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Propositions

—

. Genetic analysis is indispensable for positional cloning of genes.

2. The most serious problem associated with chromosome landing remains the resolution that can be

achieved with genetic mapping.

3. Struetural homology to other resistance genes or complementation of a susceptible phenotype with
a candidate resistance gene sequence are not sufficient to claim the isolation of a novel resistance

gene.
Dixon et al. (1996) Cell 84: 51-459.
Cai ef al. (1997) Science 275: 832-834.

4. Competition is more stimulating than collaboration.
5. The so-called avr genes cause incompatibility rather than loss of virulence, therefore a more
aceurate term for @vr genes would be incompatibility genes.

S. Briggs & G. Jobal (1994) Trends in Genetics 10 12-16.

6. The introduction of the Euro as a single European currency should go hand in hand with a European

standard for a PhD thesis.
7. Sharing scientific results within a collaboration can be disadvantageous.

8. Public funds for further development of techniques for in vitro fertilization could be better spent on

improving facilities for women that combine work and children.

9. Cloning humans equals standstill of evolution.

Propositions from the thesis entitled
"Genetic and molecular analysis of the tomato root-knot nematode resistance locus Mi-/"

Tsvetana Liharska, 13 February 1998 Wageningen




To the memory of my grandfather Tsvetko Liharski



Preface

One thing is what you want to do,
another thing is what you can do
and third and fourth is to do it.

Nicolai Haitov, Bulgarian writer

During my five vears of research at the Department of Molecular Biology in
Wageningen, | have been asked many times if the Mi gene has finally been cloned and why
does it take us so long to achieve this goal. Here, I must say that ’ve been fortunate to start
working on this project after two PhD students of Pim Zabel, Jacques Aarts and Raymond van
Daelen, had done enormous amount of work "towards the isolation of Mi".

In August 1992 in a Japanese restaurant in Davis, California a collaboration was set up
1o join the efforts with two other groups: the group of Valerie Williamson, at the Nematology
Department, UCD in California and Keygene in Wageningen. The cloning of Mi scemed
feasible in one to two years! It was simple as this: Tsveta (MolBi} will take care of the
recombinants (Maarten has already made the crosses), Valerie will do the nematode resistance
tests and Keygene will provide the (AFLP) markers. No time to waste since the competitors
from The States and, later, Genmany, were ahead of us. Throughout these years we survived
repeated rumours that Mi had been cloned, internal discords, and, here they are, jointly and
non-jointly written chapters of my thesis.

I am grateful to Pim for all the doors he has opened for me, for his confidence in me
and his patience. I will never write scientific English good enough, Pim, but [ have learned a
great deal from you.

Thanks to my "promotor in shadow” Maarten Koornneef for his guidance in Genetics
when I needed it so much. It has always been inspiring working with vou, Maarten! 1 also
appreciate the help and the concern of the colleagues from the "vakgroep Erfelijkheidsleer”
and from the greenhouse of Henk Kuiper.

I enjoyed very much working with my colleagues from the "tomato group”, Ellen,

Ruud, Rob, Monique, Guusje, Xiaobo and Jan Hontelez. We surely would have been a even



greater team, Jan, if only we have started earlier working together. I also acknowledge my
students Marielle and André for their contribution to the Mi-story.

My promotor Ab van Kammen made possible to finish the preparation and the writing
of this thesis. I am indebted to him also for his support throughout the years. I will always
cherish the time I spent at MolBi. Thanks all my colteagues from the Department 1991-1996
for the pleasant atmosphere!

It has been a real excitement to work with Valerie Williamson ! I am very thankful to
the group from Davis for their positive aitifude in our collaboration, to Mr. Jan Bezooyen
from Department of Nematology for his gratuitous help with the nematode tests, to Taco
Jesse and the group from Keygene for my private AFLP course.

Finally, the people who contributed indirectly, but strongly to the realization of this
thesis: my family in Bulgaria and my family-in-low Schyns with their understanding and the

love, Vesna’s friendship and shelter; Philippe, making it look like a "piece of cake".
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Outline of the thesis

The work presented here aims at the molecular isolation of the tomato locus Mi-/
which confers resistance to root-knot nematodes, a group of wide-spread plant pathogens.
Besides of its practical implication, the isolation of disease resistance loci is expected to shed
light on the nature of host resistance and to provide material for profound molecular studies of
the mechanism of resistance.

The Mi-I resistance locus has been introgressed into the cultivated tomato
(Lycopersicor esculentum) from the wild tomato species L. peruvianum and largely exploited
in breeding programs during the past fifty years. In chapter 1, the properties of Mi-J/-mediated
resistance are described and the availability of additional resistances to root-knot nematodes
in Lycopersicon species are reviewed. The isolation of the Mi-I locus, based on its map
position, has been a long standing goal of several laboratories. The state of art of the
positional cloning approach to isolate Afj-/ at the starting time of this work is also presented
in chapter 1.

To delimit the Mi-I locus to a physically small chromosomal segment, it was
necessary to obtain a sufficient number of recombinants with known phenotype in this region.
Large F, populations segregating for Mi-! were screened, initially with morphological
markers flanking the resistant locus. However, due to suppression of recombination only a
few recombinants with crossovers within the Mi-7 region were found. Chapter 2 is dedicated
to the phenomenon of reduced recombination caused by the presence of introgressions and the
proximity to the centromere of the studied region of the tomato genome.

An alternative to recombinant mapping, namely irradiation-induced deletion mapping,
was exploited to obtain a high-resolution molecular marker map of the Mi-1 region ( chaprer
3). Although the obtained deletion mutants were useful for mapping within the recombination
silent region of the tomato centromere 6, this approach was found to provide only limited
further resolution because of the highly non-random distribution of the deletion breakpoints
and the yielding of mainly large terminal deletions.

Additional recombinants for fine mapping of Mi-! were identified within other tomato
populations, including Mi-I segregating populations made between L. peruvianum accessions,
by screening with flanking PCR-based markers. The molecular analysis of the recombinants



from all crosses with available RFLP and AFLP markers localized Mi-/ to a region of the
genome of less than 65kb and is presented in chapter 4.

Next, a spontaneous “loss of function” mutant OT745 that affects both Mi-7
resistance and resistance to potato aphids ( Meu/ locus) was studied {chapfer 5). The genetic
and molecular data indicated the presence of a mutation, Imm!, in the OT745 genotype, that
was located within the Mi-1 introgression and associated with a hypermethylated Cla I site
outside the putative Mi-7 and Meul sequences.

The undertaken genetic approaches to study the Mi-f locus are discussed in chapter 6
in light of the progress made in identifying and characterizing molecularly other disease
resistance genes to various pathogens and the recent achievements made in cloning Mi-/.




Chapter 1

RESISTANCE TO ROOT-KNOT NEMATODES IN TOMATO

Chromosome landing approach for cloning the Mi-I locus

Tsvetana B. Liharska and Valerie Moroz Williamson

Host resistance to three major species of root-knot nematodes, Meloidogyne incognita, M.
javanica and M. arenaria, has been introgressed in the cultivated tomato (Lycopersicon
esculentam Mill) from its wild relative L. peruvianum, The trait is dominant and has been
located at a single locus, Mi-1, on chromosome 6. The Mi-1-conferred resistance is
associated with a hypersensitive response in nematode-infected tissues; it is not efficient at
soil temperatures higher than 28°C, and can be overcome by some “virulent” pathotypes as
well as by the species M. hapla Novel resistances, that have broader specificity to root-imot
nematodes and are heat-stable, are pursued and identified in the wild tomato germplasm.

