The genetics and mechanisms of resistance
to tomato powdery mildew Qidium neolycopersici)
In Lycopersicon species

Yuling Bai



Promotor:
Prof. dr. ir. P. Stam - Hoogleraar in de plamtgrdeling

Co-promotoren:
Dr. W.H. Lindhout - Universitair hoofddocent, Ladatorium voor Plantenveredeling
Dr. A.B. Bonnema - Onderzoeker, Laboratoriummn@antenveredeling

Promotiecommissie:
Prof. dr. ir. M. Koornneef (Wageningen Univedikei
Prof. dr. ir. A.G.M. Gerats (Katholieke UniversitNijmegen)
Dr. ir. M.B. Sela-Buurlage (De Ruiter Seeds, Betgenhoek)
Dr. L. Kiss (Hungarian Academy of Sciences, Hugga

Dit onderzoek is uitgevoerd binnen de onderzoeksicEgperimental Plant Sciences



The genetics and mechanisms of resistance
to tomato powdery mildew Qidium neolycopersici)
In Lycopersicon species

Yuling Bai

Proefschrift
ter verkrijging van de graad van doctor
op gezag van de rector magnificus
van Wageningen Universiteit,
Prof. dr. ir. L. Speelman,
In het openbaar te verdedigen
op woensdag 29 september 2004
des namiddags om halftwee in de aula



CIP-DATA Koninklijke bibliotheek, Den Haag

Bai Y.

The genetics and mechanisms of resistance to topoatdery mildew Qidium neolycopersigi
in Lycopersicorspecies

Thesis Wageningen University, The Netherlands.hweference-with summary in English and
Dutch.

ISBN 90-8504-100-7



Contens

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

General introduction

QTLs for tomato powdery mildewd( neolycopersigiresistance
in L. parviflorumG1.1601 co-localize with two qualitative
powdery mildew resistance genes

A set of simple PCR markers converted from sequspeeific
RFLP markers on tomato Chromosomes 9 to 12

MappingOl-4, a gene conferring resistanceQoneolycopersici
and originating fronkL. peruvianunlLA2172, requires
multi-allelic, single-locus markers

Three loci on tomato Chromosome 6 containing gédégenes)
conferring resistance 0. neolycopersici

Different race specificities and mechanisms ofstasices conferred
by Ol-genes tdD. neolycopersidn tomato

General discussion

References
Appendix
Summary
Samenvatting
Acknowledgements
About the author

11

27

37

49

63

75

79
89
95
97
101
103






Chapter 1

Chapter 1

General introduction

Tomato

Tomato Lycopersicon esculentuMill) is a very important vegetable both for thesh market

as well as for the processed food industry. Althoagltivated as an annual, tomato grows as a
perennial in its original habitat in the Andeaniogg The original site of domestication of
tomato is probably in Mexico (Picken et al. 1988yI[br 1986).

The cultivated tomatd,ycopersicon esculenturibelongs to the genus/copersicorthat
contains eight wild species (Taylor 1986). Majobhglization barriers divide thieycopersicon
genus into two groups, th&esculentum complex” and the geruvianumcomplex”. The
“esculentumcomplex” consists of seven species, nanmelesculentumL. pimpinellifolium
L. cheesmaniiL. chmielewskjiL. parviflorum L. hirsutumandL. pennellii The ‘peruvianum
complex” is comprised of two extremely diverse s$geecL. chilenseand L. peruvianum
Crosses are difficult between the two groups (Ri&82), but with various embryo rescue
techniques, all of the germplasm in the genus ismiially transferable to the cultivated tomato
Many traits of economic importance, like almost thé major disease resistances, originate
from wild Lycopersicorspecies (Rick and Yoder 1988).

Tomato is a favorite model species for classicahnegic studies, due to its
selfcompatibility, easy crossability to wild spexi@and simple diploid genome with 12
chromosomes. Nowadays, tomato has also become al mplaaht in molecular genetics and
genomics, thanks to its small genome size (abodt\8B/haploid genome) and the availability
of a wide range of high density molecular maps, DiNvdaries (EST-expressed sequence tag
and BAC-bacteria artificial chromosome) and micrags. Very recently, the tomato genomic
research program of the Dutch CBSG project (Cembre BioSystem Genomics) started
sequencing a part of Chromosome 6, zooming oniarrégnown to comprise genomic loci that
are involved in fruit quality and defense responsds pathogen attack
(http://www.biosystemsgenomics.hl/ Furthermore, the recently initiated Internationa
Solanaceae Genome Project (SOL) has chosen toraatise&olanaceaemodel species for
genome sequencindntfp://www.sgn.cornell.edu/solanaceae-projectlt is expected that the
whole tomato genome will be sequenced in a joifaredf several research groups worldwide.

RFLPs (restriction fragment length polymorphisrasidd AFLPs (amplified fragment
length polymorphisms) are the most frequently usedecular markers for the construction of
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genetic linkage maps afycopersicorspecies (Bai et al. 2003, Bonnema et al. 2002nstea et

al. 1999b, Tanksley et al. 1992). These detailatktye linkage maps ihycopersiconallow
efficient mapping of any important gene in tomeanple PCR markers (e.g. CAPS-cleaved
amplified polymorphic sequence, SCAR-sequence cheniaed amplified region) can be
developed from AFLPs and RFLPs and used as diagmoatkers for marker assisted selection
(MAS). Comparative genetic mapping within tB®lanaceagamily is possible with locus
specific markers such as RFLPs and CAPS, whiclwalomprehensive examination of the
genomic organization of a wide array of interestiggnes. EST derived COS markers
(conserved ortholog sets) are available and ard asethe core set of molecular markers to
explore the syntenic relationships between the tomadArabidopsisgenomes.

Tomato powdery mildew: Oidium neolycopersici

Oidium neolycopersicis a relative recently identified species of toonpbwdery mildew. It
was first reported in the Netherlands in 1986 aimndesthen has spread rapidly world-wide
(Paternotte 1988). The origin dD. neolycopersiciis still unclear. The identification of
O. neolycopersicirom Asian herbarium specimens in 1947 implied ttiet appearance of
O. neolycopersicis not very recent (Kiss et al. 2001). WBy neolycopersiccould spread so
rapidly around the world is still unknown.

The lack of a sexual stage makes identificatiothsf pathogen ambiguous. Noordeloos
and Loerakker (1989) adopted the na@éalium lycopersicumfor the European tomato
powdery mildew fungus, which appeared to come framstralia. This name was changed to
O. lycopersiciin 1999, in accordance with the international CadeBotanical Literature
(Mieslerova and Lebeda 1999). However, the pathdljahcaused all the recent outbreaks of
tomato powdery mildew outside Australia was regerghamed tdD. neolycopersicbased on
morphological features of the fungus and DNA seqasrof the internal transcribed spacer
regions of the nuclear rRNA genes (Jones et al02RBs et al. 2001). The Australian isolates
retained the nam®. lycopersicisince they most likely represent the origi@allycopersicum
(Kiss et al. 2001).

O. neolycopersictan easily be distinguished morphologically fronother species of
tomato powdery mildeweveillula tauricg which occurs in subtropical regions. The mycelium
of L. tauricagrows into mesophyll of the leaf and is visibletbe down side of the leaf, while
O. neolycopersicgrows mainly on the upper side and does not pateetnto the mesopyhll
(Lindhout et al. 1994a).

The host range dD. neolycopersicis still debatable. As reviewed by Mieslerova and
Lebeda (1999)0. neolycopersicis able to infect various representatives ofSloéanaceaand
CucurbitaceaeHuang et al. (2000) reported that tobadd@dtiana tabacumis an alternative
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host forO. neolycopersiciDifferences in host range reported so far canawsed by the use of
different genotypes, environmental conditions, tlefinition of susceptibility and
contamination, but may also indicate the existeatdlifferent O. neolycopersiciisolates
(Whipps et al. 1998, Huang et al. 2000a). Limiteaébimation is available on the genetic
variation inO. neolycopersicfor virulence or pathogenicity on tomato as tomdiféerential
series with different resistance genes are lackingas been reported that a British isolate has
higher and specific pathogenicity to certhytopersicoraccessions than other isolates (Lebeda
and Mieslerova 2000), and that the Japanese isklBR01 is virulent to a resistant cultivar
bred in the Netherlands (Kashimoto et al. 2003).

Resistance tdD. neolycopersici

Apart from a few modern resistant cultivars, mokthe tomato cultivars are susceptible to
O. neolycopersici.Promising sources of resistance @ neolycopersiciare available in
different Lycopersiconand Solanumspecies (Lindhout 1994a&b, Mieslerova et al. 200
resistance irh. hirsutumG21.1560 and G1.1290 is controlled by two domirgariesOl-1 and
OI-3, which map on the long arm of Chromosome 6 (Hueingl. 2000c, Van der Beek et al.
1994). The resistance in esculentunvar cerasiformeLA1230 is controlled by a recessive
resistance genel-2 that maps on Chromosome 4 (Ciccarese et al. 1988Giovanni et al.
2004). The resistances in several other accessiaysbe different and were still unknown at
the start of this PhD project.

Plant resistance responses to powdery mildBvwysi{phaceae)infection are mainly
associated with a hypersensitive necrotic resp@iBy and papillae formation. HR is defined
as local plant cell death in response to pathogewcka and papillae are cell wall appositions
that are deposited on sites of attempted fungatemgprial penetration (Israel 1980, Heath
1981). Histological studies showed that the rescsato O. neolycopersicin wild tomato
species is mainly associated with HR, although H& wot always effective to fully stop the
fungal development. Papillae formation that is Uguassociated with prehaustorial resistance
also occurred, but was not a prominent defense amesim in wild Lycopersiconspecies
(Huang et al. 1998, Lebeda et al. 2000).

Scope of this thesis

The aim of this research was to study the hosteggh interaction of tomatd.ycopersicoh

and tomato powdery mildewD( neolycopersigi The first step was to characterize the genetic
basis of the resistance of sorhgcopersiconspecies and map the corresponding resistance
genes on the tomato genome. The next step wasvedopea set of near isogenic lines (NILS)
with different qualitative resistance gen€3-genes) or quantitative resistance ger@sqtls)
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in a genetic background of the susceptlblesculentuncv. Moneymaker. The final step was to
characterize the NILs in their interaction withfdrent isolates ofD. neolycopersiciand to
study the resistance mechanisms associated witliffeeentOl-genes.

In Chapter 2, the O. neolycopersiciesistance originating from. parviflorumG1.1601
was characterized. Map positions of three QTQEdtls) involved in the quantitative resistance
from L. parviflorumwere presente@nd evidence was provided for co-localization ob @i-
gtls with two qualitative resistance genes involiretbmato powdery mildew resistance.

