘King’ were clustered with 
‘Jonagold’ and ‘Baujade’ was paired with ‘Granny Smith’, one of its parents.  
Nevertheless, the low bootstrapping values, the low cophenetic correlation coefficient and the 
inferior correspondence to the pedigree data clearly indicated that the obtained Neighbour Joining 
tree should be interpreted very carefully.  
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Figure II.11: Neighbour Joining dendrogram, calculated in PHYLIP (Felsenstein, 1993), revealing 
possible relationships among 93 modern apple cultivars and breeding lines. Relationship coefficients 
were calculated in SPAGeDi 0.0 (Hardy and Vekemans, 2002) based on molecular data of ten 
microsatellite loci. Nodes with bootstrapping % higher than 70%, based on 50 bootstrapped 
matrices, are indicated by ‘*’. 
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2.3.1.2. Flemish old apple varieties 
 
Genetic similarities between Flemish old apple varieties are illustrated in Figure II.12. As for the 
modern cultivars, this dendrogram should be interpreted with care. The bootstrapping values were 
insufficient for most inferred clusters and the cophenetic correlation coefficient (r = 0.52, t = 
52.89) was low. Unfortunately, no pedigree information was at hand for comparison. 
 
 
2.3.1.3. Walloon old apple varieties 
 
Figure II.13 shows the genetic dendrogram for the old Walloon apple varieties. Bootstrapping 
values mainly supported small groups of old varieties. The bootstrapping percentage was higher 
than 70% for 31 pairs of modern apple accessions, eleven triplets and four groups of five 
accessions. No larger clusters were supported by high bootstrapping values. In addition, the 
cophenetic correlation coefficient was 0.51 (t = 85.92) and thus indicated a poor fit of the 
dendrogram to the original similarity matrix. No pedigree data was available to validate the 
clustering output. 
 
 
2.3.1.4. Complete apple collection 
 
Unfortunately, no bootstrapped matrices could be constructed for the complete collection of 
modern cultivars, breeding lines and old apple varieties, due to software limitations. Neighbour 
Joining clustering could only be performed based on the original dissimilarity matrix. 
Presumably, the bootstrapping values for the total collection would have been low for a large 
number of branch nodes, as was the case for the separate collections. The cophenetic correlation 
coefficient could be calculated, but was low (r = 0.49, t = 164.52).  
Neighbour Joining clustering on the total collection of apple cultivars, breeding lines and old 
varieties was initially performed to position modern apple cultivars and breeding lines against the 
old apple varieties. However, as no bootstrapping values could be calculated and because r was 
low, the inferred dendrogram is not shown here.  
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Figure II.12: Neighbour Joining dendrogram, calculated in PHYLIP (Felsenstein, 1993), revealing 
possible relationships among 137 Flemish old apple varieties. Relationship coefficients were 
calculated in SPAGeDi 0.0 (Hardy and Vekemans, 2002) based on molecular data of ten 
microsatellite loci. Nodes with bootstrapping % higher than 70%, based on 50 bootstrapped 
matrices, are indicated by ‘*’. 
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Figure II.13: Neighbour Joining dendrogram, calculated in PHYLIP (Felsenstein, 1993), revealing 
possible relationships among 231 Walloon old apple varieties. Relationship coefficients were 
calculated in SPAGeDi 0.0 (Hardy and Vekemans, 2002) based on molecular data of ten 
microsatellite loci. Nodes with bootstrapping % higher than 70%, based on 50 bootstrapped 
matrices, are indicated by ‘*’. 
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2.3.2. Principal coordinates analysis 
 
Principal coordinates analyses (PCoA) were not useful to visually identify distinct clusters of 
similar cultivars, breeding lines or varieties. The percentage of variance explained by the first two 
eigenvalues was 18.65% for the modern cultivars and breeding lines, 16.21% for the NBS-
collection, 14.71% for the CRA-collection and 14.31% for the complete apple collection.  
The only information captured in the PCoA plots is that some accessions were very similar to one 
or two other accessions. To illustrate this, the PCoA-plot of the complete collection of old and 
modern apple accessions is given in Figure II.14. It is very clear that the three collections largely 
overlap.  
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Figure II.14: PCoA-plot representing genetic similarities between 93 modern apple cultivars and 
breeding lines (%), 137 Flemish old (2) and 231 Walloon old apple varieties (∋). PCoA was performed 
on a matrix of pairwise relationship coefficients, calculated in SPAGeDi 0.0 (Hardy and Vekemans, 
2002) based on molecular data of ten microsatellite loci. 
 
 
2.3.3. Model-based clustering 
 
As Neighbour Joining clustering and principal coordinates analyses were mainly performed to 
study genetic diversity in a first exploratory step, it was the intention to define clusters by means 
of a model-based clustering method. In STRUCTURE (Pritchard et al., 2000), several preruns 
were done to determine the optimal burnin period and run length of the clustering algorithm. 
After a burnin period of 300.000 and a run length of 700.000 iterations, as recommended by 
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Pritchard et al. (2000), no consistent values for the log likelihood parameter were obtained. Log 
likelihood values varied considerably between runs for the same number of populations (K). 
However, these values seemed to stabilise after a burnin period of 750.000 and a run length of 
1.250.000 iterations. According to these settings and following the admixture and F-model, 
STRUCTURE was run for K = 1 to K = 12. The log likelihood parameter increased with 
increasing K. Possibly, the optimal number of populations is higher than twelve. Unfortunately, 
this could not be verified because of time restrictions. However, as log likelihood was not 
maximal for K = 2, these analyses indicated that the collection of modern cultivars and breeding 
lines could not be clearly differentiated from the collections of old varieties based on data from 
ten SSR markers.  
 
 

3. Discussion 
 
The presumption that the genetic base of modern apple breeding programmes is probably too 
narrow to guarantee breeding progress in the future, as suggested by Noiton and Alspach (1996), 
has not been confirmed by our comparative study of genetic diversity in modern apple cultivars 
and breeding lines, and old apple varieties.  
 
In general, absolute and effective number of alleles per locus, expected heterozygosity and 
observed heterozygosity were similar for the three collections. Moreover, our results were 
comparable with the results obtained in other microsatellite analyses in apple. In a study of 
Hokanson et al. (1998), eight microsatellite markers (different from the markers used in our 
study) were used to genotype 66 apple accessions. The absolute number of alleles per locus 
ranged from two to 15 with an average of 12.13. The effective number of alleles was, as in our 
study, significantly below the absolute number, ranging from 1.02 to 8.55 with an average of 
5.22. Average observed heterozygosity was slightly lower than expected heterozygosity, namely 
0.693 compared to 0.712. On the contrary, in our study, expected heterozygosity was somewhat 
below observed heterozygosity, indicated by the slightly negative FIS values. But, differences 
between observed and expected heterozygosity were small in both studies. In the microsatellite 
studies by Guilford et al. (1997), Gianfranceschi et al. (1998), Goulão and Oliveira (2001) and 
Liebhard et al. (2002), number of alleles per locus and values for expected heterozygosity are 
reported for some of the microsatellite markers that were used in our study. Expected 
heterozygosities were highly comparable, but the numbers of alleles per locus were generally 
lower than in our study. For example, the average absolute number of alleles at locus CH01F02 
was 17 in our study, whereas eleven in Gianfranceschi et al. (1998), ten in Goulão and Oliveira 
(2001), and seven in Liebhard et al. (2002). This discrepancy is very likely a consequence of 
differences in sample sizes. In our study, the smallest collection already counted 93 accessions, 
whereas only eight accessions were included in the study of Liebhard et al. (2002), 20 in 
Gianfranceschi et al. (1998), 21 in Guilford et al. (1997) and 41 in Goulão and Oliveira (2001). 
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Comparing our results with other related fruit crops also evidences that genetic erosion is 
probably not present in modern apple. Sweet cherry (Prunus avium) is a self-incompatible fruit 
crop belonging to the same family (Rosaceae) as apple. Microsatellite and pedigree analyses in 
this species have confirmed the presence of inbreeding (Dirlewanger et al., 2002; Struss et al., 
2003; Choi and Kappel, 2004 and, Wünsch and Hormaza, 2004). In this fruit crop, the number of 
alleles per locus was 2.8 in Dirlewanger et al. (2002, 21 accessions analysed), 3.2 in Struss et al. 
(2003, 15 accessions analysed) and 3.6 in Wünsch and Hormaza (2004, 28 accessions analysed). 
Of course, the differences in number of alleles per locus in these studies and our study are also 
partly due to differences in sample size. In sweet cherry, average expected heterozygosity was 
0.60 as determined by Dirlewanger et al. (2002).  
Eroded genetic variability has been reported in peach (Prunus persica) as well. Peach is, in 
contrast to apple and sweet cherry, a self-compatible but still predominantly outcrossing fruit 
species (Dirlewanger et al., 2002 and Ahmad et al., 2004). For peach, an average number of 4.2 
(Dirlewanger et al., 2002, 27 accessions analysed) and 2.2 (Ahmad et al., 2004, 38 peach and 
nectarine accessions analysed) alleles per locus have been reported. Dirlewanger et al. (2002) 
calculated an average expected heterozygosity of 0.41 in peach.  
Similar low values for expected heterozygosity and number of alleles per locus were obtained for 
self-incompatible apricot (Romero et al., 2003) and Japanese apricot (Gao et al., 2004).  
On the other hand, microsatellite diversity in our apple collections was comparable with self-
incompatible Japanese pear (Pyrus pyrifolia) (Yamamoto et al., 2002). Expected heterozygosity 
ranged from 0.57 to 0.83 with an average of 0.71 and observed heterozygosity ranged from 0.4 to 
1 with an average of 0.75. The average number of alleles per locus was lower than in our study, 
namely 4.6. In this study only 20 cultivars were genotyped.  
The sample size in each of the abovementioned studies was smaller than in our study. This may 
have affected the absolute number of alleles found at each microsatellite locus. However, this 
should not have strongly influenced the expected and observed heterozygosity values calculated 
for these collections of cultivated species. Therefore, the comparisons made here clearly evidence 
that genetic diversity was high in the collections of modern apple cultivars and breeding lines, 
and of old apple varieties.  
 
Comparing genetic diversity parameters between the collection of modern apple cultivars and 
breeding lines on one hand and, the NBS- and CRA-collection of old apple varieties on the other 
hand, showed that the genetic diversity of this modern apple germplasm is comparable with the 
diversity present in the old apple collections. However, breeding may have caused a (slight) shift 
in the genetic make up of apple. Six alleles were dominantly present in the old collections 
(frequency > 5%), while their frequencies were low in the modern apple collection. Vice versa, 
five other alleles were frequently present in the modern apple collection but not in the old 
collections. Moreover, 39 collection specific alleles (alleles which are only present in one 
collection) were detected in total, but the frequencies of only four of these alleles were higher 
than 1%. The SSR analyses nevertheless demonstrated that the genetic base of the apple 
germplasm currently used for breeding is most likely wide enough to guarantee future breeding 
progress. Moreover, based on this study, it seems rather unlikely that inbreeding will jeopardize 
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the genetic improvement of apple in the (near) future. Our findings contrast with the hypothesis 
of genetic erosion in modern apple formulated by Noiton and Alspach (1996), based on pedigree 
information, and by Goulão et al. (2001), based on AFLP and RAPD markers. However, a 
considerable amount of genetic variation among apple accessions has also been reported by 
Dunemann (1994) and Oraguzie et al. (2001). In both studies, RAPD markers were used. A 
possible explanation for these contrasting results is that the outcome of genetic diversity studies 
may strongly depend on the method used to analyse genetic diversity. There are many methods to 
evaluate genetic diversity. Genetic diversity can for example be estimated based on 
morphological data, pedigree information, biochemical marker data or DNA marker data (Fufa et 
al., 2005). Each technique measures a different aspect of genetic variability (Li et al., 2001 and 
Fufa et al., 2005). This may explain the lack of consistency between genetic diversity studies 
using different techniques (Bekessy et al., 2003; Nyboom, 2004, Fufa et al., 2005; Laborda et al., 
2005; Noyer et al., 2005 and Vollmann et al., 2005). The lack of correlation between genetic 
diversity estimates based on molecular marker data on one hand and pedigree or morphological 
data on the other hand is especially adverse with regard to the current debate on the loss of 
agrobiodiversity. There is a common concern that modern breeding has reduced genetic diversity 
in crop plants rendering them more vulnerable to pests and abiotic stress and less modifiable to 
agricultural practices or quality requirements (Noiton and Alspach, 1996; Tanksley and 
McCouch, 1997; Yu and Bernardo, 2004 and Fu et al., 2006). Studies using molecular markers 
have been set up to scientifically endorse this concern. However, the detected molecular genetic 
variation was often not correlated to the phenotypic variation and, more importantly, to the 
variation in agronomically important traits (Whitt et al., 2002; Bekessy et al., 2003; Carvajal-
Rodríguez et al., 2005; Fufa et al., 2005; Laborda et al., 2005; Noyer et al., 2005, Vollmann et 
al., 2005 and Buckler et al., 2006). This, of course, complicates the accurate estimation of the 
loss of genetic diversity in crop plants and the set-up of sound conservation programmes. In our 
study, it is also unclear how the genetic variation assessed at ten microsatellite loci is related to 
phenotypic diversity in general and to variation in traits important for breeding in particular.  
The poor correspondence between the clustering output for the modern apple cultivars and 
breeding lines, based on the SSR data, and the pedigree information may be due to the fact that 
SSR markers measure a specific facet of genetic variation. However, this discrepancy may also 
be (partly) explained by the fact that, perhaps, too little SSR loci were analysed. Nevertheless, 
this poor correspondence between the SSR data and the pedigree information raises the question 
if SSR analysis is the most suited method to measure genetic diversity relevant for breeding. 
Microsatellites are highly polymorphic and it may be possible that microsatellites are in fact too 
polymorphic to study the genetic diversity of collections of selections, breeding lines, cultivars 
and varieties of an outbreeding heterozygous species as apple. It is, consequently, also possible 
that the collection of modern cultivars could not be clearly differentiated from the collections of 
old varieties, based on ten SSR markers, because of the high level of polymorphism of 
microsatellites. The fact that the application of highly variable markers, such as microsatellites, to 
differentiate between groups is not always straightforward, has also been outlined in an article by 
Hedrick (1999). Perhaps, for breeding purposes, less polymorphic markers might be more suited 
to study the genetic diversity of apple germplasm. Therefore, it would be interesting to 
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investigate the possibilities of genic microsatellites, which are less polymorphic (Varshney et al., 
2005), for describing genetic relationships among apple accessions, for cluster analysis, for 
investigating the genetic structure of apple collections and for analysing the genetic diversity of 
apple germplasm.  
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Introduction 
 
Microsatellites, also called simple sequence repeats (SSRs) or sequence tagged microsatellites 
(STMS), are short DNA stretches consisting of tandemly repeated nucleotide motives. These 
short tandem repeats are abundantly present throughout the entire eukaryotic genome, both in 
coding and non-coding regions. Microsatellites are multi-allelic and highly polymorphic; the 
alleles of a single microsatellite locus can vary largely in length, this is, in number of repeats. As 
the sequences flanking microsatellites are often unique for a specific locus, microsatellite primers 
can be designed for PCR-mediated microsatellite amplification. Their high polymorphic 
information content and their ease of amplification make microsatellites ideal molecular markers 
for a variety of genetic studies. In addition, because of their codominant mode of inheritance and 
their high reproducibility, microsatellite markers are often preferred over other molecular 
markers. 
Microsatellite markers have been used for a wide spectrum of genetic studies in apple and other 
related species, for example for paternity testing (Cabe et al., 2005), for cultivar identification 
(Galli et al., 2005 and Oraguzie et al., 2005), in population genetic studies (Coart et al., 2003a), 
to assess genetic diversity in apple germplasm (Hokanson et al., 1998 and Goulão and Oliveira, 
2001), to determine genetic relationships between Malus species (Hokanson et al., 2001), in 
genome mapping (Maliepaard et al., 1998 and Kenis and Keulemans, 2005), for the alignment of 
linkage maps (Pierantoni et al., 2004) and to verify the homozygous status of androgenic apple 
genotypes (Vanwynsberghe et al., 2005). 
 
The wide application of microsatellite markers evidences that microsatellites are indeed ideal 
genetic markers for a wide variety of genetic research topics. However, their use is often 
hampered because their de novo development is time-consuming and labour-intensive. 
Consequently, their development is quite expensive compared to other marker systems.  
In general, the development of microsatellite markers involves the construction of a genomic 
DNA library, followed by a screening test to detect the microsatellite containing clones. Positive 
clones are sequenced and primers are designed based on the sequences of the regions flanking 
microsatellites (Zane et al., 2002).  
Microsatellite markers can also be developed starting from Expressed Sequence Tags (EST) -
databases, if these are at hand for the organism of interest. Based on the available EST-sequences, 
primers can easily be designed. This can, of course, greatly reduce the prior development costs. 
However, EST-SSRs differ from genomic SSRs; EST-SSRs seem to be less polymorphic than 
genomic SSRs (Scott et al., 2000; Xu et al., 2004 and Coulibaly et al., 2005). Moreover, it is 
more likely that these markers are involved in gene expression or function (Xu et al., 2004).  
At the start of this study, EST-databases had not been developed for apple or most other 
Maloideae species. However, genome databases for several Rosaceae species, including apple 
and pear, are available at present (Jung et al., 2004). 
When the scientific or agronomic importance of a crop can not justify the high costs for the de 
novo development of microsatellite markers and when EST-databases are not available for the 
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species of interest, then microsatellite markers may nevertheless be applicable if they can be 
transferred from a related species. Cross-species amplification of genomic and EST-SSRs has 
been successful in, for example, Coffea (Poncet et al., 2004), Pinus (Chagné et al., 2004), Olea 
(Rallo et al., 2003), Vitis (Decroocq et al., 2003), Corylus (Boccacci et al., 2005), Prunus 
(Dirlewanger et al., 2002; Decroocq et al., 2003; Zhebentyayeva et al., 2003 and Xu et al., 2004), 
Sorbus (Oddou-Muratorio et al., 2001) and Pyrus (Yamamoto et al., 2002). Moreover, the 
application of apple genomic microsatellites in pear (Yamamoto et al., 2001; Hemmat et al., 2003 
and Pierantoni et al., 2004) and of apple and pear microsatellites in quince (Yamamoto et al., 
2004) indicate that microsatellites can also be transferred among genera. 
 
In our study on interspecific and intergeneric hybridisation barriers in apple (see Chapter V), 
molecular markers were needed to verify, in an early stage, the hybrid status of the progeny 
resulting from the performed interspecific and intergeneric crosses. Microsatellite markers were 
chosen to test hybridity because they are codominantly inherited, because they have been 
previously developed in apple (Guilford et al., 1997; Gianfranceschi et al., 1998 and Liebhard et 
al., 2002) and because cross-species and cross-genera amplification seemed to be possible in the 
Maloideae subfamily (Oddou-Muratorio et al., 2001; Yamamoto et al., 2001; Dirlewanger et al., 
2002; Yamamoto et al., 2002; Decroocq et al., 2003; Hemmat et al., 2003; Zhebentyayeva et al., 
2003; Pierantoni et al., 2004; Xu et al. 2004 and Yamamoto et al., 2004). Twenty-eight genomic 
apple microsatellite primer pairs were tested for transferability across species and genera. The 
amplified fragments were not sequenced because the main purpose of this study was, actually, to 
find primers which amplify loci both in Malus × domestica and other Maloideae species and 
which give polymorphic PCR products.  
The Maloideae species included in this study were not restricted to the species used as pollen 
parents in the interspecific and intergeneric crosses (Chapter V), also other species were included.  
 
 

1. Materials and methods 
 
1.1. Plant material and DNA extraction 
 
To study the transferability of apple microsatellite markers across the Maloideae subfamily, 28 
primer pairs were tested in 147 accessions representing ten genera. The accessions included in 
this study are listed in Table III.1. The initial criterion to select accessions was to represent as 
many different species as possible per genus. However, selection was eventually mainly 
determined by the availability of plant material of the accessions and the quality of the DNA 
samples. 
 
For the accessions obtained from the Centre for Fruit Culture (FTC) in Rillaar, the National 
Botanical Garden of Belgium in Meise (NBGB), the Proefcentrum voor Fruitteelt in Gorsem 
(PCF), fresh leave samples were collected in the field, placed in humified plastic bags and kept in 
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cool boxes at 4°C. Within five hours, leaf samples were transferred into plastic tubes (1.5 ml, 
Greiner Bio-one) with perforated screw cap and deep-frozen in liquid nitrogen. Following, the 
deep-frozen leaf samples were lyophilised (Freezone 4.5, Labconco) for at least 24 hours. The 
accessions obtained from the North Central Regional Plant Introduction Station in Iowa (NCRS) 
and the United States National Arboretum in Washington (USNA) were received as lyophilised 
leaf samples. All the freeze-dried samples were stored at room temperature in foil-wrapped silica-
containing jars. The accessions obtained from the National Clonal Germplasm Repository in 
Oregon (NCGR) were received as dried DNA pellets. At the NCGR, DNA was extracted from 
young leaves with the Puregener kit (Gentra Systems Inc., Minneapolis) using the optional 
RNase-A treatment and an additional protein purification step. The DNA samples were stored at -
20°C. 
 
Table III.1: Internal code, name, collection site (source) and type of received sample (Sample) of 147 
Maloideae accessions used to test cross-species and cross-genera transferability of apple 
microsatellites.  

Code Name Source(1) Sample(2)

AM7 Amelanchier alnifolia*  NBGB FLS 

AM8 A. sanguinea var ‘Grandiflora’ NBGB FLS 

AM9 A. intermedia* NBGB FLS 
AM10 A. interior NBGB FLS 

AM11 A. stolonifera* NBGB FLS 
AM12 A. spicata* NBGB FLS 

AM13 A. lamarckii NBGB FLS 
AM14 A. laevis* NBGB FLS 

AM15 A. alnifolia var ‘Cusickii’ USNA LLS 
AR4 Aronia melanocarpa var ‘Grandifolia’  NBGB FLS 

AR5 A. prunifolia* NBGB FLS 
AR6 A. melanocarpa* NBGB FLS 

AR7 A. arbutifolia* NBGB FLS 
AR8 A. melanocarpa* NCRS LLS 

CH6 Chaenomeles hybride ‘Boule de feu’ NBGB FLS 
CH12 Ch. superba var ‘Crimson and Gold’* NBGB FLS 
CH15 Ch. superba var ‘Vermilion’ NBGB FLS 

CH16 Ch. japonica 1 NBGB FLS 
CH19 Ch. japonica* NBGB FLS 

CH20 Ch. japonica NBGB FLS 
CH22 Ch. japonica NBGB FLS 

CH23 Ch. cathayensis* NBGB FLS 
CO1 Cotoneaster microphyllus var ‘Microphyllus’* NBGB FLS 

CO2 C. pannosus* NBGB FLS 
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CO3 C. franchettii* NBGB FLS 
CO4 C. horizontalis NBGB FLS 

CO5 C. lucidus NBGB FLS 
CO6 C. lacteus NBGB FLS 

CO7 C. multiflorus* NBGB FLS 
CO8 C. affinus NBGB FLS 

CO9 C. intergerrimus* NBGB FLS 
CO11 C. adpressus NBGB FLS 

CO12 C. divaricatus NBGB FLS 
CR2 Crataegus succulenta* NBGB FLS 

CR3 C. submollis NBGB FLS 
CR6 C. × lavallei NBGB FLS 

CR7 C. caesa* NBGB FLS 
CR8 C. laevigata* NBGB FLS 

CR12 C. douglasii NCGR DNA 
CR13 C. monogyna NCGR DNA 

CR15 C. sanguinea* USNA LLS 
CR16 C. phaenopyrum USNA LLS 

CY4 Cydonia oblonga cv ‘Champion’* FTC FLS 
CY6 C. oblonga cv ‘Fontenay’ NCGR DNA 

CY7 C. oblonga cv ‘Champion’ NCGR DNA 
CY8 C. oblonga cv ‘Ekmek’ NCGR DNA 

CY9 C. oblonga cv ‘Pineapple’* NCGR DNA 
CY10 C. oblonga cv ‘Bereczki’* NCGR DNA 

CY11 C. oblonga cv ‘Smyrna’ NCGR DNA 
CY12 C. oblonga cv ‘Seker Gevrek’* NCGR DNA 
CY13 C. oblonga cv ‘Cooke’s Jumbo’ NCGR DNA 

CY14 C. oblonga cv ‘Limon’ NCGR DNA 
CY15 C. oblonga cv ‘Teplovskaya’ NCGR DNA 

CY16 C. oblonga  NBGB FLS 
BR Malus × domestica cv ‘Braeburn’* FTC FLS 

ES M. × domestica cv ‘Elstar’* FTC FLS 
MA5 M. spectabilis var ‘Albiplena’ NBGB FLS 

MA7 M. praecox NBGB FLS 
MA9 M. fusca NBGB FLS 

MA15 M. baccata var ‘Jackii’* FTC FLS 
MA16 M. hupehensis 341 FTC FLS 

MA17 M. micromalus* FTC FLS 
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MA18 M. pumila niet* FTC FLS 
MA19 M. robusta* FTC FLS 

MA20 M. baccata var ‘Mandschurica’ 1* NBGB FLS 
MA21 M. baccata var ‘Mandschurica’ 2 NBGB FLS 

MA23 M. baccata NBGB FLS 
MA26 M. × zumi NBGB FLS 

MA27 M. toringoides NBGB FLS 
MA28 M. coronaria NBGB FLS 

MA29 M. sylvestris ssp. Mitis NBGB FLS 
MA31 M.× domestica cv ‘Golden’ FTC FLS 

MA32 M.× domestica cv ‘Delbardestivale’ FTC FLS 
MA33 M. fusca NCGR DNA 

ME4 Mespilus germanica cv ‘Puciulot’* NCGR DNA 
ME5 M. germanica cv ‘Puciu Big’* NCGR DNA 

ME6 M. germanica cv ‘Macrocarpa’* NCGR DNA 
ME7 M. germanica cv ‘Dutch’ NCGR DNA 

ME8 M. canescens NCGR DNA 
ME9 M. germanica cv ‘Royal’ NCGR DNA 

ME10 M. germanica cv ‘Nottingham’ NCGR DNA 
ME11 M. germanica  NCGR DNA 

ME12 M. germanica  NCGR DNA 
ME13 M. germanica  NCGR DNA 

NA1 Pyrus pyrifolia cv ‘Choju’* PCF FLS 
NA2 P. pyrifolia cv ‘Shinsui’ PCF FLS 

NA3 P. pyrifolia cv ‘Shinsetsu’ PCF FLS 
NA4 P. pyrifolia cv ‘Hakko’* PCF FLS 

NA5 P. pyrifolia cv ‘Chojuro’ PCF FLS 
NA6 P. pyrifolia cv ‘Shinseiki’ PCF FLS 

NA7 P. pyrifolia cv ‘Okusarukirki’ PCF FLS 
NA8 P. pyrifolia cv ‘Tania’ PCF FLS 

NA9 P. pyrifolia cv ‘20th Century’ PCF FLS 
PY9 P. communis cv ‘Conférence’ FTC FLS 

PY10 P. communis subsp. Kaukazika NBGB FLS 
PY11 P. communis cv ‘Conférence’ FTC FLS 

PY12 P. communis cv ‘Docteur Jules Guyot’ NCGR DNA 
PY13 P. communis cv ‘Coscia’ NCGR DNA 

PY14 P. salicifolia var ‘Pallos Pendula’ NCGR DNA 
PY15 P. pyrifolia cv ‘Chojuro’ NCGR DNA 
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PY16 P. ussuriensis cv ‘Ba Li Xiang’ NCGR DNA 
PY17 P. pyrifolia cv ‘Hosui’ NCGR DNA 

PY18 P. nivalis  NCGR DNA 
PY19 P. ussuriensis var ‘Hansen Siberian Pear’ NCGR DNA 

PY20 P. ussuriensis var ‘Chien Pa Li’ NCGR DNA 
PY21 P. ussuriensis var ‘Mon Yuan Xiang’ NCGR DNA 

PY22 P. pyrifolia cv ‘Nijisseiki’ NCGR DNA 
PY23 P. pyrifolia cv ‘Shinseiki’ NCGR DNA 

PY24 P. pyrifolia cv ‘Shinsui’ NCGR DNA 
PY25 P. ussuriensis var ‘Pa Li’* NCGR DNA 

PY26 P. ussuriensis var ‘Tsu Li’ NCGR DNA 
PY27 P. pyrifolia cv ‘Okolo’ NCGR DNA 

PY28 P. elaeagrifolia var ‘Pallas’ NCGR DNA 
PY29 P. communis cv ‘Conférence’ NCGR DNA 

PY30 P. communis cv ‘Passe Crassone’ NCGR DNA 
PY31 P. communis cv ‘Bosc-OP-5’ NCGR DNA 

PY32 P. cordata  NCGR DNA 
PY33 P. betulifolia  NCGR DNA 

PY34 P. mamorensis  NCGR DNA 
PY35 P. communis cv ‘Doyenne du Comice’ NCGR DNA 

PY36 P. pyrifolia cv ‘Kosui’ NCGR DNA 
PY37 P. communis cv ‘Anjoii’ NCGR DNA 

PY38 P. communis cv ‘Packham's Triumph’ NCGR DNA 
PY39 P. cossonii  NCGR DNA 

PY40 P. amygdaliformis  NCGR DNA 
PY41 P. cordata NBGB FLS 
PY42 P. salicifolia var ‘Pendula’ NBGB FLS 

PY43 P. pyraster NBGB FLS 
PY44 P. pyrifolia NBGB FLS 

PY45 P. betulafolia  NBGB FLS 
PY46 P. communis  NBGB FLS 

SO2 Sorbus arranensis  NBGB FLS 
SO4 S. commixta  NCGR DNA 

SO5 S. austriaca  NCGR DNA 
SO6 S. aucuparia  NCGR DNA 

SO7 S. pohuashanensis  NCGR DNA 
SO8 S. decora* NCGR DNA 

SO9 S. aucuparia cv ‘Moravskoya’ NCGR DNA 

72 



Chapter III: Transferability of apple SSR markers 

SO10 S. aucuparia* NCGR DNA 
SO11 S. intermedia var ‘Swedisch Whitebeam’* NCGR DNA 

SO12 S. torminalis  NCGR DNA 
SO13 S. latifolia  NCGR DNA 

SO14 S. aria* NCGR DNA 
SO15 S. aucuparia  NCGR DNA 

SO18 S. dacica  NCGR DNA 
SO19 S. domestica NBGB FLS 

SO21 S. aria NBGB FLS 
(1)FTC: Centre for Fruit Culture, Rillaar, Belgium 

NBGB: National Botanical Garden of Belgium, Meise 
NCGR: National Clonal Germplasm Repository, Oregon, USA 
NCRS: North Central Regional Plant Introduction Station, Iowa, USA 
PCF: Proefcentrum voor Fruitteelt, Gorsem, Belgium 
USNA: United States National Arboretum, Washington 

 (2)FLS: fresh leaf sample; LLS: lyophilised leaf sample; DNA: dried DNA pellet 
* Included in the subset of accessions on which all microsatellite primers were tested. 
 