Molecular cloning of the Mi-1 locus, based on its map position, has been undertaken and
reaches its final step. Localizing Mi-1 to a 650kb chromosomal segment, as well as the
availability of RAPD and AFLP techniques for iselating molecular markers, has directed a

new Strategy for positional cloning of Mi-1 in recent years, namely chromosomal landing.

This chapter has been published with modifications in: Libarska, T.B. and Williamson, V.M.(1997)
Resistance to root-knot nematodes in tomato: Towards the molecular cloning of the Mi-1 locus,
in:Cellular and Molecular Basis for Plant-Nematode Interactions, C. Fenoll, 8. Ohl and F. Grundler
(Eds.), Kluwer Academic Publishers, Dordrecht, pp. 191-200.



Resistance to root knot nematode in tomato

Introduction

Root-knot nematodes (RKN), genus Meloidogyne, belong to the sedentary
endoparasites of the family Heteroderidac that are one of the worldwide economically
important plant pathogens. The host range of Meloidogyne spp. is broad and comprises more
than 2000 species from many plant families (Mai, 1985). In few weeks time after the
nematade invasion of the roots of a plant, major morphological and physiological changes
occur in both organisms. Characteristic for many host plants is the formation of root knots or
galls, containing the feeding “giant™ cells that provide nutrition for the developing nematode.
The outcome for the plant is stunted growth, wilting and susceptibility to other pathogens.

Naturally occurring host resistance against Meloidogyne spp. has been found in many
crops and related wild germplasm (Sasser ef @l., 1987). The trait is most often dominant or
incompletely dominant and is inherited as a monogenic trait (Fassuliotis, 1987). Although a
genetic characteristic, the resistance is conditional and probably depends on the availability
and the expression in the nematode of cognate incompatibility factor(s) or avirulence (Avr)
gene(s). The existence of Avr genes has been demonstrated in the cyst nematode-potato
system (Janssen et al, 1991), but not yet for the parthenogenetically propagating RKN
species. However, the specificity of resistance response as well as the occurrence of
resistance-breaking races of RKN support the gene-for-gene mode of action (Flor, 1965) of
the RKN resistance genes (Castagnone-Sereno et al,, 1996). To elucidate the mechanism of
host resistance to RKN it is essential to study the genetic factors mediating this interaction. In
recent years there have been major efforts to isolate the gene(s) for resistance to RKN in
tomato (Lycopersicon esculentum Mill.) (Messeguer ef ai., 1991; Ho et al., 1992; Ganal and
Tanksley, 1996), Tomato is one of the first crops in which RKN resistance has been
introgressed by conventional breeding programs and exploited at a large scale (Medina-Filho
and Tanksley, 1983). Besides ils economical importance, tomato has become a model in plant
genetics and offers all the necessary tools to identify genes without knowledge of their
product.

In this chapter we describe the availability of RKN resistance in tomato and pay
attention to the progress made in the molecular cloning of the first identified and most studied
locus, Mi-1.



Chapter 1

L. peruvianum is the origin of RKN resistance in tomato

L. esculentum L. peruvianum
cv. Michigan State Forcing X Pl 128657
mi Aps-1t v Mi  Aps-1!

F, (Smith,1944)

¥
BC,x L. esculentum

VFN 8 Anahu
[ ]
! ] _|'-'

Mi  Aps-1 Mi  Aps-it

Fig. 1. Breeding of Mi-resistance into L. esculentum. A single F| plant from the cross L esculentum x L.
peruvianum was backcrossed (BC) to L. esculentum as female parent. Progenies from the second backcross were
further backcrossed in California and in Hawaii, resulting in two L. esculentum lines, VFN 8 and Anahu,
respectively. Both lines carry M, along with an introgression segment from L. peruvianum (the black bar) on
chromosome 6. The introgression in Anahu line does not include the Aps-i" marker.

In the early 1940s screening of large numbers of tomato lines for resistance to RKN
revealed that the cultivated tomato is fully susceptible (Bailey, 1941). In the same survey
some wild tomato relatives from the genus Lycopersicon were included and certain strains of
the remote species L. peruvianum showed a high level of resistance. Romshe (1942) suggested
the use of L. peruvianum as a parent for the development of nematode resistant varieties. With
the help of embryo culture, a hybrid between L. esculentum cv.Michigan State Forcing and L.
peruvianum accession P.l. 128657 was raised by Smith (1944) (Fig. 1). Backcrossing
programs of the single hybrid plant were run simultaneously by two groups, one in Davis,
California and the other in Hawaii, and resulted in two L. esculentum lines, VFN8 and Anahu,
both homozygous for resistance to M. incognita (Frazier and Dennett, 1949; Gilbert and
McGuire, 1956). The symbol Ai was assigned for the resistance in these lines after the first
letters of Meloidogyne incognita (Gilbert, 1958).




Resistance to roat knot rematode in tomato

Properties of the Mi-mediated resistance

Hypersensitive response

The ineffective stage RKN, J2, are aitracted both by Mi-resistant and susceptible
tomato cultivars. Dean and Struble (1953) studied the mechanism of Mi-determined resistance
and showed that the nematode invasion of the roots produced an extensive necrotic reaction
followed by the disappearance of the J2 from the roots, Whatever is the fate of the nematode,
a compatible interaction (formation of giant cells) is not established. Necrosis as a plant
defense response is the result of a complex of reactions very similar to those induced by other
pathogens, described as hypersensitive response (HR). It is not clear though if the resistance
is the result of, or coincides with, or precedes the HR, The first signs of HR can be detected as
changes in cell ultrastructure in roots 8 to 12 hours after infection with root-knot nematodes
(Paulson and Webster, 1972). Within 2-3 days the HR is localized around the nematode,
which either leaves the root or dies there.

Spectrum of resistance

In addition to M. incognita, resistance conferred by Mi is efficient to the prevalent
pathotypes of M javanica and M arenarie (Bartham and Winstead, 1957), but not to M
hapla (Ammati et af., 1985),

As any host plant resistance, the Mi -mediated resistance can be overcome by some
races of nematodes. Partial or full susceptibility to Mi-breaking populations of M. incognita,
M. javanica and M. arenaria are reported to oceur naturally or arise under the selection

pressure of Mi-genotypes in the field or in greenhouse conditions (see Roberts er 2., 1990),

Heat instability

At a soil temperature higher than 28°C, Mi-containing plants show reduced necrosis
and appear susceptible to RKN (Holtzman, 1965). It has been demonstrated by Dropkin
(1969b) that only during the first two to three days after penetration of nematodes the
temperature determines the course of the interaction in M plants. This feature of the Mi-
resistance is not unique. Temperature sensitivity of resistance against root-knot nematodes has
been reported for other crops (Cook, 1991) and for other plant-pathogen interactions as well.
Considering this, the heat instability of M7 resistance could be either an intrinsic feature of the
host resistance pathway or a property of the Mi-product or /and its interaction with the RKN.
Besides, factors that would ensure a heat stable HR of Mi may not be present in the L.
esculentum background neither in the source I . peruvianum P.I. 128657 of this resistance

9



Chapter 1

locus (Ammati ef af., 1986). Interestingly, at high (32°C} temperature M. incognita produce
significantly more eggs on susceptible tomato cultivars than at 25°C{Ammati ef al., 1986).

