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Bibliographic Abstract: The thesis describes the construction of a genetic linkage map 
of the potato genome, comprising molecular, isozyme and morphological markers. The 
linkage map is based on the offspring from non-inbred parents. The computer program 
JOINMAP allowed to combine the maternal and paternal linkage groups, which are a 
consequence of using non-inbred parents. The map was applied for the analysis and 
localisation of morphological and agronomically important traits, with special emphasis 
on the inheritance of anthocyanin pigmentation. The presence of multiple alleles was 
demonstrated at the Ro locus which harbours a QTL involved in tuber shape. The 
accurate analysis of quantitative genetic variation caused by the segregation of a QTL 
with multiple alleles requires molecular markers which can distinguish all possible four 
allele combinations. 



Stellingen 

1 De locus D (Salaman, 1910; Lunden, 1937) welke betrokken is bij de produktie 
van rode anthocyaan pigmentatie is allelisch met de locus R/K"" (Dodds en 
Long, 1956), en is niet allelisch met de schilkleur locus ƒ zoals beweerd door 
Howard (1970) en de Jong (1991). 

Dit proefschrift. 

Dodds K.S., Long D.H. (1956) J. Genet. 54:27-41. 

Howard H.W. (1970) Genetics of the potato, Solanum tuberosum, Logos Press, NY. 

De Jong H. (1991) Am. Potato J. 68:585-593. 

Lunden A.P. (1937) Sœrtrykk av Meldinger fra Norges Landbrukshaiskole, Norges 

Landbrukshoiskoles Akervekstforsok, pp. 1-156. 

Salaman R.N. (1910) J. Genet. 1:7-46. 

2 Multipele allelie vormt een onderschatte bron van kwantitatief genetische 

variatie. 

3 Het effect van een allel van een quantitative trait locus (QTL) wordt mede 
bepaald door inter- en intralocus interacties. 

RasmussonJ. (1934) Hereditas 18:245-261. 

4 De situatie dat een kwantitatieve eigenschap louter gebaseerd is op polygenen 
met slechts twee allelen, of de situatie dat waarin sprake is van slechts één 
locus met multipele allelie, zijn allebei te beschouwen als de extremen van een 
continuüm. 

Sirks M.J. (1929) Multiple allelomorphs versus multiple factors. Proc. of the Int. Congr. 

of PI. Sei., Ithaca, New York 1:803-814. 

5 De door Sirks (1929) waargenomen splitsingsverhoudingen wijken minder af 
van de theoretische verwachtingen, dan volgens het toeval verwacht mag 
worden. 

Sirks M.J. (1929) Genetica 11:293-328. 

6 De evolutietheorie is afhankelijk van een aantal uiterst creatieve momenten. 

7 Alvorens biologisch-dynamische produkten te kopen, dient men zich af te 
vragen of men achter het antroposofisch gedachtengoed van Rudolf Steiner kan 
staan. 



8 De theorie van de morphogenetische velden van Rupert Sheldrake gaat ook op 
voor het ontstaan van BC1 nakomelingen van somatische hybriden tussen 
aardappel en tomaat via zaadknopcultuur. 

9 Tegenover een recht om te sterven kan nooit een plicht om te doden staan. 
Dr. G. Manenschijn. De cultivering van hulp bij zelfdoding. Trouw, 5 november 1994. 

10 De verantwoordelijkheid voor het creëren van deeltijd-functies ligt niet alleen 
bij werkgevers en vakbonden, maar ook bij mensen die thans een volledige 
baan hebben. 

11 Duurzame ontwikkeling is een utopie. 

12 Hoe harder de muziek, hoe duidelijker de teksten. 

13 Een assistent in opleiding moet soms meerdere assistenten opleiden. 

Stellingen behorende bij het proefschrift getiteld "Localisation of morphological 
traits on the genetic map of potato using RFLP and isozyme markers", door 
Herman J. van Eck. 

Wageningen, 10 januari 1995. 
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Chapter 1 

General introduction 

Potato breeding 
On a world scale potato is a widely grown crop and ranks fourth in food 

production (261 x 109 kg), following wheat (550 x 109 kg), rice (519 x 109 kg), 

and maize (478 x 109 kg) (FAO Production Yearbook, 1991). The crop belongs 

to the plant family Solanaceae and is related to several other well-known crops 

like tomato, egg-plant, tobacco, and chili peppers. The genus Solanum 

comprises of 225 wild tuber-bearing species according to the latest taxonomie 

interpretation by Hawkes (1990). Nine Solanum species with different ploidy 

levels, are cultivated. Only the cultivated potato Solanum tuberosum L. is being 

grown worldwide. It is a highly heterozygous tetraploid species with 

2n=4x=48 chromosomes. At the diploid level potato species are obligatory 

outbreeders due to gametophytic self-incompatibility. At the tetraploid level 

potato is self-compatible and a high degree of spontaneous self-fertilisation can 

be found. However, at both the diploid and the tetraploid level it is hardly 

possible to obtain homozygous lines because severe inbreeding depression is 

observed in inbred progenies. 

At present, the breeding method consists of crossing and selection of 

descendants. This is not basically different from the method applied by Geert 

Veenhuizen or Klaas de Vries who selected cv. Eigenheimer in 1893 and cv. 

Bintje in 1910, respectively. A typical breeding scheme, as presently applied 

by commercial Dutch breeding companies, is clonal selection among 70,000-

150,000 seedlings per year, derived from 150-300 different crosses. Selection 

is performed on more than 50 traits, which can be grouped in (1) yield, (2) 

resistance to pathogens and environmental factors and (3) quality traits with 

respect to different utilisation purposes. Classical potato breeding consists of 

crossing, evaluation and selection, official variety tests, healthy maintenance 

and clonal propagation of seed potatoes and marketing. It takes 1 0 -15 years 

to generate a new variety. 

