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Statements (stellingen)
1)

A carefully planned strategy and strenuous work are keys to
success in transposon tagging for isolating plant genes, but the
mainkey probably isgood luck (Thisthesis).

2)

Competence for genetic transformation existed in our potato
material long before the recent techniques were developed. This
suggests lack of selection pressure (or evolution) on this
competence (Thisthesis).

3)

Resistant plants can be obtained from two susceptible parents
although susceptibility isrecessive (Thisthesis).

4)

The presence m a population of an unknown suppressor or
enhancer for a certain trait may greatly complicate mapping of
this trait (Thisthesis).

5)

It is wiser to tolerate a certain level of late blight attack than to
eradicate the fungus.

6)

Cloning of genes for race-specific resistance to Phytophthora
infestans (K-genes) does not necessarily aim at controlling this
disease, but may be a step inthat direction.

7)

Theory and practice of breeding make people aware of the
shortness of human life.

8)

Without students aprofessor would notbe a professor.

9)

With all the economic, social and political crises, some people
are still willing to give and keeptheir words.

10)

TellyourchildrenthetruthaboutSinterklaas,theywillsay: "you
are a liar".

Stellingen behorende bij proefschrift getiteld " Transposon tagging:
Towards the isolation of the resistance H-genes in potato against
Phytophthora infestans (Mont.) deBary"door AliElKharbotly.
Wageningen, 9 oktober 1995.
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Chapter 1
Out line of the thesis
Thehistoryofthefungus Phytophthora infestansbeginsinthe 1840s.Itfirstappeared
in 1843 in the U.S.A and two years later in Europe. A well documented report
recorded that the fungus infection of potato started in Belgium and spread from this
country tootherplacesinEurope(Bourke, 1964).InIrelandthedamageofthepotato
crop, the main food for the population, was so devastating that thousands of people
losttheir lives andthe others migrated to the U.S.A. (Salaman, 1949). The fact that
potato grew in Europe in the absence of P. infestansfor three centuries before the
appearance of the damageof this pathogen indicates that the fungus probably did not
travel to Europe with the first introduction of thepotato.
The centre of origin of the fungus. P. infestansis most probably in Mexico
becausebothmatingtypes(Al andA2),allowingsexualreproduction, andthegreatest
genetic variation of resistant Solanumspecies are found in that region (Robertson
1991). Asamatter offact, before 1980,theAl andA2matingtypeswere only found
inCentralMexico,andinotherplacesoftheworld, onlytheAl matingtypeappeared
tobeactive. Hohland Iselin(1984) reported for thefirsttimethepresenceof theA2
mating type outside the place of origin, in Switzerland in the early 1980s, and later
itspresencewasconfirmed inmanyothercountries (Robertson, 1991; and references
there in).
The Taxonomy of late blight dates back to 1845. It was first placed in the
genus Botrytis by Dr. Montagne and later, in the genus Phytophthora(De Bary,
1876). Details of the taxonomic history canbe found inWaterhouse (1963; 1970).
The hosts range of P. infestansis narrow. It can infect potato, tomato and
someotherSolanum species(Turkensteen, 1973).Thefungus multipliesinthesehosts
usually vegetatively, however in the presence of the two mating types, sexual
reproduction can occur.
The life cycleof Phytophthora infestans startsfrom theinfected tuber orplant
tissuewherethefungus survivesduringthewinter. Theshootsofthesetuberscontain
a living mycelium of P. infestans from which sporangiophores emerge bearing
sporangia. As a result of rain or sprinkler irrigation the sporangia are washed to the
soiltoinfect other tubers. Leavestouchingtheinfected soilsurface or sporangia scattered onthe foliage causemore infection ofneighbouring plants. Under the condition

offree water from frequent rainor dewandtemperatures of9-25°Cor0-15°Cdirect
orindirectgermination (releasingzoospores),respectively, ofthesporangiaoccurand
infect the living plant tissue. Lesions develop most rapidly at 17-25 °Cand take 3-5
days, from where the new sporangia are scattered, for the second cycle of infection
(Robertson, 1991). Van der Zaag (1956) showed that a low proportion of infected
tubers is capable of carrying the disease from one year to another.
Thesexualcycle isbased on thepresence ofboth Al andA2mating types on
the same plant tissue. In that case, it is possible that the hyphae of opposite mating
types interact, leading to sexual processes and oospore formation. The oospores are
spread to other living tissues and enter the second cycle of infection or to the soil,
where they can survive thewinter. Theoospores can survive inthe soil, the environmentalstressandcaneasilystartgerminationtocolonisetheplantwhentheconditions
are favourable (Drenth, 1995). Sexual reproduction is an alternative quick way of
increasing genetic variability inorder todevelopnew raceswhichcanboth overcome
the resistance of the host plant and develop resistance to fungicides.
Early breeding programmes were focused on the introduction of resistance
from thehexaploid wild species 5. demissum intothecultivatedpotato. Asaresultof
the research of Black et al. (1953) and Malcolmson and Black (1966), 11resistance
genes (^J-genes)were identified and introduced either as a single gene or as multiple
genes to S.tuberosum.
The resistance was based on single dominant genes and appeared to be race
specific. There are strong indications for a gene for gene interaction which was
proposed by Flor (1942; 1971). Based on these sources of resistance, 11/?-genes to
the P. infestansisolateswere classified. Before 1980,outside theplace of origin, the
races of P. infestanswere not complex carrying one or a few virulence factors. But
aspredictedbyPersonetal. (1962)theintroductionofnew/?-genescausedaselection
pressureonthepathogenpopulationresultinginthedevelopmentofnewracescapable
ofbreaking theresistance. Becauseofthisphenomenonthebreeding with/?-genesdid
notprovidedurableresistance(Turkesteen 1993).Therefore attentionwasgiventouse
nonrace-specific resistance inbreedingprogrammeswhichisexpected tobebasedon
polygenes.
Chemical control is another approach to control P. infestans by applying
sprayseither for treatmentor for protectionbasedonaforecasting system (Robertson
1991).Asaresultofthischemicalcontrol, P. infestans isolatesresistant to fungicides
appeared (Davidse et al., 1981). Moreover, the application of chemical control is