At the Laboratory for Fruit Breeding and Biotechnology, total genomic DNA was extracted from 
100 mg lyophilised young leafs using the ‘MBI Fermentas Genomic DNA Purification Kit’, 
following the instructions of the manufacturer (see 
http://www.fermentas.com/profiles/kits/pdf/genomicpurkit0512.pdf, accessed in September 
2004). Leaf tissue (100 mg) was transferred into 1.5 ml plastic tubes with screw cap (Greiner 
Bio-one). After grounding the leaf samples with glass beats in a mill (Ribolyzer, Hybaid), the 
pulverized tissue was mixed with the Fermentas’ lysis solution and TE (Tris HCL EDTA) buffer 
and incubated for ten minutes at 65 °C. Next, one volume of chloroform (600 µl) was added and 
the samples were very gently mixed before centrifugation (Universal 30 RF, Hettich) at 10000 
rpm for two minutes. The aqueous phase containing the DNA was transferred to a new 1.5 ml 
tube (Eppendorf®) and 800 µl of Fermentas’ precipitation solution was added. The samples were 
carefully turned for two minutes and centrifuged (2 min at 10000 rpm) afterwards. Following, the 
supernatant was removed and the pellet was resuspended in 100 µl of 1.2 M NaCl solution. To 
disintegrate RNA, the samples were incubated for ten minutes at 37 °C with two µl of RNase 
(1%). Then, nucleic acids were precipitated by adding 300 µl of absolute ethanol (99.9%) and 
incubating the samples for at least ten minutes at -20 °C. The samples were centrifuged (4 min at 
10000 rpm) again and DNA pellets were washed with 300 µl of 70% ethanol to remove 
remaining salts. After this last centrifugation step, pellets were left to dry at room temperature 
and resuspended in 100 µl of deionised water. 
The DNA concentration of the samples was visually estimated on a 1% agarose gel in the 
presence of a λ-DNA (Invitrogen®) concentration gradient (25-50-75-100 ng/µl). The DNA 
samples were diluted up to a concentration of 5 ng/µl. 
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1.2. Microsatellite analysis 
 
Table III.2 lists the 28 apple microsatellite primer pairs that were tested for cross-species and 
cross-genera transferability in the Maloideae subfamily. The selected primers were initially 
developed by Guilford et al. (1997), Gianfranceschi et al. (1998) and Liebhard et al. (2002). 
Three primer pairs showed to amplify two loci in apple. Thus, with 28 microsatellite primer 
combinations, 31 microsatellite loci were analysed. Microsatellite loci amplified by the same 
microsatellite primer pair were indicated with ‘a’ and ‘b’.  
PCR reactions, gel electrophoresis and gel analysis were performed as described in Chapter II 
(1.3). PCR conditions were not optimised per genus because this study was set up to find apple 
markers useful for verifying the hybrid origin of seedlings obtained from interspecific and 
intergeneric crosses. Therefore, the primers should amplify microsatellite alleles in Malus × 
domestica cultivars (used as pistil parent) and also in the other Maloideae species (used as pollen 
parent) under identical PCR conditions. Apple cultivars ‘Braeburn’ and ‘Elstar’ were used as 
references to verify PCR products and to link microsatellite data obtained from different assays.  
The selected microsatellite primers were not immediately tested on the total Maloideae set 
because of time restrictions. First a subset of accessions, representing as many different species as 
possible, was analysed. These accessions are marked with ‘*’ in Table III.1. Afterwards, primers 
were tested on as many accessions as possible, within the time limits.  
 
Table III.2: Features of apple microsatellite markers: published identification name, internal code 
(FTC), sequences of forward and reverse primers, size range and working concentration. 
Microsatellite Primer sequences Size range Conc. (µM) 
02b1a f 5’-CCG TGA TGA CAA AGT GCA TGA-3’ 212-238a 0.15 
FTC 106-107 r 5’-ATG AGT TTG ATG CCC TTG GA-3’   
04h11a f 5’-CTT CCA TCG AGA TTG CAT CAT A-3’ 201-223a 0.64 
FTC 108-109 r 5’-CGA ATT GAG AGG TCG TCG TT-3’   
05g8a f 5’-CGG CCA TCG ATT ATC TTA CTC TT-3’ 115-141a 0.34 
FTC 110-111 r 5’-GGA TCA ATG CAC TGA AAT AAA CG-3’   
23g4a f 5’-TTT CTC TCT CTT TCC CAA CTC-3’ 84-116a 0.28 
FTC 112-113 r 5’-AGC CGC CTT GCA TTA AAT AC-3’   
28f4a f 5’-TGC CTC CCT TAT ATA GCT AC-3’ 98-112a 0.21 
FTC 114-115 r 5’-TGA GGA CGG TGA GAT TTG-3’   
CH01B12b f 5’-CGC ATG CTG ACA TGT TGA AT-3’ 123-130b 0.35 
FTC 124-125 r 5’-CGG TGA GCC CTC TTA TGT GA-3’   
CH01E01b f 5’-GGT TGG AGG GAC CAA TCA TT-3’ 104-138b 0.24 
FTC 126-127 r 5’-CCC ACT CTC TGT GCC AGA TC-3’   
CH01E12b f 5’-AAA CTG AAG CCA TGA GGG C-3’ 243-248b 1.33 
FTC 95-96 r 5’-TTC CAA TTC ACA TGA GGC TG-3’   
CH01H01b f 5’-GAA AGA CTT GCA GTG GGA GC-3’ 107-141b 0.10 
FTC 130-131 r 5’-GGA GTG GGT TTG AGA AGG TT-3’   
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CH01H10b f 5’-AGG AGG GAT TGT TTG TGC AC-3’ 93-119b 0.10 
FTC 93-94 r 5’-TGC AAA GAT AGG TAG ATA TAT GCC A-3’   
CH01F02b f 5’-ACC ACA TTA GAG CAG TTG AGG-3’ 168-222b 0.07 
FTC 128-129 r 5’-CTG GTT TGT TTT CCT CCA GC-3’   
CH02B12b f 5’-GGC AGG CTT TAC GAT TAT GC-3’ 124-142b 0.12 
FTC 132-133 r 5’-CCC ACT AAA AGT TCA CAG GC-3’   
CH02C06b f 5’-TGA CGA AAT CCA CTA CTA ATG CA-3’ 216-254b 0.48 
FTC 134-135 r 5’-GAT TGC GCG CTT TTT AAC AT-3’   
CH02D12b f 5’-AAC CAG ATT TGC TTG CCA TC-3’ 175-205b 0.24 
FTC 136-137 r 5’-GCT GGT GGT AAA CGT GGT G-3’   
CH01C06c f 5’-TTC CCC ATC ATC GAT CTC TC-3’ 146-188c 0.117 
FTC 304-305 r 5’-AAA CTG AAG CCA TGA GGG C-3’   
CH01F03bc f 5’-GAG AAG CAA ATG CAA AAC CC-3’ 139-183c 0.067 
FTC 284-285 r 5’-CTC CCC GGC TCC TAT TCT AC-3’   
CH01F12c f 5’-CTC CTC CAA GCT TCA ACC AC-3’ 145-162c 0.10 
FTC 276-277 r 5’-GCA AAA ACC ACA GGC ATA AC-3’   
CH02A10 c f 5’-ATG CCA ATG CAT GAG ACA AA-3’ 143-177c 0.27 
FTC 278-279 r 5’-ACA CGC AGC TGA AAC ACT TG-3’   
CH02B07c f 5’-CCA GAC AAG TCA TCA CAA CAC TC-3’ 180-202c 0.083 
FCT 282-283 r 5’-ATG TCG ATG TCG CTC TGT TG-3’   
CH02C09 f 5’-TTA TGT ACC AAC TTT GCT AAC CTC-3’ 233-257c  
FTC 298-299 r 5’-AGA AGC AGC AGA GGA GGA TG-3’   
CH02C11c f 5’-TGA AGG CAA TCA CTC TGT GC-3’ 219-239c 0.10 
FTC 274-275 r 5’-TTC CGA GAA TCC TCT TCG AC-3’   
CH02F06c f 5’-CCC TCT TCA GAC CTG CAT ATG-3’ 135-158c 0.107 
FTC 300-301 r 5’-ACT GTT TCC AAG CGA TCA GG-3’   
CH03D11c f 5’-ACC CCA CAG AAA CCT TCT CC-3’ 115-181c 0.10 
FTC 280-281 r 5’-CAA CTG CAA GAA TCG CAG AG-3’   
CH04E03c f 5’-TTG AAG ATG TTT GGC TGT GC-3’ 179-222c 0.10 
FTC 268-269 r 5’-TGC ATG TCT GTC TCC TCC AT-3’   
CH04G07c f 5’-CCC TAA CCT CAA TCC CCA AT-3’ 149-211c 0.067 
FTC 306-307 r 5’-ATG AGG CAG GTG AAG AAG GA-3’   
CH05A04c f 5’-GAA GCG AAT TTT GCA CGA AT-3’ 159-189c 0.23 
FTC 286-287 r 5’-GCT TTT GTT TCA TTG AAT CCC C-3’   
CH05C04c f 5’-CCT TCG TTA TCT TCC TTG CAT T-3’ 186-258c 0.33 
FTC 272-273 r 5’-GAG CTT AAG AAT AAG AGA AGG GG-3’   
CH05F06c f 5’-TTA GAT CCG GTC ACT CTC CAC T-3’ 166-184c 0.20 
FTC 302-303 r 5’-TGG AGG AAG ACG AAG AAG AAA G-3’   

a: Guilford et al. (1997), b: Gianfranceschi et al. (1998), c: Liebhard et al. (2002) 
f: forward primer, r: reverse primer 
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1.3. Data analysis 
 
Transferability of SSR markers from one species to a related species can be defined as the 
probability of success in PCR amplification using primers designed for the first species 
(Pierantoni et al., 2004). In this study, the transferability of apple microsatellite markers to other 
Maloideae species was evaluated based on the presence or absence of amplification products.  
At first, cross-species and cross-genera transferability was determined. Transferability was 
calculated as the percentage of accessions for which the microsatellite primers produced discrete 
PCR products. Following, the total number of alleles and the allele size range were determined 
per marker and per genus. For each genus and each marker, the minimum and maximum number 
of alleles per accession were determined as well. Next, microsatellite transferability was 
summarised per genus and per marker. Per genus, the percentage of markers for which 
amplification was successful (amplification percentage ≥ 75%) was calculated. The minimum, 
maximum and average number of alleles per marker were determined as well. Additionally, the 
percentage of markers for which in at least one accession more than two alleles were detected, 
was calculated. Per marker, the total number of polymorphic alleles and the total allele size range 
were determined based on the total Maloideae collection. In addition, the minimum, maximum 
and average number of alleles per genera were calculated.  
 
 

2. Results 
 
2.1. DNA extraction  
 
Table III.1 only lists the Maloideae accessions for which an adequate DNA sample was obtained. 
Initially, more accessions were included, but DNA extraction failed for 46 accessions; one out of 
ten failed for Amelanchier, 3/8 for Aronia, 13/21 for Chaenomeles, 1/12 for Cotoneaster, 6/15 for 
Crataegus, 2/14 for Cydonia, 8/28 for Malus, 5/15 for Mespilus, 2/49 for Pyrus and 5/21 for 
Sorbus. DNA extraction may have failed for several reasons, for example, because the DNA 
extraction protocol used needed optimisation per genus, because the sampled leaves were too old 
or because the lyophilised samples were stored too long. 
 
 

2.2. Cross-species and cross-genera transferability 
 
Table III.3 represents the results of the transferability analysis of 31 apple microsatellite markers 
to related species and genera. These results are summarised per genus in Table III.4 and per 
marker in Table III.5.  
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Table III.3: Transferability of 31 apple microsatellite markers developed de novo in Malus × 
domestica to related Malus and Maloideae species. Per genus and per microsatellite marker, the 
number of analysed accessions (# An. ac.), the percentage of accessions showing PCR products (% 
Amp), the total number of alleles (# Alleles), the minimum and maximum number of alleles per 
accession (Min-Max), and the allele size range (Range) are given.  
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02b01a           
# An. ac. 9 5 8 11 9 11 20 10 47 16 
% Amp. 100 100 100 91 78 82 90 90 85 75 

# Alleles 4 3 5 5 10 4 12 1 17 5 
Min-Max 1-3 1-2 1-2 1-3 1-3 1-2 1-2 1 1-2 1-2 

Range 195-247 241-251 205-245 205-249 221-274 266-282 216-256 270 205-298 233-256
04h11a           

# An. ac. 5 4 3 11 8 4 11 3 46 16 
% Amp. 100 100 100 82 88 100 82 100 11 88 

# Alleles 2 2 3 9 6 2 2 2 2 5 
Min-Max 1-2 2 2 1-3 1-3 2 1-2 2 2 1-2 

Range 207-225 207-225 198-225 206-244 207-236 207-225 207-225 207-225 207-225 197-225
05g8a           

# An. ac. 6 4 3 5 4 4 7 3 10 4 
% Amp. 100 100 100 100 75 100 100 100 100 100 

# Alleles 7 2 2 9 4 1 5 1 2 5 
Min-Max 1-3 1-2 1-2 1-4 1-3 1 1-2 1 1 1-4 

Range 95-121 121-140 93-121 84-121 110-140 99 105-141 121 105-121 99-126
23g4a           

# An. ac. 5 4 8 5 4 4 11 3 10 16 
% Amp. 100 100 88 0 0 100 100 100 0 75 

# Alleles 8 6 4 - - 2 14 4 - 8 
Min-Max 1-4 1-4 1-2 - - 1-2 1-3 2 - 1-2 

Range 75-124 74-85 83-100 - - 93-107 76-116 78-82 - 77-115
28f4a           

# An. ac. 9 5 8 11 9 12 20 10 47 16 
% Amp. 100 100 100 91 89 92 85 100 91 81 

# Alleles 9 7 1 9 4 2 14 2 16 10 
Min-Max 1-4 2 1 1-4 1-3 1-2 1-2 1 1-2 1-2 

Range 85-110 100-111 108 90-117 108-114 103-109 89-116 96-102 87-113 83-117
CH01B12ab           

# An. ac. 9 4 3 5 8 4 11 10 10 16 
% Amp. 0 25 33 0 0 0 73 0 0 0 

# Alleles - 1 1 - - - 7 - - - 
Min-Max - 1 1 - - - 1-2 - - - 

Range - 160 158 - - - 131-190 - - - 
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CH01B12bb           
# An. ac. 9 4 3 5 8 4 11 10 10 16 
% Amp. 89 100 67 100 88 100 100 80 100 88 

# Alleles 5 3 3 7 5 2 2 2 5 12 
Min-Max 1-2 1 1-2 2-3 1-2 2 1 1-2 1-2 1-4 

Range 120-125 129-132 122-132 122-132 122-129 122-124 124-125 122-124 125-132 122-142
CH01E01b           

# An. ac. 4 4 3 11 4 4 11 3 21 16 
% Amp. 100 100 0 82 100 0 82 0 0 81 

# Alleles 2 3 - 6 5 - 7 - - 12 
Min-Max 1-2 1-2 - 1-2 1-2 - 2 - - 1-3 

Range 106-114 110-120 - 98-126 103-139 - 108-122 - - 98-133
CH01E12b           

# An. ac. 5 4 3 5 4 4 7 3 11 4 
% Amp. 0 0 0 0 0 0 86 0 0 0 

# Alleles - - - - - - 7 - - - 
Min-Max - - - - - - 1-2 - - - 

Range - - - - - - 233-270 - - - 
CH01H01b           

# An. ac. 6 4 3 11 8 4 11 3 11 16 
% Amp. 100 100 0 82 75 100 91 100 100 81 

# Alleles 14 9 - 12 7 1 11 2 6 18 
Min-Max 2-4 2-4 - 1-4 1-2 1 1-2 1-2 1-2 1-4 

Range 101-147 107-136 - 111-144 109-150 98 90-140 128-134 77-120 100-152
CH01H10b           

# An. ac. 9 5 8 11 9 12 20 10 47 16 
% Amp. 100 100 88 100 89 92 100 80 91 94 

# Alleles 13 5 6 12 9 2 18 1 25 15 
Min-Max 1-4 1-4 1-2 1-4 1-2 1-2 1-2 1 1-2 1-2 

Range 87-125 90-123 101-136 84-121 95-131 94-96 85-119 102 94-142 82-136
CH01F02b           

# An. ac. 5 5 8 11 9 12 20 10 47 16 
% Amp. 100 100 100 100 100 100 100 100 94 88 

# Alleles 4 13 7 18 16 3 20 2 26 13 
Min-Max 1-2 3-5 1-4 1-4 1-4 1-2 1-4 1 1-2 1-3 

Range 140-146 150-194 159-184 144-208 150-193 167-185 153-220 158-181 154-191 149-178
CH02B12b           

# An. ac. 5 4 3 5 4 4 7 3 11 16 
% Amp. 100 0 0 80 100 100 100 100 91 69 

# Alleles 7 - - 8 5 3 7 1 9 12 
Min-Max 1-3 - - 1-4 1-2 4 1-2 1 1-2 1-2 

Range 102-142 - - 109-135 106-141 110-122 124-143 108 104-135 101-138
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CH02C06b           
# An. ac. 5 4 3 5 4 4 11 3 11 4 
% Amp. 0 0 33 0 0 0 82 0 0 0 

# Alleles - - 2 - - - 11 - - - 
Min-Max - - 2 - - - 1-2 - - - 

Range - - 236-246 - - - 214-266 - - - 
CH02D12ab           

# An. ac. 9 5 8 11 8 12 20 10 47 16 
% Amp. 100 100 100 100 100 100 75 100 87 88 

# Alleles 7 2 6 20 14 4 18 5 38 10 
Min-Max 1-3 1-2 1-2 1-4 2-3 1-2 1-3 1-3 1-6 1-3 

Range 213-241 214-222 207-229 184-265 210-245 226-240 206-277 215-254 203-288 216-240
CH02D12bb           

# An. ac. 9 5 8 11 9 12 20 10 47 16 
% Amp. 0 0 0 0 0 0 100 0 0 0 

# Alleles - - - - - - 16 - - - 
Min-Max - - - - - - 1-3 - - - 

Range - - - - - - 178-206 - - - 
CH01C06c           

# An. ac. 5 5 3 5 7 4 20 3 13 16 
% Amp. 80 100 0 80 71 100 85 100 62 81 

# Alleles 8 8 - 4 10 1 19 1 7 14 
Min-Max 2-3 1-3 - 1-3 1-6 1 1-5 1 1-2 1-2 

Range 143-187 146-175 - 147-191 150-185 153 138-190 172 126-175 144-175
CH01F03Bc           

# An. ac. 5 4 3 5 8 4 7 3 10 4 
% Amp. 100 100 100 100 88 0 100 0 70 75 

# Alleles 9 3 4 5 11 - 7 - 8 3 
Min-Max 1-3 1-2 1-2 1-2 1-3 - 1-2 - 1-2 3 

Range 156-221 137-141 196-218 131-158 129-173 - 140-180 - 135-220 191-212
CH01F12c           

# An. ac. 5 5 3 5 7 4 7 3 10 16 
% Amp. 80 100 100 100 86 100 100 100 90 88 

# Alleles 8 13 5 9 6 1 10 2 7 13 
Min-Max 2-3 2-4 1-2 1-3 1-4 1 1-2 1-2 1-2 1-3 

Range 123-159 117-158 127-163 127-166 119-157 118 129-160 136-139 134-156 120-166
CH02A10c           

# An. ac. 5 4 3 11 8 4 7 3 10 4 
% Amp. 100 100 100 82 88 100 100 100 0 75 

# Alleles 3 3 1 17 3 1 8 1 - 3 
Min-Max 1-2 1-2 1 2-4 1-2 1 1-2 1 - 1-2 

Range 140-146 136-140 134 142-180 140-142 134 140-164 143 - 138-145
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CH02B07c           
# An. ac. 9 5 8 11 8 12 20 10 47 16 
% Amp. 100 100 100 91 100 100 100 0 81 88 

# Alleles 9 11 9 12 17 2 14 - 15 8 
Min-Max 1-3 3-4 1-2 1-4 1-4 1-2 1-4 - 1-2 1-4 

Range 105-126 98-128 105-135 84-126 92-134 92-106 87-129 - 99-130 96-123
CH02C09c           

# An. ac. 9 5 8 11 9 12 20 10 46 16 
% Amp. 11 80 25 27 33 25 10 0 11 6 

# Alleles 2 6 4 5 4 1 4 - 7 4 
Min-Max 2 1-3 2-3 1-2 1-2 1 2 - 1-2 4 

Range 235-242 185-267 228-254 242-276 225-242 234 237-255 - 230-255 230-252
CH02C11ac           

# An. ac. 9 5 8 11 9 12 20 10 47 16 
% Amp. 100 80 0 82 89 0 100 100 89 75 

# Alleles 14 11 - 12 14 - 26 6 26 13 
Min-Max 1-4 3-4 - 1-4 1-3 - 1-3 1-3 1-2 1-4 

Range 195-233 211-238 - 201-241 198-243 - 195-243 214-236 198-241 206-236
CH02C11bc           

# An. ac. 9 5 8 11 9 12 20 10 47 16 
% Amp. 89 80 100 82 89 100 100 100 91 75 

# Alleles 1 1 2 3 2 1 1 1 2 1 
Min-Max 1 1 2 1-2 1-2 1 1 1 1-2 1 

Range 201 195 195-201 191-201 193-195 200 195 195 195-200 195 
CH02F06c           

# An. ac. 9 5 8 11 8 12 20 10 47 16 
% Amp. 89 100 100 91 100 100 100 100 81 88 

# Alleles 12 10 5 12 14 1 14 4 25 16 
Min-Max 2-4 2-3 1-2 1-3 1-4 1 1-4 1-2 1-2 1-4 

Range 134-191 144-204 144-155 144-192 134-198 182 136-188 167-200 146-199 121-182
CH03D11c           

# An. ac. 5 4 3 5 4 4 7 3 10 4 
% Amp. 100 100 0 0 0 0 100 100 0 0 

# Alleles 7 5 - - - - 8 2 - - 
Min-Max 2 1-4 - - - - 1-2 2 - - 

Range 86-98 92-103 - - - - 102-134 114-124 - - 
CH04E03c           

# An. ac. 5 4 8 5 5 4 7 3 10 16 
% Amp. 100 100 100 100 0 100 100 0 90 75 

# Alleles 7 12 11 12 - 2 12 - 7 11 
Min-Max 1-3 3 1-2 3-4 - 2 1-2 - 1-2 1-3 

Range 177-215 118-235 191-213 176-226 - 189-201 168-211 - 177-205 173-207
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CH04G07c           
# An. ac. 5 4 8 5 4 4 7 3 10 16 
% Amp. 100 100 75 80 100 100 100 100 100 69 

# Alleles 7 9 2 10 8 2 9 2 7 15 
Min-Max 1-2 2-4 1 1-4 2-4 2 1-2 1-2 1-2 1-3 

Range 159-200 154-209 158-168 152-199 171-203 173-177 149-175 154-170 157-186 145-202
CH05A04c           

# An. ac. 9 5 8 11 8 11 20 10 47 16 
% Amp. 100 100 100 100 100 100 100 80 91 88 

# Alleles 16 5 4 19 15 2 28 4 20 15 
Min-Max 1-4 1-2 1-2 2-4 2-3 1-2 1-4 1-2 1-2 1-2 

Range 110-181 110-164 161-178 127-179 147-199 171-177 153-201 147-171 157-186 147-183
CH05C04c           

# An. ac. 5 4 3 5 4 4 7 3 11 4 
% Amp. 0 0 0 0 0 0 100 0 18 0 

# Alleles - - - - - - 7 - 2 - 
Min-Max - - - - - - 1-2 - 1-2 - 

Range - - - - - - 131-255 - 193-197 - 
CH05F06c           

# An. ac. 5 4 8 5 4 4 7 3 10 16 
% Amp. 80 100 88 80 100 0 100 100 100 81 

# Alleles 3 7 4 5 2 - 5 1 9 9 
Min-Max 1-3 1-4 1-2 1-2 1-2 - 1-2 1 1-2 1-2 

Range 146-156 157-179 152-172 155-178 150-153 - 156-182 152 157-182 152-176
a: Guilford et al. (1997), b: Gianfranceschi et al. (1998), c: Liebhard et al. (2002) 
-: not applicable 
 
Cross-species transferability of the 31 tested microsatellite markers was high (94%) (Table III.4). 
Only for two markers, namely CH01B12a and CH02C09, the percentage of Malus accessions for 
which distinct PCR products were detected, was below 75% (Table III.3). Clearly, microsatellite 
markers could easily be transferred from Malus × domestica to other Malus species.  
 
Cross-genus transferability of apple microsatellite markers ranged from 58% for Chaenomeles 
and Pyrus to 81% for Amelanchier and Aronia (Table III.4). Ten microsatellite markers could be 
transferred successfully (amplification percentage ≥ 75%) from Malus × domestica to all other 
studied genera (Table III.3 and Table III.5), namely markers 02b01, 05g8, 28f4, CH01H10, 
CH01F02, CH02D12a, CH01F12, CH02C11b, CH02F06 and CH05A04. In fact, from the 31 
tested SSR markers, only five markers could not be transferred successfully (amplification 
percentage ≤ 75%) to any other genera, namely CH01B12a, CH01E12, CH02C06, CH02D12b 
and CH05C04 (Table III.3). For six markers, transferability failed completely for only one genus. 
No PCR fragments were detected in Chaenomeles for markers CH01H01 and CH01C06, in Pyrus 
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for marker CH02A10, in Cydonia for CH05F06 and in Mespilus for markers CH02B07 and 
CH02C09. For the latter marker, amplification was also low in the other genera (Table III.3). 
 
The number of alleles found per marker varied considerably among genera (Table III.3). The 
minimum number of alleles per marker ranged from one, for Amelanchier, Aronia, Chaenomeles, 
Cydonia, Malus, Mespilus and Sorbus, to three, for Cotoneaster (Table III.4). The maximum 
number of alleles per marker varied between four, for Cydonia, and 38, for Pyrus (Table III.4). 
The average number of alleles per marker ranged from 1.9 to 12.52, for Cydonia and Pyrus 
respectively (Table III.4).  
 
Table III.4: Transferability of 31 apple microsatellite markers to related Malus and Maloideae 
species: percentage of markers for which amplification was successful in more than 75% of the 
analysed accessions (% Trans), minimum (Min. #), maximum (Max. #) and average (Mean #) 
number of alleles  per microsatellite marker for 10 Maloideae genera, based on data of 31 tested 
apple microsatellite markers, and number of microsatellite markers for which more than two alleles 
were detected (# SSRs > 2), compared to the total number of transferable markers.  
Genus % Trans Min. # Max. # Mean # # SSRs > 2 

Amelanchier 81 1 16 7.23 17/26 
Aronia 81 1 13 6.15 14/26 

Chaenomeles 58 1 11 4.14 2/22 
Cotoneaster 74 3 20 10.00 19/24 

Crataegus 68 2 17 8.30 14/23 
Cydonia 64 1 4 1.90 1/21 

Malus 94 1 28 11.07 9/31 
Mespilus 68 1 6 2.24 2/21 

Pyrus 58 2 38 12.52 1/23 
Sorbus 71 1 18 10.00 14/25 

 
Differences among genera in number of alleles detected per marker may indicate that one genus 
is genetically more diverse than another genus. However, the number of alleles found per marker 
was very likely influenced by the ploidy of the analysed accessions and the sample size of the 
genus. Moreover, a higher number of alleles per marker may have been obtained when a specific 
primer combination (unexpectedly) amplified multiple loci in a genus.  
For some genera, it is very likely that the ploidy level increased the number of alleles detected per 
marker. For example, in Amelanchier, more than two alleles were found in at least one accession 
for 17 of the 26 transferable markers (Table III.4). Triploids and tetraploids have indeed been 
reported in Amelanchier (Campbell et al., 1991 and 1997). In accordance with these reported 
ploidy levels, maximal four alleles were detected per accession. Similarly, more than two alleles 
were found in at least one accession for 19 of the 24 transferable markers in Cotoneaster (Table 
III.4). This is in accordance with the fact that Cotoneaster species are preponderantly tetraploid 
(Kroon, 1975). 

82 



Chapter III: Transferability of apple SSR markers 

On the other hand, there are indications that in some genera certain microsatellite primer 
combinations have amplified multiple loci. In Pyrus, for example, maximal two alleles per 
accession were detected for most markers. However, for marker CH02D12a up to six alleles were 
found per accession. It is very likely that the corresponding primer combination amplified more 
than one locus. Note that this primer combination generally amplifies two loci in apple, 
CH02D12(a) and CH02D12(b). Most alleles detected with this primer combination in Pyrus fell 
within the allele size range of marker CH02D12a.  
In this study, the number of alleles found per marker was almost certainly influenced by the 
sample size, the ploidy of the analysed accessions and the occurrence of multiple amplification. 
Consequently, the obtained results could not be used to compare genetic diversity among 
Maloideae genera. Note also that for Cydonia only accessions of Cydonia oblonga were included 
and for Mespilus only accessions of M. germanica and M. canescens. For the other genera, the 
included accessions represented different species of the genus. The number of species included 
per genus may, of course, also have influenced the number of alleles detected per marker.  
 
For most markers, the different genera were generally comparable in allele size ranges. Alleles 
present in one genus were in general not remarkably larger or smaller than the alleles found 
within other genera (Table III.3).  
 
Over the total collection of analysed accessions, the highest number of alleles was obtained for 
CH02D12a, CH01F02, CH02F06 and CH05A04, namely 62, 57, 55 and 55 respectively (Table 
III.5). Of course, the number of alleles detected per marker depended on the degree of 
transferability of the specific marker to other Malus and Maloideae species.  
Ten apple microsatellite markers were successfully transferred (amplification percentage ≥ 75%) 
to all tested genera. If only those markers were considered, the maximum number of alleles per 
genus ranged from three, for marker CH02C11b, to 38, for marker CH02D12a (Table III.5). The 
average number of alleles varied between 1.5, for marker CH02C11b, and 12.4, for CH02D12a. 
Markers 02b01, 05g08, 28f4, CH01H10, CH01F12, CH02C11b and CH02F06 were 
monomorphic in at least one genus. The other three markers, namely CH01F02, CH02D12a and 
CH05A04, showed at least two polymorphic alleles per genus. Size range was smallest for 
CH02C11b (10 bp) and widest for 02b01 (103 bp) (Table III.5).  
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Table III.5: Cross-species and cross-genera transferability (% Trans), total number of alleles, range 
of allele sizes and minimum (Min.), maximum (Max.) and average (Mean) number of alleles for 31 
apple microsatellite loci based on data of 10 Maloideae genera. Cross-species and cross-genera 
transferability was calculated as the percentage of genera for which amplification was successful in 
more than 75% of the analysed accessions.  
Locus  % Trans Total Range Min. # Max. # Mean # 

02b01a 100 41 195-298 (103 bp) 1.00 17.00 6.60 
04h11a 90 14 197-244 (47 bp) 2.00 9.00 3.50 

05g8a 100 20 84-141 (57 bp) 1.00 9.00 3.80 
23g4a 70 32 74-124 (50 bp) 2.00 14.00 6.57 
28f4a 100 31 83-117 (34 bp) 1.00 16.00 7.40 

CH01B12ab 0 9 131-190 (59 bp) 1.00 7.00 3.00 
CH01B12bb 90 17 120-142 (22 bp) 2.00 12.00 4.60 

CH01E01b 60 21 98-139 (41 bp) 2.00 12.00 5.83 
CH01E12b 10 8 233-270 (37 bp) 7.00 7.00 7.00 
CH01H01b 90 41 77-152 (75 bp) 1.00 18.00 8.89 
CH01H10b 100 44 82-142 (60 bp) 1.00 25.00 10.60 
CH01F02b 100 57 140-220 (80 bp) 2.00 26.00 12.20 
CH02B12b 70 31 101-143 (42 bp) 1.00 12.00 6.50 
CH02C06b 10 11 214-266 (52 bp) 2.00 2.00 2.00 

CH02D12ab 100 62 184-277 (93 bp) 2.00 38.00 12.40 
CH02D12bb 10 16 178-206 (28 bp) 16.00 16.00 16.00 

CH01C06c 70 38 126-191 (65 bp) 1.00 19.00 8.00 
CH01F03Bc 70 41 129-221 (92 bp) 3.00 11.00 6.25 

CH01F12c 100 38 117-166 (49 bp) 1.00 13.00 7.40 
CH02A10c 90 25 134-180 (46 bp) 1.00 17.00 4.44 
CH02B07c 90 40 84-134 (50 bp) 2.00 17.00 10.78 
CH02C09c 10 23 185-276 (91 bp) 1.00 7.00 4.11 

CH02C11ac 80 43 195-243 (48 bp) 6.00 26.00 15.25 
CH02C11bc 100 5 191-201 (10 bp) 1.00 3.00 1.50 

CH02F06c 100 55 121-204 (83 bp) 1.00 25.00 11.30 
CH03D11c 40 18 86-134 (48 bp) 2.00 8.00 5.50 
CH04E03c 80 45 118-235 (117 bp) 2.00 12.00 9.25 
CH04G07c 90 44 145-209 (64 bp) 2.00 15.00 7.10 
CH05A04c 100 55 110-201 (91 bp) 2.00 28.00 12.80 
CH05C04c 10 8 131-255 (124 bp) 2.00 7.00 4.50 
CH05F06c 90 27 146-182 (36 bp) 1.00 9.00 5.00 

a: Guilford et al. (1997), b: Gianfranceschi et al. (1998), c: Liebhard et al. (2002) 
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3. Discussion 
 
This study has demonstrated that apple microsatellite markers, initially developed in Malus × 
domestica, can be transferred to related Malus and Maloideae species. Cross-species 
transferability was 94%, cross-genus transferability ranged from 58%, for Chaenomeles and 
Pyrus, to 81%, for Amelanchier and Aronia. Note that cross-species and cross-genera 
transferability of apple SSR markers could not be tested on all initially included Maloideae 
accessions. These accessions could not be tested because no adequate DNA samples could be 
obtained. DNA extraction was probably less successful because the leaf samples were of inferior 
quality or because the DNA extraction protocol needed to be optimised per genus.  
 