In Chapter 3, a set of simple PCR markers was generated
(http://www.dpw.wau.nl/pv/CAPStomaip/ which were derived from tomato RFLP probes
(Tanksley et al. 1992) and are useful for mapptagdiss.

In Chapter 4, a study of the resistance @ neolycopersicin L. peruvianunLA2172
was presented.. peruvianums an out-crossing species that is reproductiisgjated from the
“esculentumcomplex” by severe crossing barriers. Complexitigke multi-allelism and
distorted segregation hampered mapping of@heneolycopersicresistance irL. peruvianum
LA2172. Consequently, multi-allelic single locusnkers were generated and the pitfalls of the
exclusive use of bi-allelic markers were illustcate

Chapter 5 focuses on the genomic distribution of five domin®l-genes. The
experimental approach of using a set of commonsli@pecific PCR markers in different
mapping populations segregating fOf-genes was used, which allowed us to generate an
integrated map consisting of DNA markers and d#ferOl-genes. Remarkably, all the
dominantOl-genes mapped so far are located on tomato Chranme$oand are organized in
three genetic loci.

In Chapter 6, the generation of NILs that contain differéditgenes QI-1, ol-2, OI-3,
Ol-4, OI-5 or OI-6) was described. The race specificity of the rasis¢ conferred by th@l-
genes was determined by testing the NILs with léallates ofO. neolycopersicin different
geographic places. Moreover, the resistance mesimgnassociated with th@l-genes were
studied microscopically.

Chapter 7 is a general discussion of this thesis. Severadaspare discussed, such as
the organization and evolution of tk#-genes, hot spots of resistance, race-specifistegaie
and relations with different resistance mechanismsyell as the implications of the results for
tomato breeding.

10
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Chapter 2

QTLs for tomato powdery mildew (Oidium neolycopersici)
resistance in Lycopersicon parviflorum G1.1601 co-localize

with two qualitative powdery mildew resistance geng

Mol. plant-Microbe Interact(2003) 16: 169-176
Co-authors: C.C. Huang, R. van der Hulst, F. Mdijekens, G. Bonnema, P. Lindhout

ABSTRACT

Tomato (ycopersicon esculentymis susceptible to the powdery mildewQidium
neolycopersicibut several wild relatives likie. parviflorumG1.1601 are completely resistant.
An F, population from a cross &f esculentuncv. Moneymaker x. parviflorumG1.1601 was
used to map th®. neolycopersicresistance by using AFLP markers. The resistance wa
controlled by three quantitative trait loci (QTLI-qgtl1 is on Chromosome 6 in the same
region as theOl-1 locus, which is involved in a hypersensitive resise response t0Q.
neolycopersiciOl-gtl2 and OI-qtl3 are located on Chromosome 12, separated by 25nctfle
vicinity of the Lv locus conferring resistance to another powderydewl speciesl.eveillula
taurica. The three QTLS, jointly explaining 68% of the pb#ypic variation, were confirmed by
testing ks progenies. A set of PCR based CAPS/SCAR markersgeasrated for efficient
monitoring of the target QTL genomic regions in kear assisted selection. The possible
relationship between genes underlying major antdgbaesistance for tomato powdery mildew

is discussed.

11
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INTRODUCTION

Tomato powdery mildewd. neolycopersi¢ihas become a globally important fungus since
1986, when it was reported in the Netherlands (Ratee 1988), and later on quickly spread
over all tomato growing areas in the world. Mostd®im tomato cultivars are susceptible, but
resistance has been found in marygopersiconspecies (Ciccarese et al. 1998, Lindhout et al.
1994a). Resistance In hirsutumG1.1560 and G1.1290 is controlled by incompletiyninant
genes,Ol-1 and OI-3, respectively, which map on the long arm of Chreame 6 and are
probably allelic (Huang et al. 2000c, Van der Beekl. 1994). In the evaluated wild accessions
of L. peruvianumand L. hirsutum resistance is mainly associated with a hypergeasi
response (HR), while ih. parviflorumG1.1601, the association of resistance with HR ms
as strong as in other accessions (Huang et al.)198& suggests that resistance in G1.1601
may be partly due to a different mechanism than IHRddition, earlier studies showed that the
inheritance of resistance in G1.1601 is polygenieoessive (Lindhout et al. 1994b).

Another species of tomato powdery mildekeveillula taurica has been reported to
occur in subtropical regions. The myceliumLoftaurica grows into the leaf and is visible on
the lower side of the leaf. It is different froth neolycopersicthat grows mainly on the upper
epidermis and usually does not penetrate the laatlifout et al. 1994a). A single dominant
genelv, was identified irL. chilenseand introduced into the cultivated tomato. Thdocus is
mapped on Chromosome 12 flanked by RFLP markerCahd CT129, and is currently the
sole source of resistanceltotaurica(Chunwongse et al. 1997).

Monogenic resistance is often race-specific ansb@ated with HR, a commonly
occurring defense mechanism in plants. During #s 10 years, many monogenic resistance
genes (R genes) have been identified and dozeres lieen isolated (Dangl and Jones 2001).
Protein structural similarities of the cloned R gerhave allowed isolation of structurally
related sequences referred to as resistance gatmgyaes (RGAs). Genomic clustering of R
genes and RGAs is observed either at complex locatolarger genomic regions where
numerous R genes may span a few to 20 cM (as rediéy Hulbert et al. 2001). In contrast to
the rapidly increasing knowledge on monogenic tasce, little is known about the molecular
basis of quantitative resistance, for which Quatitie Trait Loci (QTL) for resistance play a
role in plant-pathogen interactions. Comparativedigts of genetic map positions between
QTLs for resistance and R genes may provide evaldoic possible genomic and functional
relationships between genes underlying monogerdcgaantitative resistance. In many cases,
the map positions of QTLs for resistance overlaghwmajor resistance genes, RGAs or plant
general defense genes (Faris et al. 1999, Geftral 2000, Grube et al. 2000, Pan et al. 2000,
Pflieger et al. 2001a&b, Rouppe van der Voort etl8B8). This may occur by chance, due to
clustering of genes or may be a consequence aftpipic effects. The latter may indicate a

12
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potential similar molecular basis of quantitatived aqualitative resistance genes. By studying
the organization of resistance genes in the pajatmome, Gebhardt and Valkonen (2001)
proposed that the molecular basis of quantitatesestance in potato is based on genes having
structural similarity with cloned R genes and omege involved in the defense response.
However, there are also examples of QTLs that doomerlap with the positions of known R
genes, RGAs or plant general defense genes (Geftray. 2000, Qi et al. 1998, Van Berloo
and Lindhout 2001). This may indicate that QTLs resistance harbor unique resistance gene
families or their regulatory loci.

The aim of our research is to investigate the gembasis and the molecular mechanism
of O. neolycopersicresistance fronk.. parviflorum G1.1601. In this paper, map positions of
three QTLs involved in the quantitative resistarfiem L. parviflorum are presentedand
evidence is provided for co-localization of two (¥Twith R genes involved in tomato powdery
mildew resistance.

MATERIALS AND METHODS

Plant and fungal materials
An F, population of 209 plants derived from an intersji@cross between individual plants of
the susceptibld.. esculentumcv. Moneymaker and the resistant accesdiorparviflorum
G1.1601 was used to study the inheritance of thistence. All k plants were selfed, but only
171 k plants resulted intosfprogenies with sufficient numbers of seeds.

The pathogenic fungu®. neolycopersigiwhich originated from infected commercial
tomato plants (Lindhout et al. 1994a), was maimdiron MM plants in a greenhouse
compartment at 2B °C with 7G:15% relative humidity (RH).

Disease test

A disease test was performed by spraying one-molgtiiomato plants with a suspension of
2x10" conidia.mi*. The inoculum was prepared by washing conidialrepdrom freshly
sporulating leaves of heavily infected MM plantstap water and was used immediately. For
the disease test of the population, experiments were carried out accordmg randomized
block design. Six blocks were used, each contaitwagplants of each parent and of thednd
34-35 F, plants. For the Hines testing, a complete randomized block degiga used. Each of
two blocks contained the 1Q knes (24 plants per line) and two parents (2sisla@ach). The
inoculated plants were grown in a greenhouse 882D with 30-70% RH.

13
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The fungal growth was evaluated at 11, 14 and 18 gdast inoculation (dpi) for the,F
population, at 14 and 18 dpi for thg progenies. A disease index was used where 0 = no
sporulation; 1 = slight sporulation, but less tha¥b foliar area affected; 2 = moderate
sporulation, 5-30% foliar area affected; 3 = abumidaporulation, more than 30% foliar area
affected.

AFLP analysis

Total DNA was extracted from frozen young leavesi@scribed by Van der Beek et al. (1992).
About half (n =104) of the Fpopulation was selected for AFLP analysis basetherollowing
criteria: 1) equal representatives of the threealis classes €ODI < 1, 1< DI < 2, X DI < 3),

2) large amount of DNA extracted pergfant, 3) large number of;[Seeds obtained.

The AFLP procedure was performed as described by &toal. (1995) with some
modifications according to Qi et al. (1997). Redion enzymes, adapters and primers used are
listed in Table 1. The following primer combinat®were used: P11M48, P14M4R14M5Q
P14M6Q P14M61, P14M62, P15M48, P18M50, P18M51, P22MSE2NR60, E35M48and
E39M5Q The underlined primer combinations have also hessd for the tomato genetic map
by Haanstra et al. (1999b). The 5’end of the seleé&ico-primer was labeled with radioactivity
¥p and the selectiv®stprimer labeled with IRD700 or IRD800. Electrophsiseand gel
analysis for*P-labeled AFLPs was done as described by Vos é1995), and IRD-labeled
AFLPs was analyzed on a LI-COR 4200 DNA sequenessgentially following the method
published by Myburg and Remington (2000).