costly, e.g. in the Netherlands it costs as much as 100 million guilders annually
(Davidse et al., 1989). It isalso agreat source ofenvironmental pollution. After 150
years of intensive research on potato to bring damage caused by P. infestansunder
control, itmustbesaidthat itisstillthreatening worldwide,boththeagriculturaland
the economic systems.
Molecular cloning of the earlier mentioned major resistance genes is another
approach to understand the mechanism of resistance against this pathogen and may
help to reduce the costs of chemical control and environmental pollution.
Isolationofthe/?-genesagainstP.infestanscannotbeachievedthroughm-RNA
isolation and cDNA cloning because the gene products are unknown. Therefore,
transposon tagging is an alternative method for cloning such genes.
Transposable elements (Transposons) were first described by McClintock
(1948; 1951). They are mobile pieces of DNA which move from one place in the
genome to another through aprocess of excision and reinsertion, as aresult they can
inactivate the expression of a gene by insertion mutation of that particular gene.
Transposons occur as families in the form of two types of related elements 1)
autonomous, the element is containing a transposase gene so that it can regulate its
own excision and reintegration; 2) non-autonomous, the element is not capable for
transpositionbyitself, however, itcanbeactivatedbythepresenceoftheautonomous
element.
After molecular isolation of transposons itwaspossible to isolate geneswhich
were mutated by insertion. Through this technique, several genes have been isolated
inmaize andAntirrhinum (Walbot 1992). Inmaize, the autonomous transposon (Ac)
was reported to transpose preferentially to closely linked positions (Greenblatt 1984;
Dooner and Belachew 1989). This characteristic is advantageous because use of a
transposon at a linked position to a particular gene (targeted tagging) increases the
chance of mutating that gene by the process of excision and reintegration (Doring
1989). This approachwas successfully used intargeted taggingof genes inmaize(/?nj, Delaporta et al., 1988; Ts2, Delong et al., 1993).
Effort has also been made to utilize the well characterized transposons in
heterologous plant species like potato, tomato and tobacco. The Ac element, as in
maize, showed tendency to transpose to aclosely linked position intobacco (Jones et
al., 1990;Dooneretal., 1991),Arabidopsis (Kelleretal., 1993)andtomato (Osborne
et al., 1991)aswell astheDselement intomato (Thomas et al., 1994;Knapp et al.,
1994).Alsoothertranspositionbehaviourwasobserved intomato(Healyetal., 1993;

Rommens et al., 1993). Both a random and a targeted tagging approach were
successful in heterologous plant species. Through the random tagging approach a
male sterility gene in Arabidopsis and a flower colour gene inPetunia were isolated
(Aarts et al., 1993; Chuck et al., 1993). On the other hand the targeting tagging
approach wasused in isolating genes conferring resistance to TMVVirus in tobacco
the (iV-gene), to Cladosporiumfulvum in tomato (Cf-9gene) and to rust in flax (L6
gene) (Whitham et al., 1994; Jones et al., 1994; Ellis et al., 1995).
Our strategy, to isolate oneormore/?-genesagainst P. infestans,isbased on
theAc-Ds transposable element system through the targeting tagging approach. The
first stepistheintroductionoftheDs-element,throughtransformation, intoaresistant
diploidpotatoclonefollowed byselectionoftransformants inwhichtheDs-containing
T-DNAsare linked to theresistancegene. Thisfirststepcanbefollowed by crossing
theselected transgenicplantswithRlrl orR1R1 clonesandselectionfor homozygous
R1R1 genotypes still containing the Ds element. Introduction of the Ac transposase
gene tothe selected plantsactivate the£>s-elementtotagtheresistance geneby insertion mutagenesis of Rl in the third step. The Ac transposase will be removed via
crossing withthesusceptible genotypes (rlrl). AlltheFjprogeny plantsareexpected
to have the Rlrl genotype except the tagged mutant which will show susceptibility
(rl::Dsrl).
Localization of /J-genes is the first essential step for transposon tagging. For
thatpurpose itisnecessary todevelopdiploid potatopopulations inwhichall7?-genes
can be localized. In 1992 thefirst/?-genewas mapped (Leonard-Schippers 1992)on
chromosome 5. In this study Rl, R3, R6and R7 were localised (Chapter 2 and 3).
High transformation efficiency and fertility are also necessary for the
development of hundreds of transposon-containing transformants. Well transforming
genotypesthataresegregating forRl havebeendeveloped (chapter4). Largenumbers
of transposon-carrying Rl-resistant transformants have been isolated to optimize the
possibility that at least one or a few transformants carrying aDs-containing T-DNA
insert near to the position of /?i-gene can be isolated. Difficulties in isolating the
flanking sequences and mapping of the T-DNAs are discussed inchapter (5). Beside
theseunderstanding of inheritance and expression of/?-genes isessential to carry out
this type of research. Indications have been found that a second genetic factor might
be involved in the expression of /?-genes. The expression of Rl appeared to be
dependent on the absence of a suppressing factor (chapter 6).
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Abstract
Phytophthora infestans (Mont.) de Bary is the most important fungal pathogen of the
potato(Solanumtuberosum). Theintroductionofmajor genesfor resistancefrom thewild
speciesS.demissumintopotatocultivars istheearliestexampleofbreeding for resistance
using wild germplasm in this crop. Eleven resistance alleles (R genes) are known,
differing intherecognitionofcorrespondingavirulenceallelesofthefungus. Thenumber
ofif loci,theirpositionsonthegeneticmapandtheallelic relationshipsbetween different
Rvariantsarenotknown,exceptthattheRl locushasbeenmappedtopotatochromosome
5. The objective of this work was the further genetic analysis of different R alleles in
potato. Tetraploid potatocultivars carryingRalleleswere reduced tothediploidlevelby
inducinghaploidparthenogeneticdevelopment of2nfemale gametes. Of the 157isolated
primary dihaploids, 7 set seeds and carried the resistance allelesRl, R3 andRIOeither
individually or in combinations. Independent segregation of the dominant Rl and R3
alleles was demonstrated in two F, populations of crosses among a dihaploid clone
carrying Rl plus R3 and susceptible pollinators. Distorted segregation in favour of
susceptibilty wasfound for theR3allele in 15of 18F,populationsanalysed, whereasthe
Rl allele segregated with a 1:1ratio as expected in five F, populations. The mode of
inheritance of the RIOallele could notbe deduced as only very few F, hybrids bearing
RIOwere obtained. Linkage analysis in two F, populations between Rl, R3 and RFLP
markers of known position on the potato RFLP maps confirmed the position of the Rl
locus on chromosome 5 and localized the second locus, R3, to a distal position on
chromosome 11.