Nevertheless, cross-species transferability was high. The successful cross-application of apple 
microsatellite markers in related Malus species has also been evidenced by Hokanson et al. 
(2001) and Liebhard et al. (2002). Respectively eight (out of eight) and 15 (out of 15) apple 
microsatellite markers were successfully transferred to other Malus species. In other fruit species 
of the Rosaceae family, cross-species transferability was, for example, 52% among seven 
different Prunus species (Cipriani et al., 2001), 60% between peach (Prunus persica) and apricot 
(Prunus armeniaca) (Zhebentyayeva et al., 2003), 77% between Japanese pear (Pyrus pyrifolia) 
and European pear (Pyrus communis) (Yamamoto et al., 2002) and 80.5% between peach 
(Prunus persica) and sweet cherry (Prunus avium) (Dirlewanger et al., 2002). 
 
In the Rosaceae family, transferability of microsatellite markers has not only been tested among 
species belonging to the same genus, but also among species of different genera. For example, 
43.9% of 41 peach SSR markers gave positive results in apple (Dirlewagner et al., 2002). Within 
the Maloideae subfamily, the transfer of microsatellite markers from one genus to another genus 
has mainly been studied between Malus and Pyrus (Yamamoto et al., 2001; Hemmat et al., 2003; 
Pierantoni et al., 2004 and Yamamoto et al., 2004), but also between Sorbus and Malus, Pyrus 
and Mespilus (Oddou-Muratorio et al., 2001) and between Cydonia and, Malus and Pyrus 
(Yamamoto et al., 2004). Liebhard et al. (2002) tested, with success, 15 apple SSR markers in 
Amelanchier, Cotoneaster, Crataegus, Cydonia, Mespilus, Pyrus and Sorbus.  
Our results on cross-genera transferability of apple microsatellite markers to Pyrus did not 
completely correspond to the results obtained by Yamamoto et al. (2001 and 2004), Hemmat et 
al. (2003) and Pierantoni et al. (2004). In these studies, microsatellite transferability ranged from 
78.5% (Pierantoni et al., 2004), over 81% (Hemmat et al., 2003) to 100% (Yamamoto et al., 
2001). Cross-application of apple microsatellite markers in Pyrus was clearly higher in these 
studies. Not only the percentage of transferable markers differed from our study but also the 
number of alleles detected per marker. For example, in Yamamoto et al. (2001), ten alleles were 
detected for marker 05g8, whereas in our study only two alleles were found for this marker. For 
marker CH01E12, Yamamoto et al. (2001) obtained 14 alleles, while in our study amplification 
failed. Vice versa, amplification failed for marker CH05C04 in Pierantoni et al. (2004), while 20 
alleles were found in our study. On the other hand, for those markers which gave positive results 
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in all consulted studies, allele size ranges seemed to correspond: allele sizes ranged from 77 bp to 
135 bp in the study by Yamamoto et al. (2001) and from 77 bp to 120 bp in our study for marker 
CH01H01 and, respectively, from 159 bp to 208 bp and 154 bp to 191 bp for marker CH01F02. 
Pierantoni et al. (2004) stated that allele size ranges were comparable between apple and 
European pear for most markers, except for marker CH02F06. In our study, however, allele sizes 
were also comparable for this marker.  
A first possible explanation for the discrepancies between our study and the studies by Hemmat 
et al. (2003) and Pierantoni et al. (2004) is that in these studies primer annealing temperatures 
were optimised to achieve amplification of microsatellite loci with apple microsatellite primers in 
Pyrus. In our study, PCR conditions were not changed. Surprisingly, in the study of Yamamoto et 
al. (2001), PCR conditions were also left unchanged. 
A second experimental factor to consider is that in Hemmat et al. (2003) and Pierantoni et al. 
(2004) apple SSR markers were only tested on, respectively, one and two pear (P. communis) 
progeny populations. In our study, on the other hand, 47 Pyrus accessions belonging to 12 
different Pyrus species were included. In Yamamoto et al. (2001), apple SSR markers were tested 
on 36 Pyrus accessions belonging to five different Pyrus species. Clearly, variation in 
experimental design may (partly) explain the observed differences. 
In Sorbus, 71% of the tested apple SSR markers gave positive results (our study) while seven of 9 
(77%) tested SSR primers of Sorbus torminalis gave PCR products in Malus (Oddou-Muratorio 
et al., 2001). This indicates that SSR markers can easily be exchanged between Sorbus and 
Malus.  
Sixty-five percent of the apple SSR markers could be transferred to Cydonia. This is slightly 
lower than the percentage obtained by Yamamoto et al. (2004). In that study, 57 of 77 (74%) 
apple SSR markers were transferable to quince.  
Thus, cross-genera transferability of apple SSR markers was generally (slightly) lower in our 
study than in the studies by Oddou-Muratorio et al. (2001), Yamamoto et al. (2001 and 2004), 
Hemmat et al. (2003) and Pierantoni et al. (2004). Our results contrast more with the results 
obtained by Liebhard et al. (2002). In this study, all 15 tested apple SSR markers gave, 
remarkably, positive results in Amelanchier, Cotoneaster, Crataegus, Cydonia, Mespilus, Pyrus 
and Sorbus.  
Despite these discrepancies, our study has shown that apple SSR markers may be useful for 
genetic analyses in other species of the Maloideae subfamily. For comparison, cross-genera 
transferability between other genera was 22% for SSR marker transferability from Sorbus 
torminalis to Mespilus germanicus (Oddou-Muratorio et al., 2001), 45% from Pyrus (P. pyrifolia 
and P. communis) to Cydonia (Yamamoto et al., 2004), 44% between Prunus and Vitis 
(Dirlewanger et al., 2002) and 51% between Prunus and Fragaria (Dirlewanger et al., 2002). 
 
The high transferability of apple SSR markers to Amelanchier (81%) and Aronia (81%) may 
indicate that Amelanchier and Aronia are more closely related to apple than, for example, Pyrus 
(58%) and Chaenomeles (58%). A study by Campbell et al. (1995), on the other hand, indicated 
that Pyrus and Chaenomeles are possibly more closely related to Malus than other Maloideae 
genera. This would suggest that SSR marker transferability is not related to phylogenetic 
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relationships. Oddou-Muratorio et al. (2001) and Dirlewanger et al. (2002) demonstrated that 
transferability can not be predicted based on phylogenetic relationships alone. Still, at present, 
little is known about the phylogenetic relationships among Maloideae species. Therefore, it 
remains unclear to what extent marker transferability is related to phylogenetic relationships. 
 
Our study has demonstrated that microsatellite markers, de novo developed in Malus × 
domestica, give positive results in Malus and Maloideae species. Note that in our study the 
obtained PCR fragments were never sequenced. Therefore, it is not absolutely certain that the 
amplified loci were indeed microsatellite loci. For most markers, however, the gel images showed 
stutter bands which are typical for microsatellites. Moreover, in a study by Yamamoto et al. 
(2001) in which apple microsatellite markers were transferred to Pyrus, the presence of the 
microsatellite repeats was verified by means of Southern blot hybridisation and sequencing. For 
eight out of nine markers, all analysed fragments contained microsatellite repeats. Consequently, 
it is very likely that also in our study most amplified fragments were indeed microsatellites. 
Moreover, the transferred markers have not been mapped in the other genera, so it is not sure that 
the amplified loci were indeed homologues.  
For the purpose of our study, sequencing and mapping was however not required. The main aim 
was to find SSR primers that amplified both in Malus × domestica and other Maloideae species 
and gave polymorphic PCR products. Consequently, these primers were used to verify hybridity 
of seedlings obtained from interspecific and intergeneric crosses (see Chapter V).  
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Introduction 
 
Wild and ornamental species related to important agricultural crops, are of interest for plant 
breeders because they comprise a potential valuable genetic resource for the continuous 
improvement of our crops in plant breeding programmes. However, the introduction and 
incorporation of new genetic material can be hindered or even completely prevented by the 
presence of hybridisation barriers between the crop of interest and its wild or ornamental 
relatives. In fact, the occurrence of these reproductive barriers is to be expected considering the 
definition of a ‘species’. Mayr (1963, cited by Rieseberg and Carney, 1998) defined a species as a 
group of interbreeding natural populations which are reproductively isolated from all other such 
groups. Another, and perhaps more adequate, definition of a species is given by Rieseberg and 
Carney (1998), namely: a species is a group of interbreeding populations which are genetically 
isolated from other such groups.  
Hybridisation between species can be prevented by pre- or post-zygotic barriers. Pre-zygotic 
barriers are mechanisms that prevent mating of the male and female gamete. Post-zygotic 
barriers, on the other hand, act after fertilisation. They prevent hybrid development and reduce 
hybrid viability and fertility. Also, post-zygotic barriers always operate after pollination, whereas 
pre-zygotic barriers can operate before as well as after pollination (Tiffin et al., 2001). Examples 
of interspecific and intergeneric pre-pollination pre-zygotic barriers are geographical isolation, 
divergent floral morphology and non-overlapping flowering seasons. Interspecific and 
intergeneric post-pollination pre-zygotic barriers are, for example, absence of, or poor pollen 
germination, aberrant pollen tube growth, gametic competition and misdirection of pollen tubes 
in the ovaries. Post-zygotic barriers comprise, for example, embryo abortion, endosperm 
degeneration, inferior seed germination, hybrid inviability and hybrid sterility.  
Post-pollination barriers are a consequence of species incompatibility or incongruity. Both 
incompatibility and incongruity prevent hybridisation, but the underlying processes are 
completely different. Incongruity is the passive by-product of evolutionary divergence, resulting 
in, for example, the progressive loss of co-adaptation of reproductive organs, the incompleteness 
of successful interaction between pollen and pistil or the miscommunication between genomes in 
hybrids (interpretation of the definition of incongruity, as formulated by Hogenboom, 1975, by 
Kermicle and Evans, 2005 and Mangum and Peffley, 2005). It is thus rather a passive process 
compared to incompatibility (Hogenboom, 1975, referred to by de Nettancourt, 2001). 
Incompatibility is the consequence of an active recognition and rejection process between pollen 
and pistil (de Nettancourt, 2001).  
When discussing incompatibility and incongruity, it is inevitable not to mention self-
incompatibility. Self-incompatibility is an out-crossing mechanism, preventing self-fertilisation 
and stimulating outcrossing. Although self-incompatibility and interspecies incompatibility aim 
different purposes, namely preventing inbreeding and limiting outcrossing respectively, the 
underlying mechanisms are possibly closely related (de Nettancourt, 2001; Wheeler et al., 2001; 
Cruz-Garcia et al., 2003 and Roalson and Mc Cubbin, 2003).  
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The text below is meant as an introduction to the following chapter on interspecific and 
intergeneric crosses in apple. By discussing, in general, the complexity of sexual reproduction, a 
framework is given to better situate and assess the possible difficulties that may occur during 
interspecific and intergeneric hybridisations. First, a general description of fertilisation in 
flowering plants is given. Following, the self-incompatibility mechanism of the Rosaceae family 
is described. This is the family to which Malus × domestica belongs. Incompatibility and 
incongruity in interspecific and intergeneric crosses are discussed at the end.  
 
 

1. Fertilisation in flowering plants 
 

The complex cascade of processes resulting in 
fertilisation starts with the pollen landing on 
the stigma of the pistil. After adhesion, 
hydration and germination of the pollen grain, 
a pollen tube emerges and starts its journey 
down the transmitting tract of the style to the 
ovary. In the ovary, the pollen tube penetrates 
the embryo sac and releases the two sperm 
cells. One sperm cell fuses with the diploid 
central cell to form the endosperm, the other 
sperm cell fuses with the egg cell (Figure 
IV.1). During pollen adhesion, hydration, 
germination and pollen tube growth, numerous 
pollen-pistil interactions act and enable a pistil 
to accept compatible pollen and reject 
incompatible pollen. 

 
 
 

Figure IV.1: Fertilisation in flowering 
plants (Franklin-Tong, 2002) 

 
1.1. Adhesion 
 
The first step to successful pollen germination and pollen tube growth is pollen adhesion. For 
species with wet stigmas, for example Malus species, pollen adhesion is probably not 
discriminative, because it is based on liquid surface tension. On the other hand, for species with 
dry stigmas, as for example Brassica species, adhesion is probably species-specific.  
Pollen capture is the first step of pollen adhesion. In species with dry stigmas, it is determined by 
the exine wall of the pollen grain, composed of sporopollenin. The binding strength increases 
with decreasing taxonomic distance, suggesting a selective role of the exine wall in pollen 
adhesion. However, the chemical base of this specificity is not yet clear (Swanson et al., 2004). 
The second step of adhesion is more complicated and involves cross-linking between stigmatic 
and pollen coat proteins. In Brassica, two stigmatic proteins have been determined which interact 
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with pollen coat proteins (PCPs); an S-locus glycoprotein (SLG) and an S-locus related protein 
(SLR) (Wheeler et al., 2001 and Swanson et al., 2004). This interaction probably results in or 
activates the hydrolysis of pollen and stigma long-chain fatty acids and subsequent 
polymerisation to complete adhesion (Swanson et al., 2004). However, this is only a hypothesis 
that still needs to be confirmed.  
 
 
1.2. Hydration 
 
Hydration is the next step after pollen adhesion. For both species with dry and wet stigmas, lipids 
have shown to play a key role in pollen hydration (Wolters-Arts et al., 1998). In species with wet 
stigmas, lipids are a major component of the stigmatic exudates. Here, female sterility, based on 
the absence of pollen hydration, can be induced by ablating the secretory zone of the stigma. 
Thereby, the secretion of exudates is prevented (Goldman et al., 1994; Wolters-Arts et al., 1998 
and Sanchez et al., 2004). Pollen hydration can, however, easily be restored by applying 
exogenous lipids.  
In species with dry stigmas, the pollen coat contains the lipids necessary for pollen hydration. 
But, in contrast to species with wet stigmas, oleosin-like proteins are also involved here (Bots and 
Mariani, 2004). It has been proposed that pollen hydration is species-specific in species with dry 
stigmas (Dickinson, 1995), probably because of the presence of oleosine-like proteins in the 
pollen coat (Edlund et al., 2004 and, Bots and Mariani, 2004).  
Clearly, lipids are determining for pollen hydration, but how these lipids control water flow from 
the pistil to the pollen grains is still unresolved (Wolter-Arts et al., 2002; Edlund et al., 2004 and 
Sanchez et al., 2004).  
 
 
1.3. Pollen germination, pollen tube growth and pollen tube orientation 
 
After hydration, the pollen grains germinate and extrude pollen tubes. Following, pollen tubes 
have to reach the extracellular matrix (ECM) of the pistil which guides the pollen tubes to the 
ovaries. In solid styles with dry stigmas, pollen tubes have to penetrate the cuticle of the stigmatic 
papillae to enter the ECM. In wet stigmas, pollen tubes can enter directly the ECM of 
degenerating papillae (Lord and Russell, 2002 and Edlund et al., 2004). A physical or chemical 
guiding cue is necessary to direct pollen tubes into the ECM of the stigma and prevent random 
pollen tube growth. For example, in the Solanaceae, a water gradient created by triglycerides 
orientates the pollen tubes (Wheeler et al., 2001; Lord and Russel, 2002 and Swanson et al., 
2004). In Lilium, pollen tubes are guided by a cysteine-rich peptide, the stigma/stylar cysteine-
rich adhesin SCA (Lord, 2003).  
Once arrived in the extracellular matrix of the stigma, the pollen tubes have to grow through the 
transmitting tract of the style down to the ovary. The nutrients for pollen tube growth are initially 
provided by the pollen grain itself. When these internal reserves are exhausted, pollen tube 
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growth switches from autotrophic to heterotrophic. Nutrients for this heterotrophic growth are 
provided by the pistil transmitting tract cells. These cells secrete free sugars, amino acids, 
glycolipids, glycoproteins, polysaccharides, lipids and proteins into the extracellular matrix 
(Swanson et al., 2004). Moreover, specific amino acids, provided by the style, may be necessary 
to induce in binucleate pollen the second mitotic division of the generative cell to give two sperm 
cells (spermatogenesis) (Vervaeke et al., 2004). Pollen of 70% of the plant families is binucleate 
(McCormick, 1993), including the Rosaceae family (Kaufmane and Rumpunen, 2002a). If the 
second mitotic division of the generative cell does not take place, pollen tubes may stop growing 
and double fertilisation certainly becomes impossible.  
Clearly, discrepancy between the growth requirements of the pollen and the nutrients provided in 
the stylar extracellular matrix may reduce pollen tube growth (de Nettancourt, 2001). However, 
the mechanism of pollen tube arrest in incongruous crosses is, in fact, not yet understood 
(Sánchez et al., 2004). In incompatible crosses (between species), the S-locus probably plays a 
very important role in the inhibition of pollen tube growth (Swanson et al., 2004).  
 
Besides nutrition, it is proposed that the style provides guidance cues to the pollen tubes to direct 
them towards the ovaries (Lord et al., 2003). Pollen tube guidance in the style is best studied in 
Lilium. In the hollow style of lily, pollen guidance is adhesion-mediated by SCA and a pectic 
polysaccharide. These molecules link the pectin matrices in the pollen tube to the stylar cells. In 
solid styles, the guidance mechanism is still unclear. However, transmitting tract specific (TTS) 
glycoproteins, a type of arabinogalactan proteins (AGPs), have been identified in Nicotiana. 
These proteins stimulate pollen tube growth and may be involved in pollen tube guidance through 
solid styles (Cheung and Wu, 1999). TTS proteins are found along the transmitting tract of the 
style and show a gradient of glycosylation, increasing towards the ovary. This gradient may be 
part of the pollen tube guidance mechanism in the style (Cheung and Wu, 1999). In tobacco, two 
other groups of proteins have been identified which may also be involved in pollen tube 
guidance, namely pistil-specific extension-like proteins (PELPs) (Bosch et al., 2001) and 120 
kDa glycoproteins (Hancock et al., 2005).  
When a pollen tube finally reaches the end of the style, it still has to fulfill its most important 
task; finding and fertilising the ovule. In this final step, the pollen tube is navigated towards the 
ovule by signals provided by the synergids (Higashiyama et al., 2001). One signal most likely 
involved in finding the micropyle of the ovule is a very fine-tuned gradient of γ-amino butyric 
acid (GABA). The concentration of GABA is highest in the integument cells surrounding the 
micropyle, distinguishing the micropyle from the other tissues of the ovule (Palanivelu et al., 
2003). Interestingly, studies have shown that pollen tubes are only perceptive to these final 
signals if they have passed through the stigma and style. This strongly suggests that pollen tube 
guidance is hierarchical. Pollen tubes seem to be prepared during their journey through the style 
to be perceptive for the synergidal guidance cues (Higashiyama et al., 1998).  
 
The pollen tube is a tip-growing cell. Its growth is thus strongly polarised. Polarised cell growth 
in pollen tubes and root hairs is extensively discussed in a review by Hepler et al. (2001). For 
pollen tubes, the latest studies (Lord and Russell, 2002 and Franklin-Tong, 2002) evidence that 
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the forward movement of the plasma membrane at the pollen tube tip is realised by F-actin and 
regulated by Rop GTPase. This GTPase is also involved in the establishment of a tip-focused 
calcium gradient which is essential for tip growth.  
The tube wall normally consists of two layers. The inner layer mainly consists of callose and a 
slight amount of cellulose (Ferguson et al., 1998). The outer layer mainly consists of pectines 
(Hasegawa et al., 2000). These components are transported in Golgi-vesicles to the tip of the 
pollen tube by means of the F-actin- and microtubules-sustained bidirectional cytoplasmatic 
streaming. The movement of the male germ unit, this is the vegetative nucleus together with the 
generative cell, towards the tube tip is also accomplished by microtubules (Laitiainen et al., 
2002). Moreover, callose plugs also help to maintain the living cytoplasm and the male germ unit 
at the apical region of the pollen tube (Hepler et al., 2001 and Laitiainen et al., 2002). These 
plugs are formed at the subapical part of the tube at regular intervals during pollen tube 
elongation.  
 
 

2. Pre-zygotic hybridisation barriers 
 
In nature, hybridisation between species can be prevented in many different ways, for example, 
because they are geographically isolated, because they are visited by different pollinators or 
because they flower at a different time. In breeding programmes, these pre-zygotic hybridisation 
barriers can often be easily circumvented. Breeders are mainly confronted with barriers related to 
pollen germination, pollen tube growth and orientation. Incompatibility or incongruity between 
pollen and pistil will prevent the fusion of the female and male gamete. The best known 
incompatibility mechanism is self-incompatibility (SI), an out-crossing mechanism preventing 
self-fertilisation. This mechanism probably also acts in incompatible crosses between species. 
Incongruity is far less studied.  
 
 
2.1. Self-incompatibility mechanisms  
 
Self-incompatibility mechanisms are numerous and can be classified according to the 
incompatibility phenotype of the pistil; stigmatic, stylar or ovarian, or according to the 
incompatibility phenotype of the pollen; sporophytic or gametophytic, and according to the 
number of loci involved; mono-, bi- or multifactorial (de Nettancourt, 1999). In sporophytic SI, 
the pollen S-phenotype is determined by the diploid S-genotype of the parent plant. In 
gametophytic SI, it is determined by the pollen’s own S-haplotype. If the pollen S-phenotype 
matches the pistil S-phenotype, fertilisation is inhibited.  
The best studied SI mechanisms are: monofactorial gametophytic stylar SI in the Solanaceae, 
Rosaceae and in Anthirrhinum, monofactorial gametophytic stigmatic SI in the Papaveraceae 
and monofactorial sporophytic stigmatic SI in the Brassicaceae. These three SI systems operate 
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differently, but the determinants of specificity are for the three systems encoded at a single locus, 
the S-locus.  
 
In the Solanaceae, Rosaceae and in the Scrophulariaceae, the pistil S-gene encodes for an S-
RNase which is secreted into the extracellular matrix in the transmitting tract of the style. S-
RNases most likely act as a highly cytotoxic component which inhibits pollen tube growth by the 
degradation of rRNA (Roalson and McCubbin, 2003 and McClure, 2004). The S-RNase gene is 
generally composed of five conserved domains and two hypervariable regions. Rosaceous S-
RNases, however, have only one hypervariable region (Ushijima et al., 1998). The high level of 
polymorphism of S-RNases has for long been ascribed to variation in these hypervariable regions. 
However, a significant level of variation has also been detected outside these hypervariable 
domains. Therefore, it is possible that allelic specificity of the S-RNase gene is not only 
determined by the hypervariable regions, as has been assumed previously (Roalson and 
McCubbin, 2003).  
The pollen determinant for S-RNase based self-incompatibility remained unclear untill recently 
(Roalson and Mc Cubbin, 2003 and Wang et al., 2003). The latest studies evidenced, however, 
that it would be an S-locus F-box gene (SLF, also termed SFB) encoding for an F-box containing 
protein (McClure, 2004 and Charlesworth et al., 2005). The involvement of SLF in S-RNase 
mediated self-incompatibility has first been reported in Antirrhinum (Scrophulariaceae) (Lai et 
al., 2002 and, Wang and Xue, 2005) and has also been evidenced in Prunus (Rosaceae) 
(Ushijima et al., 2004) and Petunia (Solanaceae) (Sijacic et al., 2004). It is proposed that SLF 
interacts specifically with self-S-RNase to leave it active. On the other hand, SLF tags all non-
self S-RNases for subsequent degradation. The activation of self-S-RNases thus causes 
incompatibility. This model, however, still needs to be confirmed further (McClure, 2004). SLF 
genes show two hypervariable and two variable regions. The hypervariable regions probably 
determine allele specificity of the pollen S-gene (Ikeda et al., 2004). Changes at the hypervariable 
regions may result in the breakdown of self-incompatibility, as has been demonstrated in Prunus 
(Ushijima et al., 2004). Here, the SLF transcripts of two self-compatible Prunus mutants (one of 
sweet cherry and one of Japanese apricot) lacked the hypervariable regions. Breakdown of self-
incompatibility may also result from interaction between different pollen S-alleles. In Petunia, 
self-incompatibility was broken down after transformation of an extra SLF-gene, most likely 
because of competition between the two different pollen S-alleles. Pollen carrying two different 
S-alleles were not rejected (Qiao et al., 2004). In tetraploid sour cherry, self-compatibility has 
been ascribed to competitive interaction and also to dominance of one SLF-allele over the other 
(Bošković et al., 2006). Competitive or dominance interactions between pollen S-alleles may also 
occur in pollen with a duplicated S-locus (McClure, 2004).  
 
Since pistil and pollen are controlled by two separate genes. The RNase gene and pollen gene 
must be tightly linked and co-evolve as one genetic unit in order to maintain self-incompatibility. 
Therefore, recombination at the S-locus should be prevented. Otherwise, this would cause the 
breakdown of self-incompatibility. To date, no recombination between the pistil S-gene and 
pollen S-gene has been detected (Roalson and McCubbin, 2003 and Ikeda et al., 2005). In the 
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Solanaceae, recombination is very likely suppressed by the chromosomal location of the S-locus 
(Wang et al., 2003).  
 
In the Solanaceae, genetic studies have evidenced that the rejection of self-pollen in S-RNase 
based self-incompatibility also involves other non-S-genes (McClure et al., 1999; Kondo et al., 
2002 and Hancock et al., 2005). Self-compatibility may thus evolve from loss-of-function 
mutations in these genes (Kondo et al., 2002).  
 
Figure IV.2 illustrates gametophytic self-incompatibility in the Solanaceae, Rosaceae and in the 
Scrophulariaceae. The S-phenotype of the pollen is determined by its own S-haplotype. If the 
pollen S-phenotype matches the pistil S-phenotype, pollen tube growth is inhibited. 
 

 
Figure IV.2: Gametophytic stylar self-incompatibility in Solanaceae, Rosaceae and in the 
Scrophulariaceae (Hiscock, 2002). 
 
 
2.2. Pre-zygotic interspecific and intergeneric incompatibility and incongruity 
 
Pistils are not only able to recognise and reject pollen from plants that are too closely related, but 
also to reject pollen from unrelated or too distantly related plants. There are two mechanisms that 
can prevent interspecific and intergeneric fertilisation at the pollen-pistil level, namely 
incompatibility and incongruity. The critical distinction between both mechanisms is that 
incongruity is considered to be a ‘passive’ process whereas incompatibility is considered ‘active’ 
(Hogenboom 1975, referred to by Hancock et al., 2003). Indeed, incompatibility is based on an 
active recognition and rejection mechanism (Hogenboom, 1975, referred to by de Nettancourt, 
2001). Incongruity, on the other hand, is a passive by-product of divergence. The degree of 
incongruity is a function of the genetic distance between the parents in a cross (Hogenboom, 
1975, referred to by de Nettancourt, 2001 and by Mangum and Peffley, 2005). According to 

 97



Chapter IV: Interspecific and intergeneric hybridisation barriers 

Hogenboom (1975), a series of genes control pollen germination and pollen tube growth. If the 
pollen genes do not match the pistil genes, fertilisation fails. Failure of fertilisation can thus 
reflect active rejection by the pistil, as a consequence of incompatibility, or the absence of 
matching alleles, as a consequence of incongruity.  
 
Crossing experiments between species within genera have shown that crosses among self-
compatible species generally succeed. On the other hand, crosses among self-incompatible 
species give mixed results. Crosses between self-incompatible (SI) and self-compatible (SC) 
species are often only successful in one direction (Kermicle and Evans, 2005). The phenomenon 
in which pollen is accepted by the pistil in a cross made in one direction but rejected in the 
reciprocal cross is called unilateral incompatibility (Lewis and Crowe, 1958 referred to by de 
Nettancourt, 2001). Unilateral incompatibility (UI) is common in crosses between SC and SI 
species and follows the ‘SI x SC incompatibility rule’: pollen from the SI species is accepted by 
the pistil of SC species, but the reverse does not hold (Lewis and Crowe, 1958 referred to by de 
Nettancourt, 2001). It is very unlikely that the failure of pollen germination and pollen tube 
growth in crosses between SI and SC species results from differences in growth requirements, 
because the reciprocal cross is successful (Hancock et al., 2003). Genetic studies in the 
Brassicaceae and in the Solanaceae have demonstrated that the S-locus very likely controls both 
self-incompatibility and unilateral interspecific pollen rejection (Cruz-Garcia et al., 2003 and 
Hancock et al., 2003). Hiscock and Dickinson (1993) provided the first evidence for the 
involvement of the S-locus in unilateral interspecific incompatibility in the Brassicaceae. In 
Nicotiana, three types of interspecific unilateral pollen rejection mechanisms were described by 
Murfett et al. (1996): factor-independent S-RNase based pollen rejection, factor-dependent S-
RNase based pollen rejection and S-RNase independent pollen rejection. Moreover, in a QTL-
study of sexual compatibility traits in Lycopersicon (Bernacchi and Tanksley, 1997), the major 
QTL controlling unilateral incompatibility mapped to the S-locus. Two other QTL’s for UI 
mainly acted to enhance UI in the presence of functional S-genes. These studies clearly evidenced 
that the S-locus is involved in unilateral incompatibility. In some mechanisms, other non-S-
factors may also be required for pollen rejection.  
However, as unilateral incompatibility has also been reported in crosses among SC species as 
well as among SI species, and as some reversals of the rule have also been detected (Vervaeke et 
al., 2001 and, Onus and Pickersgill, 2004), this hypothesis has been under wide debate (Cruz-
Garcia et al., 2003 and Hancock et al., 2003). Moreover, timing and location of pollen rejection 
have shown to be different in UI pollen rejection compared to SI pollen rejection (Liedl et al., 
1996). Vervaeke et al. (2001) suggested that also other mechanisms such as for example pistil 
length may cause unilateral pollen rejection.  
Despite all research, the exact mechanism and genetic control of unilateral interspecific pollen 
rejection remains still unclear.  
 
