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Bibliographic Abstract

This thesis describes the mapping and characterisation of QTLs, in Solanum spegazzinii,
that are involved in resistance to the potato cyst-nematodes Globodera rostochiensis and
G. pallida. For this purpose an RFLP linkage map of potato is constructed based on the
offspring from non-inbred parents. Phenomena like distorted segregation and reduced
recombination that are observed during linkage analysis are discussed. Several QTLs are
mapped that are involved in resistance to G. restochiensis and one major QTL that is
involved in resistance to G. pallida. Single point analysis and interval mapping are
employed for the localisation of the QTLs. Other quantitative traits like tuber yield and
root development are mapped as well, In addition a method is described for the non-
radioactive detection of single copy DNA-DNA hybrids.

Key-words: restriction fragment length polymorphism, linkage map, potato, Solanum
spegazzinii, potato cyst-nematodes, Globodera rostochiensis, Globodera pallida,
resistance, quantitative trait loci.
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Stellingen

1. Het gezamelijke gewicht van de cysten aan het wortelstelsel heeft een even
goede voorspellende waarde voor de mate van resistentie of gevoeligheid van
de plant als het aantal cysten.

2. De volgorde van de loci van een samengestelde kaart kan beinvloed worden
door de variatie in de recombinatie frequenties tussen de afzonderlijke
kaarten,

3. Het in kaart brengen en karakteriseren van kwantitatieve eigenschappen in
een kruisbevruchtend gewas dient in een Fl- én in een terugkruisings-
populatie te gebeuren.

4. De titel van het artikel van Chetelat en DeVerna in TAG (1991) 82:704-712 is
niet in overeenstemming met de resultaten die in dat artikel worden
gepresenteerd.

5. Een marker is geen merker.

6. Het begrip duurzame resistentie is niet te hanteren in de veredelingspraktijk.

7. De grootte van de werkkamer zegt niets over de kwaliteit van de onderzoeker.

8. De vergelijking tussen een promotie en een bevalling wordt niet alleen
gemaakt omdat beiden zoveel inspanning kosten.

9. Roddelen is sociaal.

10. Bescheidenheid ontsiert de mens.

Stellingen behorende bij het proefschrift getiteld “Mapping and
characterisation of quantitative trait loci conferring nematode resistance in
Solanum spegazzinii”, door C.M. Kreike, in het openbaar te verdedigen op
woensdag 28 juni 1995, te Wageningen.
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Chapter 1

CHAPTER 1

INTRODUCTION

Quantitative traits

The majority of important traits of agricultural crops are inherited quantitatively.
These quantitative traits are characterised by a continuous distribution of the phenotypic
value. This variation is generally assumed to be due to the presence of multiple loci, each
of them indicated as a quantitative trait locus (QTL), and environmental effects
(Johanssen 1909; Nilsson-Ehle 1919; East 1915). A subdiscipline of genetics, quantitative
genetics, originated in the early part of this century for dealing with such traits.
Quantitative geneticists tried to estimate the approximate number of loci, the average
gene action (e.g. dominance, recessiveness), and the degree to which the various QTLs
interact with each other and the environment, from the continuous phenotypic
distribution of a quantitative trait (Falconer 1960; Mather and Jinks 1971). In spite of
the complex statistical procedures that were used, the magnitude of the effect of the
individual loci and their gene action could not be determined with great precision.

Thoday (1961} proposed to use single gene markers to map and characterise
individual QTLs that control quantitative traits. The single gene markers should be
scattered throughout the genome of an organism and the segregation of these markers
can subsequently be used to detect and estimate the effect of a linked QTL. The first
single gene markers that were applied were morphological markers. Sax reported already
in 1923 the association between a monogenic trait, seed-coat pigmentation, and a
quantitative trait, seed size, in beans. However, for most organisms only a few
morphological markers are known and complete genetic maps comprising these markers
are scarce, so additional single gene markers are needed for the analyses of quantitative

traits.
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Biochemical and molecular markers

Isozyme markers were the first biochemical single gene markers that were employed
for genetic analyses of quantitative traits {Edwards et al. 1987; Tanksley et al. 1982).
These markers were more abundant than morphological markers, but still their number
is limited and there are not enough informative markers to cover an entire genome.

The number of molecular single gene markers that can be produced is virtually
inexhaustible. These markers are DNA based and distributed over the entire genome.
Other advantages compared to morphological markers are their codominance,
phenotypic neutrality and their lack of epistatic and pleiotropic effects. Nowadays,
several different types of molecular markers are available for genetic studies like RFLPs,
RAPDs, STSs, STMSs and AFLPs.

A method to detect DNA sequence variation was first described by Grodzicker et al.
(1974). Botstein et al. (1980) named these molecular markers restriction fragment length
polymorphism’s (RFLPs). The advantage of working with RFLP markers is that this type
of marker is codominant and locus specific and can be used in other genotypes and
closely related species as well, like for instance in potato and tomato (Bonierbale et al.
1988), cereals (Hulbert et al. 1990) and conifers (Ahuja et al. 1994).

Random amplified polymorphic DNA or RAPD markers (Williams et al. 1990)
were developed after the invention of the polymerase chain reaction (PCR) technique
{Saiki et al. 1985; Mullis and Faloona 1987). The RAPD technique is very fast but
reproducibility between laboratories can be a problem. Another disadvantage is the
dominant and genotype specific character of RAPD markers, e.g. for each new genotype
a new assay has to be carried out. The dominance of the markers can be a problem when
mapping approaches are undertaken in an F2 population. The low information content
of the RAPD markers results in less statistical power for mapping (Sill and Nilsson
1994).