SCAR and CAPS analysis

CAPS (cleaved amplified polymorphic sequence) marke2awas used as described by Sorbir
et al. (2000), and primers for CAR®sland CP60 have been published by Van Daelen (1995)
and Bendahmane et al. (1997), respectively. Otli&RR-Based CAPS and SCAR (sequence
characterized amplified region) markers were gdadriiom RFLP markers previously mapped
by Tanksley et al. (1992). The sequences of the RRIRtarkers were either available as
expressed sequence tags (ESTs) in the SolGenebasdatsor obtained by sequencing
(Baseclear, Leiden, the Netherlands) bacterialedaontaining the RFLP probes obtained from
Cornell University, Ithaca, New York. Primers (Tal#) were designed by using the DNAstar
software package and used to amplify the genomié& Df\the two parents (MM and G1.1601).
If no polymorphism between the two parents was ofesk the amplification products were
subjected to restriction analysis with differentstrigtion enzymes or were sequenced
(Baseclear, Leiden, the Netherlands) to detect lgnmmrphism. Polymorphisms detected by
sequencing, for which no diagnostic enzymes weadahle, were, if possible, converted into

14
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Table 1. Sequences of AFLP primers and adapters

Primers/adapters Sequencés
Msd adapter 5-GACGATGAGTCCTGAG-3
3-TACTCAGGACTC AT-5’

MOO (universal primer) GATGAGTCCTGAG TAA
Msd + 1 primer M02 MO0 + C
Msd + 3 primers M48 MO0 + CAC

M49 MOO + CAG

M50 MOO + CAT

M51 MOO + CCA

M60 MO0 + CTC

M61 MO0 + CTG

M62 MOO + CTT
Ecd adapter 5'-CTCGTAGACTGCGTACC-3'

3'-CTGACGCATGG TTAA-5'

EQO (universal primer) GACTGCGTACC AATTC
EcoRl + 1 primer EO1 EO0O + A
EcadRl + 3 primer E35 EOO0 + ACA

E39 EO00 + AGA
Pst adapter 5'-CTCGTAGACTGCGTACATGCA-3'

3'-CATCTAGACGCATGT-5'

POO (universal primer) GACTGCGTACATGCAG
Pst + 1primer PO1 P00 + A
Pst + 2 primer P11 POO + AA

P14 POO + AT

P15 P00 + CA

P18 POO + CT

p22 POO + GT

#DNA sequences are always from 5' to 3' orientatigiess indicated otherwise.

dCAPS (derived CAPS) markers according to the niethescribed by Neff et §]1998). Each
PCR reaction (2p) contained 100 ng of genomic DNA, 1x PCR-reactioiffer, 50 ng of each
forward and reverse primer, 0.2 mM dNTPs and 0I5 Tag-polymerase in demi water. PCR
conditions were: 1 cycle at 92 for 5 min, followed by 35 cycles of 30 s at°@4 30 s at
annealing temperature (see Table 2), 45 s &C7and a final extension of 7 min at 72. The
PCR products were separated on 1.5% agarose gedtaith Ethidium Bromide and DNA
fragments were visualized by UV light. AboupiBof crude PCR product was digested in a total
volume of 15pl for 2-3h with 1 unit of the appropriate restrasti endonuclease. Buffers and

15
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temperature were as described by the manufactAfegr digestion, DNA fragments were
separated on 2-3% agarose gel and visualized birght/

For the conversion of AFLP to CAPS/SCAR mark&iB;labeled amplification products
were excised from a dried AFLP gel and re-suspeind&@pul H,O. The AFLP fragments were
re-amplified using the corresponding unlabeled AFltiPhers based on standard conditions as
described above with an annealing temperature € 56he PCR products were cloned using
PGEM-T Easy vectors and transformed into B Competent Cells. To ascertain that the
proper AFLP fragment was isolated, DNA samplesoof ftolonies for each AFLP marker were
sequenced (Greenomics, Wageningen, the NetherlaNeésy primers internal to the AFLP
selective primers were designed to amplify the gandDNA of the two parents (MM and
G1.1601). The primer design, PCR and restrictionlyans were carried out as described
previously for the conversion of ESTSs.

Map construction and QTL mapping

JOINMAP 2.0 (Stam and Van Ooijen, 1995) was used to generagenetic map applying the
Kosambi's mapping function. QTL mapping was perfedrusing MapQTL 4.0 (Van Ooijen
and Maliepaard 1996). A logarithm of odds (LOD)esstnold value of 3 was set for declaring a
QTL in Interval Mapping (IM; Van Ooijen, 1999). Aift IM, a two-LOD support interval was
taken as a confidence interval for a putative QVar( Ooijen 1992). Markers at the LOD
peaks were taken as co-factors for running the iphlfQTL mapping program (MQM) to
verify the results of IM.

RESULTS

Inheritance of resistanceto O. neolycopersici from L. parviflorum G1.1601

A disease test was performed on theépulation (n = 209) df. esculentuntv. Moneymaker
(here after referred to as MM)Lx parviflorumG1.1601 (here after referred to as G1.1601) to
assess the inheritance of resistanceOtoneolycopersiciAll plants were evaluated for the
degree of sporulation expressed as disease indgxa{la scale from 0 to 3. Plants of the
resistant parent G1.1601 were either immune (D) srOwnere slightly infected (scored as 1),
while all plants of the susceptible parent MM wheavily infected (scored as 3, Fig. 1). The F
showed predominantly an intermediate DI of 1 ond the k plants were normally distributed
over the DI classes 0 to 3 with a mean DI valué.8f(Fig. 1). Thus no monogenic model for
the inheritance of resistance could be deduceds Tésult indicates that the resistance to

16
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O. neolycopersicin G1.1601 is quantitatively inherited and is likéo be controlled by more
than one gene.

60
%) F, mean [1.7+# 0.6, N = 20¢
c 50 -
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40 __ Fimean [1.8+ 0.4, N =12
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Fig. 1. Frequency distribution of the mean value of disdadex (DI) for resistance 0. neolycopersicin
an k, population derived from the crogs esculentuntv. Moneymaker (MM) x_. parviflorum G1.1601.
The mean DI was an average of DI evaluated at4Bntl 19 days post inoculation. The mean DI vatdes
the two parents, Fand the overall Fpopulation are indicated by arrows. The populatimes are indicated
between brackets.

Molecular markers and map construction

AFLP analysis was performed to obtain a sufficiefdige set of markers to generate a genetic
linkage map from the fpopulation of MM x G1.1601 (n = 104, see Mateaatl Methods). By
using 14 Psti/Msd and two EcaoRI/Msd primer combinations, in total 318 markers were
obtained; 154 were MM specific and 164 were G1.16pécific. Initially, all markers were
scored dominantly, but 34 markers could be at lpastially scored co-dominantly using the
Quantar-Pr8" software (Keygene, Wageningen, the Netherlands)nipoove the linkage map,
25 PCR based markers were added. These markerswagng/ co-dominant and with known
map positions on Chromosome 2, 4, 6, 9, 11 andfl2 lo esculentunx L. pennelliimap
(Tanksley et al. 1992, markers linked to the QTieslested in Table 2). The co-dominant
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Table 2. Primer sequences and PCR conditions for the CAPARSmarkers

Namé® Chromo- Marker type Primer sequence (5-3') Tm" PCR  Restric- Original source
some (°C)  product tion
location size (bp) enzyme marker marker
type name
Apsl 6 CAPS atggtgggtccaggttataag 56 1000 Sa®6 1 CAPS Apst
cagaatgagcttctgccaatc
dct21 6 dCAPS ctttggtggttcagctattaatcc 50 185 Mspl RFLP CT21
catttccaacaaaccattcttccc
tg25 6 CAPS caacagctgccacaaacact 56 500Haelll  RFLP TG25
agtttggtgcttcatgcaaa
dct136 6 dCAPS cgaagtgtcggatccgaaggctttd 7 180 Xmnl  RFLP CT136
aacacaatcggaaaaaa
ct129 12 CAPS tctgtgatctgatatgtctaag 50 1500 Hinf | RFLP CT129
ctcctggggtaagtttc
ct99 12 CAPS atctaaaaacacgccaataatct 54 309 Rsal RFLP CT99
ggaccatcggagggagcac
Y258 12 CAPS gtaattccaaaaagtgaggt 50 136 Mbol  AFLP P11M48-285
ttgcgtctagagttattt
B432U 12 dominant tcagaaagggaagaatcaag 56 300 - AFLP E39M50-432
SCAR cccgatccaatgttatgtctgaa
tg111 12 co-dominant tgccaacccggacaaaga 54  399+1000- RFLP TG111

SCAR tggggaagtgattagacaggaca

#The RFLP-marker names are written in capital (lik&2%), and the corresponding CAPS/SCAR Marker name i
small case (like tg25).

® PCR annealing temperature.

¢ Primers forApslwas published by Van Daelen (see SCAR and CAP§sis@n Materials and Methods

AFLP and PCR based markers served as bridges incoragiruction to merge the dominant
markers into an integrated map comprising markérboth parents. Fifteen linkage groups
were identified, covering a total genetic length 41 cM. It has been reported that co-
migrating AFLP bands within a species are genellsle specific (Qi et al. 1998, Haanstra et
al. 1999b, Rouppe van der Voort et al. 1997). Tioeee 32 MM specific AFLP markers that

were in common with the markers in the genetic paplished by Haanstra et al. (1999b), and
the locus specific SCAR and CAPS markers serveahalor markers to assign linkage groups
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to chromosomes. Consequently, 10 of the 12 chromesocould be identified, but not
Chromosomes 5 and 10 for which anchor markers Vesleng. Clustering of markers rarely
occurred in this map since the majority of the AFikfarkers werePsti/Msd markers that
cluster less thakcoRI/Msd markers (Qi et al. 1998, Haanstra et al. 199@ompared with the
maps published by Tanksley et al. (1992) and Haarmdtal. (1999b), the relative order of the
anchor markers was consistent, and six out of theothato chromosomes (Chromosome 1, 2,
4,6, 11 and 12) were well saturated with markdasa not shown).

QTL mapping

By applying Interval Mapping (IM), three QTLs foegistance tdO. neolycopersiciwere
identified, and all resistance alleles originateahf the resistant parent G1. 1601. All the three
QTLs showed up at all infection stages (11, 14 &fddays post inoculation) with similar
effects, thus, there was no evidence for time-deépenQTLs. One QTL designated @&qtll
mapped on Chromosome 6 with a highest LOD valukeaCAPS marker tg25, coinciding with
a genomic region containin@l-1/0I-3 from L. hirsutum(Fig. 2, Table 3, also see Huang et al.
2000c forOl-1/0I1-3 map position). The other two LOD peaks were ono@ltusome 12, at a
distance of 25 cM from each other (Fig. 2, Table B verify whether these two peaks
corresponded to two linked QTLS, cofactors at the peak positions were chosen for MQM
mapping. Again, two clearly distinct LOD peak ple§ were obtained with a similar LOD
value above 3 (data not shown). Thus, MQM confirntteel presence of two linked QTLs,
designated a®I-qtl2 andOl-qtl3, on Chromosome 12I-qtl2 was flanked by CAPS markers
ct99 and ct129. Remarkably, the RFLP marker CT$28l50 closely linked to thev locus, a
major tomato resistance gene to another powderydemil species,Leveillula taurica
(Chunwongse et al. 1997).