Incongruity may also explain pollen rejection in interspecific crosses. In contrast to 
incompatibility, the physiological mechanism and genetic control of incongruity is far from 
known (Kermicle and Evans, 2005). Only recently, Kermicle and Evans (2005) tried to 
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distinguish incongruity from incompatibility as pollen rejection mechanisms in interspecific 
crosses between maize and teosinte. Maize is self-compatible and pistils carrying a particular 
barrier allele discriminate against pollen not having that allele. According to Kermicle and Evans 
(2005), the pistil will recognise a contrasting pollen allele as foreign and initiate rejection in an 
active incompatibility system. In an incongruous system, pollen is accepted after recognition of a 
matching pollen allele. As hetero-allelic pollen, carrying both a contrasting and a matching allele, 
was accepted, pollen rejection in unsuccessful interspecific crosses in maize is probably a 
consequence of incongruity. Note that this model is still very hypothetical.  
 
Intergeneric crosses have been attempted in several crops, for example in apple (Banno et al., 
2003), Pyrus (Bell and Hough, 1986), strawberry (Marta et al., 2004), barley (Salomon et al., 
1991), pea (Ochatt et al., 2004), rape (Lelivelt, 1993 and Lelivelt et al., 1993) and rice (Sitch and 
Romero, 1990). In these studies, the percentage of hybrids over pollinated flowers was often very 
low. No inferences were made about the possible causes of pollen rejection. Consequently, it 
remains unclear whether incompatibility or incongruity pre-zygotically prevent or limit 
intergeneric hybridisations.  
 
Literature on interspecific crosses within the Maloideae, subfamily of the Rosaceae, is scarce. A 
possible explanation for this is that species generally intercross readily within genera of the 
Maloideae (Campbell et al., 1991 and 1995). Interspecific hybridisations have for example been 
reported in Malus (Korban, 1986), Prunus (Layne and Sherman, 1986 and Gradziel et al., 2001), 
and Pyrus (Bell and Hough, 1986). Interspecific unilateral incompatibility was reported for 
Prunus, and followed the ‘SI x SC rule’ (Layne and Sherman, 1986). Crosses among SC and 
among SI Prunus species were successful in both directions. Recently, unilateral incompatibility 
has also been reported in intraspecific crosses; namely for sour cherry (Yamane et al., 2003) and 
for Japanese pear (Zhang and Hiratsuka, 2005). In both studies, the crosses demonstrating UI 
were crosses between a self-incompatible accession and a pistil S-gene mutant of that accession. 
Pollen of the self-incompatible parent was not rejected by the S-RNase defective pistil parent.  
For the Maloideae, it is unknown whether or not the S-locus is involved in pollen rejection in the 
unsuccessful interspecific crosses, and thus whether or not pollen rejection is a consequence of 
incompatibility or incongruity.  
In the Maloideae, intergeneric hybrids were obtained for Pyrus and Sorbus, Pyrus and Cydonia 
(Bell and Hough, 1986), Malus × domestica and Cydonia (Rudenko and Rudenko, 1994) and, 
Malus and Pyrus (Banno et al., 2003 and Inoue et al., 2003), but the percentage of hybrids over 
pollinated flowers was low. In Pyrus, failure of pollen tubes to reach the ovules seem to be the 
major cause of unsuccessful intergeneric hybridisation. To date, little is known about pollen 
rejection mechanisms in intergeneric crosses among genera of the Maloideae, and more in 
specific in intergeneric crosses with Malus × domestica. 
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3. Post-zygotic hybridisation barriers 
 
Endosperm breakdown, seed or embryo abortion, poor seed germination, reduced hybrid viability 
and hybrid sterility indicate the presence of post-zygotic breeding barriers between species 
belonging to the same genus or to different genera . The main mechanisms causing post-zygotic 
hybridisation failure are possibly allelic incongruity (Rieseberg and Carney, 1998 and Bushell et 
al., 2003), genome shock (Rieseberg and Carney, 1998 and Bushell et al., 2003 ) and parental 
imprinting (Bushell et al., 2003).  
Allelic incongruity acts when the allele of one species interacts negatively with the allele of the 
other species and causes some degree of inviability or sterility. For example, different alleles may 
not function properly when brought together in hybrids. Or, deleterious genes which are 
suppressed in their own genetic background, may be expressed in a foreign genetic background 
(Coyne and Orr, 1998 and, Rieseberg and Carney, 1998). Allelic incongruity can manifest at any 
developmental stage after fertilisation.  
Genome shock is a general term referring to all kinds of chromosomal rearrangements, such as 
deletions, duplications and inversions, reducing the viability and fertility of hybrids (Bushell et 
al., 2003).  
Parental imprinting is the phenomenon by which the expression of an allele depends on the parent 
of origin. Via epigenetic modifications, an allele is inherited in a (partly) silenced state from one 
of the parents and in a fully active form from the other parent (Autran et al., 2005). Parental 
imprinting is almost certainly the underlying mechanism of endosperm breakdown. In 
Arabidopsis, genes encoding for growth promoters involved in endosperm development are 
expressed when paternally inherited, but silenced when inherited from the mother. For normal 
endosperm development, the optimal parental genomic ratio is two maternal genomes to one 
paternal genome. Any deviation from this ratio will result in aberrant endosperm development. 
Maternal excess will inhibit endosperm proliferation. Paternal excess will cause overproliferation 
(Bushell et al., 2003). Seed development thus depends on the parent of origin of the alleles and 
the dose of the allele products (Dilkes and Comai, 2004).  
 
Post-zygotic barriers often limit or prevent the formation of hybrids in intergeneric crosses. The 
reason for this is that the parents in the cross are too distantly related. In the Maloideae, post-
zygotic barriers have been reported in intergeneric hybridisation experiments in Pyrus (Bell and 
Hough, 1986), Cydonia (Rudenko and Rudenko, 1994) and Malus (Inoue et al., 2003). Here, 
hybrid lethality was the main obstacle in the production of intergeneric hybrids. In Pyrus, 
intergeneric hybrids often suffer from male sterility (Bell and Hough, 1986).  
Post-zygotic barriers do not only limit the success of intergeneric hybridisations, but may also 
manifest in interspecific crosses. For example, post-zygotic barriers limit gene flow among 
Prunus species (Layne and Sherman, 1986), but are rare in crosses among Malus species and 
among Pyrus species. Low seed set, abnormal endosperm and/or embryo development, mortality 
of hybrid seedlings and other post-zygotic barriers have also been observed in interspecific 
crosses in, for example, grape (Filler et al., 1994), strawberry (Marta et al., 2004), asparagus 
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(Marcellán and Camadro, 1996), Banskia (Sedgley et al., 1996) and Penstemon (Chari and 
Wilson, 2001).  
 
According to Hogenboom’s definitions of incompatibility and incongruity (1975, referred to by 
de Nettancourt, 2001), the abovementioned post-zygotic barriers are the result of incongruity and 
not incompatibility. 
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Introduction 
 
The successful use of some wild and ornamental Malus species in apple breeding suggests that 
pre-zygotic and post-zygotic hybridisation barriers are not predominantly present in interspecific 
crosses with Malus × domestica. Moreover, their use has been of the utmost importance for the 
considerable progress made in apple breeding so far, for example to increase resistance to pests, 
diseases and viruses, to improve cold hardiness, to shorten juvenility, to introduce apomixis, to 
modify tree architecture or even to shift flowering time (reviewed in Korban, 1986; Way et al., 
1991; Korban and Chen, 1992 and Janick et al., 1996). Perhaps as a consequence of the success 
of interspecific crosses in apple, there seemed to be no need to study interspecific crosses in 
depth. Recent literature on interspecific breeding barriers in apple is, consequently, very 
restricted.  
Published information on intergeneric crosses with Malus × domestica is even more limited. The 
use of related genera in apple breeding programmes is most likely less common, possibly because 
of the presence of several severe hybridisation barriers. However, intergeneric crosses may 
provide new possibilities to apple breeding. Interesting characteristics from related Malus and 
Maloideae species to incorporate in apple are, for example, scab resistance from wild Malus 
species, the strong fruit aroma from Chaenomeles, cold hardiness from Pyrus, one-flower 
inflorescence from Cydonia and self-fertility from Mespilus. Exploring the possibilities of 
intergeneric hybridisations with apple is especially interesting because intergeneric hybridisations 
seem to be generally possible in the Maloideae subfamily, as is stated by Campbell et al. (1991 
and 1995). The authors write that the Maloideae subfamily is remarkable for its extensive 
hybridisation possibilities. Indeed, the few wide hybridisations among genera of the Maloideae 
subfamily that have been reported in literature had a positive outcome. Intergeneric hybrids were 
obtained in crosses between Pyrus and Sorbus, Pyrus and Cydonia (Bell and Hough, 1986), 
Malus × domestica (as pollen donor) and Cydonia (Rudenko and Rudenko, 1994) and, Malus and 
Pyrus (Banno et al., 2003). On the other hand, the intergeneric P. pyrifolia × M. × domestica -
hybrids obtained in an experiment of Inoue et al. (2003) died after a few months because of 
hybrid lethality. Obviously, the outcome of intergeneric crosses among genera of the Maloideae 
subfamily is still very uncertain. This certainly justifies further research on intergeneric 
hybridisations in an economically important fruit species as apple.  
In many species, post-pollination pre-zygotic hybridisation barriers have been related to self-
incompatibility (de Nettancourt, 2001). In apple, inbreeding is prevented by stylar gametophytic 
self-incompatibility. At present it is unclear whether or not self-incompatibility is associated with 
interspecific and intergeneric hybridisation barriers in Malus × domestica. 
 
The purpose of this study was to explore the possibilities of interspecific and intergeneric 
hybridisations to increase the genetic basis of Malus × domestica and to identify the main 
hybridisation barriers. Therefore, two apple cultivars ‘Braeburn’ and ‘Delbardestivale’ were 
crossed with other Malus and Maloideae species. To analyse the possible presence of pre- and 
post-zygotic barriers, pollen germination, pollen tube growth, fruit set, seed set and seed 
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germination were evaluated. The hybrid origin of the obtained seedlings was verified by 
microsatellite analysis.  
 
 

1. Materials and methods 
 
1.1. Plant material  
 
For the interspecific and intergeneric crosses, ‘Braeburn’ and ‘Delbardestivale’ were chosen as 
pistil parents. These cultivars were mainly selected because they flower late and at slightly 
different times. This facilitated work planning.  
 
Table V.1 lists the Maloideae species that were used as pollen donors in the interspecific and 
intergeneric crosses.  
Mespilus and Cydonia flower from May to June whereas ‘Braeburn’ and ‘Delbardestivale’ flower 
in April. Therefore, flowering of the Mespilus and Cydonia trees had to be advanced by growing 
them in the greenhouse of the Centre for Fruit Culture (FTC) in Rillaar. The selected 
Chaenomeles, Malus and Pyrus accessions, on the other hand, flower before ‘Delbardestivale’ 
and ‘Braeburn’. These trees were grown in the field at the orchard of the Centre for Fruit Culture 
in Rillaar or at the National Botanical Garden of Belgium (NBGB) in Meise.  
Flowers of Maloideae are pentamerous, bisexual and radially symmetrical. The diameter of 
Maloideae flowers varies from four to 47 mm (Rohrer et al., 1994). The styles of ‘Braeburn’ and 
‘Delbardestivale’ flowers were about 0.6 cm and 1.0 cm long, respectively, and were generally 
comparable with or slightly longer than the styles of the other included Maloideae accessions.  
Flowers were also collected from (other) accessions of Chaenomeles superba, Ch. japonica, 
Malus baccata, M. hupehensis and Pyrus ussuriensis, but these accessions could not be used in 
the interspecific and intergeneric crosses because the anthers were empty (M. hupehensis and P. 
ussuriensis) or because pollen did not dehisce (other accessions).  
All included accessions are almost certainly diploid (for Chaenomeles, see Rumpunen, 2002; for 
Cydonia and Mespilus, see Campbell et al., 1991; for Malus, see Way et al., 1991 and for Pyrus, 
see Bell and Hough, 1986) and are most likely self-incompatible as self-incompatibility is 
omnipresent in the Maloideae subfamily. Self-incompatibility has been assessed in Pyrus 
communis (Sanzol and Herrero, 2002), Pyrus pyrifolia (Ishimizu et al., 1999) and Chaenomeles 
japonica (Kaufmane and Rumpunen, 2002). Self-fertility, on the other hand, has been reported in 
Mespilus (http://www.ibiblio.org/pfaf/cgi-bin/arr_html?Mespilus+germanica&CAN=COMIND, 
accessed in April 2006). Note that self-incompatibility may not always be fully manifested and 
may be strongly influenced by physiological and environmental factors.  
The S-genotype of ‘Braeburn’ is S9S24 and of ‘Delbardestivale’ S3S10. The S-genotype of 
‘Golden Delicious’, used in one of the control crosses (see 1.2.), is S2S3 (Broothaerts et al., 
2004).  
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Table V.1: Code, name and collection site (source) of pollen donors used in three successive years of 
interspecific and intergeneric crosses with Malus × domestica cvs ‘Delbardestivale’ and ‘Braeburn’.  
Year Code Pollen donor Source* 
2003 MA15 Malus baccata var ‘Jackii’ FTC 
 MA21 M. baccata var ‘Mandschurica’ NBGB 
 MA17 M. micromalus  FTC 
 MA18 M. pumila  FTC 
 MA19 M. robusta FTC 
 MA22 M. sylvestris  NBGB 
 CH14 Chaenomeles cathayensis  NBGB 
 CH17 Ch. japonica  NBGB 
 CH13 Ch. speciosa var ‘Atrosanguinea’ NBGB 
 CH12 Ch. superba var ‘Crimson and Gold’ NBGB 
 CY4 Cydonia oblonga cv ‘Champion’ FTC 
 ME2 Mespilus germanica FTC 
 PY10 Pyrus communis cv ‘Conférence’ FTC 
 PY9 P. communis subsp. Kaukazika NBGB 
2004 CH18 Chaenomeles  FTC 
 CY5 Cydonia oblonga cv ‘Champion’ FTC 
 ME3 Mespilus germanica FTC 
 PY11 Pyrus communis cv ‘Conférence’ FTC 
 NA1 P. pyrifolia cv ‘Choju’ PCF 
 NA2 P. pyrifolia cv ‘Shinsui’ PCF 
2005 CY5 Cydonia oblonga cv ‘Champion’ FTC 
 ME3 Mespilus germanica FTC 
 PY11 Pyrus communis cv ‘Conférence’ FTC 

* FTC: Centre for Fruit Culture, Rillaar, Belgium 
NBGB: National Botanical Garden of Belgium, Meise 
PCF: Proefcentrum voor Fruitteelt, Gorsem, Belgium 

 
 
1.2. Pollinations 
 
Interspecific and intergeneric crosses were carried out in three successive years; 2003, 2004 and 
2005. The pollen donors are listed in Table V.1. In addition, ‘Braeburn’ and ‘Delbardestivale’ 
were cross pollinated with ‘Delbardestivale’ and ‘Golden’ respectively (referred to as control 
crosses), and left unpollinated (referred to as controls without pollination), as control treatments.  
Flowers at balloon stage were collected in the field or in the greenhouse and stored in perforated 
plastic bags for maximum 24 hours at 4°C. Following, anthers were isolated, collected in small 
Petri dishes and dried under a spotlight for at least 24 hours to stimulate pollen dehiscence. Pollen 
was stored for maximal two weeks at 4°C in sealed Petri dishes placed in foil-wrapped silica-
containing jars.  
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At the beginning of the flowering season apple trees were caged (one cage per cultivar) and open 
flowers were removed. The following days, flowers at balloon stage were emasculated, to prevent 
self-pollination, hand-pollinated and labelled. King flowers were always removed. The king 
flower of a cluster is the large flower in the middle. To prevent the loss of fruitlets during June 
drop, maximum three flowers were pollinated per cluster. Small brushes were used to transfer 
pollen to the stigmas.  
 
Table V.2 gives an overview of the pollinations carried out in 2003, 2004 and 2005. Pollinations 
were performed in five replications (different branches). Per replication, a number of flowers 
were used to study pre-zygotic post-pollination hybridisation barriers, the remaining flowers were 
used to evaluate fruit and seed set. Each year a different number of flowers were pollinated. In 
2004 and 2005, a larger number of flowers were pollinated mainly to improve the reliability of 
the data on fruit set from the previous year(s). Pistils were sampled at different moments in time, 
fixed in 70% ethanol and stored at 4°C upon analysis. 
 
Table V.2: Interspecific and intergeneric pollinations with Malus × domestica cvs ‘Delbardestivale’ 
and ‘Braeburn’ in 2003, 2004 and 2005: total number of pollinated flowers per cross combination 
(Total #), number of flowers per replication (#/Rep), number of flowers (per replication) to study 
pre-zygotic hybridisation barriers (# Pre), number of flowers (per replication) to study post-zygotic 
barriers (# Post) and sampling dates (Day, days after pollination). 

Year Total # #/Rep # Pre # Post Day 
2003 145 29 15 14 1, 3 and 5 
2004 300 60 20 40 1, 3, 5 and 7 
2005 225 45 5 40 7 

 
 
1.3. Pollen germination and pollen tube growth  
 
Pollen germination and pollen tube growth in vivo were analysed by fluorescence microscopy 
(Kho and Baër, 1968). Therefore, pistil samples (five pistils per sample) were washed in tap 
water to rinse of the ethanol, transferred to a NaOH-solution (6 N) for 30 minutes to soften the 
tissues, washed for a second time and stained overnight with a 0.05% aniline blue solution in 
potassium phosphate buffer at pH 10. For this buffer, K2HPO4 was dissolved in distillated water 
(15.21g/l) and solid K3PO4 was added until pH 10. Styles were separated, as intact as possible, 
from the ovaries and squashed between a slide and cover glass in a droplet of water.  
To detect possible pre-zygotic hybridisation barriers, the total number and number of germinated 
pollen grains were counted. A pollen grain had germinated if the pollen tube was at least twice 
the diameter of the pollen grain. In addition, pollen tube growth was evaluated by counting the 
number of pollen tubes present at the top, 1/3, 2/3 and the base of the style.  
In advance to the in vivo pollinations, pollen viability was tested in vitro on a medium consisting 
of 0.2% agar, 15 ppm H3BO3 and 10% sucrose. If germination occurred, the pollen was used. 
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1.4. Fruit set, seed set and seed germination  
 
Fruit set was calculated as the number of fruitlets (diameter > 1cm) over the number of pollinated 
flowers and was counted before, during and after the critical period of June drop. At harvest, 
apples were picked and stored for three months at 1.5 °C under normal atmosphere in the cold 
rooms of the Centre for Fruit Culture in Rillaar. After this cold treatment, the seeds of maximum 
five fruits per replication were counted to calculate the average number of seeds per apple 
(average seed set). Thus, per cross combination, seed set was determined for 25 fruits at the most. 
Following, the seeds were disinfected and sown in sand. Seed germination percentages were 
calculated. After germination, the seedlings were transferred into pots and grown in the 
greenhouse of the Faculty of Bioscience Engineering of the KULeuven in Heverlee.  
 
 
1.5. DNA fingerprinting to verify hybridity 
 
When flowers were collected for pollen, leaf samples of the pollen parents were taken as well. 
Leaf samples of the (putative) hybrid seedlings were collected in the greenhouse. Leaves were 
placed in plastic tubes (1.5 ml, Greiner Bio-one) with perforated screw cap. Following, the leave 
samples were frozen by plunging the tubes into liquid nitrogen and lyophilised (Freezone 4.5, 
Labconco) for at least 24 hours . The freeze-dried samples were stored at room temperature in 
foil-wrapped silica containing jars upon analysis. DNA samples were prepared from the 
lyophilised leaf samples as described in Chapter III (1.1). 
 
Table V.3: Features of microsatellite markers: published identification name and internal code 
(FTC), sequences of forward and reverse primers, linkage group location and size range.  
Microsatellite Primer sequences LG Size range 
02b1a f 5’-CCG TGA TGA CAA AGT GCA TGA-3’ 15cd 212-238a

FTC 106-107 r 5’-ATG AGT TTG ATG CCC TTG GA-3’ 5e  
CH01H10b f 5’-AGG AGG GAT TGT TTG TGC AC-3’ 8c 93-119b

FTC 93-94 r 5’-TGC AAA GAT AGG TAG ATA TAT GCC A-3’ 11e  
CH02D12b f 5’-AAC CAG ATT TGC TTG CCA TC-3’ 11c 175-205b

FTC 136-137 r 5’-GCT GGT GGT AAA CGT GGT TG-3’ 13e  
CH01F12c f 5’-CTC CTC CAA GCT TCA ACC AC-3’ 10c 145-162c

FTC 276-277 r 5’-GCA AAA ACC ACA GGC ATA AC-3’   
CH02B07c f 5’-CCA GAC AAG TCA TCA CAA CAC TC-3’ 10c 180-202c

FTC 282-283 r 5’-ATG TCG ATG TCG CTC TGT TG-3’   
CH04E03c f 5’-TTG AAG ATG TTT GGC TGT GC-3’ 5c 179-222c

FTC 268-269 r 5’-TGC ATG TCT GTC TCC TCC AT-3’   
a: Guilford et al. (1997), b: Gianfranceschi et al. (1998), c: Liebhard et al. (2002), d: Maliepaard et al. 
(1998), e: Kenis and Keulemans (2005) 
f: forward primer, r: reverse primer, LG: linkage group 
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Six AG-repeat microsatellite loci were genotyped to verify the hybrid status of the seedlings. The 
selected loci, namely 02b01 (Guilford et al., 1997), CH01H10, CH02D12 (Gianfranceschi et al., 
1998), CH01F12, CH02B07 and CH04E03 (Liebhard et al., 2002) were previously tested for 
amplification (see chapter III) in Malus, Chaenomeles, Cydonia oblonga, Mespilus germanica 
and Pyrus. General information on these six microsatellite markers such as primer sequences, 
repeat motif, linkage group location and size range is given in Table V.3. Microsatellite analysis 
was preformed as described in Chapter 2 (I.3). 
 
 
1.6. Data analysis 
 
Pollen adhesion was discussed based on the absolute number of pollen grains captured (NBP). No 
adhesion percentages could be calculated because the exact number of applied pollen grains was 
unknown. However, as pollen was applied excessively, each stigma had certainly received a 
considerable amount of pollen.  
To evaluate pollen germination, both the absolute number of germinated pollen grains (NBGP) 
and the pollen germination percentage (PG%) were considered. Pollen germination percentage 
was calculated as the number of germinated pollen grains over the number of captured pollen 
grains.  
Similarly, to discuss pollen tube growth, both the absolute number of pollen tubes (NBT) and 
pollen tube growth percentages (PTG%) were determined. Pollen tube growth percentages were 
calculated for the different style levels considered. Pollen tube growth percentage at the top of the 
style was calculated as the number of pollen tubes observed at the top of the style over the 
number of germinated pollen grains. Pollen tube growth percentages at the following style levels 
were calculated as the number of pollen tubes detected at one style level over the number of 
pollen tubes observed at the previous style level.  
The reason for evaluating pollen germination and pollen tube growth based on both absolute 
values and percentages is that, at the end, the chance of fertilisation depends on the absolute 
number of pollen tubes reaching the ovaries. The absolute number of germinated pollen grains 
and pollen tubes are thus good indicators for the chance of successful hybridisation, although 
these parameters depend on the number of initially applied pollen grains. Pollen germination and 
pollen tube growth percentages alone may lead to biased hypotheses on interspecific and 
intergeneric hybridisation possibilities in apple. For example, although pollen germination and 
pollen tube percentages are high, the chance of fertilisation may be low if only a small number of 
pollen grains are captured. Nonetheless, pollen germination and pollen tube growth percentages 
were useful to identify possible severe hybridisation barriers and to compare the success of the 
different steps in the hybridisation process.  
The software package SPSS version 11.5 (SPSS Inc.) was used for the statistical analysis of the 
data on pollen germination, pollen tube growth, fruit set, seed set and seed germination. 
Normality of the data was examined by means of the Kolmogorov-Smirnov test and the more 
powerful Shapiro-Wilk test. Homogeneity of variance was tested by the Levene-test. As for most 
cross combinations, the data was not distributed normally and as variances were not 
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homogeneous, the nonparametric Kruskal-Wallis test was conducted to test whether or not cross 
combinations differed significantly (P < 0.05). This was done for each parameter. Following, 
pairwise comparisons between each cross combination and each control treatment were 
performed by means of the non-parametric Wilcoxon test. The results of the other pairwise 
comparisons (among interspecific and intergeneric cross combinations) were summarised in 0-1-
matrices (see Appendix B); ‘1’ indicating that two cross combinations were not significantly 
(Wilcoxon, P < 0.05) different from one another. 
As our data was not distributed normally, the raw data on pollen adhesion, pollen germination 
and pollen tube growth were represented in boxplots. Note that outliers are not represented. 
 
 

2. Results 
 
2.1. Interspecific and intergeneric crosses in 2003 
 
2.1.1. Number of pollen grains on stigma 
 
Pollen adhesion was evaluated by counting the pollen grains present on the stigmas of 
‘Delbardestivale’ and ‘Braeburn’ flowers one day, three days and five days after pollination. 
From day one, pollen was found on the stigmas in all cross combinations. In general, however, 
the number of pollen increased from day 1 to day 5. Probably, pollen adhesion increased with 
time. Consequently, less pollen grains were washed off during sample fixation and sample 
preparation (for microscopy) when pistils were sampled later.  
 
Figure V.1 and Figure V.2 represent the number of pollen grains (NBP) present on stigmas of 
‘Delbardestivale’ and ‘Braeburn’ flowers five days after pollination.  
 
For the cross combinations with ‘Delbardestivale’ (Figure V.1), the number of pollen grains 
(NBP) present on the stigmas five days after pollination was for only four combinations 
comparable to the NBP of the control cross, namely for M. baccata var ‘Mandschurica’ (MA21), 
Ch. japonica (CH17), C. oblonga cv ‘Champion’ (CY4) and P. communis subsp. Kaukazika 
(PY9). In the cross combination with M. robusta (MA19), NBP was higher than in the control 
cross. NBP was lowest for the cross combinations with M. baccata var ‘Jacki’ (MA15), M. 
micromalus (MA17) and Ch. speciosa var ‘Atrosanguinea’ (CH13).  
 
For the cross combinations with ‘Braeburn’ (Figure V.2), NBP was generally lower than for the 
control cross, even five days after pollination. At day 5, NBP was only comparable to NBP of the 
control cross for the cross combinations with M. robusta (MA19), P. communis cv ‘Conférence’ 
(PY10) and P. communis subsp. Kaukazika (PY9). 
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Figure V.1: Boxplots representing the total number of pollen grains present on stigmas (per flower) 
of Malus × domestica cv ‘Delbardestivale’ five days after pollination in interspecific and intergeneric 
crosses in 2003.  
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Figure V.2: Boxplots representing the total number of pollen grains present on stigmas (per flower) 
of Malus × domestica cv ‘Braeburn’ five days after pollination in interspecific and intergeneric 
crosses in 2003.  
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These observations demonstrated that NBP was not necessarily superior in interspecific crosses 
than in intergeneric crosses. Moreover, the success of pollen adhesion varied also among cross 
combinations with species belonging to the same genus. Figure V.1 and Figure V.2 clearly show 
that the success of pollen adhesion also depended on the pistil parent. For example, NBP for C. 
oblonga cv ‘Champion’ was considerably higher in combination with ‘Delbardestivale’ than with 
‘Braeburn’.  
 
Note also that the amount of pollen grains on stigmas could vary considerably among flowers of 
the same cross combination. This is clearly shown in the boxplots. The large variation in number 
of pollen grains per flower may be a consequence of the fact that flowers were hand-pollinated. 
However, this may also be influenced by the cross combination itself. 
 
 
2.1.2. Pollen germination 
 
Pollen germination in interspecific and intergeneric crosses with ‘Delbardestivale’ and 
‘Braeburn’ was evaluated one day, three days and five days after pollination.  
 
The control crosses evidenced that in a compatible cross pollen germination occurred within 24 
hours after pollination. In the cross combinations with ‘Delbardestivale’, pollen germination 
could generally also be observed from day 1. At that time however, pollen germination occurred 
in general only exceptionally in the cross combinations with ‘Braeburn’. Pollen germination was 
thus slower in the cross combinations with ‘Braeburn’.  
 
The number of germinated pollen grains generally increased with time. For ‘Delbardestivale’, the 
number of germinated pollen grains (NBGP) increased from day 1 to day 5 in the cross 
combinations with M. baccata var ‘Mandschurica’ (MA21), M. pumila (MA18), M. robusta 
(MA19), M. sylvestris (MA22), Ch. japonica (CH17), C. oblonga cv ‘Champion’ (CY4), M. 
germanica (ME2) and P. communis (PY9 and PY10). For the other cross combinations, NBGP 
was low and did not increase with time. At day 5, NBGP was comparable with the control cross 
for M. baccata var ‘Mandschurica’(MA21), M. pumila (MA18), Ch. japonica (CH17), C. 
oblonga cv ‘Champion’ (CY4) and P. communis (PY9 and PY10) (Figure V.3). For the cross 
combination with M. robusta (MA19), NBGP was higher than NBGP of the control cross (Figure 
V.3). 
For the cross combinations with ‘Braeburn’, NBGP increased from day 1 to day 5 for M. pumila 
(MA18), M. robusta (MA19), Ch. cathayensis (CH14), Ch. superba (CH12) and P. communis 
(PY9 and PY10). At day five, NBGP was comparable to NBGP of the control cross for M. pumila 
(MA18) and P. communis (PY9 and PY10) (Figure V.4). 
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Figure V.3: Boxplots representing the number of germinated pollen grains on stigmas (per flower) 
of Malus × domestica cv ‘Delbardestivale’ five days after pollination in interspecific and intergeneric 
crosses with in 2003. 
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Figure V.4: Boxplots representing the number of germinated pollen grains on stigmas (per flower) 
of Malus × domestica cv ‘Braeburn’ five days after pollination in interspecific and intergeneric 
crosses in 2003. 
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Pollen germination percentages (PG%) are shown in Table V.4. For the interspecific cross 
combinations with M. baccata (MA21), M. pumila (MA18) and M. robusta (MA19), PG% was 
comparable with or even higher than PG% of the control crosses, for both ‘Delbardestivale’ and 
‘Braeburn’.  
For the intergeneric cross combinations of Chaenomeles with ‘Delbardestivale’, PG% was lower 
than PG% of the control cross, except for Ch. japonica (CH17). With ‘Braeburn’, on the other 
hand, PG% was comparable with the control cross, except for Ch. speciosa (CH13).  
PG% was lower than PG% of the control crosses for the cross combinations with C. oblonga cv 
‘Champion’ (CY4) and M. germanica (ME2). On the other hand, for the cross combinations with 
P. communis (PY9 and PY10), PG% was always higher or comparable with PG% of the control 
crosses.  
 
Table V.4: Pollen germination percentages in interspecific and intergeneric crosses with Malus × 
domestica cvs ‘Delbardestivale’ and cv ‘Braeburn’ in 2003, five days after pollination. 

 ‘Delbardestivale’ ‘Braeburn’ 
No pollination 27 ± 34 10 ± 29 
Control cross 65 ± 12 44 ± 22 

M. baccata (MA15) 39 ± 26 * 14 ± 15 
M. baccata (MA21) 61 ± 14 ** 38 ± 30 ** 

M. micromalus (MA17) 37 ± 21 * - 
M. pumila (MA18) 76 ± 22 67 ± 34 

M. robusta (MA19) 80 ± 12 46 ± 23 ** 
M. sylvestris (MA22) 50 ± 20 7 ± 12 
Ch. superba (CH12) 37 ± 19 * 43 ± 25 ** 
Ch. speciosa (CH13) 38 ± 20 15 ± 17 

Ch. cathayensis (CH14) 25 ± 11 * 37 ± 28 ** 
Ch. japonica (CH17) 70 ± 14 ** 33 ± 24 ** 

C. oblonga (CY4) 40 ± 20 18 ± 21 
M. germanica (ME2) 23 ± 10 * 6 ± 15 
P. communis (PY10) 83 ± 9 42 ± 27 ** 

P. communis (PY9) 69.9 ± 11.2 ** 72 ± 17 
*: not significantly (Wilcoxon, P < 0.05) different from the control without pollination 
**: not significantly (Wilcoxon, P < 0.05) different from the control cross 
-: not applicable, bold: value larger than for the control cross 
 
Note that average pollen germination percentages and their standard deviations should be 
interpreted carefully, especially for the intergeneric cross combinations and the control without 
pollination. In the control without pollination, no pollen was applied to the stigmas. Pollen 
germination percentages were thus calculated for ‘foreign’ pollen (pollen not coming from the 
intended pollen donor). For the intergeneric cross combinations, if only a very low number of 
applied pollen grains were captured, the putative unintended presence of compatible ‘foreign’ 
pollen grains (through contamination) may have strongly influenced pollen germination 
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percentages. If a large amount of pollen (coming from the intended pollen donor) was captured 
by the stigmas, the effect of contamination was counterbalanced by the applied pollen grains.  
 