Sequence tagged site (STS) markers can be derived from RFLP or RAPD markers
(Olsen et al. 1989) and sequence tagged microsatellite site (STMS) markers from
microsatellites (Beckman and Soller 1990}. These markers are codominant and the PCR
dependent DNA amplification has a good reproducibility. In plants, the STS markers are
also referred to as CAPS, cleaved amplified polymorphic sequence (Konieczny et al.
1993) and SCAR, sequence characterised amplified regions (Paran and Michelmore
1993). A disadvantage of the STS and STMS markers is that the costs to develop them
are very high.
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Recently, a new kind of molecular marker, AFLP (amplified fragment length
polymorphism), has been developed by Zabeau and Vos (1992). The AFLP technique is
very fast and vields an enormous amount of data in a relatively short time (Zethof et al.
1994}.

Linkage maps

A linkage map represents the relative order of genetic markers along a
chromosome, Recombination frequencies are used to determine the relative distance
between the markers. The first linkage maps in crop plants that contained molecular
markers were published for inbreeding species like maize, tomato and lettuce (Helentjaris
et al. 1986; Tanksley et al. 1987; Landry et al. 1987, resp.). The parents in these crosses
were homozygous and F2 or BC generations were used to perform linkage analysis. For
outbreeding species like potato and apple, heterozygous parents are used to obtain
segregating populations and mapping can be performed in the F1 offspring of a single
pair mating (Gebhardt et al. 1989; Hemmat et al. 1994). Since often both parents are
heterozygous at many loci, a linkage map can be constructed of both genitors. These
linkage maps can be combined with JoinMap (Stam 1993), a software package which has
a built-in facility for the integration of genetic maps. The alignment of the homologous
parental chromosomes requires at least two common markers for a correct orientation.

Nowadays detailed RELP linkage maps are available for most important agricultural
crops like maize {Coe et al. 1990), tomato and potato (Tanksley et al. 1992; Gebhardt et
al. 1991), lettuce {Kesseli et al. 1990), rice (McCouch et al. 1988, Nagamura et al. 1994),
Brassica (Slocum et al. 1990), Arabidopsis (Hauge et al. 1993), soybean {Tingey et al.
1989), alfalfa {Brummer et al. 1993; Echt et al. 1994}, bananas (Fauré et al. 1993), cereals
{Chao et al. 1989; Chittenden et al. 1994; Devos et al. 1992; O’Donoughue et al. 1994;
Philipp et al. 1994; Xie et al. 1993), trees and conifers (Binelli and Bucci 1994; Broome et
al. 1994; Devey et al. 1994; Karjalainen et al. 1994; Nelson et al. 1993) and peanut
(Halward et al. 1993). Linkage maps are also in development for citrus (Cheng et al,
1994), cocoa (Lanaud et al. 1994), coffee (Paillard et al. 1994; Lashermes et al. 1994},
cassava (Angel et al. 1994) and sunflower (Gentzbittel et al. 1994; Jan et al. 1994)

Mapping of quantitative traits with molecular markers
Several statistical procedures can be followed to asses linkage of a QTL and a marker

gene. The simplest way is to analyse the quantitative data using one marker at the time in
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a one-way analysis of variance (ANOVA) with marker genotypes as classes. This
approach is referred to as single point analysis and does not require a complete linkage
map {Keim et al. 1990; Reiter et al. 1991}. Disadvantage of this method is that it cannot
discriminate between the effect of a putative QTL and the degree of linkage with the
marker, Due to recombination events between marker and QTL the magnitude of the
effect of the QTL will be underestimated. Nevertheless, when a linkage map is available, a
graphical representation of the variance ‘explained’ by each marker may give a first
impression as to the genomic regions with ‘QTL activity’,

If a complete linkage map is available, so called interval mapping is a better
approach for finding linkage between a QTL and marker genes. Instead of analysing the
population one marker at the time, pairs of linked markers are used in the analysis. By
considering adjacent marker-flanked intervals, the whole genome map is scanned for the
presence of QTLs. The recombination distance between the flanking markers is known
and enables not only the estimation of the effect of a putative QTL in between the
markers but also the estimation of its most likely position in the interval. Therefore the
localisation and estimation of the magnitude of the effect of the QTL can be performed
more precisely.

Interval mapping was first performed in tomato (Paterson et al. 1988 and 1991)
and has subsequently been used successfully for several quantitative traits in other species
as well like maize (Stuber et al. 1992; Azanza et al. 1994; Gonzilez-de-Leon et al. 1994),
Vigna (Fatokun et al. 1992), tomato (e Vicente and Tanksley 1993; Aitken et al. 1994),
potato {(Bonierbale et al. 1994; Leonards-Schippers et al. 1994), soybean (Lark et al. 1994;
Webb et al. 1994; Brummer et al. 1994), mungbean (Young et al. 1993) and rice (Ahn et
al. 1993; Yano 1994).

Population size and type {BC or F2) are essential factors in the detection of QTLs
with small effects (Van Ooijen 1992). To increase the possibility of detecting a QTL, it is
very important to choose parents that are significantly different from each other with
respect to the trait of interest. Also, selective genotyping of the population, i.e. only
genotyping the individuals at the extreme ends of the distribution, can decrease the
amount of molecular analyses without great loss of detection power (Lander and Botstein
1989}).
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Characterisation of quantitative traits

Next to the localisation of QTLs, also other characteristics of genes involved in
quantitative traits can be established. First, there is the magnitude of the phenotypic
effect of a QTL. It is important to know whether a quantitative trait is controlled by
many QTLs, each with a small effect, or only a few QTLs with large effects. The fraction
of the phenotypic variation of the quantitative trait that can be explained with the QTLs
that have been mapped, is an indication whether major QTLs that contribute to the trait
are still undetected.