Genetics

Gilbert and McGuire (1956) established that the resistance governed by M is
dominant and segregates as a single major locus. The M7 locus was mapped on chromosome 6
{Gilbert, 1958). Some controversial data as to the number of genes involved in Mi-resistance
and their relationship, have been discussed over the years (Sidhu and Webster, 1981). Yet, the
history of introgression of Mi-resistance in 7. escufentum (Medina-Filho and Tanksley, 1983)
indicates the introgression of a single dominant locus on chromosome 6. Further genetic
analysis (Rick and Fobes, 1974) showed a tight linkage between Afi and the acid phosphatase-

11 (Aps—]l) locus. This linkage has been extensively exploited to select indirectly for RKN
resistance in tomato breeding programs, excluding lines originating from the Anahu line

which has lost the 4ps-1! allele by recombination(Fig.1).

Durability

In the 45 years’ history of exploiting the Mi resistance in tomato, the resistance has
shown remarkable stability. The presence of a L. peruvianum segment carrying the Mi locus
ensures the characteristic resistance described above in any tomato line background.
Recombination events breaking the L. peruvianum segment with Mi, similar to what has
happened in the Ana line, have not occurred very often. Also, spontaneous mutations that
abolish the function of the Mi (Liharska er al., Chapter 5) have been encountered rarely.

Novel genes for resistance to root-knot nematodes are identified in wild tomato
germplasm

Until recently, the resistance conferred by the Mi locus was the only one identified and
utilized in tomato breeding. The need to broaden the genetic basis of resistance prompted new
attempts to screen wild tomato species for resistance to RKN (Ammati ef al., 1985; Lobo er
al., 1988; Roberts er al., 1990; Cap et al., 1991; Scott et al., 1991; Yaghoobi ef al., 1996,
Veremis and Roberts, 1996a,b,c). Resistance effective at high temperatures and against M.
hapla as well as against Mi-breaking pathotypes, was pursued. From all the Lycopersicon
species tested, only some accessions from the L. perwvianum complex, different from the

original Mi source, were found to possess a variety of new resistances to RKN (summary in

10




Resistance o roof knot nematode in tomato

Table 1. Identified resistances to root-knot nematodes in “ L. peruvianum complex”.

Accessions Resistance temperature Genetics references
specificity 1 limit locus map
position
L. peruvianum
P.1.123657
M incognita, 28°C Mi-1 chr.6 Bailey, 1941
M. arenaria, Medina-Filho and
M javanica Tanksley, 1983
P.1270435 -clone
2R2 M. incognita 28°C Mi-i chr.6 Cap et al, 1993
M. incognita heat stable Mi-2 nd
M.i 557R2 28°C Mi-8 nd Yaghoobi et al. 1995
M. javanica 28°C - nd Veremis and Roberts,
M, javanica heat stable - nd 1996b,c

P.1.270435-¢clone

IMH M. incognita heat stable Mi-6 nd Capetal ,1993
M.i 557TR 28°C Mi-7 nd Roberts et af. 1990
M. javanica 28°C - nd Veremis and Roberts,
1996b,c
Pl 129152 M. incognita heat stable - nd Ammati ef al., 1985,
LA 1708-1 M. incognita heat stable Mi-4 nd Veremis and Roberts,
1996a
P.1.126443-clone  M.i 557R 28°C Mi-3 chr.12  Capetal, 1991, 1993
1MH
M. incognita, heat stable Mi-5 chr.12  Yaghoobi et al., 1995
M. javanica
M. javanica 28°C - nd Veremis and Roberts,
M. javanica heat stable - nd 1996b,c
M. hapla heat stable - nd Ammati ef al., 1985, 1986
L.chilense
LA2884 M. javanica heat stable - nd Veremis and Roberts,
1996¢

Notes: 1) resistance to species or pathotypes of RKN that has been tested and confirmed; 2) M. incogrita
virulent strain 557; nd) not determined

Il
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Table 1). Backerossing to a susceptible L. esculenfum cultivar revealed the dominant nature of

the newly identified traits. Test for allelism with Mi or linkage with the Aps-1 ! Jocus were
exploited to classify the new loci and to discriminate between them and Mi. The genetic
analysis of these resistances and their properties point out that they are determined by loci
distinct from Mi (Cap er al., 1993; Yaghoobi et al, 1996; Veremis and Roberts, 1996a). To
some, symbols from Mi-2 to Mi-8, have been assigned, and the original 3i locus is referred to
as Mi-I. The relationship among the novel resistances needs to be studied further as some
might appear to be allelic. To date, resistance to a virulent isolate of M. incognita {557R) has
been mapped as a single locus Mi-3 on the telomeric end of chromosome 12 in tight linkage to
the heat-stable resistance to M. incognita (Mi-5) (Yaghoobi et af., 1995; Veremis and Roberts,
1996a). The mechanisms by which the novel genetic factors provide resistance against RKN
have not been studied. It is not clear yet if they are associated with HR like the Mi-] conferred
resistance.

The efforts to introduce the newly identified resistances from L. peruvigrum into L.
esculentum have been hampered by the remoteness of the two species and the lack of cross-
compatibility. Rescuing the interspecific hybrids by embryo cultures has been successful for
some, but not all L. peruvianum genotypes (Smith, 1944; Cap et al., 1991; Scott et al., 1991).
Another approach that utilizes bridging lines, made between some “easy” crossable L.
peruvianum genotypes and L. esculentum, has also not been successful so far (Veremis and
Roberts, 1996a).

Molecular genetics of the Mi-1 locus

Molecular studies of Afi-/ were undertaken in the 1980°s and were aimed at both
isolation of DNA markers for indirect selection for resistance and cloning the sequence
encoding the resistance based on its map position.

As a first step of a map-based strategy for cloning Mi-1, closely linked markers were
identified as possible starting points for chromosome walking (Klein-Lankhorst et al. 1991;

Messeguer et al. 1991). This included the major work of cloning of the Aps-]" allele and
converting it to a DNA marker (Aarts ef al. 1991; Williamson and Colwell 1991). The map
position of Mi-1 on chromosome 6 was refined, using a number of genetic crosses (Weide e
al. 1993) and the distance between the flanking markers GP79 and Aps-! was estimated to be
less than 2cM (Messeguer ef al. 1991; Ho et al 1992). This distance in tomato can be
translated to approximately 1,5 Mb (Tanksley ef al. 1992) and indeed, long-range physical
mapping of the two markers, GP79 and Aps-I, revealed that they are at least 1,2Mb apart (van

12




Resistance to root knot nematode in tomato

Daelen et al. 1993). Chromosome walking on such a large distance was not feasible, in spite
of the availability of YAC libraries of nematode resistance genotypes (Martin ef al. 1992; van
Daelen 1995). The expected presence of repetitive sequences in this region, due to its
proximity to the centromeric heterochromatin, seemed to be a major obstacle for conventional
chromosome walking. Indeed, during the last years deletion and cytogenetic mapping have
positioned the Mi-J locus and the GP79 marker to the short anm of the chromosome (Fig. 2)
near the border with the heterochromatin (van Wordragen et al. 1994; Xiaobo Zhong, in
preparation) and separated it from the Aps-I marker by the centromere.

Screening of nematode resistant tomato varieties with the available RFLP markers has
resulted in the identification of one introgression line, Motelle, which is nematode resistant
and has none of the L. peruvianum alleles for GP79 and Aps-1 (Messeguer et al. 1991; Ho et
al. 1992), The extent of the L. peruvianum introgression carrying Mi-/ in Motelle has been
estimated at approximately 650kb (P.Vos, personal communication).