As an example, microscopy images of pollen germination in interspecific and intergeneric crosses 
with ‘Braeburn’ are shown in Figure V.5. A large number of germinated pollen grains were found 
on the stigmas in the cross combinations with M. robusta (MA19) and P. communis cv 
‘Conférence’. NBGP was low in the cross combination with Ch. speciosa var ‘Atrosanguinea’ 
(CH13).  
 

  

14 

2

3

  
Figure V.5: Pollen germination in interspecific and intergeneric crosses with Malus × domestica cv 
‘Braeburn’ as pistil parent in 2003, five days after pollination. (a): ‘Braeburn’ × M. robusta (MA19) 
(bar = 100 µm), (b): ‘Braeburn’ × P. communis cv ‘Conférence’ (bar = 110 µm), (c): ‘Braeburn’ × 
Ch. cathayensis (CH14) (bar = 110 µm), (d): ‘Braeburn’ × Ch. speciosa var ‘Atrosanguinea’ (CH13) 
(bar = 150 µm), (1): ungerminated pollen grain, (2): germinated pollen grain, (3): pollen tube and 
(4): stigma. 

a b

c d 4 3
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2

 
 
2.1.3. Pollen tube growth 
 
Pollen tube growth was evaluated one day, three days and five days after pollination. The data on 
pollen tube growth at day 5 was most informative. These data are discussed below and 
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represented in Figure V.6 for the cross combinations with ‘Delbardestivale’ and in Figure V.7 for 
the cross combinations with ‘Braeburn’. 
 
By day 5, pollen tubes had reached the lower part of the styles in all interspecific crosses with 
‘Delbardestivale’. On the other hand, pollen tubes failed to reach the base of the styles in cross 
combinations with Chaenomeles (CH12, CH13, CH14 and CH17), C. oblonga cv ‘Champion’ 
(CY4) and M. germanica (ME2), and also with Pyrus (PY10 and PY9).  
 
Pollen tube growth in the cross combinations with ‘Braeburn’ was generally comparable with 
pollen tube growth in the cross combinations with ‘Delbardestivale’. For the interspecific crosses, 
the number of pollen tubes at the base of the styles was also high for M. baccata var 
‘Mandschurica’ (MA21), M. robusta (MA19) and M. pumila (MA18), and low for M. baccata 
var ‘Jacki’ (MA15) and M. sylvestris (MA22). In contrast to the cross combinations with 
‘Delbardestivale’, pollen tubes had only exceptionally reached the base of the styles in the latter 
two cross combinations. (Note that outliers are not represented in the figures.) 
As for the cross combinations with ‘Delbardestivale’, pollen tube growth was far less successful 
in the intergeneric cross combinations than in the interspecific cross combinations. However, in 
the intergeneric cross combinations with Pyrus, more pollen tubes were detected in the styles of 
‘Braeburn’ flowers than in those of ‘Delbardestivale’ flowers. 
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Figure V.6: Boxplots representing the number of pollen tubes at the top (ts), 1/3 (1/3s), 2/3 (2/3s) and 
the base of styles (bs) (per flower) of Malus × domestica cv ‘Delbardestivale’ five days after 
pollination in interspecific and intergeneric crosses in 2003. 
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Figure V.7: Boxplots representing the number of pollen tubes at the top (ts), 1/3 (1/3s), 2/3 (2/3s) and 
the base of styles (bs) (per flower) of Malus × domestica cv ‘Braeburn’ five days after pollination in 
interspecific and intergeneric crosses in 2003. 
 
Average pollen tube growth percentages are represented in Table V.5 and Table V.6 for the cross 
combinations with ‘Delbardestivale’ and ‘Braeburn’, respectively. Note that average pollen tube 
growth percentages and their standard deviations should be interpreted with care, especially for 
the intergeneric cross combinations. If only a very low number of applied pollen grains were 
captured and germinated, the putative unintended presence of a small number of compatible 
pollen tubes (through contamination) may have strongly influenced pollen tube growth 
percentages.  
 
In the interspecific cross combinations, pollen tube growth was mainly restricted at the top of the 
styles and at the base of the styles (Table V.5 and V.6). Most pollen tubes that could enter the 
transmitting tract tissue could also pass through 2/3 of the styles. Moreover, pollen tube growth 
percentages (PTG%) were for most interspecific crosses comparable with or even higher than 
PTG% of the control crosses. However, in the cross combinations of M. micromalus (MA17), M. 
robusta (MA19) and M. sylvestris (MA22) with ‘Delbardestivale’, pollen tube growth at the top 
of the styles and at the base of the styles were more severely restricted than in the control cross 
(Table V.5). For M. robusta (MA19) and M. sylvestris (MA22), this was also the case in the cross 
combinations with ‘Braeburn’ as pistil parent (Table V.6).  
 
For the intergeneric cross combinations with ‘Delbardestivale’ (Table V.5), PTG%s were 
significantly lower than PTG% for the control cross. Pollen tube growth was hindered at all levels 
in the styles in the cross combinations with Chaenomeles. Pollen tubes of C. oblonga cv 
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‘Champion’ (CY4), M. germanica (ME2) and P. communis (PY9 and PY10) were severely 
hindered at the top of the styles and completely arrested at 2/3 of the styles. None of the pollen 
tubes observed at 2/3 of the styles could also reach the base of the styles (Table V.5).  
 
For the intergeneric cross combinations with ‘Braeburn’ (Table V.6), PTG%s were significantly 
lower than PTG% of the control cross for the cross combinations with P. communis (PY9 and 
PY10) and Chaenomeles. In the cross combinations with Chaenomeles, the style level at which 
pollen tubes stopped growing differed among cross combinations, as was also observed with 
‘Delbardestivale’ as pistil parent. On the other hand, although PTG%s were low for the cross 
combinations with P. communis, pollen tubes could reach the base of the styles of ‘Braeburn’ 
flowers. This was not the case in the cross combinations with ‘Delbardestivale’. In the cross 
combinations with C. oblonga cv ‘Champion’ (CY4) and M. germanica (ME2), pollen tube 
growth was severely restricted at the top of the styles.  
 
Table V.5: Pollen tube growth in interspecific and intergeneric crosses with Malus × domestica cv 
‘Delbardestivale’ in 2003, evaluated five days after pollination. Percentages of pollen tubes growing 
from one style level to the next style level: percentage of protruding pollen tubes reaching the top of 
the style (% ts), percentage of pollen tubes at the top of the style reaching 1/3 of the style (% 1/3s), 
percentage of pollen tubes at 1/3 of the style reaching 2/3 of the style (% 2/3s) and percentage of 
pollen tubes at 2/3 of the style reaching the base of the style (% bs).  
‘Delbardestivale' % ts % 1/3s % 2/3s % bs 

No pollination 0 ± 0 - - - 
Control Cross 49 ± 15 80 ± 13 68 ± 18 49 ± 25 

M. baccata (MA15) 43 ± 35 ** 91 ± 25 69 ± 42 ** 40 ± 41 ** 
M. baccata (MA21) 42 ± 20 ** 91 ± 11 83 ± 26 40 ± 25 ** 

M. micromalus (MA17) 21 ± 16 73 ± 28 ** 46 ± 36 13 ± 26 
M. pumila (MA18) 49 ± 25 ** 88 ± 13 80 ± 26 49 ± 27 ** 

M. robusta (MA19) 28 ± 24 77 ± 21 ** 70 ± 23 ** 21 ± 16 
M. sylvestris (MA22) 30 ± 19 58 ± 27 58 ± 23 ** 31 ± 42 
Ch. superba (CH12) 9 ± 9 10 ± 28 0 - 
Ch. speciosa (CH13) 8 ± 13 25 ± 45 33 ± 58 0 

Ch. cathayensis (CH14) 0 ± 1 * 0 - - 
Ch. japonica (CH17) 4± 6 0 - - 

C. oblonga (CY4) 2 ± 5 27 ± 42 13 ± 25 0 
M. germanica (ME2) 8 ± 14 44 ± 44 27 ± 40 0 
P. communis (PY10) 4 ± 5 27 ± 27 9 ± 18 0 

P. communis (PY9) 13 ± 11 35 ± 30 20 ± 29 0 
*: not significantly (Wilcoxon, P < 0.05) different from the control without pollination 
**: not significantly (Wilcoxon, P < 0.05) different from the control cross 
-: not applicable 
 
 
 

 119



Chapter V: Interspecific and intergeneric hybridisation barriers in Malus × domestica 

Table V.6: Pollen tube growth in interspecific and intergeneric crosses with Malus × domestica cv 
‘Braeburn’ in 2003, evaluated five days after pollination. Percentages of pollen tubes growing from 
one style level to the next style level: percentage of protruding pollen tubes reaching the top of the 
style (% ts), percentage of pollen tubes at the top of the style reaching 1/3 of the style (% 1/3s), 
percentage of pollen tubes at 1/3 of the style reaching 2/3 of the style (% 2/3s) and percentage of 
pollen tubes at 2/3 of the style reaching the base of the style (% bs).  
‘Braeburn' % ts % 1/3s % 2/3s % bs 

No pollination 0 - - - 
Control Cross 54 ± 29 86 ± 16 70 ± 22 38 ± 20 

M. baccata (MA15) 29 ± 42 87 ± 20 ** 78 ± 25 ** 71 ± 33 
M. baccata (MA21) 43 ± 38 ** 77 ± 28 ** 74 ± 38 ** 40 ± 45 ** 
M. pumila (MA18) 62 ± 30 ** 85 ± 15 ** 83 ± 16 32 ± 26 ** 

M. robusta (MA19) 31 ± 25 82 ± 18 ** 67 ± 39 ** 49 ± 33 ** 
M. sylvestris (MA22) 11 ± 30 75 ± 35 ** 50 ± 71 ** 0 
Ch. superba (CH12) 22 ± 18 27 ± 24 29 ± 42 0 
Ch. speciosa (CH13) 11 ± 26 0 - - 

Ch. cathayensis (CH14) 27 ± 21 28 ± 38 18 ± 20 0 
Ch. japonica (CH17) 16 ± 19 21 ± 32 0 - 

C. oblonga (CY4) 4 ± 9 68 ± 39 ** 25 ± 50 ** 0 
M. germanica (ME2) 5 ± 9 81 ± 33 ** 79 ± 36 ** 40 ± 53 ** 
P. communis (PY10) 34 ± 29 48 ± 31 20 ± 33 17 ± 36 

P. communis (PY9) 33 ± 14 46 ± 23 25 ± 24 7 ± 12 
**: not significantly (Wilcoxon, P < 0.05) different from the control cross 
-: not applicable 
 
Figure V.8 illustrates pollen tube growth through a ‘Braeburn’ pistil pollinated with pollen of P. 
communis cv ‘Conférence’ (PY10). Pollen tubes could not grow down the entire style. They 
stopped growing at about 2/3 of the style. Detail images of pollen tube growth in successful and 
unsuccessful cross combinations are given in Figure V.9. Aberrant pollen tube growth involved 
swelling and bursting of pollen tubes tips, increased deposit of callose plugs and, exuberant 
winding and disorientation of the pollen tubes.  
 

 

Pollentubes

Style Stigma 

Figure V.8: Pollen tube growth in an intergeneric cross between P. communis cv ‘Conférence’ 
(PY10) and Malus × domestica cv ‘Braeburn’ in 2003, five days after pollination (bar = 150 µm).  
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Pollen tube Pollen tube

Style Pollen tube tip 

a b c

Figure V.9: Pollen tube growth in interspecific and intergeneric cross combinations with Malus × 
domestica cv ‘Braeburn’ in 2003, five days after pollination. (a): normal pollen tube growth in 
‘Braeburn’ × M. robusta (MA19) (bar = 300 µm), (b): disorientated pollen tubes in ‘Braeburn’ × Ch. 
japonica (CH17) (bar = 100 µm) and (c): swollen pollen tube tip in ‘Braeburn’ × Ch. superba var 
‘Crimson and Gold’ (CH12) (bar = 70 µm). 
 
 
2.1.4. Fruit set 
 
Fruit set in interspecific and intergeneric crosses with ‘Delbardestivale’ is summarized in Table 
V.7.  
 
Table V.7: Fruit set percentage (mean ± stdev) of Malus × domestica cv ‘Delbardestivale’ in 
interspecific and intergeneric crosses in 2003, two, four, six and eight weeks after pollination. To 
determine fruit set, five repeats of 14 flowers were hand-pollinated.  
‘Delbardestivale’ 2 Weeks 4 Weeks 6 Weeks 8 Weeks 

No pollination 0.0 4.3 ± 6.4 4.3 ± 6.4 4.3 ± 6.4 
Control cross 52.9 ± 17.9 55.7 ± 18.5 51.4 ± 18.5 42.9 ± 16.0 

M. baccata (MA15) 42.9 ± 33.1 ** 41.4 ± 34.8 ** 31.4 ± 20.58 ** 28.6 ± 19.6 ** 
M. baccata (MA21) 71.4 ± 7.1 ** 59.5 ± 18.0 ** 59.5 ± 8.2 ** 40.5 ± 10.9 ** 

M. micromalus (MA17) 17.14 ± 24.0 *, ** 18.6 ± 20.6 * 20.0 ± 23.4 *, ** 14.3 ± 13.4 * 
M. pumila (MA18) 81.0 ± 4.1 ** 85.7 ± 7.1 73.8 ± 10.9 ** 71.4 ± 12.4 ** 

M. robusta (MA19) 27.1 ± 24.4 ** 27.1 ± 23.4 *, ** 27.1 ± 23.4 *, ** 22.9 ± 17.8 *, **
M. sylvestris (MA22) 35.7 ± 22.6 ** 35.7 ± 22.6 ** 35.7 ± 22.6 ** 32.9 ± 22.4 ** 
Ch. superba (CH12) 4.3 ± 6.4 * 4.3 ± 6.4 * 4.3 ± 6.4 * 4.3 ± 6.4 * 
Ch. speciosa (CH13) 0.0 * 10.0 ± 8.1 * 10.0 ± 8.1 * 10.0 ± 8.1 * 

Ch. cathayensis (CH14) 1.4 ± 3.2 * 2.9 ± 3.9 * 2.9 ± 3.9 * 2.9 ± 3.9 * 
Ch. japonica (CH17) 0.0 * 5.7 ± 6.0 * 2.9 ± 3.9 * 5.7 ± 9.3 * 

C. oblonga (CY4) 0.0 * 0.0* 0.0 * 0.0 * 
M. germanica (ME2) 0.0* 1.4 ± 3.2 * 0.0 * 0.0 * 
P. communis (PY10) 0.0* 1.4 ± 3.2 * 0.0 * 0.0 * 

P. communis (PY9) 2.9 ± 6.4 * 10 ± 9.6 * 8.6 ± 7.8 * 8.6 ± 7.8 * 
*: not significantly (Wilcoxon, P < 0.05) different from the control without pollination 
**: not significantly (Wilcoxon, P < 0.05) different from the control cross 
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The data reveal that a considerable number of fruitlets were only obtained in crosses with related 
Malus species, except for M. micromalus (MA17). The low number of fruitlets in this latter cross 
combination could be expected. For this cross combination, pollen tubes were only exceptionally 
observed at the base of the styles. In fact, the number of pollen tubes found at the base of the 
styles (NBTBS) was a good indicator for fruit set in most of the interspecific crosses. Both 
NBTBS and fruit set were high for M. pumila (MA18) and M. baccata var ‘Mandschurica’ 
(MA21) and low for M. sylvestris (MA22). On the other hand, fruit set was higher than expected, 
based on NBTBS, for M. baccata var ‘Jacki’ (MA15) and lower than expected for M. robusta 
(MA19).  
 
In the interspecific crosses, the number of fruitlets counted before June drop (two weeks after 
pollination) was slightly higher than after June drop (eight weeks after pollination) (Table V.7). 
These differences were, however, not significant (Kruskal-Wallis, P < 0.05).  
 
Fruitlets were exceptionally obtained for the intergeneric cross combinations and, interestingly, 
also for the control without pollination (Table V.7). Moreover, the number of fruitlets obtained 
for the intergeneric cross combinations was not significantly (Wilcoxon, P < 0.05) different from 
the control without pollination. This may indicate that the fruitlets did most likely not result from 
intergeneric fertilisations.  
 
Fruit set in interspecific and intergeneric crosses with ‘Braeburn’ is represented in Table V.8. The 
interpretation of these data was complicated because the variance between replications of a 
combination was large compared to the calculated mean. This may explain why fruit set was 
often comparable to both the control cross and the control without pollination. This was not as 
often the case in the cross combinations with ‘Delbardestivale’, although the variance was also 
large for these cross combinations.  
Still, Table V.8 demonstrates that fruit set was, in general, more successful for the interspecific 
than for the intergeneric cross combinations. In addition, Table V.8. shows that fruit set could 
vary considerably among cross combinations with species of the same genus. As for 
‘Delbardestivale’, fruit set for the interspecific cross combinations generally related to the 
number of pollen tubes observed at the base of the styles (NBTBS). Both NBTBS and fruit set 
were higher for M. pumila (MA18) and M. baccata var ‘Mandschurica’ (MA21) than for M. 
baccata var ‘Jacki’ (MA15) and M. sylvestris (MA22). For M. robusta (MA19), a higher fruit set 
was expected based on NBTBS.  
 
With ‘Braeburn’ as the pistil parent, fruit set for the intergeneric cross combinations was 
generally lower than for the interspecific cross combinations (Table V.8). However, for some 
cross combinations fruit set was higher than for the intergeneric cross combinations with 
‘Delbardestivale’ as the pistil parent. Most remarkably, fruitlets were obtained for the cross 
combinations of C. oblonga cv ‘Champion’ and P. communis cv ‘Conférence’ (PY10) with 
‘Braeburn’ but not with ‘Delbardestivale’.  
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Table V.8: Fruit set percentage (mean ± stdev) of Malus × domestica cv ‘Braeburn’ in interspecific 
and intergeneric crosses in 2003, two, four, six and eight weeks after pollination. To determine fruit 
set five repeats of 14 flowers were hand-pollinated. 
‘Braeburn’ 2 Weeks 4 Weeks 6 Weeks 8 Weeks 

No pollination 0.0 0.0 0.0 0.0 
Control cross 27.1 ± 23.6 38.6 ± 19.5 34.3 ± 19.9 32.9 ± 15.4 

M. baccata (MA15) 12.9 ± 15.9 *, ** 8.6 ± 8.3 * 10.0 ± 10.7 *, ** 11.4 ± 13.2 *, **
M. baccata (MA21) 31.4 ± 10.7 ** 34.3 ± 8.3 ** 32.9 ± 7.3 ** 32.9 ± 7.3 ** 
M. pumila (MA18) 57.1 ± 15.4 ** 47.6 ± 3.37 ** 57.8 ± 17.8 ** 57.1 ± 15.4 ** 

M. robusta (MA19) 3.6 ± 6.2 *, ** 10.7 ± 8.0 *, ** 10.7 ± 8.0 *, ** 10.7 ± 8.0 *, ** 
M. sylvestris (MA22) 12.9 ± 8.3 ** 11.4 ± 3.5 8.6 ± 5.3 ** 11.4 ± 3.5 
Ch. superba (CH12) 5.7 ± 8.32 *, ** 4.3 ± 8.6 * 4.3 ± 8.6 * 2.9 ± 5.7 * 
Ch. speciosa (CH13) 7.1 ± 9.0 *, ** 7.1 ± 6.4 * 8.6 ± 7.0 ** 10.0 ± 7.3 

Ch. cathayensis (CH14) 4.3 ± 5.7 *, ** 1.4 ± 2.9 * 2.9 ± 3.5 * 2.9 ± 3.5 * 
Ch. japonica (CH17) 10.0 ± 10.7 *, ** 11.4 ± 11.6 *, ** 11.4 ± 13.2 *, ** 12.9 ± 13.9 *, **

C. oblonga (CY4) 5.7 ± 8.3 *, ** 5.7 ± 5.3 * 7.1 ± 4.5  8.6 ± 7.0 
M. germanica (ME2) 0.0 * 0.0 * 0.0 * 0.0 * 
P. communis (PY10) 12.9 ± 11.4 *, ** 11.4 ± 9.7 * 11.4 ± 9.7 * 10.0 ± 9.7 * 

P. communis (PY9) 2.9 ± 3.5 *, ** 2.9 ± 3.5 *, ** 2.9 ± 3.5 *, ** 2.9 ± 3.5 *, ** 
*: not significantly (Wilcoxon, P < 0.05) different from the control without pollination 
**: not significantly (Wilcoxon, P < 0.05) different from the control cross 
 
2.1.5. Seed set and seed germination 
 
Table V.9 lists the number of seeds that could be collected from the fruits obtained after 
interspecific and intergeneric crosses with ‘Delbardestivale’ and ‘Braeburn’.  
 
For the interspecific cross combinations with ‘Delbardestivale’, the average number of seeds per 
fruit was highest for M. pumila (MA18), favourable for M. robusta (MA19), M. baccata var 
‘Mandschurica’ (MA21) and M. sylvestris (MA22), but inferior for M. baccata var ‘Jackii’ 
(MA15) and M. micromalus (MA17). Still, seeds resulting from all of these cross combinations 
generally germinated well. 
 
In the cross combinations with Chaenomeles, an average number of one seed per fruit was 
collected, except for Ch. superba var ‘Crimson and Gold’ (CH12). No seeds were collected in 
this latter cross combination. Only a single seed, collected from a fruit resulting from the cross 
combination with Ch. cathayensis (CH14), germinated.  
No seeds were obtained in the cross combinations with Pyrus species, although six fruits were 
obtained at harvest for the cross combination with P. communis subsp. Kaukazika (PY9).  
 
For the cross combinations with ‘Braeburn’ (Table V.9), seed set was also successful for most 
interspecific cross combinations, but inferior for the cross combinations with M. baccata var 
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‘Jackii’ (MA15) and M. sylvestris (MA22). Seed germination, on the other hand, was far less 
successful and even problematic for M. pumila (MA18) and M. robusta (MA19). It is very 
unlikely that seed germination is indeed so problematic in these cross combinations. Probably, 
another external factor has affected seed germination. 
Seeds were only exceptionally present in the fruits from intergeneric crosses and never 
germinated.  
Seed germination was more successful in the combinations with ‘Delbardestivale’ than with 
‘Braeburn’. 
 
Table V.9: Seed set (average number of seeds per fruit (Asf)) and seed germination (Germ%) in 
interspecific and intergeneric crosses with Malus × domestica cvs ‘Delbardestivale’ and ‘Braeburn’ 
in 2003. Seed set was determined based on the number of seeds isolated from maximal 5 fruits per 
replication (Nbf).  
 ‘Delbardestivale’ ‘Braeburn’ 
 Nbf Asf Germ% Nbf Asf Germ% 

No pollination 3 0.3 100.0 0 - - 
Control cross 25 4.8 100.0 17 5.5 81.9 

M. baccata (MA15) 18 1.8 87.5 5 2.2 18.2 
M. baccata (MA21) 25 5.6 80.0 23 3.8 64.8 

M. micromalus (MA17) 9 0.9 37.5    
M. pumila (MA18) 25 7.2 91.7 25 5.1 0.0 

M. robusta (MA19) 14 4.6 87.5 6 4.5 3.7 
M. sylvestris (MA22) 16 4.4 69.0 8 2.9 21.7 
Ch. superba (CH12) 1 0.0 - 3 0.3 0.0 
Ch. speciosa (CH13) 5 1.0 0.0 7 0.0 - 

Ch. cathayensis (CH14) 2 1.0 50.0 2 0.0 - 
Ch. japonica (CH17) 1 1.0 0.0 9 0.3 0.0 

C. oblonga (CY4) 0 - - 6 0.2 0.0 
M. germanica (ME2) 0 - - 0 - - 
P. communis (PY10) 0 - - 4 0.3 0.0 

P. communis (PY9) 6 0.0 - 6 0.3 0.0 
-: not applicable 
 
 
2.1.6. DNA fingerprints of hybrid seedlings  
 
The hybrid seedlings were fingerprinted with microsatellite (SSR) markers. The interpretation of 
the SSR fingerprints was complicated because amplification of microsatellite loci in the pollen 
parents often failed, although the selected primers had been tested previously. PCR amplification 
probably failed because of the reduced quality of the available DNA samples of the pollen 
parents. However, fingerprints of some of the pollen donors were available from previous 
experiments. In addition, DNA extraction did not succeed for all obtained seedlings and DNA 
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quality was often insufficient for microsatellite amplification. These obstructions of course 
reduced the final number of seedling fingerprints. In total, 35 seedlings from the cross 
combinations with ‘Delbardestivale’ and 20 seedlings from the cross combinations with 
‘Braeburn’ could be analysed (Table V.10). 
Comparing the SSR fingerprints of the cross parents with the SSR fingerprints of the analysed 
seedlings confirmed that all seedlings indeed resulted from the intended hybridisations, except 
two. These two seedlings, which resulted from the cross combination of ‘Delbardestivale’ with 
M. sylvestris (MA22), showed, respectively, four and five unexpected SSR alleles. Their origin 
remained unknown. 
 
Table V.10: Microsatellite fingerprinting of seedlings from interspecific and intergeneric crosses 
with Malus × domestica cvs ‘Delbardestivale’ and ‘Braeburn’ as pistil parents in 2003: number of 
seedling fingerprints (# Fp) and number of hybrid seedlings (# Hy).  
 ‘Delbardestivale’ ‘Braeburn’ 
 # Fp # Hy # Fp # Hy 

No pollination 1 1 - - 
Control cross 10 10 9 9 

M. baccata (MA15) 0 - - - 
M. baccata (MA21) 3 3 8 8 

M. micromalus (MA17) 1 1 - - 
M. pumila (MA18) 1 1 - - 

M. robusta (MA19) 8 8 1 1 
M. sylvestris (MA22) 10 8 2 2 

Ch. cathayensis (CH14) 1 0 - - 
 
 
2.1.7. Conclusions on interspecific and intergeneric crosses in 2003 
 
The results of the interspecific and intergeneric crosses with ‘Delbardestivale’ and ‘Braeburn’ 
showed that the first step in pollination, pollen adhesion, probably does not severely limit 
hybridisation between apple and, Malus and Maloideae species. Pollen was found on the stigmas 
of the pollinated flowers in all cross combinations. But indeed, the amount of pollen on the 
stigmas varied significantly among cross combinations depending on the pollen donor, but also 
depending on the pistil parent. Pollen adhesion was in general stronger in the cross combinations 
with ‘Delbardestivale’. Despite the differences between the cross combinations with 
‘Delbardestivale’ or with ‘Braeburn’, the number of pollen grains found on the stigmas was, for 
both pistil parents, low for M. baccata var ‘Jackii’ (MA15), Ch. speciosa var ‘Atronsanguinea’ 
(CH13) and M. germanica (ME2), and high for M. robusta (MA19), P. communis cv 
‘Conférence’ (PY10) and P. communis subsp. Kaukazika (PY9). 
Also pollen germination was in general not a strong barrier to hybridisation. Germinated pollen 
grains were detected in the interspecific as well as the intergeneric cross combinations. 
Nonetheless, for the cross combinations with C. oblonga cv ‘Champion’ (CY4) and M. 
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germanica (ME2), pollen germination percentages (PG%s) were significantly lower than PG% 
for the control crosses. On the other hand, pollen germination was successful in the cross 
combinations with P. communis (PY9 and PY10). No general trend in pollen germination was 
found in the cross combinations with Chaenomeles and Malus species. 
In contrast to pollen adhesion and pollen germination, pollen tube growth may impose severe 
limitations to the success of interspecific and intergeneric hybridisations in apple. In this 
experiment, pollen tubes never reached the base of the styles in any of the intergeneric crosses by 
the time pollen tubes in the control crosses did. Pollen tubes of Pyrus seemed to be arrested at 
about 2/3 of the styles. Pollen tubes of Chaenomeles (CH12, CH13, CH14 and CH17), C. 
oblonga cv ‘Champion’ (CY4) and M. germanica (ME2) were only exceptionally detected 
further than 1/3 of the styles. On the other hand, pollen tubes did reach the base of the styles in 
several interspecific cross combinations. In the cross combinations of M. pumila (MA18) and M. 
robusta (MA19) with both ‘Delbardestivale’ and ‘Braeburn’, pollen tubes had grown down the 
styles in five days. This was also the case in the cross combinations of M. baccata var ‘Jackii’ 
(MA15), M. baccata var ‘Mandschurica’ (MA21) and M. sylvestris (MA22) with 
‘Delbardestivale’. Moreover, the cross combinations of M. baccata var ‘Jackii’ (MA15) with 
‘Delbardestivale’ and of M. pumila (MA18) with ‘Braeburn’ evidenced that a sufficient number 
of pollen tubes can reach the base of the styles even when the initial number of pollen grains 
captured on the stigmas is low.  
It is possible that pollen tubes just grow slower in the intergeneric crosses than interspecific 
crosses. Therefore, pollen tubes might have been detected at the base of the styles if samples were 
also taken at a later date. An indication for this may be the fact that fruits were not only obtained 
for the interspecific but also for several intergeneric cross combinations. In fact, fruits were 
collected for the cross combinations of Chaenomeles (CH12, CH13, CH14 and CH17) and P. 
communis subsp. Kaukazika (PY9) with both ‘Delbardestivale’ and ‘Braeburn’ and also for the 
cross combinations of C. oblonga cv ‘Champion’ (CY4) and P. communis cv ‘Conférence 
(PY10) with ‘Braeburn’. However, as seed set was very low in these fruits, it is questionable if 
fertilisation really took place here.  
Seed set and seed germination are two other barriers that seem to restrict intergeneric and in some 
cases also interspecific hybridisations, for example in the cross combinations of M. micromalus 
(MA17) with ‘Delbardestivale’. However, seed set and seed germination was still considerably 
higher for the interspecific cross combinations than for the intergeneric cross combinations. 
Finally, at the end of the route, only interspecific hybrids could be obtained. 
 
From the interspecific and intergeneric crosses in 2003, it is clear that interspecific pollinations 
can result in interspecific hybrid seedlings, but that severe hybridisation barriers are possibly 
dominantly present in intergeneric crosses. However, especially for the intergeneric cross 
combinations, additional data on pollen tube growth more than five days after pollination and 
more extensive pollination experiments to determine fruit set, seed set and seed germination are 
necessary to verify and confirm the observations of 2003. 
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2.2. Intergeneric crosses in 2004 
 
2.2.1 Number of pollen grains on stigma 
 
Pollen grains were counted one day, three days, five days and seven days after pollination. The 
number of pollen grains (NBP) counted on the stigmas one day after pollination was generally 
significantly lower than NBP counted three, five and seven days after pollination. In some cross 
combinations, NBP did not differ between day 3, day 5 and day 7. However, in other cross 
combinations, NBP still increased after day 3 and was maximal at day 5 (and day 7). 
Exceptionally, NBP decreased from day 5 to day 7. This may be a consequence of the breakdown 
of callose depositions which are essential for the microscopic detection of germinated pollen. 
Consequently, the total number of pollen grains (at day 7) may be biased as well.  
 