During the last 3-4 decades new approaches to accelerate and improve classical 
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potato breeding have been attempted, such as: ploidy manipulation using 

parthenogenesis and unreduced gametes, breeding of parental lines at the 2x and 

4x level and utilisation of valuable genes from wild and primitive Solanum 

species (Chase, 1963; Wenzel et al., 1979; Ross, 1986; Hermsen, 1994). At 

present plant breeding is being enriched by new and promising molecular 

genetic tools for the diagnosis of valuable genetic variation and for the synthesis 

of new variation by genetic modification. The contribution of molecular 

diagnostics with DNA markers in the advancement of plant breeding and 

genetics is described in the next paragraph. 

Plant breeding, genetics and DNA polymorphisms 
Improvement and adaptation of crop species have been achieved by a centuries 

old process of selection of individuals with a superior performance. The 

process of sexual recombination, and offspring selection applied by the breeder 

is aiming at genetic improvement of the crop by an accumulation of beneficial 

alleles and elimination of detrimental alleles. Until the beginning of this century 

the only information about the results of his breeding efforts, was obtained by 

the breeder through phenotypic assessment of the selected varieties. 

The advancement of 'genetics' as a new science in the beginning of this century 

(Bateson, 1905) was based on the rediscovery of the work by Mendel (1875). 

This new discipline provided plant breeding with a scientific base and allowed 

the development of rational selection methods to complement the intuitive 

selection through the breeder's eye. Additionally, genetics gave a better 

understanding of the relation between the phenotype and the underlying 

genotype. When dealing with a qualitative character, the relation between the 

phenotype and the genotype of the parents is easily recognised from the simple 

numerical proportions observed in the segregating progeny, as pointed out by 

Mendel. For agronomically important traits qualitative inheritance seems not to 

occur generally, and may even be considered as exceptional. Quantitative traits 

cannot be described in discrete phenotypic classes, but are described through 

the trait values of single individuals, which are conceived as aselect drawings 

from a continuous distribution. The relation between the phenotypic value and 

the genotype for most quantitative traits has remained obscure. Common 
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unanswered questions have been: How many genes influence the trait? How 

much does each separate gene contribute to the trait? Is there additive or non-

additive interaction between alleles at the same locus, or epistatic interaction 

between loci? 

Genetic markers can be used to study these questions. However, morphological 

markers may adversely affect the investigated traits and are, like isozyme 

markers, limited in number. Molecular biology has recently provided genetics 

with a new class of markers, which are based upon the presence of variation at 

the DNA sequence level. These DNA sequence variations can be monitored as 

changes in the length of DNA fragments produced by restriction endonucleases. 

The method has, therefore, been termed 'Restriction Fragment Length 

Polymorphisms' (RFLPs) (Grodzicker et al,. 1974; Botstein et al, 1980). 

When the potential of this tool was recognised for identification of genetic 

variability, construction of genetic maps, genetic analysis of economic traits, 

and breeding methodologies (Beekman and Soller, 1983; Burr et al., 1983) it 

was soon followed by other molecular techniques to visualise DNA sequence 

variation. Polymorphic DNA fragments can also be generated with the PCR 

approach using short (10-mer) oligonucleotide primers (RAPDs) (Williams et 

al., 1990). At present, many types of molecular markers with different useful 

properties have emerged and can be utilised for genetic analysis (See review 

Rafalski and Tingey, 1993) 

The most fundamental characteristic of codominant molecular markers is the 

possibility to probe an unlimited amount of loci whereby detailed information 

about the genetic variation in the nuclear genome can be obtained at the DNA 

level. This means that genetic variation can be assessed genome-wide from the 

genotype, rather than from the phenotype. This results in a one-to-one 

relationship between genotypic variability and phenotypic variability, 

irrespective of the question whether or not the mode of inheritance of a trait is 

known. Essentially the differences have disappeared between monogenic or 

polygenic inheritance (Paterson et al., 1988), and between qualitative or 

quantitative traits (Robertson, 1985). The dominant, epistatic or heterotic 

interactions between alleles from one or more loci can be estimated (Fatokun 

et al., 1992, Stuber et al. 1992). The shift from a genetics based on the 
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inference of genotype from phenotype, as pioneered by Mendel, to a genetics 
based on the direct analysis of DNA sequence variation has been indicated as 
a change in genetic paradigm by Beckmann (1988). He introduced the term 
"Genomic genetics" to mark this pervasive research technique to study the 
structure and organisation of the nuclear genome in contrast to "Mendelian 
genetics" which targets the inheritance of individual traits. 
The plant breeder may presently use molecular markers to relate superior 
phenotypical performance to the presence of specific genomic regions. 
Subsequently the RFLP probes marking these regions can be used in indirect 
selection for agronomic traits. 