A Aps-1,
tl GP 79 M1 M2 M3 M4 M5 M6Mn CEN v

| | — 0 |
| | Motelle (650 kb)

B L R
recombinants — e —— R
C -——S R
contig of —
— S

genomic clones in complementation

ORF

Fig. 2. Chromosome landing approach for cloning the Mi-/ locus. A, The line Motelle has approx. 650 kb of L.
peruvianum introgression (the black bar), carrying the Mi-f locus on the short arm of chromosome 6. A
considerable number of molecular markers (M1 - Mn) randomly distributed within these 650 kb are needed. B.
Recombinants from crosses between resistant (the black bar) and susceptible(the line) genotypes with crossover
within the Motelle region and with known phenotype (R or 8). Molecular marker mapping of the crossover
points reveals molecular markers (M2 and M3) in the vicinity of Mi -/. C. Complementation of a susceptible
tomato genotype with selected genomic clones between the markers M2 and M3 . The phenotype of the
transformants will further indicate the genuine coding sequence(s) for Mi -/ .

13



Chapter 1

Localizing Mi-I to this small chromosomal segment, as well as the availability of
RAPD and AFLP techniques for isolating additional molecular markers, has directed a new
strategy for positional cloming of Mi-I in recent years, namely chromosomal landing
(reviewed by Tanksley et al 1994) (Fig. 2). The approach is widely applicable and aims at
tagging the gene of interest by employing large numbers of molecular markers (Fig. 2 A) and
recombinants with known phenotype (Fig. 2 B). Complementation of a susceptible or mutant

genotype is required to indicate the genomic clone containing the true gene.

Acknowledgments
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Chapter 2

TOMATO CHROMOSOME 6 : EFFECT OF ALIEN CHROMOSOMAL SEGMENTS
ON RECOMBINANT FREQUENCIES

Tsvetana B. Liharska, Maarten Koornneef, Monique van Wordragen, Ab van Kammen, and
Pim Zabel

Variation in recombinant frequencies al two adfacent intervals on chromosome 6 of tomato
{Lycopersicon esculentum Mill} has been studied in seven lines that differ in the amount and
origin of introgressed segments from wild species. These lines were all crossed to a genotype
homozygous recessive for the markers tl, yv and ¢ defining the centromere spanning region tl-
yv and long arm region yv-c, respectively. Recombinants were identified in large F2
populations consisting of over 30,000 plants in total Application of molecular markers
provided additional information on the distribution of crossover events within the centromere-
containing interval tl-yv. A decrease in recombination af the marked intervals correlated with
the presence of an alien segment. Suppression of recombination was up to six-fold in the
centromere spanning interval tl -yv depending on the source and the size of the introgression,

and was restricted to the alien segments with no strong effect on the neighboring intervals.

This chapter has been published in Genome (1996) 39: 485 -491.
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Suppression of recombination

Introduction

In plants, recombinant frequencies for pairs of genetic markers have often been
observed to vary, depending on the crosses involved. Differences have been reported between
female and male meiosis for the frequency and, in some cases, the distribution of crossover
events in maize (Robertson 1984}, Pirus (Moran et al 1983; Groover ef al 1995),
Arabidopsis (Vizir and Korol 1990), Lycopersicon (de Vicente and Tanksley 1991; van
QOoijen et al. 1994) and Brassica {Lagercrantz and Lydiate 1995). Besides a genetic basis
underlying variation in recombination, environmental factors such as temperature (Gavrilenko
1984) and passage through in vitro culture (Compton and Veilleux 1991), appear to play a
role in affecting the rate of meiotic recombination as shown for tomato,

Large variations in intergenic recombination among different genotypes of petunia
have been attributed to the activity of a nuclear gene (Rm-I ) modulating the recombination
across the genome (Cornu et al. 1989). On the other hand, there is also substantial evidence
showing a direct relation between recombinational variation and the chromosomal structure.
For instance, large deletions in the short arm of chromosome 6 in petunia correlated with
increased recombination in a marked region of the long arm of the same chromosome (Gerats
ef al. 1984). More examples of the relationship between chromosomal structure and
recombinational variation come from studies dealing with introgressions of wild germplasm
into cultivated species. In backcrosses of introgression lines of tomato (Rick 1969; Paterson et
al. 1988; Paterson ef al. 1990; Messeguer et al. 1991) and barley (Gorg ef al. 1993) to their
respective recurrent parents, a several fold suppression of recombination was often associated
with the alien segment. In those cases, structural differences between the genomes of the
donor and the recurrent parent could account for the reduced level of recombination
{Messeguer ef al. 1992; Ho et al. 1993).

Although there is an increasing amount of data showing reduction in recombinant
frequency due to introgression, no systematic studies of this phenomenon have been
conducted to date, The cultivated tomato (L. esculentum Mill.) provides a suitable systern for
such an analysis (Hille et al. 1989; Rick 1991) as both detailed classical and molecular
linkage maps of its entire genome have been constructed (Tanksley et al. 1992), as well as
integrated maps of chromosome [ ( Balint-Kurti ef a/. 1995), 3 (Koornneef ef al. 1994; van
der Biezen ef al. 1994) and 6 (Weide ef al. 1993; Van Wordragen et al. 1994; Van Wordragen
et al. 1996) . Moreover, the seven wild relatives of tomato have been used for decades as
genetic donors of valuable traits in breeding programs, thus providing a large reservoir of

introgression lines.
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Here, we compare for seven tomato genotypes that differ in the size and origin of an
introgressed segment on chromosome 6 the recombinant frequencies at two adjacent intervals
spanning the centromere (#/- yv ) and a portion of the long arm (yv -¢ ) (Khush and Rick 1968),
respectively, using the introgression-free line Moneymaker as control. All lines were crossed
to the male parent L. esculemtum line W607 carrying the morphological markers #
(thiamineless), yv (vellow virescent) and c (potato leaf) and over 30,000 F7 plants were

scored for segregation of the morphological markers. The distribution of recombination within
the centromere-spanning interval f#-yv was further established using molecular markers. The
suppressive effect of the introgressions on the frequency and distribution of meiotic
recombination within the marked intervals is discussed.

Materials & methods

Plant material and the construction of the marker line W607

The genetic composition of chromosome 6 for the lines used as female parents in the crosses to W607
has been determined previously by molecular markers (Messeguer et al. 1991; Ho et al. 1992; Weide et al. 1993;
Van Wordragen et al. 1994) and is shown in Fig. 1B. All the lines that contain an L. peruvigaum introgression
are derived fraom the same hybrid of the L. esculentum x L. peruvianum P1 128657 cross made by Smith (1944).

The male parent, W607, was derived from a cross of L. esculentum lines LA758 and LA1189, LA758
originates from a spontaneous thiamineless mutation (Langridge and Brock 1960) in the cultivar Anahu that
carries an L. peruvianum inirogression on the short arm of chromosome 6 (Ho et al. 1992), LAL1I89 is
homozygous for the yv and ¢ mutations. Because no plant was found among the few hundred Fp progeny of
LLA758 x LA1189 that was double recessive for #, yv and ¢, ten F2 plants that showed the yv, c phenotype were
subsequently self pollinated. Among the offspring of these plants, individuals homozygous for ¢/, yv and ¢ were
found and they are referred to as marker line W607. Molecular analysis of W607 revealed a small I. peruviarmum
segment in the close vicinity of the #f locus (Fig. 1B).