Table 3. The three QTLs associated with resistand®@.tneolycopersicidetected by Interval Mapping in ap F
population ofL. esculentunev. Moneymaker x.. parviflorumG1.1601

QTL name Chromosome Nearest marker  LOD peak value #riation Additive effect
explained (%)

Ol-gtil 6 tg25 3.8 16.1 0.34
ol-qtl2 12 P18M51-701c 7.1 29.5 0.42
Ol-gtl3 12 B432u 5.0 22.3 0.45
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Effects of the identified QTLs on the level of resistance

By using co-dominant markers, both dominance artitiad effects could be detected in this
study. All three QTLs showed only additive effe¢@34, 0.42 and 0.45, respectively) and
jointly explained 68% of the total phenotypic véioa (Table 3). Assuming absence of epistasis
and dominance, with an almost equal additive efdéetach QTL resistance allele on resistance,
a linear relationship betwe&h neolycopersiciesistance and the number of resistance allele(s)
at QTLs was expected. To test this hypothesis1@#F plants were grouped according to the
presence of the number of putative QTL resistatie¢ea in these plants. A two-LOD support
interval was taken as a confidence interval for plsition of each QTL (van Ooijen et al.
1992), and markers flanking and within this regiegre taken as indicators for the presence or
absence of the corresponding QTL resistance alel&{e preferably used the co-dominant
PCR based markers (generated from RFLP markers)wbee closely linked to the QTLs
(Table 2). In addition, two AFLP markers linked ttee QTLs were converted into CAPS or
SCAR (Table 2). Seventy-three out of the 1@4lants could clearly be genotyped without any
recombination in the QTL intervals and were groumeatording to the number of QTL
resistance alleles. Fitting a quadratic model riegethat the quadratic term was not significant
(P = 0.31), which indicated absence of epistatieraction between the QTLs. An obvious
linear correlation (R= 0.95) was observed between increasing numbe@Taf resistance
alleles and decreasing DI values (Fig. 3). A sinliteear relationship (R= 0.89) was observed
in BC, lines containing one to three of the QTL resistantiele(s) derived from different; F
plants (data not shown). If only estimated addigffects of the three QTL resistance alleles are
taken into account, the predicted DI differencenaenn the two parents would be 2.42 (Table
3), which is close to the observed DI differenceMeen the two parents of 2.66 (Fig. 1). This
implies that the detected three QTLs accountechéarly the complete phenotypic difference
between the two parents, suggesting that mostefgtnetic variation is explained by these
QTLs. However, hardly any,fplant with all the QTL resistance alleles was esstant as the
resistant parent G1.1601 (Fig. 1 and Fig. 3), iatlg some other minor QTLs might have
escaped detection or morphological variations amtirgg £ plants might complicate the
evaluation of the resistance. To verify the effaftthe QTLS, a disease test was performed on
Fs progenies. In total, tensHines were selected that had QTL genotypes liketivo parents
(MM and G1.1601) or the;HTable 4). As expected, segregation of resistédtérom O to 3)
was observed mainly in the progenies from the fplants with a heterozygous QTL genotype.
The average DI for this group was 1.2, similar® predicted additive effects of the QTLs. The
F3; progenies from the fplants carrying six QTL resistance alleles hadeamDI of 0.5, which

Is similar to the DI of 0.6 for the resistant par&il.1601 in the same experiment. The F
progeny from one Fplant, which was devoid of any QTL resistancel@llshowed a slightly

21



Chapter 2

lower DI than MM. The difference between the aver&y of K, lines containing zero and six
QTL resistance alleles was 2.0, which again iseclmsthe DI difference (2.4) between the
parents as controls (Table 4). This is in agreemsitt the results from the,Fpopulation. In
conclusion, the three QTLs jointly explained mofkthe resistance in the resistant parent
parviflorumG1.1601.

3.5
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©
Q 05 ;
Z G1.160: 7™ o
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0 1 2 3 4 5 6 7

Number of QTL resistance alleles

Fig. 3. Average DI plotted against the number of QTL rsise alleles present in the plants of each
group The mean DI was an average of DI evaluated at4Bntl 19 days post inoculation (dpi). The mean
DI values of the two parents; Bnd the overall Fpopulation mean are indicated by arrows.

Table 4. The DI value of the tested knes. The DI average was a mean of DI evaluatdd @and 18 days
post inoculation

Plant  No. of QTL resistance No. of ;  No. of Average No. of plants in three DI classes
alleles in the K and lines plants DI

the parents tested tested 0<DI<1 I<Dl<2 x<Dl<3
Fs 6 4 96 0.5 80 12 4

Fs 3 (as k genotype) 5 119 1.2 56 32 31
Fs 0 1 24 25 0 5 13
MM 0 24 3 0 0 24
G1.1601 6 24 0.6 20 4 0
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DISCUSSION

The disease test on the population demonstrated that resistancedtoneolycopersicin
G1.1601 is inherited quantitatively, unlike the doamt monogenic resistance lin hirsutum
G1.1290 and G1.1560 (Huang et al., 2000c, Van dekBet al., 1994). Three QTLs were
identified that jointly explained most of the tofdienotypic variation with only additive effects.
In the present study, evidence has been provideddhgtl2 and Ol-qtl3 are both located on
Chromosome 12 at a distance of 25 cM. To verifg,thext progenies are generated to dissect
these two QTLs by selecting recombinants betweekedl molecular markers. Giving the
limitations of QTL mapping (van Ooijen 1992), ithard to assume that not any QTL against
O. neolycopersichas escaped our attention. However, the resubisio$tudy on the Jand the

F; progenies clearly indicated that the three QTLsenidied so far explain most of the
resistance irL. parviflorum Since quantitative resistance is generally belieto be more
durable (Johnson 1981, Lindhout 2002), it would dfe great interest to combine and
incorporate these QTL resistance alleles into modemato cultivars. Therefore, the QTL
linked PCR based CAPS and SCAR markers that hage benerated in this study are good
diagnostic markers for marker-assisted breeding.

The map positions of two QTLs co-localized with thejor resistance loci for tomato
powdery mildews,Ol-1/0OI-3 on Chromosome 6 antdv on Chromosome 12. The genetic
interval of Ol-gtl1 coincided withOl-1 and Ol-3 genes that arpossibly allelic and involved in
HR resistance t®. neolycopersic{Huang et al. 2000c). Moreoved|-qtl2 coincided with the
Lv locus, a major tomato resistance gene againsaurica (Chunwongse et al. 1997). Our
observation is similar to other examples of co-izesion between QTLs for resistance and
major resistance genes (Caranta et al. 1997, Gredtral. 2000, Grube et al. 2000, Marcaewski
et al. 2001). The presence of both quantitative qunalitative resistance genes in the same
genomic regions is not a solid proof for allelissmce the accuracy of QTL mapping does not
allow pinpointing a QTL to just one gene, but ratteea chromosomal region that may contain
a multitude of genes. However, more evidence hesntey accumulated that resistance loci
tend to exist as complex loci containing clusteredtigene families. For instance, the locus
on Chromosome 11 of tomato is involved in resistaiod-usarium oxysporurhsp. lycopersici
(Fol) race 2 and belongs to the NBS-LRR class of R-gefiethis complex locus originating
from L. pimpinellifolium multiple functional genes have been identifi&L-1 andI2C-5 can
confer partial resistance am#2iC-K appears to confecomplete resistance specific for the
phenotype. A similar locus conferring only internagd resistance téol race 2 exists in the
syntenic position of-2 in L. pennelligenome (Sela-Buurlage et al. 2001). Similarly, @te
gtll locus on Chromosome 6 in the present study magspond to another allele of td-1
locus in theL. hirsutumgenome. This is also in agreement with the obsens that major

23



Chapter 2

resistance genes, once overcome by a strain opalleogen, might conserve some residual
effects. One example is that a “defeated” ricestansce gene atadlocus acts as a QTL against a
virulent strain ofiXanthomonas oryzagav. oryzae(Li et al. 1999). In addition, it has been reported
that modification of a monogenic resistance gemegae rise to a partial resistance gene. For
example, in flax, the insertion of the transposa&tdenentAc in the promoter region of thd rust
resistance gene results in partial resistance (Aodeet al. 1997). The wild specigs
parviflorum G1.1601 is susceptible ta taurica (PL, unpublished) and thus does not contain
theLv gene. Still,Ol-gtl2 might be an ortholog of thev gene, or a modifiedv gene conferring
partial resistance 0. neolycopersici

Comparative mapping studies within the Solanaceaeigyshowed that resistance genes
(both gquantitative and qualitative) occurred attegit positions in cross-generic clusters more
frequently than expected by chance, and often elledtgenes showed specificities to related
and also unrelated pathogen taxa (Grube et al.)200® Lv locus belongs to one of these
cross-generic clusters on Chromosome 12, whicagddition to thd.v gene in tomato, harbours
the resistance gen€&pa2andRxin potato, conferring resistance to the potato ogshatode
Globodera pallidaand potato virus X (PVX), respectively. Intriguipgthe proteins encoded
by the Gpa2 and theRx1 genes share an overall homology of over 88% (araoid identity)
and belong to one class of plant resistance geswdaining a leucine-zipper, nucleotide-
binding site and leucine-rich repeat (LZ-NBS-LRRyr\Vder Vossen et al. 2000). This suggests
that relatively small changes in resistance gemgiesece can lead resistance against entirely
different pathogen species (Wang et al. 1998, Elisl. 1999). Another even more extreme
example is the gen®li on Chromosome 6 in tomato that renders the plasistant to a
nematode and to an aphid (Rossi et al. 1998), atidig that the identical gene sequence may be
involved in resistance to very different organisinsthe present study, we mapped @leqgtl2
to the cross-generic cluster containing Gpa2andRxloci. Recently, nucleotide-binding site
(NBS) homologues have been mapped to this spegditomic region in tomato (Pan et al.
2000, Grube et al. 2000, Zhang et al. 2002). ToeeeDI-qtl2 might be an ortholog of the
Gpa2/Rxgene belonging to NBS homologues. To gain moreMexdge about the molecular
basis underlying quantitative resistance, our meses aimed to clone the€al-genes and the
QTLs and to study the resistance mechanism regulate¢hem.