Application of molecular markers in potato breeding and genetics 
For maximum performance of a potato cultivar, tetraploidy and a high degree 
of heterozygosity are required. However, these very requirements severely 
hamper progress in breeding along the classical lines of hybridisation and 
selection, and also greatly complicate genetic analysis of the crop. But still, a 
profound knowledge of its genetic composition is the basic requirement for 
developing more efficient breeding methods, including techniques of gene 
cloning and genetic modification. 
For this reason the Netherlands Technology Foundation (STW) decided in 1988 
to grant a project aimed at enhancing the genetic knowledge of potato. This 
project was on the construction of a genetic map of the potato genome using 
molecular, classical and cytogenetical methods. A genetic map based on 
Restriction Fragment Length Polymorphisms (RFLPs) was considered to be a 
powerful tool to unravel the heredity of agronomically important traits and to 
develop marker-assisted selection methods. The linkage groups as identified 
with genetic markers should be related to the potato chromosomes as 
cytogenetically identified by Ramanna and Wagenvoort (1976) at pachythene 
stage. The development of a protocol for in situ hybridisation of potato 
chromosomes with labelled DNA probes allowing chromosome recognition, 
and/or the use of a series of trisomies was therefore considered to be required. 
Since 1988 the features of potato genetics have remarkably changed through the 
use of RFLPs. Before that, the genetics of potato was poorly developed due to 
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tetrasomic inheritance and distorted segregations caused by a high genetic load. 

Only a few genetic markers were described. The development of potato genetics 

was greatly stimulated by research on the diploid level and by the transfer of 

molecular-genetic achievements from tomato to potato. Bonierbale et al. (1988) 

published the first molecular map of potato using tomato RFLP markers and 

demonstrated co-linearity between the potato and tomato genomes. On the basis 

of this co-linearity further exchange of results of genome projects is possible 

and may be benefical to genetic improvement of both crops. 

The first genetic map (Bonierbale et al. 1988) was based on 1:1 segregating 

polymorphisms from only one parent. The second genetic map of potato 

(Gebhardt, 1989) was constructed on the basis of three linkage groups per 

chromosome. The first linkage group consists of alleles from the female parent, 

segregating in a 1:1 ratio. The second linkage group comprises 1:1 segregating 

alleles from the male parent. Since the mapping population was a backcross, 

both parents had at least one allele in common. When this common allele is 

polymorphic, the third linkage group can be based on both parents and includes 

alleles segregating 3:1. Finally, these three linkage groups have been merged 

according to the positions of common loci (Gebhardt and Salamini, 1992). 

During the last years several monogenic loci for resistance to nematodes, 

viruses, and fungi have been localised on the potato genome using molecular 

markers (Table 1). The information on the map position allows further 

identification of genes for resistance from different donor species to different 

pathotypes. Information on the map position of resistance genes can be used for 

marker assisted selection, but is also being used in attempts to clone these genes 

using transposon tagging (Pereira et al., 1992). Transposon tagging was 

successfully applied by Jones et al. (1994) to isolate the Cj9 gene from tomato. 

An alternative approach for the isolation of resistance genes using position 

information, such as map-based cloning has recently resulted in cloning of the 

Pto gene from tomato (Martin et al, 1993). 

Contrary to the tremendous emphasis on localisation of resistance genes only 

few efforts have been made to map morphological marker genes. Agronomically 

important traits predominantly display a polygenic and/or quantitative 

inheritance. Therefore, these traits are less amenable to genetic analysis. Only 
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recently, the localisation of Quantitative Trait Loci (QTLs) in diploid potato has 

been demonstrated by Kreike et al. (1993, 1994), Leonards-Schippers et al. 

(1994) and Van Eck et al. (1994). These publications are also the first to 

describe QTL mapping in allogamous species. Therefore, potato can be 

regarded at this moment as a model species for QTL mapping experiments to 

other allogamous crops. 

Table 1: Monogenic trait loci mapped on the potato genome using RFLPs. 

Trait 

Classical 
Gametophytic 

self-incompatibility 
Yellow flesh colour 
Purple skin colour 

Nematode resistance 
Globodera rostochiensis 
Globodera rostochiensis 

" " 

Virus resistance 
PVX adg CPC 1673 
PVX acl MPI 44.1016/10 

Fungus resistance 
Phytophthora infestons 
Phytophthora infestons 

Symbol 
of loci 

S 

Y 
PSC 

Grol 
Hl 
Hl 

Rxl 
Rx2 

Rl 
R3 

Chromosome 

; 

3 
10 

7 
5 
5 

12 
5 

5 
11 

Reference 

Gebhardt et al. (1991) 

Bonierbale et al. (1988) 
Gebhardt et al. (1989, 1991) 

Barone et al. (1990) 
Pineda et al. (1993) 
Gebhardt et al. (1993) 

Ritter et al. (1991) 
Ritter et al. (1991) 

Leonards-Schippers et al. (1992) 
El-Kharbotly et al. (1994) 

Scope of this thesis 
The aim of the investigations described in this Ph.D. thesis has been the 

construction of a genetic map of potato including morphological, biochemical 

and molecular markers. This resulted into the integrated genetic map of potato 

as described in chapter 2. This map was constructed on the basis of 

polymorphisms which segregated from both heterozygous parents. The method 
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is described to merge the two maps reflecting the female and male 
recombination into one chromosome map. 
Most of the morphological marker loci on this map are involved in anthocyanin 
pigmentation. The genetics of anthocyanin pigmentation in potato has been a 
matter of controversy for many decades, and two genetic models have been 
postulated in the literature. For a long period arguments were put forward to 
indicate that loci involved in pigmentation were different in tetraploid Solanum 
tuberosum Group Tuberosum on one hand and in diploid cultivated species on 
the other. Using diploid tester clones representing Solanum tuberosum Group 
Tuberosum germplasm, and information on the map position of skin colour loci, 
it appeared to be possible to bridge the two genetic models. The nomenclature 
of the loci involved in anthocyanin pigmentation is related now to a genomic 
position. The localisation of the loci D, F and P involved in flower 
pigmentation is described in chapter 3. The localisation of factors involved in 
skin colour, as well as allelic relations between the genetic models on 
anthocyanin pigmentation are described in chapter 4. 