Secondly, once a QTL has been mapped, the gene action or gene (allele) doses can
be resolved with linked molecular markers, Thus far, mostly F2 populations were used to
determine the gene dosis (Edwards et al. 1987; Paterson et al, 1991; Stuber et al. 1992).

Thirdly, also epistasis, the interaction between the different QTLs, can be studied.
Usually two-way analysis of variance (two-way ANOVA) is employed to determine
epistatic interactions between the loci. A few instances of epistasis between QTLs have
been reported, but this phenomenon seems not to be prominent (Edwards et al. 1987;
Paterson et al. 1988 and 1991; Lark et al. 1994},

Finally, the influence of the environment on a quantitative trait can be studied.
One approach to determine QTL-environment interaction is to grow a mapping
population in various environments {locations, years) and to perfrom a QTL search for
each environment. (Paterson et al. 1991; Stuber et al. 1992). These studies suggest that
QTLs with a large effect will be active in several environments, whereas QTLs with small
effects can be environment specific. Hayes et al. (1993) noticed that environmental
interactions were expressed as differences in the magnitude of the QTL effect. QTLs can
also be mapped in different populations and compared with each other, as has been done
in maize (Melchinger et al. 1994).

In the approaches described above, a putative QTL is treated as if it were a known
single gene. It should be noted that QTLs as detected with the presently available
statistical tools may very well be the result of the joint effect of more than one gene. Up
till now no cases have been reported where the one-to-one relation between a QTL and a

known gene has been demonstrated.
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Mapping and characterisation of quantitative trait loci conferring nematode resistance
in Solanum spegazzinii

In this thesis I describe the mapping and characterisation of QTLs, in Selanum
spegazzinii, that are involved in resistance to the potato cyst-nematodes Globodera
rostechiensis and G. pallida.

Potato cyst-nematodes

Potato cyst-nematodes can cause severe damage to the roots of a potato plant which
eventually will result in considerable yield losses. Two species of potato cyst-nematodes,
i.e. Globodera rostochiensis (Woll.) and G. pallida (Stone) have been described. These
nematodes are believed to have originated in the Andean region of Peru and Bolivia
(Evans et al. 1975 and 1977) but are now distributed world-wide. The species can be
distinguished morphologically by the colour of the females and the cysts, golden yellow
in G. rostochiensis and white or cream in G. pallida, and by differences in the second-
stage juveniles {Stone 1972). Also with protein electrophoretic techniques (Trudgill and
Parrott 1972; Bakker et al. 1988), RFLPs (De Jong et al. 1989), species-specific
monoclonal antibodies (Schots et al. 1988 and 1989) and species specific repetitive DNA
sequences (Stratford et al. 1992), these nematode species can be identified.

At present five pathotypes of G. rostochiensis and three of G. pallida have been
recognised in Europe. An international scheme to classify these pathotypes has been
proposed by Kort et al. (1977) and is shown in Table 1. The scheme is based upon the
ability or inability of the nematode populations to reproduce on a number of particular
potato clones, known as differentials, Each clone possess a different set of resistance
genes. The Pf/Pi ratio (Pf= formed number of cysts, Pi= initial number of cysts) is used
as a measure for the multiplication rate of the nematode population on a differential.
The populations are classifted as virulent or avirulent if the Pf/Pi ratio are >1 or <1,

respectively.

Resistance against potato cyst-nematodes in Solanum species

The genus Selanum, to which the cultivated potato belongs, is extremely diverse,
containing about 1000 species. In addition to S. tuberosum, some six other cultivated
species and over 230 wild species of potato are generally recognized {Hawkes 1990). The
tuber-bearing wild species are completely confined to the South-American continent
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and many are of considerable interest 10 potato breeders because of their resistance to

pests and pathogens.

Table 1. Internatonal scheme for potato cyst-nematode nomenclature. A multiplication ratio on a
differential genotype < 1 indicates resistance (-), a multiplication ration > 1 indicates susceptibility (+).

Rol Ro2 PRo3 Ro4 Ro5 Pal Pa2 Pa3l

Clone plant
resistance code
S. tuberosum ssp tuberosum + + + + + + + +
8. tuberosum ssp andigena Rol,4 - + + - + + + +
CPC 1673 hybr.
S. kurtianum hybr. 60.21.19 Rol,2 - - + + + + + n
§. vernei hybr. 58.1642/4 Rol2,3 - - - + + + + +
S. vernei hybr. 62.33.3 Rol2,3.4 - - - + + - - +
Pal,2
S. vernei hybr. 65.346/19 Rol2,34,5 - ... + o+ 4
§. mulvidissectum hybr. P 55/7 Pal + + + + + - + +
S. vernei hybr. 69.1377/94 Rol,2,3,4,5 - - - - - - - .
Pal,?2,3

The cultivated potato, S. tuberosum, originated as a hybrid between the diploid
cultivated 8. stenotomum and the diploid weed S. sparsipilum, subsequently followed by
chromosome doubling. This event would have taken place in the Andes and the Andean
subspecies, S. tuberosum ssp andigena, was most likely formed first (Hawkes 1990). S.
tuberosum ssp tuberosum does not posses any resistance to the two species of nematodes.
Resistance to these major pests have therefore been searched for in many wild potato
species (Dellaert et al. 1987, 1988; Turner 1989; Jackson et al. 1988; Van Soest et al.
1983). The muost important resistance sources that are presently used by plant breeders
are derived from the diploid wild potato species S. tuberosum ssp andigena, S. vernei
and S. spegazzinii.