Introduction
There are certain features which are common to the genes controlling race-specific
resistances to fungal pathogens of crops like maize, barley and flax, that have been
carefully characterised. These are: that (1) large numbers of dominant resistance
allelesexistthatdiffer intherecognitionofthecorresponding avirulence allelesofthe
fungus; and (2) groups of resistance alleles havebeen mapped to the same region on
the genetic map, either as variants at the same or tightly linked loci (Saxena and
Hooker 1968; Giese et al., 1981;Jahoor and Fischbeck 1987; Mayo and Sheperd
1980; Islam et al., 1989). For the host-pathogen interaction between the potato and
Phytophthora infestans (Mont.)deBary, 11resistanceorRgeneshavebeen identified
so far, originating from the hexaploid wild species S. demissum(Black et al., 1953;
MalcolmsonandBlack 1966;Ross 1986;Wastie 1991).Thephenotypeoftheresistant
allelesisahypersensitiveresistancereactionthattakesplaceafter infection by specific
races of the fungus. When analysed, theR alleles have shown Mendelian inheritance
assingledominantfactors (Mastenbroek 1953;MalcolmsonandBlack 1966)andtheir
relationshipwiththepathogenconformstothegene-for-gene hypothesisofFlor(1942;
1971). Allelism among R alleles, linkage relationships, and map positions of the
genetic loci involved are not known, with the exception of the Rl locus which has
been located on chromosome 5 of the potato RFLP map (Leonards-Schippers et al.,
1992). It is, therefore, of interest todetermine the genomic positions of other R loci
relative to Rl and to test whether or not R loci of potato are structured similarly to
multiallelic resistance loci of other plant species.
One or more R alleles are present in many tetraploid potato varieties. They
provided the first resistance phenotype against P. infestans, which causes the late
blightofpotato, oneofthemostdestructive fungal diseases ofthiscrop. They arethe
earliest examples of breeding for resistance in potato based on the introduction of
germplasm from wild Solanumspecies, in the case of the late blight of potato, from
S.demissum(Ross 1986;Wastie 1991). Tetraploidpotatovarieties(2n=4x=48) known
to carry R alleles were reduced, therefore, to the diploid level (Hermsen and
Verdenius 1973) in order to obtain dihaploid parents (2n=2x=24) harbouring
heterozygous R alleles which could be then used in crosses for the production of
segregatingYx populations. We have analysed such progeny segregating for specific
R alleles and RFLP markers having known positions on the RFLP map of potato
(Gebhardt et al., 1991; 1993). Theanalysis verified themapposition of theRl locus