The results of a mapping study of another morphological trait, tuber shape, is 
described in chapter 5, and provides evidence for the existence of multiple 
alleles at QTLs. The effects of multiallelism and heterozygosity of both parents 
have led to important generalised suggestions for QTL mapping in outbreeding 
crops which are dealt with in this chapter. 
The thesis ends in chapter 6 in a general discussion to evaluate the results and 
the utility of RFLP mapping in potato. 
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Summary 
A genome map of diploid Solanum tuberosum L. (2n=2x=24) was constructed using 

segregation data of 197 RFLP, 9 isozyme and 11 classical genetic markers in a 67 

backcross progeny generated from non-inbred parents. A mixture of five types of 

singe-locus segregations was observed. Seventy 1:19, sixty-five l:lo", nine 3:1, 

seven 1:2:1 and sixty-six multi-allelic 1:1:1:1 segregating marker loci were 

(sub)divided to construct a separate maternal map, based on 152 marker loci 

heterozygous in the female recurrent parent, and a separate paternal map, based on 

147 loci segregating in the male hybrid parent. The separate parental maps, and the 

combined genome map, were constructed with the computer program JOINMAP, using 

the 3:1, 1:2:1 and multiallelic 1:1:1:1 segregating loci as 'allelic bridges' to align the 

parental linkage groups. This method of map construction is compared with presently 

employed strategies to overcome obstacles encountered during map construction, 

caused by the non-inbred nature of the parental clones. Skewed segregations, found 

at 38 loci (p < 0.05) could be ascribed to gametic selection at 28 loci. Zygotic 

selection, detected with 1:1:1:1 segregating markers, was found at 9 loci. 

Introduction 
Linkage maps are a valuable tool in genetic studies and plant breeding. The 
accurate localization of monogenic as well as polygenic traits, within an 
extensive map framework, allows the identification, efficient introgression and 
selection of individuals with specific traits. Marker assisted selection is one of 
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the most promising methods to accelerate the time consuming breeding process. 

In cultivated potato (Solanum tuberosum L.), genetic analysis of morphological 

and agronomically important traits, and the mapping of the relevant loci, is 

difficult, because of its autotetraploid nature (2n=4x=48) which is 

accompanied with a high degree of heterozygosity and tetrasomic inheritance. 

The use of diploid wild species and especially the development of techniques 

to obtain dihaploid clones of 5. tuberosum (eg. Hermsen and Verdenius, 1973), 

have simplified inheritance studies and made the study of potato genetics more 

feasible. However, the development of specific breeding parents and tester lines 

with interesting traits, is time-consuming and hindered by severe inbreeding 

depression and by self-incompatibility of S. tuberosum at the diploid level. 

Therefore, despite the development of diploid clones, only a few classical 

genetic markers have been mapped to date. These include isozyme loci, tuber 

flesh colour (Bonierbale et al., 1988) and tuber skin pigmentation (Gebhardt et 

al, 1989). 

The development of molecular marker techniques has dramatically increased the 

number of marker loci mapped in the potato genome. This has resulted in two 

RFLP maps of potato to date, both based on diploid populations. One is based 

on the homology of the potato and tomato genomes, using tomato RFLP 

markers in interspecific crosses between diploid wild potato species and S. 

tuberosum (Bonierbale et al., 1988; Tanksley et al., 1992). The other makes 

use of potato RFLP markers in an intraspecific cross of S. tuberosum (Gebhardt 

et al., 1989). Both maps consist almost exclusively of molecular markers. The 

development of such a genetic map, including isozyme and classical markers 

can provide a valuable tool for marker assisted selection of desired genotypes. 

The aim of this research is to construct a genetic map of potato that can serve 

as a basis for genetic studies as well as for breeding purposes. In this paper we 

describe a general method for the construction of a genetic map, using the 

progeny of non-inbred parents. This allowed the development of two 

independent parental maps that integrate molecular markers with morphological 

and isozyme markers. These parental maps were merged into a combined map, 
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based on the computer program JOINMAP (Stam, 1993). The resulting linkage 

map thus fully exploits the different types of single locus segregation ratios 

observed in a highly heterozygous crop like potato. This map is being used as 

a reference framework for further studies including the mapping of quantitative 

trait loci and disease resistance genes. Furthermore, to enable targeted 

transposon tagging of resistance genes, this map is also being used for 

determining the integration sites of T-DNA's and transposable elements in the 

potato genome in a large set of independent potato transformants. 

Materials and methods 
Plant material and genetic structure of the mapping population. 

Two diploid potato clones, coded C (originally named USW5337.3; Hanneman 

and Peloquin, 1967) and E (originally named 77.2102.37; Jacobsen, 1980) were 

crossed. Clone C is a hybrid between S. phureja PI 225696.1 and the S. 

tuberosum dihaploid USW42. Clone E was obtained from a cross between clone 

C and the S. vernei - S. tuberosum backcross clone VH34211 (Jacobsen, 1978). 

The diploid mapping population (C x [C x VH34211]), is therefore a backcross 

population, with a size of 67 descendants. 

As a consequence of using non-inbred parents, five single locus segregation 

classes can be observed. The consequence of using a backcross from non-inbred 

parents, is that two or three alleles can segregate at a locus, and that the 

parental clones C and E always have one allele in common. The clones C and 

E and their offspring have been used in previous genetic studies (Jongedijk et 

al., 1989; Jongedijk et al., 1990). The diploid potato clone J92-6400-A16 was 

used to generate the many independant transformants with single integrations 

of T-DNA constructs containing maize transposable elements (El-Kharbotly et 

al., in preparation). 