The parents of all crosses, the hybrids and their selfed progeny were grown in greenhouses in
Wageningen in the period 1992-1994 with additional light and heating during the winter.

All tomato genotypes used in this work are listed, along with their sources, in Table 1.

F analysis
Phenotypic classification , which allowed the identification of all informative recombinant classes (i
wts sy, ity v, pv et v ¢, yvte A ¢, ), was performed in the F3 populations at the seedling stage. At

two to three weeks after sowing, the thiamineless phenotype could be recognized and the plants were rescued by
weekly application of thiamin to the soil {(~0.tmg per pot). At this stage, the ¢ character was also scored. The

Yy /tyv (c or ¢™) recombinants were selected among the slowly growing yelfow virescent plants within the

next few weeks.
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Estimates of recombinant frequencies and their standard errors were calculated with the computer
program RECF2 that calculates recombinant fractions from pairwise segregation data and has been designed to
account for certation when recessive deficits are observed (Koornneef and Stam 1992). Differences in the
recombinant values for the marker pairs between the different crosses were examined by using the y 2 test.
Table 1

Line Source Reference

Motelle Laterrot Laterrot (1987)
VFNTCherry  TGC-LAI221*a Youngetal. (1989)

83M/R De Ruiter Seeds Klein-Lankhorst et al, (1991)
Ontario 7620 INRA, France Kerr et al. (1980}

Vetomold CPRO-DLO *# Langford (1937)

WSL-6 WAU *¢ Weide et al. (1993)
Moneymaker Nunhem Seeds

LA758 TGC Langridge and Brock (1960}
LAL18% TGC Rick (1988)

weO7 See text This work

*a Tomato Genetics Cooperative Seed Stock Center, Davis.
*b Center for Plant Breeding and Reproduction Research - DO, Wageningen

*¢ Wageningen Agricultural University.

DNA isolation and molecular analysis

Plant nuclear DNA for Scuthern analysis was isolated from leaves as previously described (van der
Beek et al. 1992). PCR analysis was carried out on DNA samples prepared as described by Wang and Cutler
(1993). Labelling of RFLP marker GP79 and Southern blot hybridisation were carried out as described
elsewhere (Klein-Lankhorst et al. 1991). SCAR marker REXI, which maps within the #/-yv interval and very
close to the nematode resistance gene M/, was analyzed following the protocol of Williamson et al. (1994).

Results

Variation of recombination frequencies among lines with introgressions from different
donor species

Seven L. esculentum lines differing in the size and origin of an introgression on
chromosome 6 (Fig. |B) were crossed as female parent to the triple recessive marker line
W607 and in total 30,967 F7 progeny plants were scored at the seedling stage for the
phenotypes thiamineless, yellow virescent and potato leaf. The calculated recombinant values
for the #tl-yv and yv-c¢ intervals are presented in Table 2.

In each of the three lines, VFNT Cherry, WSL6 and Vetomold, differing both in the

origin and the amount of alien sequences present on chromosome 6 (Fig. 1B), the
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introgression spans the interval #-pv and, thereby, carries a centromere 6 (CEN 6 ) alien to 1.
esculentum. The mean recombinant frequency for the # -yv pair was different for each line
and, in all cases, less than the frequency (6.6% ) found with the introgression-free
Moneymaker line.

Table 2. Frequency of recombination between ¢/, yv and ¢ in crosses with line W607,

tl-yv interval yv-¢ interval
Female parent  Source of Total No. of Recombinant No. of Recombinant
introgression F2 recombinants  percentage  recombinants percentage
Moneymaker  none 4197 248 66+040C 1381 445+ 1.19
Vetomold L pimpinellifolium 3570 188 55+040 1203 443+ 124
WSL6 L pennellii 2311 43 1.9+03% 480 250+ 1.1°
VFNT Cherry  L.peruvianum 7502 66 1.0+01¢ 1784 456+ 1.3%
$3IM/R L.peruviamam 2019 39 204030 682 44.4 +1.69
Motelle L.peruvianum 6720 208 33+02d 1689 423+ 0.89
Ontario-7620 L peruvianum , 4048 176 39+ 049 1600 44.8 + 1.09

L.pimpinellifolium

Naote: Source of introgressions on chramosome 6. Values followed by different letters differ significantly in

pairwise 3 2 analysis of the recombinant and non-recombinant classes (P<0.05).

The large I. peruvianum chromosome segment in VENT Cherry exhibited the most
suppressive effect on recombination (approx. 7-fold) within the #9v  interval. An
introgression of about the same size but originating from L. pimpinellifolium in the line
Vetomold led only to a small and non-significant reduction in recombinant frequency. Unlike
the centromere interval #-yv , the genetic distance yv-¢ in crosses involving VFNT Cherry
and Vetomold did not differ significantly from the control Moneymaker.

Line WSL6, in which a major part of chromosome 6, including the marked intervals,
has been replaced by the L. pennellii counterpart (Weide ef «f. 1993), showed for both the #/-
yv and yv-c¢ intervals a lower recombination rate as compared to the control Moneymaker.
The reduction in recombinant frequency was more severe in the centromere-containing
interval #-yv (approx. 3.5-fold) than in the paracentric yv-c interval (approx. 2-fold).
Recombination rates for both intervals in the control cross Moneymaker were very close to
the ones from the classical map of chromosome 6 established previously (Weide ef al. 1993)
(Fig. 1A).
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Fig. 1 A. Classical linkage map of tomato chromosome ¢ (Weide et al. 1993). B. Map of the #-yv
region showing the relative order of the classical and molecular markers around the centromere (Messeguer et al.
1991, Ho et al. 1992; van Wordragen et al. 1994) and the composition of the tomato lines, used in this study.
Introgressions from Lycopersicon species are depicted by bars and their sizes are not on genetic or physical

scale.

Effect of the size of an L. peruvianum introgression on the recombination in the ti-yv
interval

Comparison of the recombinant frequencies within the #-yv interval in four of the
lines that carry different amounts of an L. peruvianum introgression (Fig. 1B) revealed a
negative correlation between the extent of introgression and the rate of recombination. Among
these lines, VFNT Cherry hybrids showed the most severe suppression of recombination
relative to the control Moneymaker. Remarkably, however, even the small L. peruviarnum
segment that is present in Motelle and Ontario and only amounts to 750 kb and 900 kb
respectively, (P.Vos, Keygene, personal communication) significantly reduced the
recombinant frequency in the #l-yv interval (approx. 2-fold) (Table 2, Fig. 2). As compared to
Motelle/Ontario and VFNT Cherry, line 83M/R carries an introgressed segment of
intermediate size and as such showed an intermediate level of recombination (2%) in the t/~yv
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interval. In conclusion, these data indicate that the frequency of recombination decreased with
the extent of the alien chromosomal segment,

Ontario Motelle 83M/R VFNT Cherry
(—tl
! i
123 118
37
i
50
o,
. P79 . P79 1%rec.
X1 EX1 REX1 g REX1
1 yv v
38 11
v —yv

Fig. 2. Frequencies of recombination between ¢/ and yv and the molecular markers estimated in
crosses We607 with lines that differ in the extent of L. peruvianum introgression (the black bar). Recombination
decreased with the size of the introgression. Numbers indicate the number of recombinants that were identified
for these intervals when a subset of the t/-yv recombinants were analysed for REX1 and GP79.