S. tuberosum ssp andigena CPC 1673 possesses a qualitative resistance locus (H1)
that provides complete resistance to pathotypes Rol and Ro4 of G. rostochiensis
(Toxopeus and Huijsman 1953). A gene-for-gene relationship has been found between
H1, which has been mapped on potate chromosome 5 by Gebhardt et al. (1993), and
Pineda et al. (1993), and an avirulence gene of G. rostochiensis pathotype Rol (Janssen
et al. 1991).

S. vernei possesses a quantitative resistance against G. rostochiensis pathotype Rol
(Plaisted et al. 1962} and also against some pathotypes of G. pallida (Ross 1986). The

resistance against both nematodes is presumably polygenic (Ross 1986).
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S. spegazzinii is yet another source of resistance to G. rostochiensis pathotype Rol.
Ross (1962} described two independent monogenic dominant resistance genes in the
accession EBS510, Fa and Fb. The Fa gene is involved in resistance to G. rostochiensis
pathotype Rol and Ro2 while the Fb gene provides resistance to the pathotypes Rol and
Ro5 and, in combination with minor genes, also to the pathotypes Ro2, 3 and 4 (Ross
1986). A qualitative resistance locus Grel against G. rostochiensis pathotype Rol from S.
spegazzinii has been mapped on chromosome 7 (Barone et al. 1990),

S. spegazzinii BGRC 8218 clone 15 is one of the genotypes studied by Dellaert et al.
(1988), which showed resistance to G. rostochiensis as well as to G. pallida pathotypes.
The resistance inherited in a quantitative way and the involvement of several genes

conferring resistance to both nematodes species was assumed.

Linkage mapping in potato

Since Solanum tuberosum ssp tuberosum is a tetraploid species, linkage maps have
been made using di{ha)ploid genotypes that were crossed either with wild Selanum
species (Bomnierbale et al. 1988) or with other diploid S. tuberosum ssp tuberosum
genotypes (Gebhardt et al. 1989). Segregation analysis in the latter crosses were possible
because the parental genotypes are heterozygous and thus enabled linkage mapping in
an FI population. ((Gebhardt et al. 1989}. The two above mentioned independent RFLP
maps have been aligned {Gebhardt et al. 1991) and at this moment a high density
molecular linkage map of potato is available {Tanksley 1992).

Several monogenic resistance genes have been mapped on the potato genome, like
resistance against G. rostochiensis from S. spegazzinii (Barone et al. 1990) and from S.
tuberosum ssp andigena (Gehardt et al. 1993; Pineda et al. 1993), potato virus X (Ritter
et al. 1991) and Phytophthora infestans (Leonards-Schippers et al. 1992; El-Kharbotly et
al. 1994). Other monogenic traits that were mapped in potato are the incompatibility
locus, SR1, and purple skin color (Gebhardt et al. 1991). Also quantitative traits have
been mapped on the potato chromosomes like earliness (Van den Berg et al. 1993) and
resistance against Phytophthora infestans {Leonards-Schippers et al. 1994} and insects
(Bonierbale et al. 1994).

Also at the CPRO-DLO an RFLP map of potato has been constructed with an
additional set of markers (this thesis and Jacobs et al. 1995). Using these markers, loci

involved in flower pigmentation, tuber shape and skin colour have been mapped (Van
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Eck et al. 1993 and 1994a and b) as well as a monogenic resistance locus against G.
rostochiensis pathotype Rol derived from S. vernei (JME Jacobs, pers. comm.)

Qutline of this thesis

In this thesis, the inheritance of the quantitative resistance to G. rostochiensis and
G. pailida, derived from S. spegazzinii BGRC 8218 clone 15, is studied in detail. For this
purpose I have mapped and characterised the QTLs conferring resistance to the potato
cyst-nematodes using RFLP markers. As mentioned above, a detailed RELP linkage map
is essential for the localisation of quantitative traits. In Chapter 2 1 describe the
construction of such a linkage map of potato, with markers derived from a genomic
library of S. spegazzinii. Phenomena like reduced recombination and segregation
distortion which were observed during RFLP analysis are discussed as well.

The mapping of the nematode resistance loci is described in Chapter 3, 4 and 5. In
Chapter 3, I describe the mapping of loci conferring resistance to G. rostochiensis
pathotype Rol, by means of single point analysis, and in Chapter 4 the same method is
used for the localisation of QTLs conferring resistance to G. pailida pathotype Pa2 and
Pa3. Both analyses were performed in an F1 population (S. tuberosum x S. spegazzinii).
In Chapter 5, I describe the use of a backcross population ((§. tuberosumx S,
spegazzinii) x S. tuberosum) to localise other quantitative traits like tuber yield and root
development in addition to nematode resistance with interval mapping.

RELP analysis requires the labelling of DNA with radio-isotopes (32P) or non-
radioactive ligands for detection, In Chapter 6 I describe a protocol that can be used for
non-radioactive labelling and detection of DNA.