Figure V.10 and Figure V.11 show the total number of pollen grains (NBP) present on the 
stigmas of ‘Delbardestivale’ and ‘Braeburn’ flowers five and seven days after interspecific and 
intergeneric pollinations.  
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Figure V.10: Boxplots representing the total number of pollen grains present on stigmas (per 
flower) of Malus × domestica cv ‘Delbardestivale’ five (d5) and seven (d7) days after pollination in 
intergeneric crosses in 2004. 
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Figure V.11: Boxplots representing the total number of pollen grains present on stigmas (per 
flower) of Malus × domestica cv ‘Braeburn’ five (d5) and seven (d7) days after pollination in 
intergeneric crosses in 2004. 
 
Pollen was found on the stigmas of ‘Delbardestivale’ and ‘Braeburn’ flowers for all cross 
combinations. NBP was higher for the cross combinations with ‘Delbardestivale’ than with 
‘Braeburn’, but for both pistil parents, NBP was highest for P. communis cv ‘Conférence’ (PY11) 
and lowest for M. germanica (ME3).  
The boxplots also show that, as in the cross combinations of 2003, the number of pollen on the 
stigmas could differ largely among flowers of the same cross combination.  
 
 
2.2.2. Pollen germination 
 
Pollen germination in the intergeneric cross combinations with ‘Delbardestivale’ and ‘Braeburn’ 
as pistil parents was evaluated one day, three days, five days and seven days after pollination.  
In the cross combinations with ‘Delbardestivale’, pollen germination generally occurred within 
24 hours after pollination, except for M. germanica (ME3). In the cross combinations with 
‘Braeburn’, pollen germination was only exceptionally detected within 24 hours.  
The number of germinated pollen grains generally increased from day 1 to day 5 and was 
maximal at day 5 (and day 7). For several cross combinations, the number of germinated pollen 
grains counted at day 7 was smaller than at day 5. As stated earlier, this is probably a 
consequence of the breakdown of callose depositions which are essential for the microscopic 
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detection of germinated pollen. Therefore, pollen germination percentages (Table V.11) were 
only calculated for day 5.  
 
The number of germinated pollen grains found on the stigmas in the intergeneric crosses with 
‘Delbardestivale’ and ‘Braeburn’ five and seven days after pollination are figured in Figure V.12 
and Figure V.13 respectively. 
At day 5, the number of germinated pollen grains (NBGP) was comparable with or even higher 
than NBGP of the control crosses, except for the cross combinations with Chaenomeles (CH18) 
and M. germanica (ME3) (Figure V.12 and V.13).  
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Figure V.12: Boxplots representing the number of germinated pollen grains on stigmas (per flower) 
of Malus × domestica cv ‘Delbardestivale’ five (d5) and seven (d7) days after pollination in 
intergeneric crosses in 2004.  
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Figure V.13: Boxplots representing the number of germinated pollen grains on stigmas (per flower) 
of Malus × domestica cv ‘Braeburn’ five (d5) and seven (d7) days after pollination in intergeneric 
crosses in 2004.  
 
Pollen germination percentages (PG%s) for day 5, are given in Table V.11. Note that the average 
pollen germination percentages and their standard deviations should be interpreted carefully. In 
the control without pollination, no pollen was applied to the stigmas. However, a small number of 
pollen grains were detected. Pollen germination percentages were thus calculated for this 
‘foreign’ pollen (pollen not coming from the intended pollen donor). For the intergeneric cross 
combinations, if only a small number of applied pollen grains were captured, the putative 
unintended presence of compatible pollen grains (through contamination) may have strongly 
influenced pollen germination percentages. If a large amount of pollen was captured by the 
stigmas, the effect of contamination was counteracted by the applied pollen grains.  
 
Pollen germination percentages were lower than PG% for the control crosses for the cross 
combinations with Chaenomeles (CH18) and M. germanica (ME3). Pollen germination was 
successful in the cross combinations with Pyrus (PY11, NA1 and NA2) compared to the other 
cross combinations. However, PG% was for three of the six cross combinations with Pyrus 
significantly lower than PG% of the control crosses. For the cross combination with C. oblonga 
cv ‘Champion’ (CY5), pollen germination was comparable with PG% for the control cross with 
‘Delbardestivale’, but significantly lower than PG% for the control cross with ‘Braeburn’.  
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Table V.11: Pollen germination percentages in interspecific and intergeneric crosses with Malus × 
domestica cvs ‘Delbardestivale’ and ‘Braeburn’ in 2004, five days after pollination. 
 ‘Delbardestivale’ ‘Braeburn’ 

No pollination 45 ± 28 3 ± 13 
Cross pollination 85 ± 10 74 ± 17 

Chaenomeles (CH18) 38 ± 16 * 37 ± 17 
C. oblonga (CY5) 90 ± 7 ** 36 ± 14 

M. germanica (ME3) 40 ± 27 * 12 ± 17 
P. communis (PY11) 77 ± 17 ** 71 ± 17 ** 

P. pyrifolia (NA1) 73 ± 13 55 ± 20 
P. pyrifolia (NA2) 83 ± 7 ** 55 ± 18 

*: not significantly (Wilcoxon, P < 0.05) different from the control without pollination 
**: not significantly (Wilcoxon, P < 0.05) different from the control cross 
 
 
2.2.3. Pollen tube growth 
 
Pollen tube growth was evaluated one day, three days, five days and seven days after pollination. 
However, only the data for day 5 and day 7 was really informative. Pollen tube growth is 
represented in Figure V.14 and Figure V.16 for the cross combinations with ‘Delbardestivale’ 
and in Figure V.15 and Figure V.17 for the cross combinations with ‘Braeburn’.  
 
For the cross combinations with ‘Delbardestivale’ (Figure V.14), the number of pollen tubes 
(NBT) observed at day five at different levels of the styles was always highest for the control 
cross. This was also the case for the cross combinations with ‘Braeburn’ (Figure V.15), except 
with P. communis cv ‘Conférence’ (PY11). Here, the number of pollen tubes at the top of the 
styles (NBTTS) was higher than NBTTS of the control cross.  
The distribution of pollen tubes throughout the styles at day 5 (Figure V.14 and V.15) indicated 
that pollen tubes were very likely arrested at 1/3 of the styles in the cross combinations with 
Chaenomeles (CH18) and M. germanica (ME3), and at 2/3 of the styles with C. oblonga cv 
‘Champion’ and the Pyrus (PY11, NA1 and NA2).  
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Figure V.14: Boxplots representing the number of pollen tubes at the top (ts), 1/3 (1/3s), 2/3 (2/3s) 
and the base of styles (bs) (per flower) of Malus × domestica cv ‘Delbardestivale’ five days after 
pollination in intergeneric crosses in 2004.  
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Figure V.15: Boxplots representing the number of pollen tubes at the top (ts), 1/3 (1/3s), 2/3 (2/3s) 
and the base of styles (bs) (per flower) of Malus × domestica cv ‘Braeburn’ five days after pollination 
in intergeneric crosses in 2004.  
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For both ‘Delbardestivale’ and ‘Braeburn’, the distribution of pollen tubes throughout the styles 
at day 7 (Figure V.16 and V.17) differed from the one observed at day 5 (Figure V.14 and V.15). 
They differed in that way that at day 7 more pollen tubes were observed at those style levels 
where pollen tubes had already been observed at day five. For example, in the cross combination 
of P. communis cv ‘Conférence (PY11) and ‘Delbardestivale’, pollen tubes were observed at 1/3 
and 2/3 of the styles at day 5 and day 7. But, the number of pollen tubes observed at these style 
levels was higher at day 7 than at day 5. In some cross combinations, a small number of pollen 
tubes were also detected further down the styles at day 7 than at day 5. (Note that outliers are not 
represented in the figures.) Although NBT had increased at certain levels of the styles, pollen 
tubes were still mainly arrested at 1/3 of the styles in the cross combinations with Chaenomeles 
(CH18) and M. germanica (ME3), and at 2/3 of the styles in the cross combinations with C. 
oblonga cv ‘Champion’ and the Pyrus (PY11, NA1 and NA2).  
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Figure V.16: Boxplots representing the number of pollen tubes at the top (ts), 1/3 (1/3s), 2/3 (2/3s) 
and the base of styles (bs) (per flower) of Malus × domestica cv ‘Delbardestivale’ seven days after 
pollination in intergeneric crosses in 2004.  
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Figure V.17: Boxplots representing the number of pollen tubes at the top (ts), 1/3 (1/3s), 2/3 (2/3s) 
and the base of styles (bs) (per flower) of Malus × domestica cv ‘Braeburn’ seven days after 
pollination in intergeneric crosses in 2004.  
 
Table V.12 and V.13 show the percentage of pollen tubes that could grow from one style level to 
another. Note that average pollen tube growth percentages and their standard deviations should be 
interpreted with care. In the control treatment without pollination, no pollen was applied to the 
stigmas. However, pollen grains were detected on the stigmas and pollen tubes were observed in 
the styles. This evidences that unintended pollinations had occurred. If only a very low number of 
applied pollen grains were captured and germinated, the putative unintended presence of 
compatible pollen tubes (through contamination) may have strongly influenced pollen tube 
growth percentages. Because of contamination, also the pairwise comparisons (Wilcoxon test) 
should be interpreted carefully. Pollen tube growth percentages were in any case not compared 
with the control treatment without pollination.  
 
The data in Table V.12 and V.13 demonstrate that pollen tube growth did continue five days after 
pollination as was suggested by the results of 2003. Indeed, average pollen tube growth 
percentages were generally higher at day 7 than at day 5. 
 
For the cross combinations with ‘Delbardestivale’ (Table V. 12), pollen tube growth percentages 
were at almost all style levels significantly lower than PTG% for the control cross, both at day 5 
and day 7. For the cross combinations with ‘Braeburn’ (Table V. 13), pollen tube growth 
percentages were frequently comparable with PTG% for the control cross, especially at day 7. 
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Overall, pollen tube growth percentages indicated that pollen tubes of Chaenomeles and Pyrus 
were mainly restricted at 1/3 and 2/3 of the style, respectively. For the cross combinations with C. 
oblonga cv ‘Champion’ (CY5) and M. germanica (ME3), pollen tube growth percentages 
suggested that pollen tubes could reach the base of the style seven days after pollination. 
However, at day 7, pollen tubes were only exceptionally detected at the base of the style (Figure 
V.16 and V.17).  
 
Table V.12: Pollen tube growth in intergeneric crosses with Malus × domestica cv ‘Delbardestivale’ 
in 2003, evaluated five (d5) and seven (d7) days after pollination. Percentages of pollen tubes 
growing from one style level to the next style level: percentage of protruding pollen tubes reaching 
the top of the style (% ts), percentage of pollen tubes at the top of the style reaching 1/3 of the style 
(% 1/3s), percentage of pollen tubes at 1/3 of the style reaching 2/3 of the style (% 2/3s) and 
percentage of pollen tubes at 2/3 of the style reaching the base of the style (% bs).  
‘Delbardestivale’ %tsd5 %1/3sd5 %2/3s %bsd5 %tsd7 %1/3sd7 %2/3sd7 %bsd7 

No pollination 12 ± 29 79 ± 25 100 25 ± 50 14 ± 28 76 ± 30 76 ± 29 83 ± 41 
Control cross 81 ± 19 78 ± 18 74 ± 27 45 ± 22 57 ± 29 98 ± 6 91 ± 19 77 ± 24 

Chaenomeles (CH18) 25 ± 20 1 ± 4 0 - 15 ± 17 5 ± 13 0 - 
C. oblonga (CY5) 30 ± 11 21 ± 15 21 ± 31 17 ± 30 15 ± 14 37 ± 30 32 ± 38 46 ± 44 **

M. germanica (ME3) 37 ± 28 43 ± 27 18 ± 33 17 ± 41 43 ± 29 ** 57 ± 25 42 ± 36 2 ± 7 
P. communis (PY11) 33 ± 17 27 ± 20 10 ± 23 21 ± 26 ** 30 ± 16 43 ± 22 14 ± 19 0 

P. pyrifolia (NA1) 36 ± 15 42 ± 29 9 ± 16 0 20 ± 20 59 ± 28 47 ± 29 0 
P. pyrifolia (NA2) 28 ± 12 29 ± 21 5 ± 8 0 37 ± 21 33 ± 17 16 ± 31 21 ± 38 

**: not significantly (Wilcoxon, P < 0.05) different from the control cross 
-: not applicable 
 
Table V.13: Pollen tube growth in intergeneric crosses with Malus × domestica cv ‘Braeburn’ in 
2003, evaluated five (d5) and seven (d7) days after pollination. Percentages of pollen tubes growing 
from one style level to the next style level: percentage of protruding pollen tubes reaching the top of 
the style (% ts), percentage of pollen tubes at the top of the style reaching 1/3 of the style (% 1/3s), 
percentage of pollen tubes at 1/3 of the style reaching 2/3 of the style (% 2/3s) and percentage of 
pollen tubes at 2/3 of the style reaching the base of the style (% bs).  
‘Braeburn’ %tsd5 %1/3sd5 %2/3s %bsd5 %tsd7 %1/3sd7 %2/3sd7 %bsd7 

No pollination 0 - - - 47 ± 50** 25 ± 35 0 - 
Control cross 47 ± 31 81 ± 26 47 ± 29 12 ± 17 62 ± 25 95 ± 8 75 ± 30 35 ± 30 

Chaenomeles (CH18) 15 ± 18 20 ± 24 0 - 16 ± 22 29 ± 35 10 ± 25 0 
C. oblonga (CY5) 10 ± 10 35 ± 34 25 ± 32 0 26 ± 35 99 ± 3 ** 69 ± 41 ** 52 ± 45 **

M. germanica (ME3) 15 ± 29 41 ± 50 **12 ± 17 ** 0 34 ± 40 76 ± 32 ** 49 ± 37 ** 20 ± 39 **
P. communis (PY11)46 ± 24 ** 53 ± 28 16 ± 12 3 ± 11 ** 26 ± 22 43 ± 37 39 ± 46 ** 0 

P. pyrifolia (NA1) 12 ± 8 43 ± 28 24 ± 37 4 ± 7 ** 50 ± 26 **81 ± 24 ** 64 ± 32 ** 33 ± 28 **
P. pyrifolia (NA2) 13 ± 14 48 ± 32 45 ± 34 ** 2 ± 6 ** 21 ± 33 81 ± 17 ** 81 ± 21 ** 22 ± 21 **

**: not significantly (Wilcoxon, P < 0.05) different from the control cross 
-: not applicable 
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2.2.4. Fruit set 
 
Table V.14 and Table V.15 show that fruit set was higher for the cross combinations with 
‘Delbardestivale’ than with ‘Braeburn’. Still, for all the intergeneric cross combinations, fruit set 
was significantly (Wilcoxon, P < 0.05) below the level of fruit set in the control crosses and 
generally comparable to the control treatments without pollination. Only for the cross 
combination of P. pyrifolia cv ‘Choju’ (NA1) with ‘Braeburn’ (Table V.15), the number of 
fruitlets was significantly (Wilcoxon, P < 0.05) higher than the control without pollination. Still, 
the number of fruitlets was significantly (Wilcoxon, P < 0.05) below the number obtained in the 
control cross.  
Because fruit set in the intergeneric cross combinations was generally comparable to fruit set in 
the control without pollination, it is possible that (part of) the obtained fruitlets did not result 
from intergeneric fertilisations. This supposition is supported by the fact that pollen tubes were 
only exceptionally observed at the base of the styles, even seven days after pollination.  
 
Table V.14: Fruit set percentage (mean ± stdev) of Malus × domestica cv ‘Delbardestivale’ in 
intergeneric crosses in 2004, five, six, seven and eight weeks after pollination. To determine fruit set 
five repeats of at least 40 flowers were hand-pollinated.  
‘Delbardestivale’ 5 Weeks 6 Weeks 7 Weeks 8 Weeks 

No pollination 5.9 ± 6.2 4.6 ± 5.4 3.5 ± 3.3 2.9 ± 2.4 
Control cross 61.6 ± 6.6 59.9 ± 6.3 56.1 ± 5.3 50.0 ± 10.1 

Chaenomeles (CH18) 10.3 ± 4.4 * 9.1 ± 4.5 * 7.6 ± 4.2 * 7.6 ± 4.2 * 
C. oblonga (CY5) 12.7 ± 3.1 * 12.1 ± 3.5 * 11.3 ± 4.3 * 10.5 ± 5.0 * 

M. germanica (ME3) 9.8 ± 5.8 * 8.7 ± 4.6 * 7.8 ± 5.0 * 7.0 ± 4.0 * 
P. communis (PY11) 17.2 ± 14.1 * 15.2 ± 12.7 * 13.2 ± 9.7 * 12.3 ± 9.7 * 

P. pyrifolia (NA1) 9.8 ± 7.4 * 9.8 ± 7.4 * 8.4 ± 4.9 * 8.2 ± 4.9 * 
P. pyrifolia (NA2) 4.6 ± 3.1 * 4.6 ± 3.1 * 4.6 ± 3.1 * 4.6 ± 3.1 * 

*: not significantly (Wilcoxon, P < 0.05) different from the control without pollination 
 
Table V.15: Fruit set percentage (mean ± stdev) in intergeneric crosses with Malus × domestica cv 
‘Braeburn’ in 2004, five, six, seven and eight weeks after pollination. To determine fruit set five 
repeats of at least 40 flowers were hand-pollinated. 
‘Braeburn’ 5 Weeks 6 Weeks 7 Weeks 8 Weeks 

No pollination 1.5 ± 2.9 1.5 ± 2.9 1.5 ± 2.9 1.5 ± 2.9 
Control cross 35.1 ± 11.5 34.8 ± 11.3 34.2 ± 10.8 30.6 ± 10.6 

Chaenomeles (CH18) 1.0 ± 1.5 * 1.0 ± 1.5 * 1.0 ± 1.5 * 1.0 ± 1.5 * 
C. oblonga (CY5) 1.2 ± 2.1 * 1.2 ± 2.1 * 1.2 ± 2.1 * 1.2 ± 2.1 * 

M. germanica (ME3) 0.2 ± 0.5 * 0.2 ± 0.5 * 0.2 ± 0.5 * 0.2 ± 0.5 * 
P. communis (PY11) 0.8 ± 1.2 * 0.8 ± 1.2 * 0.8 ± 1.2 * 0.8 ± 1.2 * 

P. pyrifolia (NA1) 9.0 ± 2.2 9.0 ± 2.2 9.0 ± 2.2 9.0 ± 2.2 
P. pyrifolia (NA2) 4.2 ± 3.1 * 4.2 ± 3.1 * 4.2 ± 3.1 * 4.2 ± 3.1 * 

*: not significantly (Wilcoxon, P < 0.05) different from the control without pollination 
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2.2.5. Seed set and seed germination 
 
Table V.16 demonstrates that seed set for the intergeneric cross combinations was lower than for 
the control crosses. In the cross combinations with ‘Delbardestivale’, seed set was lowest for 
Chaenomeles (CH18), M. germanica (ME3) and P. pyrifolia cv ‘Shinsui’ (NA2). In the cross 
combinations with ‘Braeburn’, no seeds were collected in the cross combinations with C. oblonga 
cv ‘Champion’ (CY5) and P. communis cv ‘Conférence’ (PY11), and only one seed was obtained 
in the cross combination with Chaenomeles (CH18). For ‘Braeburn’, seed set was highest in the 
cross combinations with M. germanica (ME3) and P. pyrifolia (NA1 and NA2). Note however 
that in the cross combination with M. germanica (ME3) only one fruit was obtained. 
 
The seeds obtained in the cross combinations with ‘Delbardestivale’ generally germinated very 
well. Only the seeds obtained from the cross with Chaenomeles (CH18) did not germinate. For 
the cross combinations with ‘Braeburn’, the single seed obtained from the cross with 
Chaenomeles (CH18) and two of the three seeds obtained from the cross with M. germanica 
(ME3) did not germinate. Also, the germination percentages of the seeds obtained from the 
crosses with P. pyrifolia cv ‘Choju’ (NA1) and cv ‘Shinsui’ (NA2) were considerably lower than 
for the control cross.  
 
Table V.16: Seed set (average number of seeds per fruit (Asf)) and seed germination (Germ%) in 
intergeneric crosses with Malus × domestica cvs ‘Delbardestivale’ and ‘Braeburn’ in 2004. Seed set 
was determined based on the number of seeds isolated from maximal 5 fruits per replications (Nbf).  
 ‘Delbardestivale' ‘Braeburn' 
 Nbf Asf Germ% Nbf Asf Germ% 

No pollination 9 1.0 55 0 - - 
Control cross 25 8.5 62 25 6.4 90 

Chaenomeles sp. (CH18) 21 0.7 0 2 0.5 0 
Cydonia oblonga (CY5) 22 1.8 90 4 0.0 - 

Mespilus germanica (ME3) 15 0.3 83.3 1 3.0 33.3 
Pyrus communis (PY11) 22 2.3 87.7 3 0.0 - 

P. pyrifolia (NA1) 23 1.3 - 21 2.0 7.8 
P. pyrifolia (NA2) 15 0.4 - 18 1.6 8.7 

-: not applicable or unknown 
 
 
2.2.6. DNA-fingerprints of hybrid seedlings  
 
DNA-fingerprinting of the seedlings from the intergeneric crosses carried out in 2004 was 
complicated by the same problems as mentioned for the crosses of 2003 (see 2.1.6).  
The numbers of seedlings that were fingerprinted are given in Table V.17. The resulting SSR-
fingerprints are given in Table V.18.  
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Table V.17: Number of seedlings per cross combination fingerprinted with six SSR-markers. 
Seedlings resulted from intergeneric crosses with Malus × domestica cvs ‘Delbardestivale’ and 
‘Braeburn’ as pistil parents, carried out in 2004.  
 ‘Delbardestivale’ ‘Braeburn’ 

No pollination 10 - 
Control cross 10 14 

Chaenomeles sp. (CH18) - - 
Cydonia oblonga (CY5) 14 - 

Mespilus germanica (ME3) 5 1 
Pyrus communis (PY11) 12 - 

P. pyrifolia (NA1) - 3 
P. pyrifolia (NA2) - 2 

-: not applicable, no seedlings obtained 
 
Table V.18: Microsatellite fingerprints of seedlings obtained from intergeneric crosses with Malus × 
domestica cvs ‘Braeburn’ (a) and ‘Delbardestivale’ (b) as pistil parents in 2004. Numbers indicate 
length (bp) of alleles detected at six microsatellite loci. 
(a) SSR-marker 

 CH01F12c 02b1a CH01H10b CH02D12b CH02B07c CH04E03c

‘Braeburn' 160,148 238,216 100,100 200,178 107,107 204,200 
‘Golden' 160,146 226,216 93,110 200,200 107,115 204,204 

04BRACC(1) 160,160 226,216 100,110 200,200 107,107 204,200 
04BRACC(2) 160,148 216,216 93,100 200,178 107,107 204,200 
04BRACC(3) 160,148 238,216 93,100 200,178 107,107 204,200 
04BRACC(4) 160,160 226,216 100,110 200,178 107,115 204,200 
04BRACC(5) 160,146 238,226 93,100 200,200 107,115 204,200 

‘Braeburn’ 160,148 238,216 100,100 200,178 107,107 204,200 
M. germanica (ME3) 160,154 236,227 92,110 227,227 - 200,198 

04BRAME3(1) 160,148 238,216 110,100 200,178 115,107 204,200 
‘Braeburn’ 160,148 238,216 100,100 200,178 107,107 204,200 

P. pyrifolia  (NA1) 151,146 250,250 - 209,209 99,123 186,186 
04BRANA1(1) 172,160 238,216 100,100 200,182 107,107 204,200 
04BRANA1(2) 148,146 238,226 100,110 200,182 107,115 186,204 
04BRANA1(3) 160,148 216,216 93,100 200,178 107,107 204,204 

‘Braeburn’ 160,148 238,216 100,100 200,178 107,107 204,200 
P. pyrifolia (NA2) 151,146 250,250 - 209,209 - - 

04BRANA2(1) 160,146 238,216 93,100 200,178 107,107 204,200 
04BRANA2(2) 160,154 238,238 100,100 200,178 107,115 204,204 

BRACC: seedling from the control cross; ‘Braeburn’ × ‘Golden’ 
BRAME3: putative seedling from ‘Braeburn’ × M. germanica (ME3) 
BRANA1: putative seedling from ‘Braeburn’ × P. pyrifolia cv ‘Choju’ (NA1) 
BRANA2: putative seedling from ‘Braeburn’ × P. pyrifolia cv ‘Shinsui’ (NA2) 
-: no amplification; underlined: rare allele  
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(b) SSR-marker 
 CH01F12c 02b1a CH01H10b CH02D12b CH02B07c CH04E03c

‘Delbardestivale' 160,154 238,226 93,110 200,200 107,115 204,204 
‘Braeburn' 160,148 238,216 100,100 200,178 107,107 204,200 
04DECC(5) 148,154 238,226 100,93 200,200 107,107 - 
04DECC(8) 160,154 238,216 100,93 200,200 107,107 - 
04DECC(9) 160,160 238,216 100,93 200,178 115,107 - 

04DECC(13) 160,148 238,226 100,93 200,200 115,107 - 
04DECC(14) 160,160 238,216 100,93 200,178 115,107 204,200 

‘Delbardestivale' 160,154 238,226 93,110 200,200 107,115 204,204 
04DENP(9) 160,154 238,216 100,93 200,178 107,107 204,200 

04DENP(10) 160,148 238,216 110,100 200,200 107,107 200,200 
04DENP(11) 160,160 238,216 110,100 200,178 115,107 204,200 
04DENP(12) 160,154 238,226 110,100 200,200 107,107 204,200 
04DENP(13) 154,148 226,216 93,100 200,178 107,107 204,200 

‘Delbardestivale' 160,154 238,226 93,110 200,200 107,115 204,204 
C. oblonga (CY5) 118,118 266,278 96,94 - 106,92 201,189 

04DECY5(2) 160,160 238,216 110,100 200,178 115,107 204,200 
04DECY5(3) 154,154 238,216 110,93 200,200 107,107 200,190
04DECY5(4) 160,154 226,216 93,100 200,200 107,107 204,200 
04DECY5(5) 160,148 238,238 110,100 200,178 107,107 204,200 
04DECY5(8) 160,144 226,229 110,105 200,192 115,107 200,200 

‘Delbardestivale' 160,154 238,226 93,110 200,200 107,115 204,204 
M. germanica (ME3) 160,154 236,227 92,110 227,227 - 200,198 

04DEME3(1) 160,160 226,216 93,100 200,178 115,107 204,200 
04DEME3(2) 160,160 238,220 93,89 200,182 115,109 200,190
04DEME3(3) 160,154 226,216 93,100 200,200 107,107 204,200 
04DEME3(4) 160,160 238,216 93,100 200,200 127,107 200,200 
04DEME3(5) 160,154 238,226 93,100 200,178 107,107 204,200 

‘Delbardestivale' 160,154 238,226 93,110 200,200 107,115 204,204 
P. communis (PY11) 136,136 - 89,105 - - 204,179 

04DEPY11(2) 160,160 238,226 110,100 200,200 115,107 200,200 
04DEPY11(3) 160,148 226,216 93,100 200,200 115,107 204,200 
04DEPY11(4) 160,160 238,238 93,100 200,200 115,107 204,204 
04DEPY11(5) 160,154 238,216 93,100 200,200 107,107 204,200 
04DEPY11(6) 154,148 238,238 110,100 200,178 107,107 204,200 

DECC: putative seedling from the control cross; ‘Delbardestivale’ x ‘Braeburn’ 
DENP: putative seedling from the control without pollination 
DECY5: putative seedling from ‘Delbardestivale’ × C. oblonga cv ‘Champion’ (CY5) 
DEPY11: putative seedling from ‘Delbardestivale’ × P. communis cv ‘Conférence’ (PY11) 
DEME3: putative seedling from ‘Delbardestivale’ × M. germanica (ME3) 
-: no amplification; underlined: rare allele  
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The fingerprints evidenced that the seedlings obtained in the control crosses indeed resulted from 
hybridisations between ‘Braeburn’ and ‘Golden’, and ‘Delbardestivale’ and ‘Braeburn’ 
respectively. The seedlings obtained in the control without pollination with ‘Delbardestivale’ as 
pistil parent, very likely also resulted from hybridisations between ‘Delbardestivale’ and 
‘Braeburn’. This is possible since the control cross and the control without pollination were 
carried out on the same tree. Possibly, some flowers of the control without pollination were 
unintendedly pollinated with ‘Braeburn’ pollen.  
The SSR fingerprints also showed that most seedlings did not result from the intended crosses. 
Per SSR locus, one allele was inherited from the pistil parent, but the other allele was not 
inherited from the intended pollen donor. For five seedlings, SSR alleles were detected that were 
absent in most of the other seedlings. One seedling, from the cross between ‘Delbardestivale’ and 
C. oblonga cv ‘Champion’ (CY5), showed four rare alleles. Another seedling, from the cross 
between ‘Delbardestivale’ and M. germanica (ME3), even showed five rare alleles. The true 
origin of these seedlings remains unclear.  
The fingerprints of the seedlings indicated that in the cross combinations with ‘Delbardestivale’ 
unintended contamination with ‘Braeburn’ pollen almost certainly occurred. Moreover, one night 
in 2004, cages were (partly) blown away, making contamination of the cross combinations with 
‘Braeburn’ possible as well. Clearly, contamination took place, unfortunately. This may have 
distorted the results on fruit set and seed set, especially in the cross combinations with 
‘Delbardestivale’. Also pollen germination and pollen tube growth percentages may be biased 
because of contamination. However, absolute values were less affected.  
 
 
2.2.7. Conclusions on intergeneric crosses in 2004 
 
The intergeneric hybridisations of 2004 showed a similar development as the intergeneric crosses 
from 2003.  
Pollen grains were captured on the stigmas of ‘Delbardestivale’ and ‘Braeburn’ flowers in all 
cross combinations. A considerable amount of pollen was found in the cross combinations with 
Chaenomeles (CH18), C. oblonga cv ‘Champion’ (CY5) and the Pyrus species (PY11, NA1 and 
NA2). The amount of pollen on the stigmas was, however, significantly lower in the cross 
combinations with M. germanica (ME3).  
Pollen grains germinated in all cross combinations. However, pollen germination was less 
successful for the cross combinations with Chaenomeles (CH18) and M. germanica (ME3), for 
both ‘Delbardestivale’ and ‘Braeburn’. Pollen germination percentage for C. oblonga cv 
‘Champion’ (CY5) was high with ‘Delbardestivale’ as pistil parent and low with ‘Braeburn’ as 
pistil parent. However, it is very likely that contamination with compatible pollen occurred in the 
cross with ‘Delbardestivale’.  
The data on pollen adhesion and pollen germination evidenced as well that an extra sampling date 
seven days after pollination was redundant to gather information on pollen adhesion and 
germination. These samples nevertheless confirmed the hypothesis that pollen tube growth 
continued five days after pollination. Still, even after seven days, pollen tubes had only 
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exceptionally grown down the entire style in most of the intergeneric cross combinations. Pollen 
tubes seemed to be arrested at 1/3 of the styles in the cross combinations with Chaenomeles 
(CH18) and at 2/3 of the styles in the cross combinations with Pyrus (PY11, NA1 and NA2). This 
was clearly demonstrated by the absolute number of pollen tubes detected at different style levels 
and by pollen tube growth percentages. Pollen tubes of C. oblonga cv ‘Champion’ (CY5) and M. 
germanica (ME3) were as well only exceptionally detected at the base of the style. However, the 
pollen tube growth percentages did not clearly indicate if and at which level pollen tubes were 
stopped.  
Fruit set and seed set in the intergeneric cross combinations was low compared to the control 
crosses. Moreover, most seeds aborted. If seedlings were obtained, their fingerprints 
demonstrated that they almost certainly did not result from the intended intergeneric 
hybridisations. The fingerprints clearly evidenced contamination with ‘Braeburn’ pollen in the 
cross combinations with ‘Delbardestivale’. Moreover, also contamination with foreign pollen 
may have occurred. Therefore, several intergeneric crosses, mainly those with ‘Delbardestivale’, 
were replicated in 2005 to verify the results obtained in 2004 with regard to the encountered 
contamination problem.  
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2.3. Intergeneric crosses with ‘Delbardestivale’ in 2005 
 
2.3.1. Number of pollen grains on stigma 
 
As can be seen in Figure V.18, the number of pollen grains (NBP) found on the stigmas of 
‘Delbardestivale’ flowers after pollination were significantly lower than NBP of the control cross. 
On the other hand, NBP was significantly higher than in the control without pollination 
(Wilcoxon, P < 0.05). In addition, the amount of pollen grains on the stigmas was comparable 
among the intergeneric cross combinations.  
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Figure V.18: Boxplots representing the total number of pollen grains present on stigmas (per 
flower) of Malus × domestica cv ‘Delbardestivale’ seven days after pollination in intergeneric crosses 
in 2005.  
 