Distribution of crossover events across the tl-yv inferval

As for the #-yv interval, nearly 500 recombinant plants were obtained from the
crosses with VFNT Cherry, 83M/R, Motelle and Ontario, Subsequent application of the PCR
marker REX1 (Williamson ef al. 1994) that maps within this interval (Van Wordragen et al.
1994) and resides on the smallest introgressed L. peruvianum region present in Motelle (Fig.
1) enabled us to precisely assess the relative distribution of recombination events across the #/-
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Recombinant frequencies of the #-REX1 and REX1-yv pairs in the Ontario cross were
almost the same as in the Motelle cross, indicating that the additional small L.
pimpinellifolium segment present in Ontario did not affect crossing over (Fig. 2). Although
the overall reduction of recombination at the #-pv interval in 83M/R was stronger than in
Ontario and Motelle, the #-REX]1 recombinant frequency in 83M/R was similar to those in
Ontario and Motelle (2%-2.5%). Thus, severe suppression of recombination within the tlpv
interval in 83M/R was largely confined to the REXI1-pv subinterval, that is occupied
completely with L. peruvianum sequences and carries the CEN 6. The interval f/-REX1 in
VFNT Cherry showed twice as less (0.9%) recombination. These data clearly show that
reduction of recombination occurs only in the interval carrying the introgression and does not
extend into adjacent intervals.

A Chi-square test with a correction for continuity was applied to compare the
distribution of #-yv recombinants over the intervals #-REX1 and REX1-yv. This analysis
showed that the difference in relative distribution between VFNT Cherry and 83M/R is not
significant (P>0.05) as is the difference between the Ontario and Motelle cross. Neither was
the difference between VFNT Cherry and both, Ontario and Motelle significant. However, the
distribution of crossover events in 83M/R differs significantly from that in both Ontario and
Motelle. Adding the data for VFNT Cherry and 83M/R together and comparing these with the
combined data for Ontario and Motelle indicates a significant (P<0.01) difference in
recombination pattern on both sides of the REX1 marker when the heterozygotes differ in the
presence of L peruvianum sequences around the centromere.

Thus, not only the amount but also the pattern of distribution of recombination is

affected by the presence of alien chromosomal sequences (Fig. 2).

Discussion

Our results show heterogeneity for recombinant frequencies among seven tomato
genotypes at two adjacent intervals, t/-yv and yv-c, spanning a large region of chromosome 6.
Selection of recombinants with the easily scorable morphological markers # , yv and ¢
allowed the analysis of large F2 populations and this, together with the uniform external
conditions for all the crosses, reduced the effect of factors other than the genetic background
on meiotic recombinant frequency.

Decreased recombination was observed when alien chromosomal sequences were
present at the marked intervals. The conclusion that introgressions, present in heterozygous

23



Chapter 2

state, directed the local decrease in recombinant frequencies is supported by the correlation
between the amount of decrease and the extent and origin of the alien segment. Remarkably,
even a L. peruvianum segment as small as 650 kb is sufficient to cause a two fold reduction
in recombinant frequency in the physically much larger t/-yv interval. The larger is the alien
segment, as illustrated by the 83M/R and VFNT Cherry lines, the more pronounced is the
suppressive effect. There are related examples in yeast showing that in a marked interval of
9kb the introduction of sequence divergence as small as nine RFLP’s in heterozygous state
reduces the frequency of crossing-over approximately two-fold (Borts and Haber 1987).

Reduction of recombination occurs in relation to the origin of introgression

The suppressive effect of introgressions originating from different sources on the
recombinant frequency in the t/-yv interval ranged from non-significant for a segment derived
from L. pimpinellifolium in Vetornold to more than 6-fold for the L. peruviamsn derived
segment in VENT Cherry. Apparently, the sequence divergence between the regions involved
in chromosome pairing plays a major role in directing the efficiency of recombination. Indeed,
RFLP analysis of phylogenetic relationships and genetic variation in the genus Lycopersicon
(Miller and Tanksley 1990) places L. pimpinellifolium closest to the cultivated tomato and L.
pernellii and L. peruvianum as most divergent. As for the whole genome, we often found
little or no polymorphism at the t/-yv region between L. pimpinellifolium and L. esculentum ,
whereas L. pennellii and L. peruvianum were polymorphic in that interval for any sequence
examined (Liharska, Van Wordragen, unpublished). The divergence between L. peruvianum
and L. esculentum in this region is so great that some sequences isolated from L. peruvianum
do not have a homologue in domestic tomato (Ho ef af. 1993). Dixon et al. (1995) observed a
genetic distance between #/ and yv of 3.54 ¢cM when they analyzed the progeny of the cross
of Vetomold with a # mutant carrying a much larger L. peruvianum introgression than
W607. The suppression of recombination that we observed in L. peruvianum / L. esculentum
heterozygotes apparently is also present in f. pimpereliifolium / L. peruvianum
heterozygotes, which agrees with the remote position of L. peruvianum relative to the other
two species.

Other authors (Balint-Kurti ef al. 1994) have found a similar relationghip between the
level of recombination and the relatedness of the alien segment in another marked region of
the L. esculertum genome. There, an introgression on tomatoe chromosome 1 originating from
the remote species L. hirsutum had a more suppressive effect on recombination than an L.

pimpinellifolium segment .
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Stronger suppression of recombination in the centromere interval

When both the #-yv and yv-¢ intervals carried L. pennellii homologues, the reduction
in recombination was larger in the centromere interval t/-yv than in the paracentric yv-¢
interval. The mere difference in lengths between these two intervals can not account for the
observed differential suppression of recombination since a similar result was obtained with
the VFNT Cherry cross. In VFNT Cherry the presence of L. peruvianum sequences resulted
in seven-fold reduction of recombinant frequency in the centromere-spanning REX1-yv
interval whereas in the #-REX]1 interval the reduction was only two-fold, compared with
Ontario and Motelle that contain L. esculentum CEN 6 (Fig. 2).

A considerably higher reduction of recombination in the centromere-containing
interval as compared to paracentric intervals has also been reported by Rick (1969) for L.
pennellii introgressions in tomato chromosomes 6, 8 and 11. Some features of the centromere
region may account for the observed effect. First, as indicated by the clusters of markers on
the linkage map (Tanksley ef al. 1992) and by the distribution of the recombination nodules
along the tomato chromosomes (Sherman and Stack, 1995) the centromere regions of tomato
exhibit less recombination than other parts of the genome. This genome specific pattern of
distribution of recombinant frequencies along the chromosomes is a common feature of
eukaryote genomes and it is said to be under complex fine control of recombination (Simchen
and Stamberg, 1969). Another feature of the centromere region that may also explain our
results and can add to the first is that the centromere and the linked heterochromatin mainly
consist of non-coding sequences that evolve faster and, consequently, will be more divergent

among the species than the rest of the genome.