Upon microscopic observation, HR is reported taHeemajor mechanism of resistance
againstO. neolycopersicin LycopersiconHowever, the resistance in parviflorumG1.1601
was less clearly associated with HR than that.ihirsutumG1.1290 and G1.1560, suggesting
that a different resistance mechanism may occuafgiguwet al. 1998)0I-gtl3 may be a good
candidate for a gene that is involved in an altéveaesistance mechanism different from HR,
since as far as we know, it does not coincide veithOl-locus. Resistance mechanisms
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conferred by the QTLs an@I-loci will be characterized by gene-expression ssidat the
molecular level and by detailed histological analysising near isogenic lines (NILs) which
genetically differ only for presence of the QTLsQ@irloci. Quantitative resistance is frequently
presumed acting in a race non-specific manner; ithese QTLs will be tested with isolates
from several parts of the world to check whethaytlconfer broad-spectrum resistance. We
expect that our study will result in a model in stmthat allows understanding of the potential
relationship between genes underlying complete padial resistance and the respective
molecular mechanism.
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A set of simple PCR markers converted from sequenapecific

RFLP markers on tomato Chromosomes 9 to 12

Molecular Breeding2004) 13: 281-287
Co-authors: X. Feng, R. van der Hulst, P. Lindhout

ABSTRACT

A set of 24 simple PCR markers was generated fmato Chromosomes 9, 10, 11 and 12.
Polymorphism was sought for betwedtycopersicon esculenturand one of six other
Lycopersicorspeciesl(. Parviflorum, L. cheesmanii, L. hirsutum, L. pefii, L. peruvianum,
andL. chilensg¢. PCR primers, which were designed from mappedMRptobes, were used to
amplify genomic DNA of the different species anc tRCR amplification products were
screened for polymorphism by testing restrictionyenes. With this approach, 24 (71%) of the
34 selected RFLPs were converted into simple PCRem&a By using a reference population,
the map positions of these markers relative tootiginal RFLP markers were verified. These
markers are locus specific and can be efficiensigdufor alignment of linkage maps, mapping
target genes and marker assisted selection.
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INTRODUCTION

The amplified fragment length polymorphism (AFLREhnology is a powerful method that
provides a possibility to generate a virtually mii number of markers without any prior
sequence information of a genome (Vos et al. 198bpur laboratory, AFLP markers are
predominantly used in the construction of genetikdge maps, e.g. inycopersicorspecies in
tomato (Bai et al. 2003, Bonnema et al. 2002, Haaret al. 1999b). One drawback of AFLP
markers is the limitation in allele comparisons agdifferent mapping populations since
AFLP markers are unable to transfer linkage infarombetween species. Compared to the
anonymous AFLP markers, RFLP markers are locusfgp@mnd allow more efficient cross-
mapping in related species for determination otesyyn. However, RFLP analysis is expensive
and laborious, which limits its use in practice, 8wre is a strong need for markers that are
robust, easy and cheap, and that allow cross-mgppimelated species, such as simple PCR
markers in forms as cleaved amplified polymorplequence (CAPS) markers and sequence
characterized amplified region (SCAR) markers.

In tomato, more than 1000 RFLP markers have besmpped by Tanksley et al. (1992).
Sequence information for many of these RFLP prabevailable. Some of these RFLP probes
were recently recognized as conserved ortholog &etsCOS markers), which allows
assessment of syntenic relationships between thattoand thé\rabidopsisgenome (Fulton et
al. 2002). In the present study, a set of these RRIRharkers (n = 34) covering tomato
Chromosomes 9, 10, 11 and 12 were converted implsiPCR markers (CAPS and SCAR).
These PCR markers were applied to seven accedswndifferentLycopersicorspecies that
are currently studied in our laboratory, namelyesculentuncv. MoneymakerL. parviflorum
G1.1601, L. cheesmaniiG1.1615, L. hirsutum LA1777, L. pennellii LA716, L. peruvianum
LA2157,andL. chilenseG1. 1556.

RESULTS AND DISCUSSION

Selection of the RFLP probes

Thirty-three RFLP makers with known sequences gedfly above 200 bp) were selected from
a L. esculentunx L. pennellimap (Tanksley et al. 1992). These RFLPs are |doatetomato
Chromosomes 9, 10, 11 and 12 (Fig. 1), which casegriof 10 TG, 21 CT and 2 CD probes.
TG probes are derived from tomato genomic DNA csr@T and CD probes from tomato
cDNA clones. In addition, the sequence U38666 wakided (hereafter mentioned as a RFLP
probe from a cDNA clone, which is an expressed segel tag (EST) on Chromosome 9
obtained from GenBank datababétf.//www.ncbi.nlm.nih.gov/entrez/query.f¢gi
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9 10 11 12
9—— TG254 0—— CT41* 0—— CT113C* 7—CD19 CT19
14 TG68*
20 TG223#
18 TG651
21 CT234 21 CT168* 28 CT79
o8 D45 27 TG523 33 |CT129* CT211A
35— |- CT217 40 CT99
37— cr208 48 TG111* TG394*
116565
54 TG101# 45 I TG47* CT55 50— > CT106C
63 U38666* 55 CT20 61 CT287
60 cTs7* %9 TG40 68 ——— CT239
70—~ TG296*
. — 80 CT80B
86 ——— CT276
82 —— TG30#
92 —o— TGA424# 84 CT240%

Fig. 1.Linkage map for tomato Chromosomes 9, 10, 11 amshb@ing relatively map positions of RFLP
markers (coded as TG, CD and CT), which were netddrom Tanksley et al. (1992). One EST, U38666,
was obtained from GenBank and mapped on ChromoS8oifiee map distances (in cM) are indicated on the
left. *, Map position of the PCR markers derivednr these RFLP markers were confirmed in an F
population ofL. esculentunev. Allround xL. pennelliiLA716. #, Indication for RFLP markers that are not
selected in the conversion of simple PCR markarsale included here to show the rest of the chemmee.

Primersdesign

Using the sequences obtained from the Solgenedalse Kittp://soldb.cit.cornell.edl/ locus
specific PCR primers were designed as describedabyet al. (2003). In total, 37 primer pairs
were tested on genomic DNA of the seven specidsl€TH. The primer sequences are listed in
Table 2 and the PCR conditions were as describegabt al. (2003). Annealing temperature
was optimized by running a gradient PCR for eachm@r pair on all the species. Of the 37
primer pairs tested, 29 pairs (78%, Table 1) workedl with annealing temperatures from

50°C to 60C, with an exception for marker ct 41 (from°@5to 50C). Twenty-eight primer
pairs successfully amplified one single DNA fragmeh the same size for all species. One
primer pair (tglll) revealed an identical lengthypmwrphism (a so-called SCAR marker)
betweenL. esculentumand other wild species except far cheesmaniithat gave a PCR
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fragment of the same size as thakiresculentum.These results indicated a high level of DNA
sequence conservation amdngopersicorspecies. Primer pairs (n = 8, Table 1) that faited
PCR amplification were all derived from cDNA cloneand possibly, the failure in PCR
amplification was due to large introns in the gerBNA. Of the 19 informative primer pairs
from the cDNA clones, six pairs (32%) amplified ¢@m DNA fragments (up to 1500 bp) than
predicted.

Table 1.Information of PCR primer pairs derived from tledested RFLP probes and EST sequence

RFLP probe Number Number of PCR primer pairs
designed amplifying a PCR failed in PCR
fragment amplification
Genomic DNA clone 10 10 10 0
cDNA clone 24 27 19
Total 34 37 29 8

Polymorphism detection

PCR products of identical size from genomic DNALofesculentunand the six wild species
were digested with different restriction enzymestRction sites were predicted from the
sequence information of each RFLP probe by usind&a' (Lasergene, Madison, WI, U. S.
A). The corresponding restriction enzymes were Usedestriction analysis as described by
Bai et al. (2003). The set of restriction enzymssdufor each primer pair was not necessarily
the same. For all the informative primer pairs (88}, 428 restriction reactions were tested on
each species, except far hirsutumwhere 418 restrictions were done. Polymorphism rate
(percentage of tested restriction enzymes thatatedepolymorphism) of the six wild species
was lowest forlL. cheesmaniisuggesting this species is most closely relateld. gsculentum
(Table 2), which is in agreement with other studilvarez et al. 2001, Marshall et al. 2001).
In total, 23 (82%) of the 28 primer pairs gave CAR&Kkers in at least one wild species (Table
2). When compared with. esculentum13 markers were identified ib. parviflorum 18 in

L. pennellif 16 in L. peruvianum 18 in L. hirsutum 14 in L. chilenseand only one in

L. cheesmanii Frequently, two PCR marker alleles were obserired.. parviflorum and

L. chilenseeven when the CAPS marker was converted from alesiogpy RFLP probe,
showing that the loci were probably heterozygous.
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Table 2. Primer sequences, lengths of PCR products and erwyenealing a polymorphism for CAPS/SCAR markers

Marker  Chromo- Primer sequence (5-3")  Predicted Observed Anneal- Total No. Restriction enzymes detecting polymorphism betweeln. esculentum® and
namée® some PCR PCR ing Tm of
product product (°C) enzymes
length length (bp) tested L. cheesmanii L. parviflorum L. pennellii L. hirsutum L. peruvianum L. chilense
(bp)
tg254 9 ttgggaatatagtgtaggaag 374 374 55 17 -d - - Fokl SawBa | -
ctggaaaggggaaagac
U38666 9 agctgccgtgtcctgtatca 593 593 55 6 - - Hinf I, Dral Dral Dral Dral
actcatgttcacgccactttctta
ct41® 10 caaaaatgcaatgaaaaa 453 453 46 17 - - Hinf | Hinf | - Hinf |
ttgcggaatacactgagaa
cd45 10 tcacaaacaacgaacaatacaaca 217 217 55 19 - - - - - -
atccgccatagcttcatectc
ct217 10 gatacaaagatggcacaaaacagc 301 301 56 18 - - - Bcc | - -
gacgagaacggggatggatt
ct203° 10 tagaatatgggaagcgaaatg 311 311 56 13 - Mboll Mboll, Rsal  Haelll, Mbdl, Haelll, Mbadl, Mboll, Rsal
gagaggaagcgtaatagg Rsal Rsal
ct20 10 atcccccaagctaaacatcaaact 345 345 56 19 - - - - - -
gaagccggagccgaggagacag
ct240° 10 atcccaagtaccctcgceattagt 239 400 56 17 - Haelll, Alul Haelll, Drall Haelll, Alul, Haelll, Alul Haelll, Hinfl
agccttctttgtcccatcag Mbol, Mboll Mboll
ct57° 10 gctgcagcaagaaatacaag 352 1000 60 10 - Mbol Mbol Not tested Mbol Mbol, Dral
tccagccgtgagaaaacc
ct113® 11 acaacgggcaacagacgcaacc 352 352 56 20 - Mbol, Mboll  Mbol, Mboll, Mbol, Mboll, Mbol, Mboll Mbol, Accl
agctcgaggatggcecgcacttt Accl Accl
ct168° 11 ggaaaaactggctgctgactactt 330 1000 60 15 - - Taql, Hhal Taql - -
caatcatatcgcgtacctcactaa
tg651 11 tgcaaaaatggcggaaaat 222 222 56 10 - - - - - -
taccccaaacataaataatc
tg523 11 atttcctggattcgttttct 342 342 56 25 Mnl | - Mnl | Mnl 1, Msel Mboll Mnl |
ctactacttcacttcctggtcat
tga7° 11  cctcattgggcggtcatt 415 415 56 11 - Bagill Bgill, Msel Msel Bagill -

tcccactccaagctatactaacaa
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Table 2.continued