Molecular techniques 

DNA isolation, Southern blotting, hybridisation, and autoradiography were 

performed as previously described by Van Eck et al. (1993). Survey blots with 

DNA from both parental clones C and E, digested with Dral, EcoRl, EcoRW, 

HinDlll, and Xbal, were used for finding polymorphisms. Whenever possible 
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the most informative probe/enzyme combination was selected, displaying both 

alleles from both parental clones in the mapping population. 

RFLP markers 

Different sources of RFLP markers were used to detect segregating loci. From 

a potato leaf cDNA library of c v . Bintje (Nap et al., 1993) ST markers 

{Solanum tuberosum) were developed. TDs, TAc and TI markers are derived 

from potato genomic DNA sequences flanking the integration sites of T-DNA 

constructs containing a Ds, Ac or I transposable element. Ac markers originate 

from potato genomic DNA flanking the reintegration site of transposed Ac 

elements. The flanking potato DNA sequences were obtained via plasmid rescue 

by electroporation (Dower et al, 1988) or were isolated by the inverse 

polymerase chain reaction (IPCR) (Triglia et al., 1988). Ssp markers originated 

from a genomic PstI library of the wild species Solanum sgegazzinii (Kreike et 

al., 1993). TG markers, genomic markers from tomato with known 

chromosomal positions in potato (Bonierbale et al., 1988) and GP markers, 

genomic potato markers (Gebhardt et al., 1989) enabled alignment with other 

potato maps and an analogous chromosome numbering of our map. In addition, 

cDNA probes of cloned potato genes were used as probes for mapping: GBSS 

(Granule bound starch synthase) and BE (Branching enzyme) were provided by 

R. Visser; CHSSÏ (Chalcone synthase, S. tuberosum) and STF13 (S. tuberosum 

flower specific cDNA) were provided by DLO-CPRO; a CRSPh cDNA clone 

pVIP5043 from Petunia hybrida was provided by R. Koes. Duplicate loci 

detected by a single probe are indicated by the addition of a letter at the end of 

the locus name, eg. TAcl3A and TAcl3B. 

Isozymes 

Ten different enzyme systems were assayed for enzyme activity, for gel type 

giving optimal resolution and consistent appearance of bands, and for enzyme 

polymorphisms. Young leaf tissue was used to prepare samples for the 

following enzyme systems: 6-Phosphogluconate dehydrogenase (6-PGDH), 

Diaphorase (DIA), and Glutamate oxaloacetate transaminase (GOT), 

Phosphoglucomutase (PGM), Shikimate dehydrogenase (SKDH), Malate 
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dehydrogenase (MDH), Triose phosphate isomerase (TPI) and Acid phosphatase 

(APS). Tuber tissue was used in case of Esterases (EST) and Alcohol 

dehydrogenase (ADH) (Adh-1 locus) and anthers for the Adh-2 locus. 

For sample preparation, tissues were ground on ice with an equal volume of 

cold 0.05 M Tris-HCl extraction buffer (pH 6.9) containing 1 % ß-

mercaptoethanol. Immediately after brief centrifugation to remove debris, clear 

supernatant was applied on the gel using 1 fû wells. Electrophoresis was carried 

out on precast Polyacrylamide PhastGels (Pharmacia). The gels were buffered 

with 0.112 M Tris-acetate (pH 6.4). The native buffer strips contained 0.25 M 

Tris and 0.88 M L-alanine (pH 8.8) in 2% agarose IEF (Pharmacia). 

The electrophoresis conditions for the 10-15 % and 8-25 % gradient gels, 

programmed on the control unit of the PhastSystem, were as follows: (1) pre-

run 400 V, 10 mA, 2.5 W, 10 Vh; (2) sample-application run 400 V, 1 mA, 

2.5 W, 2 Vh; (3) separation 400 V, 10 mA, 2.5 W, 268 Vh. Conditions for the 

12.5 % homogeneous gel were (1) pre-run 400 V, 10 mA, 2.0 W, 10 Vh; (2) 

sample-run 400 V, 1 mA, 2.0 W, 10 Vh; (3) separation 400 V, 10 mA, 2.0 W, 

125 Vh. For the homogeneous 20 % and the high density gel the conditions for 

electrophoresis were (1) Pre-run 500 V, 10 mA, 3.0 W, 40 Vh; (2) sample-run 

500 V, 1 mA, 3.0 W, 10 Vh: (3) Separation 500 V, 10 mA, 3.0 W, 400 Vh. 

The temperature was maintained at 15°C. Separation was obtained in about 75 

min for all gel types. The gels were stained using standard procedures 

(Vallejos, 1983). 

The nomenclature to indicate loci and alleles is based on the electrophoretic 

mobility of the enzymes. The fastest migrating locus is named locus-1 and the 

fastest allele within a locus is named locus-11. However, in several cases it was 

preferred to use locus names which correspond to previous publications. 

Classical genetic markers 

Classical genetic markers used in this study, along with their locus symbol and 

methods of analysis are summarized in Table 1. Analyses of morphological 

traits have been previously described in this mapping population for loci 

involved in anthocyanin pigmentation of flowers F, D and P (Van Eck et al., 

1993; Chapter 3), and tuber shape locus Ro (Van Eck et al., 1994; Chapter 5). 
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Tuber flesh colour data were recorded according to the Dutch Descriptive List 

of Varieties (Anonymous, 1988). The trait was observed in tubers from three 

replicated field plots. In comparison to the flesh yellowness of standard 

varieties, the clones of the mapping population could be classified on an ordinal 

scale ranging from 3 to 9. Although tuber flesh colour displayed a continuous 

variation, clones were indicated white (yy) when the average trait value over 

three replications was below 5Vi, and yellow (Y-) when the trait value was 

>5'/2 (Jongedijk et ed., 1990). 