(Leonards-Schippersetal., 1992)andrevealedtheexistenceandchromosomalposition
of a second locus, R3, in the potato genome.
Materials and methods
Originofplant material
Ten cultivars reported to have one or more R alleles were selected from the Dutch
varietylist(Anonymous 1989).Dihaploids(2n=2x=24) wereinducedthroughprickle
pollination using the diploid species, S.phureja,clones IVP 35and 48 (Hermsenand
Verdenius 1973) and IVP 101 (Hutten et al., 1990). The dihaploids obtained were
testedwithP. infestans race0. Theresistantdihaploidsweregrafted ontotomatoroot
stock (cv. Virosa) for flower inductionandpollination. Thediploid clones87-1017-5,
87-1024-2, 87-1029-31 and 87-1031-29 (Jacobsen et al., 1989) and J89-5002-6,J895002-18, J89-5040-1 andJ89-5040-2 wereused aspollinators. They were fertile and
susceptible to P. infestans (rr).
Determination offertility
Femalefertility oftheprimarydihaploidsandselectedF,hybridswasdetermined after
pollination withfertile diploidsbyberry setand seed setperberry. Male fertility was
estimated after staining pollen with lactophenol acid fuchsin.
Inoculum
The P. infestansraces 0, 1, 3.7, 4.10, 1.4.10, 1.3.4.7, 1.3.4.7.10, 1.3.4.10.11and
3.4.7.8.10.11 were kindly supplied by L.J. Turkensteen (Research Institute for Plant
Protection, IPO-DLO, Wageningen) and F. Govers (Department of Phytopathology,
Wageningen Agricultural University). Theisolatesweremaintained ontuber slicesof
cv. Bintje to ensure sufficient pathogenicity on foliage. Thetuber slices were kept in
moisttrays inadarkclimatechamber at 17°C. Forpreparationoftheinoculum, fresh
tubersliceswereinfected withasporesuspension. After 6days,sporeswerecollected
by washing the slices with demineralised water. The concentration of the resulting
spore suspension was adjusted to 104conidia/ml.
Inoculationprocedure
Plants (8-to 10-weeks-old)weretestedusingthedetachedleaflet technique (Toxopeus
1954; Mooi 1965; Umaerus 1969). For inoculation, fully expanded leaves were
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collected and fixed upright by their petioles infloralfoam (Smithers-Oasis) saturated
with water in a container with a transparent cover. A thin film of inoculum was
sprayed on the lower surface of the leaves using a hand sprayer fitted with a fine
nozzle. Thecontainerswerekeptinaclimatechamberat 17°Cin 16hlight/8hdark.
The leaveswere kept inca. 100% relativehumidity for 24h, thenventilated toallow
the leaves to dry. The disease assessment was carried out 5 days after inoculation.
Plants were scored as: (1) resistant (R) when symptoms were absent or a
hypersensitive reaction was visible; and (2) susceptible (S)when sporulating lesions
developed. Theresistance testwasrepeated twice. Parents, aswellasdefined genetic
material resistant to specific races of P. infestans (C. Mastenbroek unpublished:
tetraploid tester clones containing R0;Rl, R2, R3 and RIO, and Rl R3 loci), were
used as controls inboth tests.
RFLP analysis
Total genomic DNA was extracted from 0.3-0.4g freeze-dried leaves and shoots of
parental lines and F, hybrids as described previously (Gebhardt et al., 1989). DNA
was purified by CsCl gradient centrifugation in all cases. Restriction digests,
electrophoresis, electrotransfer to Nylon membranes (Amersham, Hybond N) and
hybridization to RFLP marker probes were carried out according to Gebhardt et al.
(1989). Linkage analysis among Rl, R3 and RFLP alleles was performed using
computerprogramsbasedonthemodelsandalgorithms givenbyRitteretal. (1990).
Marker probes were selected according to their map position on an updated version
ofthe potato RFLP map (Gebhardt et al., 1991;1993). GPmarkers originated from
genomic DNA of potato, and CP markers were derived from potato cDNA clones.
The marker probe TGI05 from tomato was provided by S.D. Tanksley (Cornell
University, Ithaca, NY,USA).Smalllettersinparenthesisindicatethatmorethanone
RFLP locus is detected with the sameprobe.
Results
Isolationand characterisation ofdihaploids
FromtencultivarsbearingoneormoreRalleles, 157parthenogeneticdihaploidswere
obtained. Someofthemweremalformed andoflowvigour. Alldihaploidsweretested
for resistance to P. infestans race 0, and 60 were resistant (Table 1). Assuming
unbiased segregation of R alleles indihaploids derived from tetraploid varieties, a
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Table 1 Number of dihaploids isolated from ten cultivars and their reaction to
Phytophthora infestans race 0
Cultivar

Number of dihaploids
Total Test with race 0
Resistant

J?l:l
Susceptible

Rl
Maritta
Morene
Saturna

2
39
6

0
2
4

2
37
2

nt
31.40"
nt

Total

47

6

41

26.06"

Cardinal
Eba
Radosa

6
30
28

2
8
6

4
22
22

nt
6.53*
9.14"

Total

64

16

48

16.00"

Astarte
Atrela

3
2

0
0

3
2

nt
nt

Total

5

0

5

nt

22

20

2

nt

Escort

19

18

1

nt

Total

157

60

97

R3

P7P?
KIKJ

R1R3R10
Hertha
R1R2R3R10

nt, not tested
*, ", significant at P = 0.05 and 0.01, respectively
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segregation ratio 1:1(resistant versus susceptible) isexpected for oneR allele in the
simplex constitution and of 5:1 in the duplex constitution. In varieties with two
unlinkedR genesbothwithonedominantallele, a3:1(bothsimplex)or an 11:1(one
simplex, one duplex) segregation ratio of resistant versus susceptible dihaploids is
expected. Even higher frequencies of resistant dihaploids should be observed when
more than two genes, each with oneR allele, are present in the tetraploid variety.
The frequency of resistant dihaploids was much lower than expected in the
dihaploidprogeny ofcvs.Morene,EbaandRadosa(Table 1).Alsothefivedihaploids
extracted from cvs. Astarte and Atrela bearing two R alleles were, contrary to
expectation, susceptible. Ontheotherhand, mostofthedihaploidsderived from cvs.
EscortandHertha carrying four andthreeRalleles,respectively, were resistant. Due
tothelow numbers of dihaploids obtained, significant segregation ratios could notbe
determined for most of the sets of primary dihaploid progeny. Pooling the numbers
of dihaploids of cultivars with only one R allele shows, nevertheless, a highly
significant bias towards susceptibility (Table 1).
After grafting ontotomatorootstocks,24ofthe60resistantdihaploids flowered
normally. Morethan 100berriesweresetafter pollinationofabout400flowers using
different susceptible diploid pollinators. Berries as well as seeds were obtained from
seven well-flowering dihaploids. They originated from cvs. Cardinal (CarEP.l;
CarEP.8),Escort(Esc.42),Hertha(Her.44;Her.64),Radosa(RadEP.90) andSaturna
(J90-6026-4). Seeds per berry varied among these dihaploid genotypes from 1.3 to
12.7. This indicates that 7 out of 157primary dihaploids showed potential value for
developing populations segregating for oneormoreR alleles. Thesesevendihaploids
were tested with additional races of P. infestans to determine which of the R alleles
werepresent.J90-6026-4andHer.44containedRl, CarEP.1,CarEP.8andRadEP.90
containedR3andthedihaploidsEsc.42andHer.64containedR1R3andR1R3R10R?,
respectively (Table 2). The R2 and R10 alleles present in the cv. Escort were not
transferred to Esc.42. Aremarkable observation wasthat cv. Hertha was susceptible
to race 1.3.4.7.10, whereas the dihaploid Her.64 was resistant, indicating the
expression of a new R specificity in Her.64.
Seedsetandsegregation ofF, plants
Bothmale and female fertility of resistantprimary dihaploids was low. Observations
onFjhybridsincrossesamongthedihaploidsandsusceptiblepollinatorsindicatedthat
flowering capacityandfertility increased. Thiswasevidentfrom thenumberofseeds
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Table 2 Segregation inthe Fx hybrids of resistant dihaploids crossed with susceptible
diploids, after inoculation with P. infestans race 0.
Dihaploid
resistant
Parent