Marker  Chromo- Primer sequence (5-3")  Predicted Observed Anneal- Total No. Restriction enzymes detecting polymorphism betweeln. esculentum® and
name some PCR PCR ing Tm of
product product (°C) enzymes
length length (bp) tested L. cheesmanii L. parviflorum L. pennellii L. hirsutum L. peruvianum L. chilense
(bp)
ct55 11 catctggtgaggcggtgaagta 402 402 56 18 - Alul Alul, Ddel Alul, Ddel Ddel Ddel
tccgecccaaacaaaacagtaata
tg46 11  gcatttgtcgaaccgctctc 1371 1371 52 2 - Ddel Alul - Alul -
attacgtgatcccaacctctga
ct19 12  gaatcagcaatccgtaat 171 250 56 25 - - - Dral, Mbol Dral -
catgcaagcaaggtccacaac
tg68° 12  tttgattacacctgcctttacata 427 427 56 3 - - Mbol - - Mbol
ttttgaatccccttttaccat
ct79 12  caacaacaaattcccctctc 165 165 56 17 - - - - - -
ttgtggtgtttgctgatgat
ct129® 12  tctgtgatctgatatgtctaag 305 1000 56 14 - Hinf | Ddel Ddel Ddel Ddel, Hind Il
ctcctggggtaagtttc
ct99 12  atctaaaaacacgccaataatct 310 310 56 5 - Rsal - Hinf | - Hinf |
ggaccatcggagggagcac
tg111° 12  tgccaacccggacaaaga 397 397+1000 56 0 - - - - - -
tggggaagtgattagacaggaca
tg394° 12 agcctcatgagacctacaa 322 322 56 11 - - Fokl Fok - Fokl
tacagcacaatcttctacc
tg565 12 ctgcaaaacaagaatcacact 374 374 56 20 - - - Mbol - -
tctgcgaggtaggggtaag
ct106 12  caggcgctcattggacatt 288 288 56 8 - - - - - -
tggcgaggatcacacttg
ct287 12 ggaagacaaccatttatttat 217 217 56 24 - - Mboll - Clal, Mboll, -
ctggcggtgaagaagtgtc Msel
ct239 12 tggaacggagtacaaaacagaaga 328 800 56 20 - - Hinf | Hinf | Hinf | Hinf |
gaatgccatcagggaaaggtaact
tg296° 12  tgtictgtcggcataaagt 373 373 56 19 - Mbol Accl - Mbol -
tgctaaaacggacctacaa

32



Table 2.continued

Marker  Chromo- Primer sequence (5'-3")  Predicted Observed Anneal- Total No. Restriction enzymes detecting polymorphism betweeln. esculentum® and

name some PCR PCR ing Tm of
product product (°C) enzymes
length  length (bp) tested L. cheesmanii L. parviflorum L. peruvianum L. chilense

(bp)
ct80 12  ggtaattttagaagccagaa 239 239 56 25 - Hinf I, Haelll
caagatgtccgaagtgaagt
Polymorphism raté 1/428 15/428

% The CAPS/SCAR marker names are written in lovasede.g., tg254), corresponding to RFLP markelfs tvé same name but written in capitals (e.g., 3432
P Map position of these CAPS/SCAR markers werefieerin an | population ofL. esculentunev. Allround xL. pennelliLA716 (see Fig. 1).

¢, L. esculentuncv. Moneymakerl... parviflorumG1. 1601L. pennelliiLA716, L. peruvianunL_A2157,L. hirsutumLA1777,L. chilenseG1. 1556 andl.. cheesmanni

G1.1615 were used in this study.
4 No polymorphism were detected by the restricénmymes tested.
¢, polymorphism rate = number of enzymes that gdgmorphism / total number of restriction enzymestéd.
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Verification of the mapping positions

An F, population of 84 plants, derived from a cross leetm. esculentunev. Allround andL..
pennelliLA716 (Haanstra et al. 1999b), was used to mapfiBBe simple PCR markers (Fig.1,
Table 2) that were polymorphic between these twemta. An RFLP map is available for this
population, which contains a subset of RFLP markesed in the studies of Tanksley et al.
(1992). By using the JoinMap 3.0 program (Van Qogad Voorrips, 2001), all the 13 simple
PCR markers were integrated into this RFLP mapingamap locations corresponding to their
counterpart RFLP markers (data not shown). Gernerélbne RFLP-probe has several copies
in the genome, the derived PCR marker may detdgtame of these copies. For example, the
CAPS marker ct113 (Fig. 1) was mapped on Chromosamdile its counterpart RFLP probe
(CT113) detects three copies on the tomato genoome Ghromosome 7, 10 and 11,
respectively).

Strategiestried to streamline the conversion method

The method used in our study was an easy PCR-lagg®dach, which can be easily applied to
map ESTs (like U38666) that are potentially valeamurces of genetic markers and provide an
opportunity to construct syntenic genome linkagepsnaf expressed genes among related
species. In our study, we tried several strategiesrder to streamline the method and to
increase the efficiency for mapping ESTs. Firshty, designing PCR primers from the cDNA
clones, we initially tried to avoid an AGG triplet primers, since an AGG triplet may be an
exon junction site where intron RNA is removed aoth adjacent exons are joined (Lang et al.
1998). Later, our results suggested that therenmagtrong association between the presence of
an AGG triplet in the selected primers and theufailof PCR amplification (data not shown).
Secondly, from the restriction analysis in thisdstuwe learned that four or five base cutter
enzymes were more efficient in detecting a singleleotide polymorphism than restriction
enzymes that have more selective nucleotides. Tdrerea CAPS-kit was assembled that
contains 24 relatively cheap frequent-cutter restm enzymes with different recognition sites
(Table 3). In our laboratory, this CAPS-kit is bginsed efficiently and cost-effectively in the
conversion of CAPS markers (Brugmans et al. 2008preover, a short EST sequences could
be elongated by performing a BLAST against TIGRalase or GenBank database. For
example, a BLAST against TIGR database was camédor one RFLP probe CT218 (270
bp), an elongated gene sequence was selectedign @eset of primers to amplify an intron that
may exhibit more DNA polymorphism than exons (Cattal. 2001, Temesgen et al. 2001). The
derived CAPS marker mapped on Chromosome 3 in gnmdpping population, while the
RFLP marker CT218 maps on Chromosome 9 and thera@other known mapped loci for
this marker. Apparently, a different but partialypmologous locus was amplified. Thus,
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elongated gene sequences may be helpful to desSighrRarkers, but have the risk that other
loci are amplified.

Table 3. List of the restriction enzymes in the CAPS-kit

Restriction enzyme Sequence Incubation
temperature
Acil CCGC 37°C
Alul AGCT 37°C
Apol RAATTY 50°C
Bfal CTAG 37°C
Bsal | CCNNGG 60°C
BsK | CCNGG 60°C
BsU | CGCG 60°C
Ddel CTNAG 37°C
Dpnl GATC 37°C
Haelll GGCC 37°C
Hhal GCGC 37°C
Hinf | GANTC 37°C
Hpall CCGG 37°C
Hpy188 | TCNGA 37°C
HpyCH4 1lI ACNGT 37°C
HpyCH4 IV ACGT 37°C
Mnl | CCTC 37°C
Mwo | GCNNNNNNNGC 60°C
Nlalll CATG 37°C
Nla IV GGNNCC 37°C
Rsal GTAC 37rC
Sa6 | GGNCC 37°C
Taql TCGA 65°C
Tsb09 | AATT 65°C
APPLICATION

The simple PCR markers presented in this study h@ase various applications for genetic
studies and practical breeding programs in tomaiistly, as they are co-dominant markers
with known map positions, they are very usefulifdegrating dominant markers like AFLPs in
repulsion phase to improve linkage maps, and feigagig an unknown linkage group to a
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chromosome (Bai et al 2003). Secondly, in practioededing programs, they are useful
diagnostic markers for marker assisted selectiothag are less laborious and inexpensive.
Moreover, they offer the advantage of a rapid tiemsf linkage information among
Lycopersiconspecies as they are locus specific. Some of thes&ems may serve as anchor
points for comparative mapping between tomato Arabidopsis(Ku et al. 2001, Fulton et al.
2002). In our research, some of these markers omn@some 12 (Table 2) have been
successfully applied to localiz®l-qtl2 and Ol-qtl3, conferring partial resistance to tomato
powdery mildew disease. These markers not onlywakbus to align genome linkage maps
across distantly related species for revealingctivocalization between these QTLs and major
genes, but also to monitor the presence of thedes @ilthe development of near isogenic lines
(Bai et al. 2003).

The detailed information of our CAPS/SCAR markéssmaintained and updated
regularly at URL: http://www.dpw.wau.nl/pv/CAPStomatoWe hope that our results will
contribute to establish a tomato CAPS-marker dambaimilar to that forArabidopsis
http://ausubellab.mgh.harvard.edu/resources/maecalps/
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Chapter 4

Mapping OI-4, a gene conferring resistance toOidium
neolycopersici and originating from Lycopersicon peruvianum

LA2172, requires multi-allelic, single-locus markes

Theor. Appl. Genetin pres3
Co-authors: R. van der Hulst, C. C. Huang, L. WeiStam, P. Lindhout

ABSTRACT

Lycopersicon peruvianumnA2172 is completely resistant @idium neolycopersicithe causal
agent of tomato powdery mildew. Despite the largeagic distance between the cultivated
tomato andL. peruvianum fertile F hybrids of L. esculentumcv. Moneymaker x

L. peruvianumLA2172 were produced and a pseud@Bpulation was generated by mating F
half-sibs. The disease tests on the pseuydoepulation and two BCfamilies showed that the
resistance in LA2172 is governed by one dominankegdesignated a3l-4. In the pseudo-f
population, distorted segregation was observed ranlli-allelic, single-locus markers were
used to display different marker-allele configuras per locus. Parameters for both distortion
and linkage between genetic loci were determinednbyximum likelihood estimation and the
necessity of using multi-allelic, single-locus menk was illustrated. Finally, a genetic linkage
map of Chromosome 6 around tl@&-4 locus was constructed by using the pseuglo-F

population.
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INTRODUCTION

Lycopersicon peruvianum one of the wild relatives of tomato and providegst reservoir of
valuable traits for crop improvement, such as disegoest and virus resistances (e.g.
Briggemann et al. 1996, Ammiraju et al. 20A3)peruvianumLA2172 is almost immune to
Oidium neolycopersi¢cithe causal agent of powdery mildew in tomato dhiout et al. 1994a).
The resistance irL. peruvianumLA2172 is considered as complete, compared to the
incomplete resistance conferred by thel and OI-3 genes that map on Chromosome 6 and
originate fromL. hirsutumG21.1560 and G1. 1290, respectively (Huang et @02, Van der
Beek et al. 1994).