The recessive morphological leaf mutant 'yellow margin' (ymym) is described 

by Simmonds (1965) and Hermsen et al. (1978). Yellow margin did not 

segregate in the mapping population (Jongedijk et al., 1991), because the 

parental clone C is homozygous dominant. Backcrosses of the mapping 

population to the parental clone E {Ymym) were made to establish the genotype 

at the Ym locus of each CE clone. For each backcross, 25 seedlings were 

observed to detect segregants with yellow margins. 

The recessive morphological mutation 'crumpled' (crcr) segregated in a 3:1 

ratio in the CE population, since both parents are heterozygous (Jongedijk et 

al., 1990). Crumpled descendants are easily identified by their stunted 

phenotype. However, these sublethal plantlets could not be used in RFLP 

analysis. Segregation at the Cr locus was determined in the non-mutant part of 

the C x E offspring. Backcrosses to both parental clones were used to 

differentiate between the CrCr or Crcr individuals. 

A mutation at the Dsl locus affects pairing and recombination of homologous 

chromosomes during the meiotic prophase I. The mutant phenotype desynapsis 

segregated in a 3:1 ratio in the mapping population, because both parental 

clones are heterozygous Dsldsl (Jongedijk et al., 1990). Cytogenetic 

assessment of the phenotypes was carried out according to Jongedijk and 

Ramanna (1988). Fertile plants with a normal meiosis were scored Dsl-; 

desynaptic individuals, lacking fertility, were scored homozygous recessive 

dsldsl. Sensitivity to the herbicide metribuzin (Sencor®) was screened by the 

growth of cuttings in a metribuzin containing nutrient solution (De Jong, 1983). 

Parental clones and the CE offspring were tested in three replications, each with 

five cuttings. 
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Segregation at the S locus, involved in gametophytic self-incompatibility, was 

assessed by isoelectric focusing of the stylar glycoproteins involved in the 

incompatibility reaction (Thompson et al., 1991). The S-alleles of the parental 

clones were identified by using standard clones provided by R. Eijlander. 

Several agronomically important traits, including earliness, were assessed by 

planting the mapping population, together with the parental clones, in a field 

experiment. This involved a complete randomized block design with four hill 

plots in three replications. Earliness data were recorded on an ordinal scale 

ranging from 2 to 9 according to the Dutch Descriptive List of Varieties 

(Anonymous, 1988). The cultivars Pimpernel (late = 3.5) and Bintje (medium 

early = 6.5) were used as standards. Clones which had a score below the 

average of the population were indicated as late maturing types, provisionally 

indicated with the homozygous genotype elel of a putative locus involved in 

earliness. Clones, more early than average, were indicated with El-. 

Data collection, storage and preliminary analysis 

Data on the genotypes of the parents and the offspring clones were recorded 

according to strict rules, to be able to handle the mixture of five types of singe-

locus segregations (see Table 2) in a genetically consistent way. This type of 

segregation was established on the basis of the parental genotypes, the number 

of offspring classes, and the segregation ratio between the offspring classes. 

The genotypes of the individual descendants were recorded using the two-letter 

codes as shown in Table 2. The first position of the code indicates the 

maternally derived allele, and the second position indicates the paternal allele. 

Segregation distortion was analyzed using the Chi-square test for goodness-of-

fit. At 1:1$, l : l d , and 1:1:1:1 segregating loci skewness, due to gametic 

selection was tested (x2(df=i>) using the gametic classes segregating from clone 

C and clone E separately. Zygotic selection was tested using the Chi-square 

contingency test (df = 1) only at 1:1:1:1 segregating loci. Input files for linkage 

analysis and map construction with the computer programs Linkage-1 (Suiter 

et al, 1983) and JOINMAP (Stam, 1993) were composed from these raw data. 

Linkage-1 canuse two-letter codes. However, the commonly available software 

for map construction allows only one-letter codes (A, H and B) per genotype. 
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Although originally designed for mapping studies in species with inbred parents, 

JOINMAP is suitable for linkage analysis and map construction using the 

offspring from non-inbred parents. For that purpose the population descending 

from the non-inbred parents was regarded as two independent populations of 

female and male gametes. Two-letter coded genotypes were converted to single-

letter codes, so as to meet the requirements of the JOINMAP program. As shown 

in Table 2, the marker displaying the parental genotypes AH x HB, will 

segregate into the classes AH, AB, HH, HB. The maternal gametes are A and 

H. Gamete A is recognized in the two classes AH + AB and gamete H in HH 

+ HB, while the paternal gametes H and B do not hinder the recognition of the 

gametes segregating from the female parent. Similarly, the segregation of the 

paternal gametes H and B is inferred from the classes (AH + HH) and (AB + 

HB), respectively. The consequence of a backcross is that the parental clones 

have one allele in common. Information about linkage or repulsion phase is 

stored within the data set, when this common allele is consequently indicated 

with H, and the alternative maternal and paternal allele with A and B, 

respectively. The above also applies to loci which show the 1:19 or 1:1c? 

single-locus type of segregation. Loci at which the maternal gametes A and H 

segregate in a 1:1 ratio, are indicated with the JOINMAP code 'AxH ' , whereas 

loci at which the paternal gametes H and B segregate, are indicated with 

'HxB ' . 