In Chapter 7 I discuss several topics that were not mentioned in the previous
chapters like mapping in outbreeding species, polyploid mapping, multiallelism and
comparative mapping. Future research strategies are also indicated. Finally, the
international scheme that is used to classify several pathotypes within the nematode
species G. rostochiensis and G. pallida is discussed.
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CHAPTER 2

RFLP linkage map of potato; Reduced recombination and distorted
segregation in a Solanum tuberosum x S. spegazzinii hybrid

CM Kreike, JW van Ooijen, W] Stickema

ABSTRACT

In this paper we describe the reduced recombination in an interspecific hybrid of §. tuberosum x §.
spegazzinii, For this purpose RFLP maps were made of the interspecific hybrid and its parents, The
computer program JoinMap was used to construct and combine the separate linkage maps. Furthermore, a
reduced recombination frequency was found in the male linkage map of S. tuberasum compared to the
female linkage map. In a backcross population of the interspecific hybrid with S, fuberosum, distorted
segregation was further investigated. Gamete selection was mostly responsible for the observed distortion.
A clear selection against homozygous genotypes, indicating zygote selection, was found for markers on
chromosome 2, 3and 4,

INTRODUCTION

Several papers describe the construction of an RFLP linkage map of potato,
reflecting its agronomic and economic importance as a crop {Bonierbale et al. 1988;
Gebhardt et al. 1989 and 1991; Tanksley et al. 1992). For all maps constructed so far,
diploid Solanum species and di-haploid S. fuberosum genotypes were used for linkage
analysis. Linkage maps comprising molecular markers are useful for the localisation of
genes determining agronomic traits. Important loci involved in resistance against
phytopathogens have been located on the linkage map of potato, such as resistance to
potato cyst-nematodes (Barone et al. 1990; Pineda et al. 1993; Gebhardt et al. 1993;
Kreike et al. 1993 and 1994), potato virus X (Ritter et al. 1991), Phytophthora infestans
{Leonards-Schippers et al. 1992 and 1994; El-Kharbothly et al. 1994) and insects
{Bonierbale et al. 1994).

Linkage maps are constructed on the basis of recombination frequencies between
markers. Large differences in recombination frequencies are often observed within
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eukaryatic species. Besides random variation, sources of variation in recombination
frequency are the environment, genetic background, sex and degree of homology
between the chromosomes. The best studied environmental influence on recombination
frequency is the temperature during meiosis (Tracey and Dempsey 1981; Gavrilenko
1984). Temperature stress induces a significant increase in recombination rate. Evidence
for the influence of the genetic background on recombination frequency has been found
in Hordeum vulgare (Sill 1990), Glycine max (Pfeiffer and Vogt 1990) and Zea mays
(Fatmi et al. 1993). A major nuclear factor that controls the meiotic recombination
frequency during female gametogenesis has been mapped in Petunia (Cornu et al. 1989).
In Neurospora differences in crossing-over frequency in specific chromosomal regions
have been shown to result from regulation by region-specific genes (Catcheside 1977;
Perkins and Bojko 1992). Clear differences in recombination frequencies between male
and female meiosis have been found in Arabidopsis (Vizir and Korol 1990), tomato (De
Vicente and Tanksley 1991; Van QOoijen et al. 1994) and man (White et al. 1990).
Another factor that can influence recombination is the degree of homology between
chromosomes. Gebhardt et al. (1991) observed that linkage maps based on interspecific
crosses are shorter than linkage maps based on intraspecific crosses of Solanum species,
presumably caused by a lower degree of homology between the chromosomes in the
interspecific hybrid (Radman and Wagner 1993). In yeast meiosis, a random divergence
of 10% completely prevents recombination between entire chromosomes (Resnick et al.
1989).

Another phenomenon reported in several linkage analyses published so far is
distorted segregation. This systematic deviation from an equal representation of alleles
among functional gametes seems to involve ail chromosomes and could be caused by
selection processes at the gamete or zygote stage. On chromosome I of Lycopersicon
peruvianum a gametophytic self-incompatibility locus has been found that can account
for the distorted segregation of alleles from the male parent (Tanksley and Loaiza-
Figueroa 1985). An allele from this gene, SR1, has been mapped at the same position in
potato (Gebhardt et al. 1991).

In this article we describe the reduced level of recombination found in an
interspecific hybrid of the cross §. tuberosum x S. spegazzinii, and the distorted
segregation ratios detected in the backcross of this hybrid with S. tuberosum. In

addition, we compared the level of the male with that of the female recombination in §.
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tuberosum, which was used as a pistil parent in the production of the F1 population and
as a pollen parent in the backcross population.

MATERIALS AND METHODS

Plant material

For the construction of the segregating populations the following diploid
genotypes were used: S. tuberosum SH 78-88-1320, S. spegazzinii BGRC 8218-15 and
an interspecific hybrid of these two genotypes. These genotypes will be referred to as
Stub, Sspeg and F1-38. The Fl population was produced with the cross Stub x Sspeg (58
plants). The backcross {BC) population was made with plant number 38 of the Fl as F1-
38 x Stub (95 plants). By convention in plant genetics a cross is denoted as female x male.

For the construction of the presented RFLP linkage map additional segregation
. data from an F1 population (58 plants), derived from the cross §. tuberosum MH 73-1-
106 x 8. phureja 81-1886-542, were used

RFLP techniques

DNA was isolated from frozen or fresh leaf material according to Dellaporta et al.
{1983) with an additional phenol:chloroform {24:1) extraction. Restriction enzyme
digestion of the DNA was done following the manufacturer’s (Amersham)
recommendations. Four restriction enzymes (HindlIIl, EcoRI, EcoRV, Dral} were used to
detect RFLPs within the parents. Southern blotting and non-radiocactive hybridisation
and detection were performed according to Kreike et al. (1990) with minor
modifications. The X-ray films were exposed for one to five hours. For hybridisation
with radicactive probes, the probes were labelled with random primed labelling kit from
USB. (Prejhybridisation was carried out overnight in 1M NaCl, 1% SDS with salmon
sperm DNA. Subsequently, the filters were washed in 0.5 x S5C, 0.5% SDS and placed
on X-ray film for three to seven days.