F, population
(Code)

Test with race 0
Number of plants
R

X2

S

1:1
Rl
J90-6026-4
Her.44
R3
CarEP.l
CarEP.8
RadEP.90
J91-6162-27
R1R3
Esc.42
R1R3R10R?
Her.64
nt, not tested
", significant at P

J91-6146
J91-6166

10
1

15
3

1.00
nt

J91-6152...
J91-6155
J91-6156...
J91-6162
J91-6170
J92-6454

2

34

28.44"

12
7
20

128
12
26

96.11"
1.32
0.78

J91-6164
J91-6165

58
14

23
15

15.12"
0.03

J91-6167...
J91-6169

39

52

nt

3:1

0.50
11.05"

= 0.01

per berry that increased from 1.3-12.7 in parental dihaploids to 28.4-77.3 in the F,
hybrids.
Twenty sets of progeny were classified into susceptible (S) and resistant (R)
plants using P. infestansrace 0 as inoculum (Table 2). Nineteen sets resulted from
crosses ofthesevenprimary dihaploidswithsusceptibleclonesaspollinators. Oneset
ofprogeny(J92-6454)originated fromacrossbetweentheF,hybridJ91-6162-27(/?Jr)
of progeny J91-6162 and the susceptible clone 87-1024-2 (rr).
The 1:1ratio expected for the segregation of theRl and R3 alleles present in
14

theheterozygousstatewasfoundinpopulationsJ91-6146{Rl), J91-6170andJ92-6454
(R3). Population J91-6166was too small to assess the segregation ratio. The setsof
progeny resultingfrom crosseswithdihaploidsCarEP.1 andCarEP.8ofcv. Cardinal
showed a highly distorted ratio for R3 in favour of susceptibility (Table 2). The two
progeny setsJ91-6164andJ91-6165hadthefemale parentEsc.42incommon, which
carries Rl plus R3 and they differed only for the susceptible maleparent. Assuming
no linkage between Rl and R3, a 3:1 segregation ratio (resistant versus susceptible)
wasexpectedand,indeed,foundforprogenyJ91-6164.ProgenyJ91-6165segregated,
however, witha1:1 ratio,compatiblewithRl andR3beingclosely linkedincoupling
phase (Table 2). Allelism between Rl and R3 was excluded because susceptible F[
plantswere found. The segregations observed intheprogeny of Her.64which, based
on inoculation data, should have carried at least Rl, R3 and RIO, did not fit the
expectation of at least twounlinked R loci, as too many susceptibles were found.
The populations J91-6164, J91-6165, J91-6167, J91-6168 and J91-6169 were
further tested with a number of specific races (0, 1, 3.7, 4.10, 1.4.10, 1.3.4.7,
1.3.4.10.11, 1.3.4.7.10, and3.4.7.8.10.11)inordertodeterminethepresenceof Rl,
R3, R10and combinations thereof in resistant F, individuals (Table 3). This analysis
demonstratedagainthatRl andR3wereunlinkedinthepopulationsJ91-6164andJ916165. A regular segregation pattern of 1:1:1:1 for the phenotypes R1,R3,R1R3 and
susceptibles (S)wasfound intheprogenyJ91-6164asexpected for thesegregationof
two unlinked R loci, but not in progeny J91-6165. In this latter progeny, the
segregationwasdistorted forR3, withanexcessofsusceptibleplants (6R3versus22
Rl or S, ^ 2 1;1 =9.14, P<0.01)whereas the Rl allele segregated as expected (10 Rl
versus 18R3 or S, X21:1=2.28, P>0.05). Themode of inheritance of R10could not
be deduced from populations J91-6167, J91-6168 and J91-6169, as only 2 out of 38
resistant plants had the R10 phenotype. The same was true for R3 in these three
crosses: only five plants expressed theR3allele (Table 3). TheRl allele segregated,
however, as expected inprogeny J91-6167 (22Rl versus 31 S, A21:1=1.18, P>0.2)
and J91-6168 (15 Rl versus 15 S, X*1:1=0.0, P>0.8). One plant of progeny J916167, J91-6167-35, showed the same resistance pattern as the mother plant Her.64
(Table 3).
RFLPmappingofRl andR3
The progeny J91-6164 (Table 3), originating from the cross Esc.42 {Rlr/R3r)\%l1031-29 (rr/rr), was chosen inorder to identify thepositions ofRl andR3 on the
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RFLP linkage map of potato. Fifty-four plants (10 Rl, 14R3, 12 R1R3, 18S) and
theparentswere analysedwith 83markerprobes, chosenbased ontheirpositions on
the 12potato linkage groups, for cosegregation of RFLP alleles with theRl and the
R3 resistance alleles, respectively. Forty percent of all the markers tested were not
informative, being either homozygous in the resistant parent Esc.42 or not
polymorphic betweenbothparents.
The map position of the Rl locus on chromosome 5, which was determined
previously (Leonards-Schippers et al., 1992), was confirmed by testing the marker
GP21,knowntobecloselylinkedtoRl (2.5cM).InprogenyJ91-6164,Rl waslinked
(4.5cMaway)tothesamemarkerlocus(datanotshown).TheR3locuswas identified
atadistalpositiononchromosome 11(Fig. IB). For comparison, anupdated version
of chromosome 11, as deduced from segregation data for 12 RFLP marker loci
informative inthecrossusedfor constructing ourfirst RFLPmapofpotato(Gebhardt
et al., 1991; 1993), is shown in Fig. 1A. The genetic distance between R3 and the
proximal group of three closely linked RFLP loci GP250(a),GP185andTG105(a)
was 7cM. The most closely linked RFLP locus, GP35(k), was not useful for the
identification of the map position of R3, as the position of GP35(k) itself was
unknown. The marker probe GP35 detects multiple loci in the potato genome
(Gebhardt et al., 1989) only some of which show segregating RFLP alleles in any
specific cross. GP35(k) was not detected in the cross used for constructing the
chromosome 11map shown in Fig. 1A.
The position and the order of R3 and of the RFLP loci linked to it were
confirmed bysegregationanalysisusing41 plantsandtheparentsofprogenyJ92-6454
(Table2). ThelocusR3wasfound tobe2.4cM (onerecombinant)distalto GP250(a)
and TG105(a) and only 5cMdistal to GP38(Fig. 1C),whereas inprogeny J91-6164
the distance between R3 and GP38 was 29 cM, nearly 6 times larger. The
recombination behaviour was, therefore, very different in populations J91-6164 and
J92-6454.Whencomparedwiththerecombinationamongthesamemarker lociinthe
RFLP mapping population shown in Fig. 1A, the cross J91-6164 showed increased,
and the cross J92-6454 reduced recombination in the resistant parent.
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A
CP 58 i
GP 125(