At marker loci where the parental clones have the same heterozygous genotype, 

the parents have both alleles in common. At these loci, the offspring genotypes 

do not reveal the parental origin of the alleles. Therefore the loci segregating 

AA:AB:BB in a 1:2:1 ratio, or C-:cc in a 3:1 ratio, have to be re-coded in a 

different way. At codominant loci the offspring genotypes AA, AB and BB are 

converted into one-letter codes A, H and B, respectively. At dominant loci the 

genotypes C- and cc are converted into the one-letter codes C and A. These loci 

are indicated with the JOINMAP code 'HxH ' . 

With this procedure the segregation data of the mapping population were split 

into separate maternal and paternal data sets. Such a one-parent data set 

contained only those loci which were heterozygous in the respective parent. 
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Data of the loci segregating in 1:2:1 and 3:1 ratios were present in both data 

sets. These separate maternal and paternal data sets, containing the information 

on gametic segregation, are regarded as data sets generated by two independent 

crosses. 

Linkage analysis and map construction 

Linkage groups were established using a LOD threshold of 3.0. The genetic 

map of each chromosome of the female parental clone C was constructed by 

JOINMAP using the maternal data set. The genetic distances between those loci 

which were heterozygous in clone C correspond to the amount of recombination 

in the female meiosis. Correct estimation of recombination values between 

maternal loci with different type of segregation ( 'AxH' and 'HxH' ) is ensured 

by JOINMAP. Similarly, on the basis of the paternal data set the genetic map of 

clone E was constructed. 

When the order of the marker loci along the parental maps turned out to be 

different, the results were re-examined. Differences in marker order between 

parental maps possibly result from (a) scoring errors, (b) random differences 

between the parental data sets, or (c) chromosome rearrangements. To 

distinguish between these possibilities, all recombination events were localized 

in the data set. It was considered unlikely, that two recombination events had 

occurred on both sides of a locus. For these potential scoring errors the 

autoradiograms were re-examined, and, if necessary, the data were corrected. 

Furthermore, the map position of a locus was considered unlikely, when many 

individuals displayed double recombinations at both sides of that locus. 

Alternative positions were only considered if these resulted in a decrease of 

double recombination events. 

In case of ordering differences between the parental maps, the parental marker 

order with the smallest number of unlikely recombination events was considered 

most reliable. The alternative marker order, taken from the more likely parental 

map, was submitted to JOINMAP using the option 'fixed orders' to reconstruct 

the parental map. The new map was found correct when the Chi-square value, 
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indicating the overall goodness-of-fit of the map, showed a negligible increase. 

When the alternative marker order was in contradiction with the data set, it was 

impossible to overrule JOINMAP with 'fixed sequences'. This situation suggests 

the presence of chromosome rearrangements between the genomes of the 

parental clones. 

Another method to verify or to improve the ordering of loci along the map 

relies on the relatedness of the parental clones. For all chromosomes, one of the 

chromatids in clone E was inherited from clone C. This chromatid is easily 

recognized in clone E, because it accommodates the alleles clone C and E have 

in common. Along the chromatids of clone E these common alleles are linked 

in coupling phase, since these alleles were transmitted to clone E through the 

gamete of clone C. Along the chromatids of clone C the common alleles are 

also in coupling phase, except for those loci flanking the cross-overs which 

occurred during the meiotic development of the gamete that gave rise to clone 

E. Therefore, graphical genotypes (Young and Tanksley, 1988) were made of 

the chromatids of parental clones C and E. Especially in regions with high 

marker density, ordering problems were solved under the assumption that three 

adjacent recombination events were unlikely. 

The construction of the combined map was performed by combining the 

maternal and paternal data sets into one JOINMAP input file, as if we were 

dealing with two separate crosses. The maternal and paternal maps should have 

at least two loci in common per chromosome to join the separate maps in the 

correct orientation. These so called 'allelic bridges' (Ritter et al., 1990) are the 

loci which are heterozygous in both parental clones, and preferably segregating 

in a 1:1:1:1 manner. Allelic bridges based on markers segregating with 1:2:1 

and 3:1 ratios may result in less accurate ordering of marker loci, because of 

the larger standard error of the estimated recombination values. The combined 

map is based on recombination values between pairwise loci. For loci which 

were heterozygous in both parental clones recombination values correspond to 

the weighted average of recombination value estimated in the female and male 

meiosis. This can be viewed at, as stretching the shorter interval and 

compressing the longer interval. However, parental differences in recombination 
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frequency are levelled only at the intervals between allelic bridges, leaving 

recombination values of other intervals unchanged. In a few cases, this 

stretching effect caused artifacts in marker ordering along the combined map, 

which were corrected using the JOINMAP option 'fixed orders'. 

Conversion of recombination values to map units (cM) was performed 

according to Kosambi (1944). Graphic representation of the map was performed 

with the computer programme Drawmap (Van Ooijen, 1994). 

Results 
Polymorphic loci in the mapping population 

RFLP loci: DNA Polymorphisms segregating in the progeny were easily 

detected with the RFLP probes, reflecting the high degree of heterozygosity of 

the potato genome. As indicated in Table 2, the majority of the RFLP markers 

(61 %; 119/195) revealed heterozygosity for DNA polymorphisms in only one 

parental clone, with a similar frequency in clone C (31 %; 62/195) and clone 

E (29 %; 57/195). About 39 % (76/195) of the RFLP probes detected loci 

which were heterozygous in both parental clones, of which the multiallelic 

RFLP loci (34 %; 67/195) were much more frequent than the loci which 

segregated in a 1:2:1 ratio (3 %; 5/195) or 3:1 ratio (2 %; 4/195). 