Recombination reduction within the introgression does not have a strong effect on the
neighboring interval

As the recombinant frequency of the interval yv-¢ was not affected in lines with
introgressions within fl-yv (Vetomold, VFNT Cherry, 83M/R, Ontario and Motelle),
suppression of recombination at the #/-yv interval is apparently not due to an overall lower rate
of crossing over for the whole chromosome 6, nor the resuit of an relative enhancement of the
recombination rate in the introgression-free yv-¢ region. Such a compensation of the lower
level of recombination in inirogressed regions might occur if regions of chromosome 6 more
distal than the examined yv-c interval are involved as suggested by Rick (1969). Another
possibility is that the centromere acts as a barrier to such compensation at yv-¢c on the long
arm, though such a role of the CEN § is not supported by our results obtained with the 83M/R
line, where the severe recombination reduction in the REXI1- yv region did not have
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significant effect on recombination in the adjacent #-REXI1 interval on the short arm of

chromosome 6.
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MOLECULAR MAPPING AROUND THE CENTROMERE OF TOMATO
CHROMOSOME 6 USING IRRADIATION-INDUCED DELETIONS

Tsvetana B. Liharska, Jan Hontelez, Ab van Kammen, Pim Zabe] and Maarten Koornneef

Irradiation-induced deletion mapping was exploited to construct a detailed locus order map
around the centromere of tomato chromosome 6 (CEN 6). An FI hybrid heterozygous for the
marker loci thiamineless (1), yellow virescent (yv) and potato leaf (c), and homozygous
recessive for the nematode resistance gene mi was pollinated with yirradiated pollen from
cultivar VENT Cherry carrying the wild type alieles at the corresponding loci. A dose of 100
Gy was found optimal for inducing mutants. By screening for pseudo-dominant plants
showing the marker phenotypes and/or nematode susceplibility, 30 deletions encompassing
one or more of the four loci were detected in the M} generation. Molecular marker analysis
revealed thar 29 of these mutants included the tf and mi loci on the short arm and originated
Jrom terminal deletions of different sizes. Remarkably, the breakpoints of these deletions were
not randomly distributed along the short arm but located within the centromeric
heterochromatin. Only one yv interstitial deletion and no ¢ mutations on the long arm of the
chromosome were detected. Mapping of the various chromosomal breakpoints in the isolated
mutants permitted the resolution of a cluster of molecular markers from the centromeric
heterochromatin that was hitherto unresolvable by genetic linkage analysis. The usefulness of

such a deletion mapping approach for whole-genome mapping is discussed.

This chapter is published in Theoretical & Applied Genetics (1997} 95: 969-974.
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Introduction

As with most centromeric regions, there is little recombination close to the
centromeres of the tomato (Tanksley er al. 1992). Consequently, to resolve the order of loci in
such regions, very large segregating populations must be screened. Morphological markers
closely flanking the region of interest can be helpful in pre-selecting for crossover events
within the marker interval thereby rendering the number of plants for molecular analysis
manageable (Koornneef ef al. 1994; Van Wordragen et al. 1994; Dixon et al. 1995; Liharska
et al. 1996).

In resolving the order of loci that can not be separated by genetic linkage analysis,
mapping the breakpoints of overlapping radiation-induced mutations by means of molecular
markers provides an alternative that has been widely applied to the genome of Drosophila,
mouse and human. Similarly, in higher plants, irradiation-induced mutations have been
utilized for many years in classical genetic studies (Khush and Rick 1968; McClintock 1984)
and more recently to provide starting material for the isolation of genes (Sun et al. 1992;
Okubara et al. 1994; Anderson e al. 1996). lonizing radiation is highly energetic and causes
chromosome breaks leading to deletions (as well as other types of chromosomal
rearrangements) that are not correlated with the recombination frequency in a particular region
and, hence, allow mapping of markers that remain difficult to resolve by genetic linkage
analysis, On the other hand, deletion breakpoints may not be distributed randomly along the
chromosome, as shown by Khush and Rick (1968). The availability at present of a rich source
of molecular markers allows a much more detailed analysis of the distribution of breakpoints
than was feasible in the days of Khush and Rick.

In the present study, we have investigated the potential of y-irradiation to resolve the
order of molecular markers around the centromere of chromosome 6 (CEN 6) using a
combined genetic and morphological approach. This region is of great interest because it
contains important disease resistance genes such as Mi-1, Cf~2 and Cf-5, Meu-1 and the virus
tolerance gene Ty-1 {Messeguer ef al. 1991; Ho et ol. 1992; Dickinson et af. 1993; Kaloshian
et al. 1995; Zamir ef al. 1994). Our previous attempts to construct a high-resolution molecular
linkage map of this region, which is flanked by the morphological markers # (thiamineless)
and yv (yellow virescent), have been hampered by the very low recombination frequency
within this specific interval (Liharska et al. 1996). Cytogenetic analysis of #/ and yv pseudo-
dominants mutants by Khush and Rick (1968) showed that these two loci reside on different
sides of the centromere. Here we show that deletion mapping provides an effective alternative

to ordering markers in an otherwise, silent in recombination region of the chromosome.
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Materials & methods

Plant material

The female parent (T4, Yviyv, Cle, mi/mi) used in crosses with irvadiated pollen was a hybrid between
W607 and the cultivar Moneymaker. The homozygous marker line W607 (tl/d, yviyv, c/e, mi/mi) could not be
used for the present experiments because it is a poorly growing plant with a low seed setting (Liharska ef al.
1996). Tomato line VFNT Cherry (LA1221) carrying dominant alleles at the tester loci ¢, yv, ¢ and mi was
used as a pollen donor. This line carries an L. peruvianum introgression covering the short arm, CEN 6 and the
centromere proximal part of the long arm (Fig. 2; Messeguer ef al. 1991; Ho et al. 1992) . The parents and the
offspring were grown in a greenhouse in Wageningen during the vears 1994 and 1995.

Mutagenesis
Using an "electric bee", mature pollen from VFNT Cherry plants was collected in a glass container,

which was then sealed with parafilm and exposed to a y-radiation (Cob% source at the Institute for
Agrotechnological Research in Wageningen, with a dose rate of 14,8 Gy /s. The duration of the exposure and the
distance from the radiation source were varied in different experiments to provide four different total doses of
radiation. The pollen was applied immmediately after irradiation to stigmata of flowers emasculated 0-2 days
before.

Phenotypic selection for mutants in M,
M, seeds from each fruit were sown separately in trays and three to four weeks later the seedlings were
scored for the #, yv and ¢ phenotypes. At this stage, the M, plants were transferred to pots with sandy soil and

tested for resistance/susceptibility to root-knot nematodes.

Nematode test

Second stage juveniles (J2), from a Meloidogyne incognita population grown on susceptible tomato
plants, were kindly provided by Mr. Jan van Bezooyen (Department of Nematology, WAU). Between 1500 and

2000 J2s were applied per pot in holes made around the roots of each M1 plant and several parental line plants
(VFNT Cherry and the W607 x Moneymaker hybrid) that served as controls. Each time the nematode test was
performed care was taken, at least during the first three days after inoculation, to keep the soil temperature
below 28°C and the moisture content optimal.

Six weeks after inoculation, the roots of the plants were inspected for the presence of galls. In our
hands the root-knot nematode resistant test always gave clear plus/minus results in that the roots of the
susceptible plants were studded with galls and the roots of resistant plants were clean.

DNA isolation and molecular markers

For Southern analysis, plant DNA was isolated from leaves as previously described (van der Beek er al.
1992}). PCR analysis was carried out on DNA samples prepared as described by Wang and Cutler (1993). The
SCAR marker REX-1 was developed by Williamson ez al. (1994); SCAH13 is a SCAR marker developed by R.
Weide (personal communication). For the Aps-! marker primers were designed using the sequence information
from a genomic Aps-! clone (Aarts et al. 1991). Forward primer: 5-ATGGTGGGTCCAGGTTATAAG-Y
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Reverse primer; 5-GATTGGCACAAGCTCATTCTG-3". The amplified fragments were restricted with Tagl to
reveal a L. esculentum/L. peruvianum polymorphism. The sources of the RFLP markers CD14, GP79, GP164,
H4H10, H5G4, H6A2c2, LC216, RC8 and TG231, used in this work, were described by Weide ef al. (1993).