C

B
5cM

CP 163 i
GP 230i

CP 1176
CP 280 Q

GP162(a)
CP 280
GP'318

GP 38A

GPJ8
CP 137(c) Q

GP 250(a)
GP 185
TG 105(a)

GP 250(a)
GP185
TG 105(a)

GPJ8
TG 105(a)
GP 250(a)

GP 35(k)

>R3

R3
Fig 1A—C. Map position of the R3 locus on chromosome 11 of potato. A
Chromosome 11 linkage map deduced from RFLPs segregating in the mapping
population of Gebhardt et al. (1989; 1991). B Part of chromosome 11 with the R3
locusasderived from RFLP analysis inprogeny J91-6164. C Part ofchromosome 11
with the R3 locus as derived from RFLP analysis in progeny J91-6454.
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Discussion
Only 7 out of 157 dihaploids extracted from tetraploid varieties expressing R alleles
proved to be both fertile and resistant to specific races of P. infestans. The low
efficiency was due to the low fertility and the preferential recovery of susceptible
dihaploid plants. Lowvigour andlow fertility isanobservation thatholdsfor a large
proportionofprimary dihaploids ofpotato(CarrollandLow 1975; 1976;Ross 1986).
It is explained as the phenotypic manifestation in the dihaploids of unfavourable
recessive alleles present in the tetraploid. Such unfavourable alleles might also be
particularly linked to the R alleles present in cultivated varieties which have been
introducedfromthewildspeciesS.demissum. Althoughdilutedbybackcrossbreeding,
considerable amounts of wild germplasm should still be present around the R loci
(Stam and Zeven 1981). Linkage drag may be, therefore, the reason for the low
frequency ofresistantandfertiledihaploidsrecovered. FertilityimprovedinF[hybrids
of the primary dihaploids crossed with fertile plants. This is in accordance with
previous observations (Ross 1986and references therein).
Segregation analysis of the alleles Rl and R3 in a series of F! populations
originating from crosses of resistant with susceptible fertile diploids revealed that, in
themajority of cases, the 1:1ratioexpected for the segregation of a single, dominant
allele in heterozygous condition was highly distorted towards susceptibility. The R3
allelewas more affected than theRl allele: of the 18populations segregating for R3,
all but 3 (J91-6170, J91-6164, J92-6454; Table 2) exhibited the distortion, whereas
in all 5 progeny segregating for Rl (J91-6146, J91-6164, J91-6165, J91-6167,J916168) anormal 1:1 segregation ratiowasfound. Normal segregation ofR3depended
on the pollinator used, as becomes evident on comparing populations J91-6164 and
J91-6165, which shared thefemale parent. Distorted segregation ratiosare frequently
observed in crosses of dihaploid potato lines (Gebhardt et al., 1991) and can be
explained by postzygotic selection against unfavourable allelic combinations. In the
crosses analysed, such unfavourable allelic combinations might have been present at
theR3 locus itself or at loci linked to R3.
RFLPanalysisoftheF[populationsJ91-6164andJ92-6454confirmed themap
position of Rl and revealed that of the R3 locus on the genetic map of potato. The
locationofRl onchromosome5(Leonards-Schippers etal., 1992)issupportedbythe
close linkage of the Rl allele segregating in progeny J91-6164 to the marker locus
GP21 onchromosome 5. TheR3locuswasfound atadistalposition on chromosome
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11linked toaproximal groupofthreemarkerloci TG105(a),GP185,andGP250(a).
The tomato marker probe TG105 detects homoeologous RFLP loci on chromosome
11ofLycopersicon andSolarium, whosegenomesarehomoeologous (Tanksley etal.,
1992).
In tomato, the marker locus TG105isclosely linked (0.4cM) to the Fusarium
oxysporum resistancelocus12 (Segaletal., 1992).Thegeneticdistanceof0.4cM was
found tobeequivalenttoaphysicaldistanceofapproximately 17kbonly(Segaletal.,
1992). The P. infestansresistance locus R3 in potato is linked to the same marker
locus, however, depending on the progeny used for mapping, at genetic distances of
7 cM and 2.4 cM, respectively. The physical distance corresponding to this genetic
distance isnotknownatpresent inthepotato, whichhas aboutthe samegenome size
as tomato (determined by flow cytometry, K.M. Blok, personal communication). It
seems likely, however, thatR3 is alsophysically more distant from TG105inpotato
than12 intomato. Thelargedifference betweenrecombination frequencies separating
the R3 and TGI05loci in two different crosses points to the fact that the correlation
between genetic and physical distance is already highly variable within a single
species. It depends not only on the position in the genome of the loci considered
(Segal etal., 1992; Ganaletal., 1989)butalsoonthespecific crossused inmapping
experiments. Similarobservationshavebeenmadeinotherplantspecies, for example
inbarley (Gorg et al., 1993).
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Chapter 3
Genetic analysis and RFLPmapping of R6and R7loci of potato conferring
race-specific resistance toPhytophthorainfestans (Mont.) de Bary.
Abstract
Resistantdifferential strainsofthetetraploidSolariumtuberosum,clonesMaR6andMaR7,
were used as parental plants for the parthenogenetic induction and selection of diploid
genotypescontaining theR6andR7resistanceloci toPhytophthorainfestans. Aresistant
dihaploid from MaR7 could directly be used as crossing parent to produce a diploid F,
progeny suitable for genetic and RFLP analysis. MaR6 did not produce directly useful
dihaploids. After crossing of MaR6 with a tetraploid susceptible genotype, sufficient
resistant F, clones were selected. In this F, population a 5:1 segregation was found
indicating aduplex genotypefor R6inMaR6.Theresistantgenotypeswerethenusedas
parents for the induction of suitable dihaploids. Several resistant dihaploids bearing R6
couldbecrossedwithadiploidsusceptiblegenotype.Thediploidpopulations,segregating
for R6 or R7, generally showed an excess of susceptible plants. RFLP analysis using
probes linked to either Rl or R3 showed clear linkage of both R6 and R7 to the same
probes that were linked toR3 on chromosome 11.