L. peruvianumis reproductively isolated from theeSculentumcomplex” by severe
crossing barriers (Taylor 1986). These barriers lsarpartially overcome by using either
vitro techniques or bridge accessions llkeperuvianumLA1708 and LA2172 (Rick 1982,
Poysa 1990; Van Heusden et al. 1999; Veremis ae1996).

L. peruvianumis an out-crossing species, with accessions amwlividuals within
accessions differing in marker alleles at the skooes (Baudry et al. 2001; Ganal and Tanksley
1996; Van Ooijen et al. 1994). In several studigere intraspecific crosses were used for
mapping, multi-alleles at a single locus were entened and different mapping strategies were
used to deal with multi-allelic loci. One exampddhe study of Van Ooijen et al. (1994), in which
a restriction fragment length polymorphism (RFLMkége map ofL. peruvianumwas
constructed using three reciprocal backcross pbpotafrom an intraspecific cross betwden
peruvianumLA2157 and LA2172. Multiple alleles were obserweithin the LA2172 accession,
but only RFLP markers that yielded polymorphismaigen, but not within the two parents, were
used. In this way, the multi-allelic loci were exaéd. In contrary, in the study of Ganal and
Tanksley (1996) multi-allelic loci were deliberatedelected in order to estimate male and female
recombination frequencies in Mapping populations derived from differéntperuvianunplants.
RFLP markers that simultaneously segregated intalle and female gametes (Ritter et al. 1990)
were included and scored dominantly. Via this eggt the number of useful RFLP markers was
limited and the co-dominant information usuallyypded by RFLP markers was neglected.

Distorted marker segregation has been reportedudrdgty in mapping studies of
L. peruvianumas is also reported in other inter- and intra-dpmecrosses withirLycopersicon
(Kaloshian et al. 1998, Haanstra et al. 1999b, Bamki et al. 1995, Van Heusden et al. 1999,
Zamir and Tadmor 1986). Ih. peruvianumthis may be caused by both self-incompatibility
and unilateral incompatibility, resulting in prefatial transmission of certain alleles. One
gametophytic self-incompatibility locus In peruvianumhas been mapped on Chromosome 1
(Tanksley and Loaiza-Figueroa 1985). Three loctherunilateral incompatibility ih. pennellii
were identified on Chromosomes 1, 6 and 10 (Cheteld De Verna 1991).
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All of these phenomena, crossing barriers, mukied per locus and distorted segregation
hamper genetic studies &f peruvianum In this paper, we characterized the resistance to
O. neolycopersiciin L. peruvianum LA2172 by using different populations from an
Interspecific cross betwedn esculentuntv. Moneymaker ant. peruvianumLA2172. Multi-
allelic, single-locus markers were exploited toaldfthe complexities such as multi-allelism
and distorted segregation in a pseud@épulation. We illustrated the risk of exclusiveeuwof
bi-allelic markers.

MATERIALS AND METHODS

Plant and fungal materials

Hundreds of pollinations were made on plantd oésculentuntv. Moneymaker (MM) with
pollen from two plants of. peruvianumLA2172 (LA2172), and only 11 Fplants could be
raised (Table 1). These; Fplants were self-incompatible, so pseudogépulations were
obtained by cross-pollinations between individualpkants. Finally, a pseudo,Fopulation
(hereafter referred as the population) of 194 plants, derived from a crossmMeen two k
plants (R, and k) that originated from different individual LA217@ollen parents, was
produced for the present study (Fig. 1). Differeackcross populations were generated by
using MM as a recurrent parent. Two Bi@milies (in total 80 plants) of the twq plants (k5
and k) were used in the present study (Fig. 1).

Twenty informative E plants of theOl-1 reference mapping population, which was
derived from an interspecific crosslafesculentuncv. Moneymaker x. hirsutumG1.1560 (Fig.
3B, Huang et akR000b) were used to position molecular markerselihto theO. neolycopersici
resistance in LA2172.

The pathogenic funguS. neolycopersigiwhich originated from infected tomato plants
(Lindhout et al. 1994a), was maintained on MM pdainta growth chamber at a temperature of
20 £ 2C with 70% relative humidity (RH).

Disease test

The inoculum preparation and the inoculation wesdgymed as described by Bai et al. (2003).
The experimental setup was according to a randahbiteck design. For the disease test on the
F, population, six blocks were used and each conda®2e33 F plants, three LA2172 plants as
resistant control and five MM plants as susceptdaetrol. The inoculated plants were grown
In a greenhouse at 28°C with 30-70% RH. The plant was scored as resistantvisible
fungal sporulation) or susceptible (with fungal mpation) at 14, 17 and 21 days post
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inoculation (dpi). For the disease tests on the, B@e block contained 80 B@lants of the two
BC, families, 20 plants of each MM and LA2172 as spsbée and resistant control,
respectively. The inoculated plants grew in a gneeise at 22C with 70% RH, and were
evaluated as described above at nine and 12 dpi.

Table 1 Generating of Fhybrids from crosses betweknesculentuncv. Moneymaker (MM) and
L. peruvianumLA2172 (LA2172)

MM x LA2172 (plant no. 1) MM x LA2172 (plant no. 2

Crosses > 100 > 100
Fruits 17 20
Fruits with seeds 6 9
No. of seeds in total 22 29
No. of R plants in total 9 2
MM X LA2172 (plant no. 1) MM X LA2172 (plant n@)
Fia Ao ..
M X F1a ........... Fu X .
l l MM X Fy
BG pseudo-k l
(n = 45) (n = 194) BC
(n=39

Fig. 1 Cross-pollinating scheme of BC populations andeugo-Epopulation from a cross
of L.esculentuncv. Moneymaker (MM) »L. peruvianunLA2172 (LA2172).
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Molecular markers and linkage analysis
As described by Bai et al. (2003), total DNA wasrasted from leaves of the Bnd BG plants
and the AFLP fingerprints were generated. Bulkegtesgant analysis (BSA) was performed for
AFLP analysis on the resistant and susceptiblespadglich were composed of equal volumes of
AFLP pre-amplification products of eight resistamtd eight susceptible, Pplants, respectively.
AFLP markers were converted into cleaved amplifietymorphic sequence (CAPS) markers
according to Brugmans et al. (2003). The CAPS mafjes1was generated as described by
Bai et al. (2003).

The genetic linkage maps were constructed usiegstiftware packageothMAP 3.0
(Van Ooijen and Voorrips 2001). A full account ofdage analysis using marker data of the F
population is given in the Appendix.

RESULTS

Theresistance to O. neolycopersici in L. peruvianum LA2172

Fertile R hybrids of MM x LA2172 were produced despite taegk genetic distance between
these two species. THg progeny was not tested for resistancétoneolycopersigisince it
was very difficult to generate the PBlants and the development of thesepkants was very
irregular. Instead, two BCfamilies from two Fk plants (k, and F,) that were used for
generating the Fpopulation (Fig. 1), were analyzed for resistat@e). neolycopersiciAs
shown in Table 2, all plants of the susceptibletcdrMM showed fungal sporulation and all
LA2172 plants were immune (no symptoms). The,Bflants could unambiguously be
classified as either resistant (R) or susceptiB)e One BG family (MM x F;;) was segregating
for resistance (12 R : 33 S) (Table 2), suggesdtiag) the ancestor; fplant was heterozygously
resistant. And thus, resistance in LA2172 shouldi®@inant although the segregation in this
BC;, family did not follow the 1 : 1 ratio of a monogemodel & = 8.889, P =0.003). All BC
plants (n = 35) of MM x |, were susceptible, indicating that thg plant was homozygously
susceptible. In the last 10 years, not a single 1A2plant has been found to be susceptible to
O. neolycopersicidespite extensive testing of this accession (datsshown). No susceptible
LA2172 plants have been found so far; however aeqigility allele was transferred to the,F
plant, indicating that the resistance gene is betgously present in the LA2172 parent. To
verify whether the resistance in LA2172 is monoggeailarge-scale disease test was performed on
the k population derived from the cross of, F.,. As shown in Table 2, 100, Blants were
resistant and 94 were susceptible, which is ineagemt with a segregation ratio of 1:1 for a
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monogenic modelyf = 0.1289, P = 0.72). We therefore concluded thatrésistance in LA2172
Is governed by one dominant gene, designatéol-ds

Table 2. Results of different disease tests on twg B{nilies and one pseudg-population from a cross of
L. esculentuncv. Moneymaker (MM) ). peruvianuniLA2172 (LA2172)

Test Plant Number of plants
N (total) R (resistant) S (susceptible)
BC, families MM 20 0 20
LA2172 20 20 0
BC. (MM X Fy) 45 12 33
BC, (MM X Fyp) 35 0 35
Pseudo-Epopulation MM 30 0 30
LA2172 18 18 0
F 194 100 94

| dentification of markerslinked to the Ol-4 locus

Since theF, population was derived from a cross between twaplants (ka X Fyp) that
originated from different LA2172 plants (Fig. 1) night harbor different marker alleles at one
locus. Assuming this can also be true for markeeetl to theOl-4 locus, the heterozygous
resistant plant f has one marker allele from LA2172 (coded as ‘wkedd to the resistance
allele of theOl-4 locus) and one marker allele from MM (coded ag. ‘@he homozygous
susceptible plant 5 has one marker allele from LA2172 (coded as ‘pfhkéd to the
susceptibility allele of th@l-4 locus) and one marker allele ‘e’ from MM. Thenefofour
marker genotypes (p/p*, elp, e/p* and e/e) segmegat 1:1:1:1 ratio were expected in the F
population. To test for this hypothesis, multi-Bdle single-locus markers were required to
differentiate the four marker genotypes in thgépulation.

In order to efficiently identify the marker allefelinked in coupling phase to tl@i-4
locus, BSA was performed by using AFLP on the tastsand susceptible pools of thedrants
(see Materials and Methods). By using a total & PS{Mse primer combinations, 16 AFLP
markers were identified that were present onlyhim rresistant pool. Ten of these AFLP markers
showed close co-segregation wdh4 (Fig. 3A) by testing them on 56 ldividuals (20 resistant
and 36 susceptible). To assign the AFLP markeespgarticular chromosome, one AFLP marker
(P18M51-450) was successfully converted into a CAiker, designated By-4 (Table 3). By
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using theOl-1 reference mapping population (see Materials arttiads), By-4 was positioned on
Chromosome 6 between RFLP mark&psland TG153 (Fig. 3B).