 
2.3.2. Pollen germination 
 
The number of germinated pollen grains (NBGP) was for all the intergeneric cross combinations 
significantly lower than for the control cross. In addition, NBGP differed significantly among 
cross combinations. NBGP was significantly higher in the cross combination with P. communis 
cv ‘Conférence’ (PY11) than with C. oblonga cv ‘Champion’ (CY5) and M. germanica (ME3). 
NBGP of C. oblonga cv ‘Champion’ (CY5) was in turn significantly higher than NBGP of M. 
germanica (ME3). Similarly, pollen germination percentage (PG%) was significantly higher for 
the control cross (81 ± 16) than for the intergeneric cross combinations and PG%s differed 
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significantly among cross combinations. PG% was 43 ± 19 for the cross combination with P. 
communis cv ‘Conférence’ (PY11), 20 ± 14 for the cross combination with C. oblonga cv 
‘Champion’ (CY5) and 10 ± 14 for the cross combination with M. germanica (ME3).  
Compared to the previous years, pollen germination was less successful in 2005. However, the 
ranking of P. communis cv ‘Conférence’ (PY11), C. oblonga cv ‘Champion’ (CY5) and M. 
germanica (ME3) for pollen germination on ‘Delbardestivale’ stigmas was identical in 2003, 
2004 and 2005. 
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Figure V.19: Boxplots representing the number of germinated pollen grains on stigmas (per flower) 
of Malus × domestica cv ‘Delbardestivale’ seven days after pollination in intergeneric crosses in 
2005.  
 
 
2.3.3. Pollen tube growth 
 
Figure V.20 shows that the number of pollen tubes detected at the top, 1/3, 2/3 and the base of the 
styles was for all intergeneric cross combinations significantly lower than for the control cross. 
Moreover, Table V.19 evidences that seven days after pollination pollen tubes were only 
exceptionally observed at the base of the styles in intergeneric crosses of ‘Delbardestivale’ with 
C. oblonga cv ‘Champion’ (CY5) and P. communis cv ‘Conférence’ (PY11). No pollen tubes 
were observed at the base of the styles in the cross combination with M. germanica (ME3).  
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Figure V.20: Boxplots representing the number of pollen tubes at the top (ts), 1/3 (1/3s), 2/3 (2/3s) 
and the base of styles (bs) (per flower) of Malus × domestica cv ‘Delbardestivale’ seven days after 
pollination in intergeneric crosses in 2005.  
 
Based on the pollen tube growth percentages presented in Table V.19, pollen tube growth seemed 
to be hindered at the lower part of the styles in the cross combination with P. communis cv 
‘Conférence’ (PY11) and at upper part of the style in the cross combination with C. oblonga cv 
‘Champion’ (CY5). Pollen tubes of M. germanica (ME) were completely stopped at 1/3 of the 
style. Comparable results were obtained in 2003 and 2004. 
 
Table V. 19: Pollen tube growth in intergeneric crosses with Malus × domestica cv ‘Delbardestivale’ 
in 2003, evaluated seven days after pollination. Percentages of pollen tubes growing from one style 
level to the next style level: percentage of protruding pollen tubes reaching the top of the style (% 
ts), percentage of pollen tubes at the top of the style reaching 1/3 of the style (% 1/3s), percentage of 
pollen tubes at 1/3 of the style reaching 2/3 of the style (% 2/3s) and percentage of pollen tubes at 2/3 
of the style reaching the base of the style (% bs).  

‘Delbardestivale’ %ts %1/3s %2/3s %bs 
No pollination 100 0 - - 
Control cross 61 ± 30 67 ± 20 78 ± 25 40 ± 26 

 C. oblonga (CY5) 26 ± 19 10 ± 16 42 ± 46 ** 38 ± 48 ** 
M. germanica (ME3) 43 ± 41 25 ± 34 0 - 
P. communis (PY11) 40 ± 32 51 ± 25 8 ± 17 2 ± 4 

**: not significantly (Wilcoxon, P < 0.05) different from the control cross 
-: not applicable 
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2.3.4. Fruit and seed set  
 
The data on fruit and seed set are summarised in Table V.20. Fruitlets were obtained for all cross 
combinations, but fruit set was very low for the cross combinations with M. germanica (ME3) 
and C. oblonga cv ‘Champion’ (CY5). For the cross combination with P. communis cv 
‘Conférence’ (PY11), 13 fruits were collected at harvest. However, none of the fruits contained 
seeds.  
These results confirm the supposition that the fruits and seeds obtained in 2004 and 2003 in the 
intergeneric crosses did almost certainly not result from intergeneric hybridisations.  
 
Table V.20: Fruit set percentage at harvest (Fsh) (mean ± stdev), seed set (average number of seeds 
per fruit (Asf)) and seed germination (Germ%) in intergeneric crosses with Malus × domestica cv 
‘Delbardestivale’ in 2005. To determine fruit set, five replications of 40 flowers were hand-
pollinated, seed set was based on the number of seeds isolated from maximal 5 fruits per 
replications (Nbf).  
‘Delbardestivale’ Fsh Nbf Asf Germ% 

No pollination 3.0 ± 2.8 6 0.5 66 
Control cross 38.6 ± 12.9 25 8.7 85 

C. oblonga (CY5) 0.8 ± 1.7 2 0 - 
M. germanica (ME3) 0.4 ± 0.9 1 0 - 
P. communis (PY11) 6.0 ± 6.0 13 0 - 

-: not applicable 

 
 

3. Discussion 
 
The hybridisation experiments carried out over three successive years clearly demonstrated that 
hybridisation barriers can be present at several stages of reproduction in interspecific and 
intergeneric hybridisations with apple. The first barrier encountered was flowering time (data not 
shown). The Chaenomeles, Malus and Pyrus accessions flowered before and the Cydonia 
oblonga and Mespilus germanica accessions after Malus × domestica cvs ‘Delbardestivale’ and 
‘Braeburn’. In artificial hybridisations, this pre-pollination barrier can be easily circumvented, for 
example by storage of the pollen or advancing the flowering period of the pollen donors. Storage 
of pollen of the selected Chaenomeles, Malus, and Pyrus accessions was practicable and the 
flowering time of C. oblonga cv ‘Champion’ and M. germanica could be sufficiently advanced 
by growing the trees in the greenhouse.  
 
Rather unexpectedly, planned crosses had to be deleted because no pollen could be isolated from 
the anthers of several selected pollen donors. Anthers of an accession of M. hupehensis and P. 
ussuriensis were empty and pollen dehiscence was absent in accessions of Ch. superba var 
‘Vermillion’, Ch. japonica and M. baccata. The lack of pollen in the anthers of the M. hupehensis 
and P. ussuriensis accessions might have been expected. Apomixis, which is often related to male 
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sterility, has been reported in M. hupenhesis (Campbell et al., 1991) and male sterility has been 
described in Pyrus by Bell and Hough (1986).  
 
Pollen adhesion did not seem to severely restrict wide hybridisations in apple. In all cross 
combinations, pollen was captured on the stigmas of the hand-pollinated flowers. The number of 
pollen grains present on the stigmas in the interspecific and intergeneric cross combinations was, 
however, generally lower than the amount of pollen observed in the control crosses. Moreover, 
the number of captured pollen grains varied considerably among flowers of the same cross 
combination, pollen donors, pistil parents and years. This number also depended on the time of 
sampling. Pollen adhesion in species with wet stigmas, such as Malus, is very likely not species-
specific (Swanson et al., 2004). In these species, pollen adhesion may be solely dependent on 
liquid surface tension. Consequently, adhesion may be strongly influenced by weather conditions 
and pollen and stigma characteristics such as size and shape of pollen grains, structure of the 
receptive surface of the stigma and amount of stigmatic exudates (Heslop-Harrison, 1999). The 
microscopic images showed, for example, that pollen grains of P. communis are remarkably 
smaller than pollen of M. germanica and are more similar (in size) to apple pollen. Therefore, 
pollen of P. communis is possibly more easily captured by the papillae of apple stigmas.  
 
Germinated pollen grains were detected for all cross combinations. However, similar to pollen 
adhesion, the number of germinated pollen grains (NBGP) on the stigmas varied among flowers 
of the same cross combination, pollen donors, pistil parents, years, and dates of sampling.  
Pollen germination was, on the whole, more successful for the interspecific cross combinations 
than for the intergeneric cross combinations. Nonetheless, pollen germination percentages did not 
only vary among genera but also among species within the same genus. For example, in 2003, 
pollen germination percentages in the cross combinations of Malus species with ‘Delbardestivale’ 
varied from an average of 39% (± 26), for M. baccata, to 80% (± 12), for M. robusta. Between 
genera, pollen germination percentages ranged from an average of 23% (± 10), for M. germanica, 
over 65% (± 12), in the control cross, to 83% (± 9), in the cross with P. communis. Likewise, 
average pollen germination percentages varied among interspecific cross combinations with 
‘Braeburn’ from 14% (± 15), for M. baccata, to 67% (± 34), for M. pumila. Within intergeneric 
cross combinations, pollen germination percentages ranged from 6% (± 15), for M. germanica, to 
72% (± 17) for the cross with P. communis. When pollen donors were ranked according to pollen 
germination percentages, species belonging to the same genus did not group together as might 
have been expected. Moreover, ranking was not necessarily identical for both pistil parents.  
Although pollen germination was less successful for the cross combinations with Chaenomeles, 
C. oblonga and M. germanica, germinated pollen grains were detected for all cross combinations. 
This may again be addressed to the possible absence of an active pollen recognition-rejection 
mechanism at the stage of pollen germination in species with wet stigmas.  
 
In contrast to pollen-stigma interactions, pollen-style interactions are very likely to be species-
specific in apple. Pollen tubes only reached the base of the styles in some of the interspecific 
cross combinations with wild or ornamental Malus species. For Chaenomeles, Cydonia and 
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Mespilus, pollen tubes were generally arrested at the upper part of the styles, while pollen tubes 
of Pyrus species seemed to be stopped at the lower part of the styles. In both the interspecific and 
intergeneric crosses, aberrant pollen tube growth also involved bursting of pollen tube tips, 
increased deposit of callose plugs and exuberant winding and disorientation of the pollen tubes.  
In order to evidence that the discrepancy in pollen tube growth among interspecific cross 
combinations is governed by an active pollen-style recognition-rejection mechanism more 
intraspecific crosses, both compatible and incompatible, should have been included for 
comparison. Therefore, it would be incorrect to state here that, based on the available data, 
inferior pollen tube growth in some of the interspecific crosses was a consequence of 
incompatibility and not incongruity (as defined by Hogenboom, 1975 and referred to by de 
Nettancourt, 2001), or vice versa. Moreover, as species delimitation in Malus section Malus is 
still a hot topic for taxonomists (Robinson et al., 2001 and Harris et al., 2002), success of pollen 
tube growth could not be related to phylogenetic distances between pistil and pollen parent.  
In the intergeneric cross combinations, pollen tubes generally accumulated at a certain level in 
the styles. However, when flowers were sampled later, pollen tubes were exceptionally also 
detected further down the styles. This suggests that the pollen tubes were probably not actively 
arrested but, rather, that their growth was severely slowed down. Possibly, the pistil parent could 
not support growth adequately, as a consequence of incongruity. The more pollen tube growth is 
slowed down, the later the male germ unit reaches the ovary. As ovule longevity in apple is about 
8 days (Williams, 1970, referred to in Kaufmane and Rumpunen, 2002), fertilisation may become 
impossible. Absence of fertilisation may also be due to differences in style length between the 
pistil and pollen parent (Vervaeke et al., 2001). Pollen from species with shorter styles may not 
be able to cover longer distances. In our study, the style length of the pistil parents ‘Braeburn’ 
and ‘Delbardestivale’ was comparable or slightly larger than style length of the pollen parents. 
Moreover, styles of ‘Braeburn’ flowers were shorter than those of ‘Delbardestivale’ flowers. 
Therefore, it is possible that pollen tube growth was (slightly) more successful in the cross 
combinations with ‘Braeburn’ than with ‘Delbardestivale’ because styles of ‘Braeburn’ flowers 
are shorter.  
 
The discrepancy between the interspecific cross combinations on one hand and the intergeneric 
cross combinations on the other hand persisted for the results on fruit and seed set. Fruit set and 
seed set were very low in the intergeneric cross combinations compared to the control crosses. 
Even when seedlings were obtained, their fingerprints demonstrated that they almost certainly did 
not result from the intended intergeneric hybridisations. Instead, these seedlings very likely 
resulted from uncontrolled pollinations.  
Our results on fruit and seed set in intergeneric crosses could, unfortunately, hardly be verified or 
compared with other relevant internationally published results. However, in an recent article by 
Inoue et al. (2003) data on fruit and seed set in intergeneric reciprocal crosses between Japanese 
pear (Pyrus pyrifolia) and apple were presented. For a cross combination with apple cultivar 
‘Fuji’ as the female parent and P. pyrifolia cv ‘Hosui’ as male parent, a fruit set percentage of 
15.8% was obtained and fruits contained by average 2.3 seeds. In our study, a fruit set percentage 
of 9.0% and an average seed content of 2.0 seeds per fruit were obtained in a cross of P. pyrifolia 
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cv ‘Choju’ with ‘Braeburn’ in 2003. However, the SSR-fingerprints evidenced that the obtained 
seedlings did not result from the intended hybridisations. In the experiment by Inoue et al. 
(2003), hybrid seedlings were obtained, but all died within 150 days. Both studies evidenced that 
the production of vigorous apple × pear hybrids is very likely unfeasible. 
 
With regard to breeding purposes, interspecific hybridisations make up a valuable tool to increase 
the genetic diversity of modern apple breeding programmes. This has been stated and proven 
earlier (Korban, 1986; Korban and Chen, 1992, Way et al., 1991 and Büttner et al., 1999) and has 
been confirmed here again. However, our research has also demonstrated that the possibilities of 
interspecific hybridisations for breeding purposes are also limited.  
Intergeneric hybridisations, on the other hand, probably do not offer new opportunities to the 
apple breeder for introducing interesting characteristics from related genera into apple, at least 
not by conventional breeding. The severe negative outcome of our intergeneric cross 
combinations between apple and Chaenomeles, Cydonia, Mespilus and Pyrus respectively was 
rather unexpected given the promising hypotheses by Campbell et al. (1991 and 1995) on 
intergeneric hybridisations in the Maloideae subfamily and the reports on successful intergeneric 
crosses between Cydonia oblonga and Malus × domestica (Rudenko and Rudenko, 1994), P. 
communis and Sorbus aucuparia and, Pyrus and Cydonia (Bell and Hough, 1986). However, 
these studies do not explicitly mention if the hybrid origin of the obtained (putative) hybrids was 
verified, for example with molecular markers.  
 
This research certainly indicates that interspecific hybridisations can be successful in apple while 
inferior pollen adhesion, poor pollen germination or aberrant pollen tube growth may strongly 
limit the success of intergeneric hybridisations. However, to give a more decisive answer on 
whether or not intergeneric hybridisations are possible in apple, more cross combinations should 
be tested. In this experiment not all genera of the Maloideae family were included and the 
number of species included per genus was limited. Further, it remains unclear to what extent 
post-zygotic hybridisation barriers may also limit the development of viable and fertile 
intergeneric hybrids in apple after fertilisation. If only pre-zygotic hybridisation barriers prevent 
hybrid development, it might be interesting to search for techniques to circumvent these pre-
zygotic barriers. If, however, hybrid development is also restricted because of post-zygotic 
barriers, this research is pointless.  
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General conclusions and perspectives 

Genetic diversity is the basic ingredient for plant breeding. Conservation of genetic diversity is 
therefore of the utmost importance to guarantee future plant breeding progress. Nowadays, plant 
breeders share the common concern about the loss of genetic diversity in many crops due to 
modern breeding (Tanksley and McCouch, 1997). This is quite contradictory. On one hand, the 
success of plant breeding largely depends on the availability of sufficient genetic diversity. On 
the other hand, plant breeding has eroded the genetic base of many important crops. This loss of 
genetic diversity may make crop plants more vulnerable to pests and abiotic stress and less 
modifiable to agricultural practices or quality requirements. For effective breeding, it is therefore 
of the utmost importance to maintain a wide genetic base in crop plants.  
At present, little is known about the richness of genetic diversity of the apple germplasm 
currently used in breeding programmes. Therefore, we examined and compared the genetic 
diversity of a collection of 93 modern apple cultivars and breeding lines (Centre for Fruit Culture, 
KULeuven) with the genetic diversity of two collections of old apple varieties, namely of 137 
Flemish old apple varieties (National Orchard Foundation, Vliermaal) and of 231 Walloon old 
apple varieties (Agricultural Research Centre, Gembloux).  
Genetic diversity was assessed by means of ten microsatellite (SSR) markers. This microsatellite 
analysis has demonstrated that the genetic diversity of the collection of modern apple cultivars 
and breeding lines is comparable with the genetic diversity present in the old apple varieties 
collections. However, breeding may have caused a (slight) shift in the genetic make up of apple. 
Six alleles were dominantly present in the old collections (frequency > 5%), while their 
frequencies were low in the modern apple collection. Vice versa, five other alleles were 
frequently present in the modern apple collection but not in the old collections. Moreover, 39 
collection specific alleles (alleles which are only present in one collection) were detected in total, 
but the frequencies of only four of these alleles were higher than 1%. This study has, 
nevertheless, evidenced that the genetic base of modern apple germplasm is very likely wide 
enough to guarantee future breeding progress. Moreover, it seems rather unlikely that inbreeding 
will jeopardise the genetic improvement of apple in the (near) future.  
Our results, however, contrast with the results of Noiton and Alspach (1996), and Goulão et al. 
(2001). Based on pedigree data and, AFLP and RAPD marker data, respectively, these authors 
pointed at the risk of the loss of genetic diversity in modern apple. A possible explanation for 
these contrasting results is that the outcome of genetic diversity studies may strongly depend on 
the method used to analyse genetic diversity (Li et al., 2001 and Fufa et al., 2005). Different 
methods may measure different aspects of genetic diversity. Therefore, for breeding perspectives, 
one method may be more suited than another method to analyse genetic diversity. SSR markers 
have been frequently used to analyse genetic diversity in germplasm collections (Hokanson et al., 
1998; Goulão and Oliveira, 2001; Ahmad et al., 2004; Bandelj et al., 2004; Gao et al., 2004 and 
Wünsch and Hormaza, 2004). However, it should be kept in mind that SSR markers only measure 
one aspect of genetic diversity. Nonetheless, as apple breeding only started recently, it is very 
likely that the genetic diversity in apple has indeed not yet been affected by modern breeding 
practices. In any case not to that degree that it would limit future development and improvement 
of apple cultivars.  
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In crops where modern plant breeding has indeed reduced the genetic base of the crop, further 
genetic pauperisation may be counteracted by the incorporation of new genetic material from old 
varieties, landraces or wild relatives.  
This study has shown that, in modern apple, the need to widen the genetic base seems not to be 
present yet. However, it might still be interesting to examine what the possibilities are to extend 
this gene pool. Interesting characteristics from related Malus and Maloideae species to 
incorporate in apple are, for example, scab resistance from wild Malus species, the strong fruit 
aroma from Chaenomeles, cold hardiness from Pyrus, the one-flower inflorescence from Cydonia 
and self-fertility from Mespilus. In theory, the incorporation of new genes or distinct alleles from 
more distantly related species can be prevented by hybridisation barriers. In this study, 
interspecific and intergeneric cross combinations were performed to examine whether or not 
apple is cross-compatible with related Malus and Maloideae species and, thus, whether or not 
new characteristics can be incorporated from related species.  
In three successive years, 2003, 2004 and 2005, artificial pollinations were carried out between 
Malus, Chaenomeles, Cydonia, Mespilus and Pyrus species, as the pollen parents, and Malus × 
domestica cvs ‘Delbardestivale’ and ‘Braeburn’, as the pistil parents. Pollinated flowers were 
sampled to study pollen adhesion, pollen germination and pollen tube growth via fluorescence 
microscopy. In addition, flowers were pollinated in order to determine fruit set, seed set and seed 
germination percentages. The hybrid origin of the obtained seedlings was verified by means of 
six polymorphic microsatellite markers.  
In the interspecific crosses, nor pollen adhesion, nor pollen germination and also not pollen tube 
growth seemed to prevent fertilisation. Of course, differences were observed between cross 
combinations, but interspecific seedlings were obtained in all cross combinations. In fact, the 
main encountered barrier that may prohibit interspecific hybridisation in nature was flowering 
time. The wild and ornamental Malus species flowered earlier than the apple cultivars ‘Braeburn’ 
and ‘Delbardestivale’ did. Apple breeders, however, can easily circumvent this problem by 
storage of the pollen. Another problem was male sterility. Anthers of an accession of M. 
hupehensis were empty and did not dehisce in an accession of M. baccata. Consequently, these 
accessions could not be used as pollen donors.  
Our results on interspecific hybridisations with apple cultivars as pistil parents thus confirmed 
once more that Malus species intercross easily. Indeed, some wild and ornamental Malus species 
have already been used for the improvement of apple cultivars (Janick et al., 1996). Up till now, 
these wild and ornamental Malus species were mainly used to increase resistance to diseases, for 
example to apple scab and mildew.  
Opposite to the positive results obtained for the interspecific hybridisations, the results of the 
intergeneric pollinations were quite disappointing. Not one intergeneric hybrid could be obtained. 
The first two barriers to overcome were, as for the interspecific hybridisations, flowering time 
and male sterility. Chaenomeles and Pyrus flowered before, while Cydonia and Mespilus 
flowered after Malus × domestica. Here, this pre-zygotic barrier could be overcome by storage of 
the pollen, for Chaenomeles and Pyrus, or by advancing flowering under greenhouse conditions, 
for Cydonia and Mespilus. In addition, anthers of an accession of P. ussuriensis were empty and 
pollen dehiscence was absent in two Chaenomeles accessions.  
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The success of pollen adhesion and pollen germination varied considerably among the 
intergeneric cross combinations. Pollen adhesion and pollen germination were most successful in 
the cross combinations with Pyrus species, but rather poor in the cross combinations with 
Mespilus germanica. However, germinated pollen grains were found in all cross combinations. 
This might have been expected as stigmas of Malus flowers are of the wet type. Consequently, 
pollen adhesion and pollen germination were not expected to be strongly species-specific in apple 
(Swanson et al., 2004). Pollen adhesion or pollen germination did indeed never impose a severe 
barrier to intergeneric hybridisation. Instead, pollen tube growth was the main limiting factor. In 
the intergeneric crosses, pollen tube growth was severely retarded compared to the control 
crosses. Seven days after pollination, pollen tubes of Chaenomeles, Cydonia and Mespilus 
species were mainly detected in the upper part of the styles and pollen tubes of Pyrus species at 
the lower part of the styles. Pollen tubes were only exceptionally found at the base of the styles. 
At that time, pollen tubes in the control crosses had already grown down the entire style. As 
ovule longevity in apple is about 8 days, the chances to fertilisation decreased when pollen tube 
growth was retarded more severely.  
In the intergeneric crosses, pollen tube growth was probably limited as a consequence of 
incongruity rather than incompatibility. The observed pollen tube growth patterns did not provide 
strong evidences for the presence of an active pollen recognition and rejection mechanism in 
intergeneric crosses with apple. Instead, pollen tube growth was probably aberrant because the 
pistil parent could not adequately support the growth of these ‘foreign’ pollen tubes (from other 
genera). However, self-pollinations and incompatible intra-specific pollinations should have been 
included to study the difference between incompatibility and incongruity. Only then a more 
founded statement on stylar incompatibility or incongruity as the cause of hybridisation failure in 
intergeneric crosses could have been made. 
Over the three years of research, fruit set and seed set in the intergeneric crosses were very low 
compared to the control crosses. Moreover, most seeds aborted. If, eventually, seedlings were 
obtained, hybridity testing with microsatellite markers demonstrated that these seedlings did not 
result from the intended hybridisations. Especially in 2004, in the cross combinations with 
‘Delbardestivale’, contamination with ‘Braeburn’ pollen seemed to have occurred.  
Concluding, no hybrids could be obtained in the intergeneric crosses with ‘Delbardestivale’ and 
‘Braeburn’. Note however that in our study only a rather limited number of pollinations were 
performed.  
Obviously, the introgression of interesting traits and characteristics from related Maloideae 
species in apple is very unlikely. However, based on the reports of pre-zygotic hybridisation 
barriers present in other plant species, these barriers might be overcome by several artificial 
manipulations. Used techniques are, for example, mentor pollination, hormone treatments, cut 
style and grafted style pollinations or ovary pollinations. However, it is very likely that the pre-
zygotic barriers are ensued by post-zygotic barriers. Inoue et al. (2003) already stated that hybrid 
lethality is severe in Pyrus pyrifolia × M. × domestica hybrids. Consequently, if the pre-zygotic 
hybridisation barriers can be overcome, the subsequent post-zygotic barriers still need to be 
circumvented. This might be possible for some genera. For example, Banno et al. (2003) obtained 
eight viable intergeneric Pyrus pyrifolia × M. × domestica hybrids (2500 flowers were 
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pollinated) through embryo rescue and in vitro culture. As no intergeneric hybrid seedlings could 
be obtained in our study, it remains unclear to what extent post-zygotic barriers might also have 
limited the development of viable and fertile intergeneric hybrids in apple after fertilisation.  
The success of hybridisation may depend upon the phylogenetic relatedness between pollen and 
pistil parent, and upon the ploidy level of the pollen parent. In this study, the latter could not be 
inferred because the ploidy of the included accessions was not determined. On the other hand, 
Chaenomeles (Bartish et al., 2000 and Rumpunen, 2002), Cydonia (Campbell et al., 1991 and 
Dickson et al., 1992), Mespilus (Campbell et al., 1991 and Dickson et al., 1992), Malus (Way et 
al., 1991) and Pyrus (Bell and Hough, 1986) species are generally diploid. Moreover, the 
microsatellite fingerprints of the used pollen donors showed generally at most two alleles per 
locus (31 loci analysed). For one SSR primer combination, exceptionally four alleles were found 
for Ch. superba var ‘Crimson and Gold’, P. pyrifolia cv ‘Choju’ and P. pyrifolia cv ‘Shinsui’. 
The included accessions are thus very likely all diploids. Therefore, it is very unlikely that the 
ploidy level has affected the hybridisation results .  
The interspecific hybridisations were clearly more successful than the intergeneric hybridisations, 
but the differences in the success of hybridisation among the intergeneric cross combinations 
could, unfortunately, not be related to phylogenetic relatedness. This is because at present the 
precise phylogeny of the Maloideae family is still quite unclear (Phipps et al., 1991 and 
Campbell et al., 1995).  
 
To verify the hybrid origin of the seedlings obtained in the interspecific and intergeneric crosses 
at the DNA level, markers suited for hybridity testing were needed. These markers should 
amplify and be polymorphic in both the pistil and pollen parent used in the interspecific and 
intergeneric crosses. No new markers were developed, but apple microsatellite markers were 
tested for cross-species and cross-genera transferability in other Malus and Maloideae species. 
The markers which gave positive results were consequently used for hybridity testing.  
Transferability was not only tested for the species included in the interspecific and intergeneric 
crosses, but also for other Maloideae species. Our study included 147 accessions representing ten 
Maloideae genera, namely Amelanchier, Aronia, Chaenomeles, Cotoneaster, Crataegus, 
Cydonia, Malus, Mespilus, Pyrus and Sorbus. If apple microsatellite markers can be transferred 
to these Maloideae species, there is no need to develop, de novo, new expensive SSR markers for 
these species. In fact, apple SSR markers can than easily be applied for a variety of genetic 
studies in other Maloideae species.  
Apple microsatellite markers could be easily transferred to other Malus species; 29 out of 31 
markers gave positive results. Cross-genera transferability ranged from 58%, for Chaenomeles 
and Pyrus, to 81%, for Amelanchier and Aronia. Thus, per genus, at least 18 markers gave 
positive results.  
As for the success of hybridisation, the transferability of SSR markers might be expected to 
depend upon the phylogenetic relatedness between the source and the target species. However, 
once again, this relationship could not be investigated as the precise phylogeny of the Maloideae 
subfamily is still unclear at present (Phipps et al., 1991 and Campbell et al., 1995). Further, it 
could be expected that the success of hybridisation between apple and other Maloideae species is 
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related to apple SSR marker transferability. The chance to successful hybridisation between two 
species is possible higher if they are not too distantly related. Also, cross-amplification of SSR 
markers is only possible if the primer annealing sequences are conserved between the source and 
target species. Consequently, the degree of SSR marker transferability could be an indicator for 
hybridisation success. Our results did, however, only partly support this hypothesis. Cross-
species transferability and interspecific hybridisation success were higher than cross-genera 
transferability and intergeneric hybridisation success. On the other hand, among genera, 
hybridisation was not necessarily more restricted in the cross combinations with genera for which 
apple SSR marker transferability was less successful. 
 
The two main questions to be answered in this study were, firstly, if the genetic base of the apple 
germplasm currently used for breeding is wide enough to guarantee future improvement of apple 
and, secondly, if the genetic base of apple can be extended by means of interspecific and 
intergeneric hybridisation, if necessary. The answer on the latter question is twofold: yes, new 
alleles can be introgressed from related wild and ornamental Malus species but no, probably not 
from related Maloideae species. At least, not by conventional breeding. Fortunately, the answer 
on the first question is positive: yes, the genetic base of the modern apple germplasm is wide 
enough to guarantee future breeding progress in apple. Consequently, at present, there is no 
urgent need to extend the genetic base of modern apple.  
 