Introduction
Inpotato, theresistance toPhytophthora infestans iseitherhorizontal orvertical. The
horizontal form seems to be polygenic (Umaerus et al., 1983; Wastie 1991). The
vertical resistance, however, is controlled by major dominant factors, called/?-genes
(Mastenbroek 1953; Malcomson and Black 1966). /?-genes were introduced from
different accessions of the hexaploid wild species Solanum demissum into the
cultivated tetraploid potato by repeated back crossing. They confer race-specific
resistance to P. infestans. Eleven /?-genes are known and used in breeding so far
(MalcomsonandBlack 1966;Shaw 1991).Therefore, eleventetraploidresistantpotato
genotypes, obtained by backcrossing of potato-5. demissum hybrids with potato, and
expressing i?-genes from different accessions, are used as differentials for the
characterization of isolated unidentified races of P. infestans (Turkensteen pers.
comm.)Molecular isolation of these /?-genes would facilitate understanding of the
resistance mechanism to the fungus. Here wehave used the differentials as a source
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for localization of R-geneson the map of potato. Mapping ofR-genes, expressed in
the differentials, is the first step for either transposon tagging or map based cloning.
The resistance factors Rl and R3 were recently mapped (Leonards-Schippers et al.,
1992; El-Kharbotly et al., 1994) on chromosome 5 and 11respectively using RFLP
markers with known positions on the RFLP map of potato (Gebhardt et al., 1991;
1994). Here, wehavedetermined thepositionofbothfactors R6andR7inthepotato
genome by analyzing segregating populations at the diploid level. For this purpose,
dihaploids were isolated by haploid parthenogenesis (Hermsen and Verdenius, 1973)
from differential tetraploid genotypes containing R6 an R7. This approach was
followed by crossingofdihaploids withsusceptiblediploids for segregation studiesof
theseR-genes andapplication ofmolecular probesoftheearlier described potatomap
(Gebhardt etal., 1991).
Materials and methods
Plant material
The tetraploid potato clones Ma/?6 and Ma/?7, resistant to specific races of P.
infestans (C.Mastenbroekunpublished: tetraploid differential tester clonescontaining
R6andR7factors, respectively),wereusedtodevelopdiploidpopulations suitable for
RFLP mapping. They were kindly supplied by Dr. L.J. Turkensteen (Research
Institute for Plant Protection, IPO-DLO, Wageningen, The Netherlands). From these
clones dihaploids (2n=2x=24) were induced through prickle pollination using the
diploid species, Solatium phureja, clones IVP 35 and 48 (Hermsen and Verdenius
1973) and IVP 101 (Hutten et al., 1994). The dihaploids obtained were tested with
Phytophthora infestans race0. Theresistantdihaploidswere grafted ontotomatoroot
stocksofcv.Virosafor flower inductionandpollination. Thefertile diploidclones871024-2 (Jacobsen et al., 1989) and the amylose-free tetraploid clone J90-6001-3
(Flipse et al., 1995), both were susceptible to P. infestans (rrrr), were used as
pollinators.
Screeningforresistance
ThegenotypeofMa/?6andMa/?7wasconfirmed usingdifferent racesofP.infestans.
The same test was carried out for all susceptible pollinators and Fl progenies. The
racesofP. infestans werekindly suppliedbyDr. L.J. Turkensteen (Research Institute
for Plant Protection, IPO-DLO, Wageningen, The Netherlands) and Dr. F. Govers
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(Department of Phytopathology, Wageningen Agricultural University, The Netherlands).
Preparation of P. infestansinoculum (race 0, 7, 2.7, 1.3.4.7 and 1.2.3.6.7) and the
inoculation procedure were carried out as previously described (El-Kharbotly et al.,
1994).
Ploidylevel determination
Ploidy level of the potential dihaploid seedlings was determined by counting the
number of chloroplasts in the stomatal guard cells (Frandsen 1967)
RFLP analysis
Total genomic DNA was extracted from 0.3-0.4 g freeze dried leaves and shoots of
parental lines and F, hybrids as described previously (Gebhardt et al., 1989). DNA
was purified by CsCl gradient centrifugation in all cases. Restriction digests,
electrophoresis, electrotransfer to Nylon membranes (Amersham, Hybond N) and
hybridization to RFLP marker probes were carried out according to Gebhardt et al.,
(1989). Linkage analysis among R6, R7 and RFLP alleles was performed using
computer programs based on models and algorithms given by Ritter et al., (1990).
Marker probes were selected according to their map position on an updated version
of thepotato RFLP map (Gebhardt et al., 1991;1994). GPmarkers originated from
genomic DNA of potato, and CP markers were derived from potato cDNA clones.
Small letters in parenthesis indicate that more than one RFLP locus is detected with
the same probe.
Results
Developmentofpopulationsfor mappingofR-genes
The resistant genotypes, containing /J-gene(s), and the susceptible ones are expected
toshowanincompatible (hypersensitive) andcompatiblereaction(sporulating lesions)
respectively, after inoculationwithP. infestansrace0.Ontheotherhand,theresistant
clones are expected to show a compatible reaction (susceptibility) after inoculation
withracescontaining thevirulence factor correspondingwiththeresistancegene.The
reaction pattern of Ma/?6 and Ma/?7and of pollinators, with different races of P.
infestans,was as expected (Table 1,A).
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Table 1Reaction of susceptible, R6 and R7 diploid potato clones on different races
of Phytophthora infestans.These clones were used in different crosses.
Potato
clones