Results and discussion

The root-knot nematode susceptible (mi/mi) hybrid (W607 x Moneymaker) which is
heterozygous for the morphological markers #, yv and ¢ on chromosome 6 was pollinated with
y-irradiated pollen from the nematode resistant (Mi/Mi ) line VFNT Cherry carrying the wild
type alleles of the marker genes. Gamma irradiation-induced mutations affecting the wild type
alleles were identified on the basis of pseudodominance of one or more of the four phenotypic

markers #, yv, ¢, and mi.

Effect of the dose of irradiation on the yield of mutants
To establish an irradiation dose with a high mutagenic effect and yet without deleterious
effects on the M, seed set and seed germination, we varied the irradiation dose around the
effective dose of 50 Gy reported in the literature (Khush et al. 1964; Van Wordragen et al.
1994). Furthermore, different doses of radiation can be expected to induce different spectra of
chromosomal mutations. For example, at higher doses the probability of inducing double
breakpoints by two hits within a small distance on the chromosome will be higher. As a result,
at high doses a higher number of interstitial deletions is expected compared to terminal
deletions. Four different doses of y-irradiation varying from 50 Gy to 125 Gy were applied
(Table 1, Fig. 1). An increase of the dose was associated with a consequent drop in the
number of M1 seeds per fruit and the germination percentage of the seeds (Fig. 1). Pollination
with VFNT Cherry pollen that had been treated with 125 Gy resulted in such a low seed
setting and germination that only 12 M; plants were obtained (Table 1).

A comparison between the effects of radiation doses of 50 Gy and 100 Gy revealed
that, although the same number of flowers were pollinated and a similar number of mutants
was obtained, the total number of M1 plants to be screened differed significantly (Table 1). As
a result, the calculated mutation frequency was six times higher at 100 Gy than at 50 Gy. With
the highest mutation frequency at the investigated loci and relatively good seed set and
germination rate (Fig. 1), a dose of 100 Gy appeared optimal for producing pseudodominant
mutants.
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Table 1. Number of psendodominant, y irradiation induced mutants at the chromosome 6 loci 7/, ¥v, C and Mi
in two M1 populations.

Dose  Experiment 1 Experiment II Total
number
(Gy) Number of mutants Number mutants of mutants
M1 plants  yw ¢ dmi |of H v ¢ mi  fmi
M1 plants
50 2277 0 0o o0 5§ 1359 1 1 0 5 2 14
73 nd - - - - 515 0 0 0 1 2 3
100 330 0 0 0 4 559 1 0 0 3 5 13
125 nd - - - - 12 0 0 0 0 0 o
total 2607 0o 0 0 9 2445 2 1 0 9 9 30

In experiment I only the ¢/ plants were tested for nematode resistance, as were all plants in experiment I1. nd =
not done

Iselation of the mutants

A total of 5052 M1 plants from the cross of F; (W607 x Moneymaker) x VENT
Cherry (pollen-irradiated) were examined for pseudo-dominance of the morphological
markers ¢, yv and ¢, amongst which 20 phenotypically #/ individuals (subsequently referred to
as "mutants™) and one yv mutant were recovered {Table 1). No plants showing the ¢
phenotype, nor ¢, yv double mutants, were found. Of the same M, plants, 2445 individuals
were subjected to a nematode resistance test yielding nine nematode susceptible mutants. No
phenotypes with intermediate nematode susceptibility were observed in this M, generation.

The closely linked loci ¢ and Mi on the short arm of chromosome 6 (Van Wordragen

et al. 1994, 1996) showed similar mutant frequencies per chromosome, 7.9x107 and 7.4x107
respectively. When the # mutants were subjected to a nematode resistance test, all but two
turned out to be nematode susceptible indicating that the mutation included both the # and Afi
loci. This was later confirmed by molecular marker analysis,

For the yv locus, a rclatively low mutation frequency of 0.4 x10” was found,
suggesting that only rather small interstitial deletions of the long arm of chromosome 6 are
viable or had been transmitted through the pollen (Khush and Rick 1968). The total absence
of ¢ mutants in our M, population is difficult to explain. The ¢ gene is located on the distal
end of the long arm of the chromosome (see Fig. 2 A) and has been shown to be encompassed
by terminal deletions (Khush and Rick 1968) though at a low frequency (Van Wordragen ef
al. 1996).

As not a single pseudodominant #, yv double mutant was found among the 5052 M,
individuals, deletions including CEN 6 are clearly not viable (Khush and Rick 1968).
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Mi deletion mutants
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Fig. 1. Effect of the dose of y-irradiation (Gy) on the seed setting (number of seeds per fruit, circles),
germination rate (%, squares) and on the frequency of mutation for the 77 locus (per total number of scored M,
plants, triangles). Vertical bars represent standard errors of the means.

Molecular-marker analysis of the mutants

Molecular markers polymorphic for L. esculentum / L. peruvianum were used to verify
the genetic background of each of the mutant plants and to define the extent of the deletions.

All 29 1 and mi pseudo-dominants were found by PCR analysis to contain the L.

peruvianum Aps-1 ! allele, which resides on the long arm of chromosome 6 in tight linkage to
the yv locus (Fig. 2 A) (Khush and Rick 1968; Van Wordragen ef al. 1996). The selected yv
mutant was tested with markers REX-1, LC216 and H5G4 that are located on the short arm of
chromosome 6. Indeed, the yv-deletion plant showed the presence of L. peruvianum alleles of
these loci (Fig. 2 B), indicating that this plant carries an interstitial deletion.

The nature and the extent of the mutations was then determined by analyzing the 29 #
and/or mi plants with appropriate RFLPs and SCARs from the short arm of chromosome 6
(Fig. 2 B). None of the mutant plants carried the L. peruvianum allele of the most distal
marker LLC216b and of the fi-linked marker H5(4, suggesting that they all contain terminal
delctions of the short arm of chromosome 6. The two # plants which were nematode resistant

displayed the L. peruvianum alleles for the other tested molecular markers on the short arm.
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Chapter 3

Analysis of the #/ and mi plants with the markers located proximal to the CEN 6, revealed
deletions of various sizes, with most of the breakpoints (ten) near CEN 6. The markers
LC216a and H4H10 have hitherto been found linked to the yv cluster (Ho ef al. 1992; Van
Wordragen ef al. 1996) suggesting a location below CEN 6 on the long arm (Van Wordragen
et al. 1994). Since a number of f/ and mi deletion plants from our study were lacking the L.
peruvianum allele of LC216a and H4H10 (Fig. 2B), these markers are actually located on the
short arm and not on the Iong arm as suggested by linkage analysis.
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Fig.2. A. Integrated classical and molecular map of chromosome 6 after Weide et al. (1993).
B. Molecular marker order as established by mapping of deletions induced on VFNT Cherry pollen. The black
bar  indicates the extent of L perwvianum  introgression in  VFNT  Cherry.
C. The ciphers indicate the number of individual mutants of this kind.

Clearly, the deletion mapping approach was successful in resolving the order of
markers that were refractory to mapping by genetic linkage analysis. The RFLP marker
H6A2c2 was also resolved from the yv cluster (Weide er al. 1993} and found to be located on
the short arm of chromosome 6, in agreement with recent data from Van Wordragen et al.
(1996). The marker SCAHI13b, that was originally identified as centromere-linked. (Rob
Weide, in preparation), was deleted in the same plants in which H4H10 was deleted.
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