Solanum spegazzinii RFLP markers

The Ssp markers were selected randomly from a genomic DNA library of Sspeg.
The library was constructed as follows: total DNA of Sspeg was partially digested with
Pstl and the resulting fragments were separated on a 1% agarose gel. Fragments of 500 to
3,000 bp were excised, isolated and ligated into the PstI-digested vector pGEMS5zf and
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transformed to E. coli JM101. The clones that were obtained were stored in 15% glycerol
at -80°C.

Additional markers

Other RFLP markers that were used in the experiment were: 1) TG clones (tomato
genomic clones from SD Tanksley, Cornell University, NY), mapped in potato by
Bonierbale et al. (1988) and Gebhardt et al. (1991). We used these markers to identify
and orientate the linkage groups. 2) ST and Ac clones, which are genomic clones of S.
tuberosum ssp tuberosum obtained from JME Jacobs (CPRO-DLO). 3) GP clones
selected from a genomic library of potato (Gebhardt et al. 1989). 4) ¢DNA clones
encoding proteinase inhibitors PI-1 to PI-4 (Stickema et al. 1988). Data from two
isozyme markers, SKDH1 and PGM2, that segregated in the F1 progeny were kindly
supplied by H Bastiaanssen (Wageningen Agricultural University}. The segregation of
the morphological markers for pigmentation {P-locus) and tuber shape (Ro) previously
described by Van Eck et al. (1993 and 1994, respectively) could be followed in the BC
population and these markers were also included in the mapping analysis.

Linkage analyses

The segregation of paternal and maternal alleles was scored in the F1 and BC
progeny and four parental linkage maps were constructed. In the crosses four different
types of segregation were abserved; 1} a two allele backcross type segregation (aa x ab, ab
x aa); 2) a two allele F2 type segregation with dominant or codominant alleles (a- x a-, ab
x ab); 3) a three allele type segregation (ab x ac); 4) a four allele type segregation (ab x
cd).

For the construction of the parental maps only type 1 and type 2 segregation data
could be used, therefore, the type 3 and type 4 segregation data were converted into two
backcross type segregations (type 1}. The construction of the parental linkage maps and
the integration of these maps into the presented RFLP map were performed with the
package JoinMap (Stam 1993) and Kosambi's mapping function was used (Kosambi
1944). Loci that were shared between the homologous parental chromosomes were used
as bridges to align and combine the maps. At least two locus bridges are needed for a

correct crientation of the chromosomes.
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Comparison of recombination frequencies

For the comparison of levels of recombination, the distances over identical regions
on the linkage maps were used. The influence of sex on recombination was assessed by
comparing the female and male linkage maps of Stub in the F1 and the BC population,
respectively. To inspect the influence of interspecific hybridity without the possibly
confounding effects of sex, the (female) linkage map of F1-38 from the BC population
was compared to the (female) map of Stub from the Fl.

Segregation distortion

The segregation data that were used for the construction of the parental maps
{markers of types | and 2, and those converted from types 3 or 4) were tested for
segregation distortion with a chi-square test for goodness of fit to appropriate expected
segregation ratios {1:1, 1:2:1, or 3:1), at a significantce level of P=0.05.

For three loci, Ssp38, PI-4 and Ssp47, a chi-square test (P=0.05) for independence

for a 2x2 contingency table was carried out to examine selection at the zygote stage.
RESULTS

Construction of the RFLP linkage map

The genotypes that were used to produce the F1 and BC populations are given in
Table 1, together with the direction of the crosses and the number of RFLP markers that
segregated for each parent in the progeny. The combined linkage map is shown in
Figure 1 and comprises 29 TG, 50 Ssp, 1 ST, 5 Ac, and 2 GP RFLP markers. In addition,
we also mapped four cDNAs encoding proteinase inhibitors. Two of them, PI-2 and PI-
4, that belong to two different gene families (Stickema et al. 1988), were mapped to the
same position on chromosome 3; PI-1 was mapped on chromosome % and PI-3 on
chromosome 7. The two morphological markers, tuber shape (Re-locus) and
pigmentation (P-locus) were located on chromosomes 10 and 11, respectively, and the
isozyme loci, SKDH1 and PGM2 on chromosome I and 4. One TG clone, six Ssp clones,
one ST clone and one GP clone detected two distinct loci each (indicated with a and b in
Figure 1). Three loci were detected with Ssp45 (indicated with a, b and ¢). In total the
map is comprised of 106 loci. The total length of our linkage map is 731 cM (Figure 1)
which is of the same order of magnitude as previously published RELP maps of potato
{(Bonierbale et al. 1988; Gebhardt et al. 1991; Tanksley et al. 1992).
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The positions of the morphological and isozyme markers are in agreement with
previously published results {Bonierbale et al. 1988; Van Eck et al. 1993 and 1994). Also
no differences were found in the relative positions of most of the TG markers compared
to the maps described by Bonierbale et al. (1988) and Tanksley et al. (1992},

Table 1. Number of RFLP markers segrepating in each parent {column 4), percentage of markers
that showed a distorted segregation (at P= 0.05) (column 5) and the chromosomes involved in the
distorted segregation {column 6).

Genatype Parent Cross Number of Segregation Chromosomes
markers distortion

Sspeg male F1 29 24% 3,56,10,12

Stub female F1 41 20% 1,2,57,12

Stub male BC 40 44% 1,2,3,510,12

F1-38 female BC 62 35% 1,2,3,4,58911

Recombination and interspecific hybridity

The recombination frequency of overlapping sections in the RFLP maps of the
interspecific hybrid F1-38 and Stub are given in Table 2. The RFLP map of S.
spegazzinii comprised too few markers and hence too few overlapping segments to
include in this analysis. In comparison with Stub, ten out of the fourteen segments are
shorter in the interspecific hybrid and on average the segments {from Stub are 43%

longer.