Genotypes

Races of Phytophthora infestans
0

7

2.7

1.3.4.7

1.2.3.6.7

R6—
R7—

R
R

R
S

R
S

R
S

S
S

R6R6r6r6
R7r7r7r7

R
R

R
S

R
S

R
S

s
s

rr
r rrr
rr

S
S

S

S
S

S
S
S

s
s
s

A:
Expected
reaction of:
Observed
reaction of:
Ma/?6
Ma/?7
Male Parents:
S.phureja
J90-6001-3
87-1024-2

s

s
s

R6r6

R

R

R

R

s

R6r6
r6r6

R
S

R
S

R
S

R
S

s
s

R7r7

R

S

S

S

s

R7r7
r7r7

R
S

S
S

s
s

S

s
s

s

B:
Female parent
J92-6442-8
Population*
J92-6601

Female parent
BE93-4053-6
Population*
BE94-4101

s

R= resistant; S= susceptible.
*, Populationoriginating from either thefemaleparentJ92-6442-8orBE93-4053-6after crossingwiththe
susceptible male parent 87-1024-2.
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Theproductionofdihaploidsfrom cloneMa/?6waslowbecauseofitsshort flowering
period. From the interspecific crossusing S.phureja, threedihaploids were isolated.
All appeared to be resistant to P. infestans(Table 2), but they either did not flower
orproduced flower budsabortingbefore or after pollination. Tosolvetheproblemof
sufficient dihaploid induction, the tetraploid MaR6 clone was crossed with the
tetraploid susceptible cloneJ90-6001-3.TheF!progeny (J91-6145) was analyzed for
segregation of the R6 factor. Forty five F[ genotypes were tested with race 0. A
segregationratio(resistanceversussusceptible)of 1:1 or5:1wasexpectedincasethat
R6 is present in simplex (R6r6r6r6)or duplex (R6R6r6r6)form respectively. A
segregation of 39 resistant to 6 susceptible genotypes was found which fit with 5:1
ratio (A2=0.36, P>0.5) indicating thatR6 in MaR6is in duplex form. Induction of
dihaploids from the J91-6145population was easier than from MaR6 because of a

Table2Numberofdihaploidsisolatedfrom tetraploid genotypeswithdefinedR-genes
and their reaction to Phytophthora infestans race 0.
Genotype

Number of dihaploids
Total

Crossable
resistant
dihaploids
(Code)

Test with race 0
R

S

R6
M&R6

3

3

0

J91-6145-2*
J91-6145-4
J91-6145-6
J91-6145-7

6
6
5
17

4
5
2
12

2
1
3
5

J91-6145-8

8

6

2

42

29

13

6

2

4

Total

J92-6435-1
J92-6441-1, 2
J92-6442-1, 8, 10

R7
MnR7

BE93-4053-6

*, F, progeny plants containing R6 from the crossing Ma/?6XJ90-6001-3
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longerfloweringperiod and highberry set. Forty two dihaploids were isolated from
crosses of five selected tetraploid genotypes which were resistant (Table 2). Twenty
nineof themappeared toberesistant. Theyweregrownto flowering stage andtested
for seed set after pollinating with the susceptible clone 87-1024-2 (Table2).
MaR7 did not need an