As is often the case, by the end of this study, more questions have raised than there were 
questions answered. Both the study on genetic diversity and the study on hybridisation 
possibilities remain unfinished. At first, it would be interesting to extend this study of genetic 
diversity in apple by genotyping the three apple collections at a larger number of microsatellite 
loci. This investigation would demonstrate whether or not additional genotyping can provide 
other or more detailed information on genetic variability at microsatellite loci. Secondly, it would 
be interesting to analyse the genetic diversity of these apple collections with other molecular 
markers, preferably less polymorphic markers. If, indeed, different marker techniques measure 
different aspects of genetic variability, it might be interesting to compare and combine the genetic 
information provided by these techniques. Following, it would be of great interest for apple 
breeders to determine how genetic diversity analysed with molecular markers is related to 
phenotypic variability and, more importantly, how it reflects variability at important traits.  
With regard to the interspecific and intergeneric hybridisations, a more elaborate study is needed 
to obtain better and more detailed insights into the possibilities of wide hybridisations in apple, 
especially with regard to post-zygotic hybridisation barriers. To increase the success of 
intergeneric hybridisations, a possible strategy to follow is to first determine the genetic 
relatedness between the Maloideae species of interest and Malus × domestica. Therefore, the 
Maloideae species of interest for apple breeding should be genetically characterised in detail. 
More accessions per species should be analysed with a larger number of molecular markers. 
Following, genetic relatedness between the analysed Maloideae species and Malus × domestica 
should be calculated. Then, intergeneric pollinations should first be carried out between Malus × 
domestica and those Maloideae accessions that relate most to apple. If intergeneric hybrids can 
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be obtained in these crosses, the viability and fertility of intergeneric apple hybrids can be 
studied. These analyses can indicate whether or not further attempts of intergeneric hybridisations 
are useful.  
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Appendix A 

Table A.1: Name and code of the accessions of the collection of modern cultivars and breeding lines 
Code Accession name Code Accession name 

201 Alkmene 248 Martini 
220 Angold 249 Merlijn 
221 Arlette 250 Moiria 
813 Baskatong 251 Murray 
222 Baujade 252 Nabella 
224 Berner Rosen 253 Northern Spy 
225 Blenheim Orange 254 Nova EasyGro 
226 Bohnapfel 810 Novajo 
202 Boskoop 255 Ontario 
203 Braeburn 256 Ounce 
227 Brünnerling 257 Pepin de Blenheim 
228 Charlotte 816 Pinova 
229 Chusenrainer 258 President of England 
232 David 259 Priam 
204 Delbard Jubilée 260 Prima 
233 Ecolette 261 Primadella 
206 Elshof 262 Priscilla 
893 Elstar 263 Pristine 
234 Enterprise 286 Queen's Cox 
235 Fantasia 264 Radoux 
207 Fiesta 265 Rall's Janet 
809 Florina 267 Renora 
236 Freedom 268 Retina 
237 Frumos de Vionesti 269 Rewena 
208 Fuji 270 Ribston Pippin 
807 Gala Must 271 Rome Beauty 
818 Gertruler (Goetw.) Reinette 272 Rote Sauergrauer 
209 Gloster 273 Rouville 
961 Gloster 815 Rubinette 
210 Golden 274 Rubinola 
812 Golden Reinette 275 Selena 
239 Goldrush 276 Spokane Beauty 
211 Granny Smith 287 Stafner Rosenapfel 
213 Idared 277 Summerred 
240 Indo 218 Sunrise 
241 Ingrid Marie 817 Sunset 
214 James Grieve 219 Topaz 
215 Jonagold 814 Vanda 
806 Jonagored 278 Varka 
242 Joseph Mush 279 Wagner 
243 Kanada Reinette 280 Wellington Bloomless 
216 Karmijn 805 Wellington Reinette 
244 Kid's Orange 811 White Transparent 
217 King 281 Wijcik 
245 Liberty 283 Wintercitroenen 
246 Lundbytrop 284 Worcester Pearmain 
247 Mac Free 285 Zuzana 
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Appendix A 

Table A.2: Name and code of the accessions in the Flemish collection of old apple varieties (NBS-
collection). 

Code Accession name Code Accession name 
126 Aandenken aan Jozef Buelinckx 409 Joseph Eersels 

13 Akenaar 47 Joseph Munsch 
371 Appel Hoecke 822 Keizer Alexander 
447 Appel IV Devos 21 Kiliaan 
436 Assumpta 11 Knuts appel 
398 Batard (Paradis) 411 Kortessems Grijske 

70 Belle de Pontoise 842 Lierenaar 
32 Berglander 31 Limburgse Bellefleur 

119 Blanden nr 1 440 Linneous Pippin 
1142 Boelpaep nr 2 442 London Pippin 

128 Brugger Reinette 838 Lt. Gen. Biebuyck 
439 C.P. Violette 413 Lütticher Ananascalville 

33 Calville Rouge d'Automne 7 M.J. d'Othee 
46 Candil Sinaps 372 Madame Macors 

369 Cellini 80 Madame Macors 
1144 Charlamowski 830 Malus 

403 Charles Heylen 69 Marbrée de Hert III 
35 Court Pendu Grauwe 22 Marie Cleys 

432 Cox x Parmentier 23 Meekersappel 
821 D. Keuleman Rood 834 Melkappel 

4 De Brouwere nr 1 415 Nico 
377 De Hert III Marbrée 8 Onbekende voor waterpomp 

24 Enkele Bellefleur 81 Onbekende appel 
5 Essing (d'Hooge) 835 Ondertype Sterappel Pipeleers 

1130 Evac  384 P. Jeanne 
12 Eve's appel 1143 Pallieter 
61 Fenouillet Rouge 385 Paradijs 

392 Franc Rousseau 115 Peet Baron 
30 Franse Bellefleur 130 Pepin de Bovelingen 
78 Genet Moyle 417 Plat Poelman 

833 Goldreinette van Blenheim 132 Pomme de Rose 
101 Gravenstein 1478 Pomme Fraise 
405 Gravenstein type Dendermonde 418 Pomme Jérusalem 
110 Graverse 123 Pomme Siau 
445 Grijze Venkelappel 114 Pondappel 
112 Groene Eytjes 10 Pondappel 
422 Groninger Kroon 373 Poosting 

26 Gronsvelder Klumpke 362 Prés. Dufour Dunonceau 
74 Halve Oogstappel (Baret) 91 Puzn… 

118 Heliade 419 Rambour Mortier 
399 Herfstrambour 363 Reinette à la reine 

6 Hoeve Blonden nr 2 1131 Reinette Coulon 
832 Hondekop 127 Reinette de Geer 
846 Hunt 4 423 Reinette de Grez-Doiceau 
847 Hunt 6 424 Reinette de Tournay 
360 Jésuite 79 Reinette Delporte 
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850 Reinette Descardre 135 Speeckaert 
370 Reinette Duquesne 387 Sterwitz 

3 Reinette Hernaut 113 Superman 
425 Reinette Jaeghers 429 Swaanappel 
433 Reinette Parmentier (d'Hooge) 430 Swaar 
426 Reinette van Zorgvliet 52 Trezeke Meyers 
427 Reinette Vuurveld  435 Van Limbergen Groen 

1132 Reinette Vuurveld 434 Van Limbergen Rood 
396 Reinette Coulon 120 Vondeling Lovendegem 
414 Rode Astrakan 87 Wintercitroenen 
125 Rode Bonheider 1145 Winterwijning 

59 Rode Eytjes 831 Witte Astrakan 
40 Rode Keiing 395 Witte Zomercalville 

438 Rode Posson 83 Zaailing Keuleman Blonden 
15 Rode Walschaert 431 Zaailing Nauwelaerts nr 5 
45 Rode Wintercalville 410 Zaailing V. 
29 Rode Zomercalville 111 Zabergau Reinette 

138 Royen 136 Zijden Hemdje 
90 Roza appel 48 Zoete Bellefleur 

376 Saffron Pippin 60 Zoete Bellefleur 
1133 Semis 443 Zoete Grauwe Reinette 

845 Sletsing 441 Zoete van Scherpenheuvel 
27 Snelappel   
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Table A.3: Name and code of the accessions of the Walloon collection of old apple varieties (CRA-
collection). 

Code Accession name Code Accession name 
778 American Mother  534 Court-Pendu Doux  
654 Api  773 Court-Pendu Gaune  
762 Aventureuse  712 Court-Pendu Sugny  
588 Barthélemy du Mortier  738 Croquet  
670 Bâtard  681 Delincée  
675 Bâtard  529 Directeur Lesage  
768 Beau-Pommier  601 Dorée de Tournai  
735 Belgander  647 Double Agathe  
750 Bellaire  590 Drap d'Or  
623 Belle du Bois  555 Du Halder 
745 Belle et Bonne  742 Duchêne  
765 Belle et Bonne  548 Dutch Mignonne  
693 Belle Fontaine  602 Essching  
525 Belle-Fille  695 Evac  
664 Belle-Fleur à l'Huile  535 Fameuse  
538 Belle-Fleur de France  706 Fraise d'Holovous  
576 Belle-Fleur Large Mouche 704 Général Raewsky  
652 Belle-Fleur Large Mouche Douce  545 Gillenkroks Astrachan  
651 Belle-Fleur Tristant 705 Gloire de Fauquemont  
568 Berglander  637 Golden Kroon  
570 Bismarck 628 Golden Reinette  
641 Blanc Braibant  592 Grand Alexandre  
740 Blanche de Boehle  589 Grenadier 
747 Bleue 725 Grijze Rabauwe  
700 Bon-Pommier Defourny  569 Gris Braibant  
636 Bon-Pommier Nouveau 763 Hâtive de Rosières  
692 Bouillenne  684 Henricourt  
591 Bramley's Seedling  616 Henry  
577 Calville Blanc d'Eté  677 Henry  
565 Calville des Prairies  612 Jacques Lambert  
566 Calville des Vergers  649 Jacques Lebel  
717 Calville d'Hiver  646 Jean Hardy  
560 Calville Duquesne  642 Jean-Jacques  
711 Calville Fontaine  656 Jérusalem  
583 Calville Rouge  613 Jésuite  
581 Calville Rouge du Mont d'Or  683 Jésus  
696 Camousse  753 Jonlet  
715 Camousse  528 Joseph Musch 
758 Cellini  599 Keiing 
731 Cirée Rouge  611 Spaanse Keiing  
598 Clemens  571 Keuleman Jaune  
690 Comtesse 559 La Limbourgeoise  
767 Copette  744 La Rassenfosse  
667 Coupette 719 Larmoulin  
561 Court-Pendu de Tournay  746 Leboulle  
660 Court-Pendu d'Eijsden  722 Lemoen Appel  
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630 Leuenapfel 644 Posson de France 
754 Levaux  769 Posson Ligné  
587 Leven Alma  766 Posson  
707 Maça de Espelho  596 Président Damseaux  
650 Madame Colard  584 Président H. Van Dievoet  
699 Marbrée Blondeau  567 Pun d'Boche  
537 Marbrée de Watervliet  541 Purpurroter Cousinot  
614 Maréchal  575 Radoux  
524 Marie-Joseph d'Othée 595 Rambour de Flandre  
748 Maurtinée  606 Rambour de Flandre 
603 Melkappel 702 Rambour de Himbsel  
620 Menznauer Jäger  648 Rambour d'Eté  
638 Miel d'Acren  594 Rambour d'Hiver  
640 Multhaupt's Reinette  672 Rambour d'Hiver  
615 Newtown Pippin  676 Rambour d'Hiver  
755 Nihaut 543 Rambour Franc  
604 Norman's Pippin  617 Rambour Papeleu  
779 Orléans Reinette  531 Red Astrachan  
619 Ossekop  527 Reinette à la Reine 
756 Oury  701 Reinette Baumann 
550 Pépin d'Or de Bovelingen  685 Reinette Blanche Résimont  
776 Pépin d'Or  607 Reinette Coulon  
761 Picard  551 Reinette Coulon la Jaune  
547 Pigeonnet  689 Reinette d'Amay 
714 Piron Colard  563 Reinette d'Amblève  
737 Pomme Anthoine  549 Reinette d'Angleterre  
659 Pomme au Vin Lebeau  608 Reinette d'Anjou  
728 Pomme Beaurieux  633 Reinette de Chênée  
743 Pomme Bragard  552 Reinette de Chênée  
669 Pomme d'Argent  627 Reinette de Chevreue  
673 Pomme de Grise  709 Reinette de Crugie  
749 Pomme de Paradis  710 Reinette de Cuzy  
663 Pomme de Sucre  730 Reinette de Dourbes  
713 Pomme de Viemme  572 Reinette de France  
666 Pomme des Ruelles  634 Reinette de France  
772 Pomme Duchêne  729 Reinette de France  
674 Pomme Fraselle  662 Reinette de Kerkvoorde  
770 Pomme Georgine  542 Reinette de la Dief  
624 Pomme Laloux  703 Reinette de Landsberg  
635 Pomme Obus Vivier  610 Reinette de Lucas  
698 Pomme Pirzou  736 Reinette de Mariencourt  
682 Pomme Pointue Desaive  526 Reinette de Zandvliet  
665 Pomme-Poire 732 Reinette d'Egypte  
724 Pomme Rose  553 Reinette Descardre  
759 Pomme Saroléa  726 Reinette Désert  
733 Pomme Sokay  557 Reinette d'Huissignies  
686 Pomme Tardive Marquet  536 Reinette d'Ohain  
777 Pomme Vandenhaute  639 Reinette du Mans  
679 Pomme Verte Delplace  544 Reinette du Vieux Waleffe  
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760 Reinette Dubois  546 Schöner v. Nordhausen 
618 Reinette Duchêne  558 Souvenir d'Etichove 
694 Reinette Grise  632 Spéche  
622 Reinette Hernaut  539 Speeckaert Appel  
771 Reinette Jaune Etoilée  688 Streeping  
687 Reinette Michiels  775 Tardive d'Havelange  
626 Reinette Parmentier  678 Tequenne  
573 Reinette Rouge Etoilée  671 Tête de Cheval  
708 Reinette Struel  580 Trezeke Meyers  
752 Rhodos 720 Tuinzoet  
741 Rosalie  727 Type Eisdener Meulemans  
723 Rosappel  530 Vandevere 
757 Rosette  657 Verdia Rouge  
593 Roter Cardinal  564 Vlaamsch Congres  
533 Roter Eiserapfel  658 Vlaanderen's Roem  
734 Royale Coquette  629 Vondeling Lovendegem  
540 Saint-Bernard  585 Winesap  
691 Sainte-Catherine  661 Winterperzikappel  
716 Saint-Omer  586 Zigeunerin  
764 Saint-Victor  680 Zweijährsapfel  
739 Sans Pareille Sossois   

 

 180



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX B 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 



Appendix B 

cfr. Figure V.1 and V.2: Wilcoxon pairwise comparisons between cross combinations for total 
number of pollen grains present on stigmas (per flower) of Malus × domestica cvs ‘Delbardestivale’ 
(a) and ‘Braeburn’ (b) five days after pollination in interspecific and intergeneric crosses in 2003. 
‘1’ represents similarity (Wilcoxon, P < 0.05). 
 

No                                                 

Cross 0                No                                
MA15 0 0               Cross 0                              
MA17 0 0 0              MA15 0 0                            
MA18 0 0 0 1             MA18 0 0 0                          
MA19 0 0 0 0 0            MA19 0 1 0 0                        
MA21 0 1 0 0 1 1           MA21 0 0 1 1 0                      
MA22 0 0 0 1 1 0 1          MA22 0 0 1 1 0 1                    
CH12 0 0 0 1 1 0 0 1         CH12 0 1 0 1 1 0 0                  
CH13 0 0 0 1 0 0 0 0 1        CH13 0 0 1 1 0 1 1 0                
CH14 0 0 0 1 1 0 1 1 1 1       CH14 0 0 0 1 0 1 1 0 1              
CH17 0 1 0 0 1 0 1 0 0 0 0      CH17 0 0 0 1 0 1 1 0 1 1            

CY4 0 1 0 0 1 1 1 1 1 0 1 1     CY4 0 0 0 1 0 1 1 1 1 1 1          
ME2 0 0 0 1 1 0 1 0 1 1 1 0 0    ME2 0 0 0 1 1 0 0 1 1 1 1 1        

PY10 0 0 0 0 1 0 1 0 0 0 0 1 1 1   PY10 0 1 0 0 1 0 0 1 0 0 0 0 1      
PY9 0 1 0 0 0 1 1 0 0 0 0 1 0 0 1  PY9 0 1 0 0 1 0 0 1 0 0 0 0 0 1    
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cfr. Figure V.3 and V.4: Wilcoxon pairwise comparisons between cross combinations for number of 
germinated pollen grains on stigmas (per flower) of Malus × domestica cvs ‘Delbardestivale’ (a) and 
‘Braeburn’ (b) five days after pollination in interspecific and intergeneric crosses in 2003. ‘1’ 
represents similarity (Wilcoxon, P < 0.05). 
 

No                                 
Cross 0                No                 

MA15 0 0               Cross 0                
MA17 0 0 0              MA15 0 0               
MA18 0 1 0 0             MA18 0 0 0              
MA19 0 0 0 0 0            MA19 0 1 0 1             
MA21 0 1 0 0 1 0           MA21 0 0 0 0 0            
MA22 0 0 0 0 1 0 0          MA22 0 0 1 0 0 0           
CH12 0 0 0 1 0 0 0 1         CH12 0 0 0 1 1 0 0          
CH13 0 0 0 1 0 0 0 0 1        CH13 0 0 1 0 0 1 1 0         
CH14 0 0 0 1 0 0 0 1 1 1       CH14 0 0 0 1 0 1 0 0 1        
CH17 0 1 0 0 1 0 1 0 0 0 0      CH17 0 0 0 0 0 1 0 0 1 1       

CY4 0 1 0 1 1 0 1 1 1 0 1 1     CY4 0 0 0 0 0 1 0 0 1 1 1      
ME2 0 0 0 1 0 0 0 0 1 1 1 0 0    ME2 0 0 1 0 0 0 1 0 1 0 0 0     

PY10 0 1 0 0 1 0 1 0 0 0 0 1 1 1   PY10 0 1 0 1 1 0 0 1 0 0 0 0 0    
PY9 0 1 0 0 0 1 1 0 0 0 0 1 0 0 1  PY9 0 1 0 0 1 0 0 0 0 0 0 0 0 1   
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Appendix B 

cfr. Figure V.6: Wilcoxon pairwise comparisons between cross combinations for number of pollen 
tubes at the top (a), 1/3 (b), 2/3 (c) and the base of styles (d) (per flower) of Malus × domestica cv 
‘Delbardestivale’ five days after pollination in interspecific and intergeneric crosses in 2003. ‘1’ 
represents similarity (Wilcoxon, P < 0.05). 
 

No                 No                 
Cross 0                Cross 0                

MA15 0 0               MA15 0 0               
MA17 0 0 1              MA17 0 0 1              
MA18 0 1 0 0             MA18 0 1 0 0             
MA19 0 1 0 0 1            MA19 0 1 0 0 1            
MA21 0 1 0 0 1 1           MA21 0 1 0 0 1 1           
MA22 0 0 0 0 0 0 0          MA22 0 0 0 0 0 0 0          
CH12 0 0 1 1 0 0 0 0         CH12 1 0 0 0 0 0 0 0         
CH13 0 0 0 0 0 0 0 0 1        CH13 1 0 0 0 0 0 0 0 1        
CH14 1 0 0 0 0 0 0 0 0 0       CH14 1 0 0 0 0 0 0 0 1 1       
CH17 0 0 1 1 0 0 0 0 1 1 0      CH17 1 0 0 0 0 0 0 0 1 1 1      

CY4 0 0 0 0 0 0 0 0 0 1 0 0     CY4 0 0 0 0 0 0 0 0 1 1 0 0     
ME2 0 0 1 0 0 0 0 0 1 1 0 1 1    ME2 0 0 0 0 0 0 0 0 1 1 0 0 1    

PY10 0 0 1 1 0 0 0 0 1 0 0 1 0 1   PY10 0 0 1 0 0 0 0 0 0 0 0 0 0 1   
PY9 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0  PY9 0 0 1 1 0 0 0 1 0 0 0 0 0 0 0  
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No                 No                 
Cross 0                Cross 0                

MA15 0 0               MA15 0 0               
MA17 0 0 1              MA17 1 0 1              
MA18 0 1 0 0             MA18 0 1 0 0             
MA19 0 1 0 0 1            MA19 0 0 0 0 0            
MA21 0 1 0 0 1 1           MA21 0 1 0 0 1 1           
MA22 0 0 0 0 0 0 0          MA22 0 0 1 0 0 0 0          
CH12 1 0 0 0 0 0 0 0         CH12 1 0 0 1 0 0 0 0         
CH13 1 0 0 0 0 0 0 0 1        CH13 1 0 0 1 0 0 0 0 1        
CH14 1 0 0 0 0 0 0 0 1 1       CH14 1 0 0 1 0 0 0 0 1 1       
CH17 1 0 0 0 0 0 0 0 1 1 1      CH17 1 0 0 1 0 0 0 0 1 1 1      

CY4 1 0 0 0 0 0 0 0 1 1 1 1     CY4 1 0 0 1 0 0 0 0 1 1 1 1     
ME2 1 0 0 0 0 0 0 0 1 1 1 1 1    ME2 1 0 0 1 0 0 0 0 1 1 1 1 1    

PY10 1 0 0 0 0 0 0 0 1 1 1 1 1 1   PY10 1 0 0 1 0 0 0 0 1 1 1 1 1 1   
PY9 0 0 1 1 0 0 0 0 0 0 0 0 0 1 0  PY9 1 0 0 1 0 0 0 0 1 1 1 1 1 1 1  
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Appendix B 

cfr. Figure V.7: Wilcoxon pairwise comparisons between cross combinations for number of pollen 
tubes at the top (a), 1/3 (b), 2/3 (c) and the base of styles (d) (per flower) of Malus × domestica cv 
‘Braeburn’ five days after pollination in interspecific and intergeneric crosses in 2003. ‘1’ represents 
similarity (Wilcoxon, P < 0.05). 
 

No                No                
Cross 0               Cross 0               

MA15 0 0              MA15 0 0              
MA18 0 0 0             MA18 0 0 0             
MA19 0 1 0 1            MA19 0 1 0 1            
MA21 0 0 0 0 0           MA21 0 0 0 0 0           
MA22 1 0 1 0 0 0          MA22 1 0 1 0 0 0          
CH12 0 0 0 1 1 1 0         CH12 0 0 0 0 0 1 0         
CH13 0 0 1 0 0 0 1 0        CH13 1 0 0 0 0 0 1 0        
CH14 0 0 0 0 0 1 0 1 0       CH14 0 0 1 0 0 1 1 1 0       
CH17 0 0 1 0 0 1 0 0 1 1      CH17 0 0 1 0 0 0 1 0 0 1      

CY4 0 0 1 0 0 0 1 0 1 0 0     CY4 0 0 1 0 0 0 1 0 0 1 1     
ME2 1 0 1 0 0 0 1 0 1 0 0 1    ME2 1 0 1 0 0 0 1 0 1 1 1 1    

PY10 0 1 0 1 1 0 0 1 0 0 0 0 0   PY10 0 0 0 1 1 1 0 0 0 0 0 0 0   
PY9 0 1 0 1 1 0 0 0 0 0 0 0 0 1  PY9 0 0 0 1 1 0 0 0 0 0 0 0 0 1  
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No                No                
Cross 0               Cross 0               

MA15 0 0              MA15 0 0              
MA18 0 1 0             MA18 0 1 0             
MA19 0 1 0 1            MA19 0 1 0 1            
MA21 0 0 1 0 0           MA21 0 0 1 0 1           
MA22 1 0 1 0 0 0          MA22 1 0 0 0 0 0          
CH12 0 0 1 0 0 1 1         CH12 1 0 0 0 0 0 1         
CH13 1 0 0 0 0 0 1 0        CH13 1 0 0 0 0 0 1 1        
CH14 1 0 1 0 0 0 1 1 1       CH14 1 0 0 0 0 0 1 1 1       
CH17 1 0 0 0 0 0 1 0 1 1      CH17 1 0 0 0 0 0 1 1 1 1      

CY4 1 0 0 0 0 0 1 0 1 1 1     CY4 1 0 0 0 0 0 1 1 1 1 1     
ME2 1 0 1 0 0 0 1 1 1 1 1 1    ME2 1 0 1 0 0 1 1 1 1 1 1 1    

PY10 0 0 1 0 0 1 0 1 0 1 0 0 1   PY10 1 0 1 0 0 1 1 1 1 1 1 1 1   
PY9 0 0 0 0 1 1 0 0 0 0 0 0 0 1  PY9 0 0 1 0 0 1 0 0 0 0 0 0 1 1  
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Appendix B 

cfr. Figure V.10 and V.11: Wilcoxon pairwise comparisons between cross combinations for total 
number of pollen grains present on stigmas (per flower) of Malus × domestica cvs ‘Delbardestivale’ 
(a, b) and ‘Braeburn’ (c, d) in intergeneric crosses in 2004, five (a, c) and seven (b, d) days after 
pollination. ‘1’ represents similarity (Wilcoxon, P < 0.05). 
 

No         No         No         No         
Cross 0        Cross 0        Cross 0        Cross 0        
CH18 0 1       CH18 0 1       CH18 0 1       CH18 0 1       

CY5 0 1 1      CY5 0 0 1      CY5 0 1 1      CY5 0 1 1      
ME3 0 0 0 0     ME3 0 0 0 0     ME3 0 0 0 0     ME3 0 1 0 0     

PY11 0 0 0 0 0    PY11 0 0 0 0 0    PY11 0 0 0 0 0    PY11 0 0 0 1 0    
NA1 0 1 1 1 0 0   NA1 0 0 1 1 0 0   NA1 0 0 0 1 0 1   NA1 0 1 1 1 0 1   
NA2 0 1 1 1 0 0 1  NA2 0 0 1 1 0 1 1  NA2 0 1 1 0 0 0 0  NA2 0 1 1 1 1 0 0  
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cfr. Figure V.12 and V.13: Wilcoxon pairwise comparisons between cross combinations for number 
of germinated pollen grains on stigmas (per flower) of Malus × domestica cv ‘Delbardestivale’ (a, b) 
and ‘Braeburn’ (c, d) in intergeneric crosses in 2004, five (a, c) and seven (b, d) days after 
pollination. ‘1’ represents similarity (Wilcoxon, P < 0.05). 
 

No         No         No         No         
Cross 0        Cross 0        Cross 0        Cross 0        
CH18 0 0       CH18 0 0       CH18 0 0       CH18 0 0       

CY5 0 1 0      CY5 0 1 0      CY5 0 1 1      CY5 0 0 1      
ME3 0 0 0 0     ME3 0 0 1 0     ME3 0 0 0 0     ME3 0 0 0 0     

PY11 0 0 0 1 0    PY11 0 0 0 0 0    PY11 0 0 0 0 0    PY11 0 0 0 0 0    
NA1 0 1 0 1 0 0   NA1 0 1 0 1 0 0   NA1 0 1 0 0 0 0   NA1 0 1 0 0 0 0   
NA2 0 1 0 1 0 1 1  NA2 0 0 0 1 0 1 1  NA2 0 1 1 1 1 0 0  NA2 0 0 1 1 1 0 0  
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Appendix B 

cfr. Figure V.14 and V.15: Wilcoxon pairwise comparisons between cross combinations for number 
of pollen tubes at the top (a, e), 1/3 (b, f), 2/3 (c, g) and the base of styles (d, h) (per flower) of Malus 
× domestica cvs ‘Delbardestivale’ (a, b, c, d) and ‘Braeburn’ (e, f, g, h) five days after pollination in 
intergeneric crosses in 2004. ‘1’ represents similarity (Wilcoxon, P < 0.05). 
 

No         No         No         No         
Cross 0        Cross 0        Cross 0        Cross 0        
CH18 0 0       CH18 1 0       CH18 0 0       CH18 1 0       

CY5 0 0 0      CY5 0 0 0      CY5 0 0 0      CY5 1 0 0      
ME3 0 0 1 0     ME3 0 0 0 0     ME3 1 0 0 0     ME3 1 0 1 0     

PY11 0 0 0 1 0    PY11 0 0 0 1 0    PY11 1 0 0 0 1    PY11 1 0 1 1 1    
NA1 0 0 0 1 0 1   NA1 0 0 0 1 0 1   NA1 1 0 0 1 1 1   NA1 1 0 1 1 1 1   
NA2 0 0 0 1 0 0 1  NA2 0 0 0 1 0 1 1  NA2 1 0 0 0 1 1 1  NA2 1 0 1 0 1 1 1  
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No         No         No         No         
Cross 0        Cross 0        Cross 0        Cross 0        
CH18 0 0       CH18 0 0       CH18 1 0       CH18 1 0       

CY5 0 0 1      CY5 0 0 1      CY5 0 0 0      CY5 1 0 1      
ME3 0 0 0 0     ME3 1 0 1 0     ME3 1 0 1 1     ME3 1 0 1 1     

PY11 0 0 0 0 0    PY11 0 1 0 0 0    PY11 0 1 0 0 0    PY11 1 0 1 1 1    
NA1 0 0 0 0 0 0   NA1 0 0 0 1 0 0   NA1 0 0 0 1 1 0   NA1 1 0 1 1 1 1   
NA2 0 0 1 1 1 0 1  NA2 0 0 1 1 0 0 1  NA2 0 0 0 1 0 0 1  NA2 1 0 1 1 1 1 1  
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cfr. Figure V.16 and V.17: Wilcoxon pairwise comparisons between cross combinations for number 
of pollen tubes at the top (a, e), 1/3 (b, f), 2/3 (c, g) and the base of styles (d, h) (per flower) of Malus 
× domestica cvs ‘Delbardestivale’ (a, b, c, d) and ‘Braeburn’ (e, f, g, h) seven days after pollination 
in intergeneric crosses in 2004. ‘1’ represents similarity (Wilcoxon, P < 0.05). 
 

No         No         No         No         
Cross 0        Cross 0        Cross 0        Cross 0        
CH18 0 0       CH18 1 0       CH18 0 0       CH18 0 0       

CY5 0 0 0      CY5 0 0 0      CY5 1 0 0      CY5 1 0 0      
ME3 0 0 0 1     ME3 0 0 0 1     ME3 0 0 0 1     ME3 1 0 1 1     

PY11 0 1 0 0 0    PY11 0 0 0 0 0    PY11 0 0 0 1 1    PY11 0 0 1 0 1    
NA1 0 0 0 1 1 0   NA1 0 0 0 0 1 0   NA1 0 0 0 0 1 1   NA1 0 0 1 0 1 1   
NA2 0 1 0 0 0 1 0  NA2 0 0 0 0 0 1 1  NA2 1 0 0 1 1 1 0  NA2 1 0 1 1 1 1 1  
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No         No         No         No         
Cross 0        Cross 0        Cross 0        Cross 0        
CH18 0 0       CH18 0 0       CH18 1 0       CH18 1 0       

CY5 0 0 1      CY5 0 0 0      CY5 0 0 0      CY5 0 0 0      
ME3 0 0 1 1     ME3 0 0 1 1     ME3 0 0 0 1     ME3 1 0 1 0     

PY11 0 1 0 0 0    PY11 0 0 0 1 0    PY11 0 0 0 1 1    PY11 1 0 1 0 1    
NA1 0 1 0 0 0 1   NA1 0 1 0 0 0 0   NA1 0 1 0 0 0 0   NA1 0 1 0 1 0 0   
NA2 0 0 1 1 0 0 0  NA2 0 0 1 1 1 0 0  NA2 0 0 0 1 1 1 0  NA2 0 0 0 1 1 0 0  
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Appendix B 

cfr. Figure V.18 and V.19: Wilcoxon pairwise comparisons between cross combinations for total (a) 
and germinated (b) number of pollen grains present on stigmas (per flower) of Malus × domestica cv 
‘Delbardestivale’ seven days after pollination in intergeneric crosses in 2005. ‘1’ represents 
similarity (Wilcoxon, P < 0.05). 
 

No      No      
Cross 0     Cross 0     
CY5 0 0    CY5 0 0    
ME3 0 0 1   ME3 0 0 0   

PY11 0 0 1 1  PY11 0 0 0 0  
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cfr. Figure V.20: Wilcoxon pairwise comparisons between cross combinations for number of pollen 
tubes at the top (a), 1/3 (b), 2/3 (c) and the base of styles (d) (per flower) of Malus × domestica cv 
‘Delbardestivale’ seven days after pollination in intergeneric crosses with in 2005. ‘1’ represents 
similarity (Wilcoxon, P < 0.05). 
 

No      No      No      No      
Cross 0     Cross 0     Cross 0     Cross 0     
CY5 0 0    CY5 0 0    CY5 0 0    CY5 1 0    
ME3 0 0 0   ME3 0 0 1   ME3 1 0 0   ME3 1 0 1   

PY11 0 0 0 0  PY11 0 0 0 0  PY11 0 0 1 0  PY11 1 0 1 1  
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