Figure 1, Linkage map of the potato genome. All loci were mapped with a LOD>3, except for the
markers in small print (2<LOD<3) and the markers in parenthesis (LOD<2). The letters (a, b, ¢} behind
the markername indicate that more than one locus is detected with the same probe. For the underlined
markers no homozygous genotypes were found in the BC population. The order of markers TG34 and
TG48 on chromosome 2 could not be determined unambiguously due to insignificant recombination
frequencies but the presented map accords to the orientation in the potato RFLP map of Tanksley et al.
(1992). The recombination frequencies of the three markers on chromosome 6 were not significant,
however, JoinMap indicated this to be the most likely map, which is in agreement with the other published
maps of potato {Bonierbale et al. 1988; Tanksley et al. 1992).
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Table 2. Comparison between RFLP map of the interspecific hybrid F1-38 and Stub. Both genotypes
were used as a female parent. Distance are given in ¢cM.

Chromosome Segment F1-38 Stub
1 Ssp55-Sspl6 10.0 22.6
Sspl6-8Sspl26a 26.8 65.2
Sspl26a-Ssp56 327 29.3
Ssp56-55p30 325 24.7
2 Sspl03-Ssp38 7.4 10.4
3 TG56-TG130 46.8 92.8
5 Ssp72-Ssp8g 15.4 16.3
Ssp88-TG6S 202 56.5
7 TG143-TG61 12.5 239
TG61-8s5p57 7.5 12.8
8 Ssp34-TGle 59.4 29.1
9 Ssp59-Ssp32 21.3 12.5
i0 Acd6-5spl06 19.7 50.9
i2 TG68-Sspl29 18.4 24.7
Total 330.6 471.7

Recombination in male and female meiosis

Genotype Stub was used in the Fl cross as a female and in the backcross as a male
parent. In both cases a linkage map was constructed for this genotype enabling us to
compare the recombination rate in male and female meiosis. The map length of the male
and female Stub parent could be compared in eighteen segments distributed over nine
chromosomes of which thirteen segments showed a lower male recombination frequency
{Table 3). Overall, the female linkage map in these segments was 37% longer than the

male linkage map.

Segregation distortion

The segregation of the parental alleles at a given locus was considered distorted if a
significant deviation (P=0.05) from an equal representation of those alleles in the
offspring was observed. The percentage of segregating markers with a distorted
segregation are given in Table 1. All chromosomes appeared to be affected by distorted
segregation. No specific chromosomal regions could be identified across all parents which
were more involved in this phenomenon than others. Segregation distortion seems to be

more frequent in the male parents than in the female parents of a cross (Table 1),
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Table 3. Comparison between male and female RFLP map of Stub, Distances are given in ¢cM.

Chromosome Segment Stub Stub
male female
i Ssp55-Ssplé 7.8 226
Sspl6-Sspl26a 36.0 65.2
Ssp126a-8sp56 21.2 29,3
Ssp56-Ssp105 14.3 16.8
$sp105-Ssp3¢ 5.0 9.6
2 Sspl03-Ssp38 39.5 10.4
3 TG56-TG130 364 92.8
5 Ssp37-Ssp72 17.3 30.1
§sp72-S5p88 17.3 163
SspB8-TG69 18.9 56.5
7 TG143-TG61 6.7 239
TG61-Ssp57 7.5 12.8
8 Ssp34-TG16 59.4 29.1
2 Ssp59-3sp32 21.3 12.5
Ssp32-8sp20b 14,3 28.9
Ssp20b-Ssp59 12.4 201
11 . Ssp85-Ssp75 254 23.5
12 TG68-S5p129 22.2 247
Total _ 3829 525.1

In the backcross population, often three different alleles could be monitored at a
locus: a S. spegazzinii derived allele from F1-38 (speg-allele}, a S. tuberosum allele shared
by F1-38 and $tub (tubl-allele), and a unique S. tuberosum allele derived from Stub
(tub2-altele). The segregation of these alleles was analysed in more detail (Figure 2).
More speg-alleles were found along chromosomes I, 3, 4, 5 and 8, while a shortage of
speg-atleles was found along chromosome 11. Overall, the total percentage of speg-alleles
in the BC population was 54.1%. The segregation of the tub2-allele, derived from Stub is
also presented in Figure 2. More tub2-alleles were found along chromosome 2, 3,5,7, 9
{7 and 9 showed no significant segregation distortion, however). While a shortage of the
tub2-allele was found along chromosome 4 and 12

To examine selection at the zygote stage, loci displaying a type 3 segregation in the
BC population were used (Figure 2). Normally the assortment of gametes is assumed to
be independent of the genotype. Accordingly, the expected fraction of homozygous
genotypes {tubl/tubl) was calculated on the basis of the parental segregation ratios. In
general the observed fractions of homozygous genotypes were close to the expected
values, but for markers Ssp38, PI-2/PI-4 and Ssp47 (on chromosomes 2, 3 and 4
respectively) The observed frequencies were extremely low, The segregation of these
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markers is shown in more detail in Table 4, which revealed a very significant deviation

from an independent assortment.

Table 4. Observed and expected segregation ratios in the BC population for the loci Ssp38, PI-4 and
Ssp47. The chi-square test for independance for a 2x2 contingency table was highly significant (P<0.001)
for all three markers.