In total 94 RFLP loci were mapped (from the 108 loci detected) with the probes 

derived from genomic DNA sequences flanking the integration sites of T-

DNA's or transposable elements (Table 2). The TDs, TAc and TI markers 

detected loci on all chromosomes and were evenly spread over the entire potato 

genome. This indicates that integration of T-DNA's does not seem to have any 

preference for particular chromosomes and/or chromosomal regions in the 

genotype mainly used for transformation. However, as anticipated, some RFLP 

probes derived from genomic DNA sequences flanking the re-integration sites 

of Ac elements mapped in a cluster around the initial T-DNA integration site. 

This is, for example, shown by the markers Acll-13 and Acll-17 on 

chromosome 4 indicating reintegration sites of the Ac element in offspring 

plants from the original transgenic plant of which TAc 11 was isolated. 
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Isozyme markers: 

Optimal appearance and separation of enzyme polymorphisms was obtained with 

10-15 % gradient gels for 6-PGDH, DIA and GOT. For PGM, SKDH, MDH 

and TPI the 8-25% gradient gels were optimal. Using homogenous gels good 

separation was obtained for ADH (12.5 %), APS (20 %) and Esterases (high 

density gel). Seven out of the ten enzyme systems tested revealed segregating 

isozyme loci in the CE-population (Table 3). The isozyme loci mapped are 

displayed in Fig. 1. No enzyme polymorphisms were found for SKDH and 

PGM. Complex EST patterns were unfit for genetic analysis. Four out of the 

nine segregating isozyme loci, Dia-1, Got-2, Mdh-2 and Adh-1, were 

heterozygous in clone C, and five loci, 6-Pgdh-2, Got-1, Tpi-1, Adh-2 and Aps-

2, were heterozygous in clone E. 

For the enzyme system 6-PGDH the 6-Pgdh locus with the lowest 

electrophoretic mobility segregated. Close linkage was observed with several 

RFLP markers on chromosome 12. On the basis of its position on chromosome 

12 the locus is indicated 6-Pgdh-2 in analogy to other Solanaceous genome 

maps (Tanksley and Kuehn, 1985; Bernatzky and Tanksley 1986; Bonierbale 

et al., 1988). Segregation was absent for other 6-Pgdh loci with higher 

electrophoretic mobilities. 

Among the complex banding pattern of DIA one polymorphic locus was 

observed. In our mapping population this locus mapped on chromosome 5. 

Although the bands have an intermediate electrophoretic mobility the locus is 

named Dia-1 analogous to the locus on the potato map published by Bonierbale 

et al. (1988). 

Two loci with GOT activity were observed and both segregated in the mapping 

population. The locus with the highest electrophoretic mobility Got-1 mapped 

on chromosome 8, whereas the other locus, Got-2, mapped on chromosome 7. 

With close linkage to the loci TG69 and Dia-1 a polymorphic dimeric MDH 

locus was mapped on chromosome 5. On the basis of its electrophoretic 

mobility this locus is indicated with Mdh-2. 

Two zones with enzyme activity were observed indicating the presence of two 

dimeric Tpi loci. Only the fastest locus segregated. Linkage was detected 

between this Tpi-1 locus and an unassigned RFLP marker TAc4. The Adh-1 
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locus responsible for alcohol dehydrogenase activity in roots and tubers, as well 

as the Adh-2 locus, active in pollen, segregated in the mapping population. The 

Adh-1 locus showed linkage to the chromosome 6 marker TG253. The Adh-2 

locus is mapped on chromosome 4, significantly linked to the RFLP TDs428. 

Only the slow migrating Aps-2 locus segregated in the CE-population. The Aps-

2 locus co-segregated with chromosome 8 RFLP markers, with most significant 

linkage to Ac3-28. 

The localization of classical trait loci. 

All eleven classical trait loci studied in this mapping population could be 

localized. The observed segregations of the classical trait loci and their linkage 

groups are shown in Table 4, as well as the RFLP locus linked to the classical 

marker locus with the highest LOD score. The positions of the classical traits 

on the genetic map are shown in Fig. 1. With the exception of earliness, the 

inheritance of the classical traits is well documented in literature and in most 

cases the parental genotypes were known from previous genetic studies (see 

materials and methods). On the basis of these parental genotypes expected ratios 

were proposed. In most cases the observed segregations were in agreement with 

the expected ratios. The segregations observed at locus P (x2 = 32.97; p < 

0.001) and locus D (x2 = 4.78; p < 0.05) did not fit the proposed genetic 

model, but flanking RFLP loci showed similar segregation distortion. 

With isoelectric focusing of stylar glycoproteins the parental genotypes were 

identified. The genotypes of clones C and E are S,S2 and S2S3, respectively. In 

the CE population the genotypes SjS3 and S2S3 were observed in a correct 1:1 

ratio. It was also observed that individuals of the mapping population having the 

genotype SjS3 were compatible to clone E, whereas no backcross offspring to 

clone E was obtained from S2S3 individuals. The 5 locus was mapped on 

chromosome 1. 

Clear differences were observed among the genotypes in their sensitivity to the 

herbicide metribuzin. The parental clone C was tolerant to metribuzin, whereas 

the parental clone E was sensitive {même). The mapping population segregated 

in a 1:1 ratio, which is in agreement with the heterozygosity of parent C (Même), 
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Fig. 1: Linkage map of potato from the backcross population C x E. For each chromosome 
the female (C9), male (E<?) and combined map (CE) are given. Linkage groups are 
established with LOD > 3.0, except for three intervals indicated in the figure. Individual 
markers mapped with a LOD < 3.0 are underlined. Distorted segregation is indicated with 
asterisks following the marker name on the parental chromosomes in the case of gametic 
selection and on the combined maps in the case of zygotic selection. Chromosome numbering 
and orientation is according to Bonierbale et al. (1988). 
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