Stub tubl tub2

Marker F1-38 tubl speg tubl speg chi-square

Ssp3g observed 0 17 40 33 16.8
expected 8 9 32 41

Pl-4 observed 0 33 26 27 23.2
expected 10 23 16 37

Ssp47 observed 1 32 24 22 215
expected 10 23 15 31

DISCUSSION

Construction of the RFLP linkage map

The compater program JoinMap (Stam 1993) was used to construct the presented
linkage map of potato. The program combines the recombination frequency data of the
segregating loci of the various parents. This has to be performed carefully, as the
recombination frequencies are influenced by, for instance, sex and hybridity. If the
parents share only a few segregating markers for a chromosome, the distance between
these markers will be averaged, whereas the recombination values with the other
segregating markers will retain their (non-averaged) parental values. Due to these
calculations the order of the markers on the integrated map may change compared to
the order of the separate parental maps. These differences between the separate maps
and the integrated map have to be analysed in detail and if necessary, fixed sequences
must be imposed on the JoinMap calculations to keep the markers in the correct order.
The main purpose of the construction of an integrated linkage map is to find the most
likely order of the markers along a chromosome. The calculated distances between the

markers become less meaningfull.

Figure 2. Fraction of the speg-allele derived from F1-38 (-A-} and the tub2-allele derived from Stub (- -) in
the BC population. The expected frequency for both alleles is 0.5. The observed (-O-) and expected
(-1-) fraction of homozygous genotypes in the BC population are also shown. On the x-axis the position
of the markers on the chromosome is given in cM, these positions correspond to the positions in figure
1.
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Recombination and interspecific hybridity

We compared the female linkage map of the interspecific hybrid F1-38 with the
female Stub map (Table 2) and observed a tendency for a reduced recombination
frequency in the interspecific hybrid. Comparison of other linkage maps of potate also
indicates a reduced recombination frequency in interspecific hybrids. The linkage maps
published by Bonierbale et al. (1988) and Tanksley et al. {1992), based on interspecific
hybrids, are consideraly shorter than the linkage map of Gebhardt et al. (1991) which is
constructed with pure 5. tuberosum genotypes.

A cause for the reduced recombination frequency in the interspecific hybrid might
be the abortion of those gametes which received a high number of recombinant
chromosomes {Rick 1969) or the elimination of highly recombinant zygotes (Gadish and
Zamir 1987). Bonierbale et al. (1988) and Gebhardt et al. {1991) noted that regions with
low recombination frequencies also exhibited distorted segregation ratios. For Table 2
only three segments could be identified where distorted segregation at one or two loci
might be responsible for the observed shorter map length, Theoretical studies performed
by Van QOoijen et al. (1994} and Sill and Nilsson (1994) showed that segregation
distortion caused by selection at a single locus does not influence the estimation of the
recombination frequency to a great extent, whereas selection at two loci can lead to an
underestimation of the recombination frequency. Since only three segments contained
markers that displayed a distorted segregation, we do not presume that the lower
recombination frequencies found in the interspecific hybrid are a consequence of
segregation distortion.

A different explanation could be the decrease in homology between the two
chromosome sets in the interspecific hybrid. Recombination requires sufficient
homology to enable productive DNA interactions. In yeast meiosis, efficient
recombination does occur between blocks of 1,000 basepairs of perfect homology
embedded in non-homologous regions (Haber et al. 1991), but a random divergence of
as little as 10% completely prevents recombination between entire chromosomes
(Resnick et al. 1989; Radman and Wagner 1993). Since we found no indication that the
reduced recombination in the interspecific hybrid is caused by segregation distortion, we
presume that it is caused by a difference in homology between the chromosomes as a

consequence of divergent evolution of the two species involved.
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Recombination frequency in male and female meiosis

Our findings concerning the male and female map length of S. tuberosum (Table
3) show a tendency for a lower recombination frequency in the male parent. Differences
in recombination between the male and female parent based on chiasmata frequencies
have been reviewed by Burt et al. (1991). More detailed studies on male and female
recombination frequencies with molecular markers in Arabidopsis (Vizir and Korol
1990), Lycopersicon (De Vicente and Tanksley 1991; Van Qoijen et al. 1994) and man
{White et al. 1990) showed that the recombination frequency varies between the sexes.
Gebhardt et al. {1991) reported no difference between male and female linkage maps of
S. tuberosum. However, in that study, the male and female linkage maps of two different
genotypes were compared and a genotype specific difference in recombination frequency
could have masked a possible sex-related variation in recombination frequency.

For Table 4 only five segments, could be identified where distorted segregation at
one or two loci might be responsible for the observed shorter map length, therefore we
do not presume that the lower recombination frequencies found in the male parent are a

consequence of segregation distortion.

Segregation distortion

We studied distorted segregation in the interspecific hybrid F1-38 in detail and
observed it on chromosome 1, 2, 3, 4, 5, 8, 9 and 11. Distorted segregation was also
observed in the linkage analyses of Bonierbale et al, (1988) and Gebhardt et al. (1989 and
1991) on the chromosomes 1,2, 3,6, 7,8, 10and 1, 2, 3, 5, 10, 12, respectively. Some
overlapping regions displaying distorted segregation can be noted across these linkage
maps, for instance the region around Ssplé chromosome I, the distal end of
chromosome 2 near TG48, the region near Ssp72 on chromosome 5 and around TG63
on chromosome 10, while other regions seem more cross or genotype specific.

There are several possible causes for the unequal segregation of alleles such as the
abortion of male and female gametes or selective exclusion of particular gametic
genotypes from fertilisation due to incompatibility, incongruity, certation or zugote
selection. The gametophytic self-incompatibility locus on chromosome 1 can cause
distorted segregation of markers closely linked to this locus and can explain the observed
segregation distortion in the male parent of markers around marker Ssplé.

Incongruity is a non-functioning between two partners which is caused by a lack of

genetic information in one parent about structure and physiology of the other parent
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