Table 3.Primer sequences, lengths of PCR products and eswyenealing a polymorphism for cleaved
amplified polymorphic sequence (CAPS) markers

CAPS Primer sequence Tm? PCR Enzymes detecting polymorphism between
marker (5-3) (°C)  products
(bp) L. peruvianum LA2172 L. hirsutum G1.1560
and L. esculentum cv. and L. esculentum
Moneymaker cv. Moneymaker
Apsl F: atggtgggtccaggttataag 56 1300 Sa6| p=p*# ¢ Ddel
R: cagaatgagcttctgccaatc Taql (p# p*% ¢
By-4 F: catagtgtagctttgattctigta 46 300 Apol (p Z# p*=¢) Msel
R: ccaattgccgggaaggaa HypCH4 IV p=e % p*

2PCR annealing temperature.

Map position of the Ol-4 locus

In order to verify whetherApsl is linked to theOl-4 locus, the RFLP markeApsl on
Chromosome 6 was converted into a CAPS marker €T@pthat co-segregated with the original
RFLP marker in th®l-1 reference mapping population (see Materials anthé. The CAPS
markerApsl/Tad| revealed the expected multiple alleles in thgépulation. As shown in Fig.
2A, the e allele was from MM, two other allelesgipd p*) were from LA2172. By testing this
marker on the fpopulation, four marker phenotypes were observiat,(p/p, e/p* and e/e, Table
4). Only the marker allele p was linked to thestsice allele of th®I-4 locus. In addition, for the
CAPS marker By-4 (Fig. 2B, Table 4), restrictiorzygme HypCH41V was specific for the p*
allele (in equation ptp = e), and restriction enzym&pd was specific for the p allele (in
equation g p* = e). Thus, when the results from these tworictgin enzymes were combined,
marker By-4 uncovered the four distinct marker ggoes of the F plants. The three marker
alleles for CAPS marker&psland By-4 were confirmed in the two B€@milies. The expected
ratio for the four marker genotypes (p/p*, e/p*apd e/e) in the fpopulation was 1:1:1:1, while
the observed frequencies were 74 : 15 : 80 : 1imkerAps1 and 73 : 16 : 80 :17 for marker
By-4, respectively (Table 4). For both CAPS marl&yst andAps], distorted marker segregation
was caused by preferential transmission ofLtheeruvianunellele by the male parent (genotype
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e/p*, Appendix C), with estimated transmission sadé about 18% and 82% for allele e and p*,
respectively.

M 1 2 3 4 5 6

(A) CAPS markeApsl/Tad (p# p* # €).
The upper fragment in lane 6 (LA2172) is
thep* allele and the lower fragment is thg
p allele; the single fragment in lane 5
(MM) is thee allele.

M 1 2 3 4 5 6

(B) CAPS marker By-4. In lane 6
(LA2172) of the upper pandipyCH4 IV
(p = e# p*) reveals the upper fragment fg
p* allele; in lane 6 (LA2172) of the lower

=

panel, Apol (p# p* =€) yields the upper

fragment forp allele.

(C) CAPS markeAps1/Sa@61 (p =
D =5 p* # €). The fragment in lane 6 (LA2172)

is diagnotic for botlp andp* alleles.

Fig. 2 Electrophoretic patterns of CAPS markers (2% agggel) to show marker phenotypes in a pseudo-
F, population from a cross af.esculentuntv. Moneymaker (MM) ). peruvianumLA2172 (LA2172). M
indicates DNA size marker of 1kb ladder. Lane 1 arade resistantfplants, lane 3 and 4 are susceptible F
plants. Lane 1 to 4 show marker phenotypeg/pf, e/p, e/p*ande/e respectively. Lane 5 is MM with
marker phenotype o#/g and lane 6 is LA2172 (DNA is pooled from sevepkdnts) ans shows marker
phenotype op/p*.
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Table 4.Marker genotypes in a pseudggepulation derived from a cross lof esculentuncv. Moneymaker
X L. peruvianumiLA2172

Marker Expect- Number of the F, plants per marker phenotype
genotype ed ratio
Apsl/Taq | Apsl/Sau9b | By-4 (Apo | + By-4/Apo | By-4/HypCH4 IV
(PZ#p*# ¢ (p=p*Z€) HypCH4 IV) (P#p*=¢ (p=e#p*)
(p# p*# ¢
p/p* 1:4 74 74 73 89 153

(71R+3S) (71R+35) (TOR+3S) (85R+4S) (78R+759)
(elp = p/p*) (p/p* = elp*)

elp 1:4 15 95 16 Seep/p* 33
(15R) (22R+739) (15R+159S) (15R+18YS)
(e/p =elp} (elp=¢€ld
elp* 1:4 80 Seeelp 80 97 Seep/p*
(7TR+739S) (BR+725S) (8R+895S)
(elp*=eld
ele 1:4 17 (17 S) 17 (17 S) 17 (17 S) s Seeelp

#R: resistance; S: susceptible

All possible marker-allele configurations in the gopulation are shown in Table 4 and Fig. 2,
and marker data for cross pollinator (CP) poputatigppe were prepared for JoinMap to construct
a linkage map around ti@-4 locus. As the JoinMap program assumes no distpiparameters
for both distortion and linkage between B&4 and CAPS markers were also estimated using
maximum likelihood estimations. A full account dietlinkage analysis for various types of the
CAPS markers is given in the Appendix. A linkagepnveas constructed for a part of tomato
Chromosome 6, where ti@l-4 locus was positioned above CAPS markesl(Fig. 3A). A
comparison of th®©I-4 maps with theDl-1 map showed that the order of the marker loci @n th
maps was identical. Therefore, we concluded @ia4 is on Chromosome 6, but at a position
different from theOl-1 locus.
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B
A
0.0 GP164
0.0 ol-4
5.2 GP79
P22M54-195 P18M51-450 8.3 Apsl
P12M60-405 P14M47-175
29 P21M51-320 P12M60-225
P19M57-175 P22M50-195
P16M48-160 PZSV
3.4 Apsl/Tagl 14.6 1TG153 TG25
41 By-4
18.9 ol-1
21.4 HO9A11
25.6 TG164
6.5 TG25
' 27.6 TG240

Fig. 3 Genetic maps of part of Chromosome 6 showing pugitions ofOl-4 andOI-1 loci based on two
different populations. (A), th@I-4 locus map position in a pseudefopulation derived from the crosslof
esculentuntv. Moneymaker x.. peruvianunliA2172. AFLP and CAPS markers were used. (B),ethel
map showing positions of th@l-1 locus and some RFLP markers on Chromosome 6 tmatatrieved from
Huang et al. (2000Db).

DISCUSSION

L. peruvianunis an out-crossing species and can harbor midtealper locus as illustrated in the
present study and by others (Ganal and Tanksle§, ¥#loshian et al. 1998, Miller and Tanksley
1990, Van Ooijen et al. 1994). In several mapptaodiss, mapping strategies have been applied in
order to circumvent the complexities of multi-aBeh (Van Ooijen et al. 1994, Ganal and
Tanksley 1996). In the present study, it was itatsd that the information of multi-alleles at one
locus can be fully exploited. Taking into accoumt high degree of heterogeneity in the donor
parentL. peruvianunLA2172, we anticipated the possibility of morenhtavo marker alleles per
locus in the pseudo,Fpopulation that was generated by matingh@alf-sibs. To test this
hypothesis, multi-allelic CAPS markers for singteil were developed, which uncovered all
marker-allele configurations (four marker genotypdsg. 2) in the F population.
Consequently, markers could not be processed irsdnge way as a normal backcross or F
population from inbreeding species, but rather aepulation resulting from a cross between
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two heterogeneously heterozygous diploid pareradgd as CP, cross pollinator, in JoinMap
program).

The recognition of multi-alleles at a single Isan the k population by the multi-allelic
markers has been of crucial importance. As showrabie 4, CAPS markers uncovered two, three
or four genotypes in the,population depending on the restriction enzymesl (&ig. 2). For
example, the CAPS markeApsiSa®6l could not differentiate between the alternative
L. peruvianunalleles p and p* (Fig. 2C). Thus, this marker edgd only three marker phenotypes
in the k population: homozygous as LA2172 (p/p*), homozygas MM (e/e) and heterozygous
(marker genotype of e/p and e/p*), plants carrying the heterozygous marker phenotype
segregated into classes: resistant (n = 22) anzkgtilsle (n = 73) (Table 4). As explained in
Appendix D, incorrect estimates of recombinatioeqtrency between th®@Il-4 locus and this
marker could be obtained, if the distortion canmeambiguously be attributed to either of the
parents. Thus, the usage of bi-allelic markershef type may complicate the mapping study
because of the joint effect of linkage and prefeaétransmission of certain alleles. Similarly; bi
allelic markers like CAPS marker By-#ypCH41V (where p = e£ p*) were not informative for
mapping in this pseudos;fpopulation (Appendix A), as this marker type uresvtwo marker
phenotypes (Fig. 2B and Table 4). One is heterarygs LA2172 (marker genotypes of p/p* and
elp*) with 153 k plants (78 resistant and 75 susceptible), whiedtfer is homozygous as MM
(marker genotypes of e/p and e/e) with 33pknts (15 resistant and 18 susceptible). Without
discrimination of the p and e alleles one would cbatie that By-4/HypCH4IV segregates
independently from th®I-4 gene. For a reliable genetic analysis, it is @uc have markers that
reveal different marker-allele configurations, litkee multi-allelic single locus marképsi¥Tad
that detected the three marker alleles (p, p* arahd distinguished the four marker genotypes in
the F population (Fig. 2A and Table 4).

By recognition of multi-alleles at a single lodasthe F population, distorted segregation
in the F population became uncovered that was caused bier@néal transmission of
L. peruvianumalleles by the male parent only. In this case,as Wwemonstrated that the selection
acted against male gametes havingsculentunalleles at th®I-4 locus, which hardly influences
the estimated recombination frequencies betweegdhetic loci (Appendix C). In agreement with
this, other authors (Ritter et al. 1990, Van Ooignal. 1994) suggested that the estimated
recombination frequency is unbiased when the sagoegdistortion is caused by selection at one
locus per chromosome, but is biased when the smleercts on two (or more) loci on one
chromosome.

In summary, we mapped th@l-4 gene on the tomato Chromosome 6, which governs
complete resistance t0@. neolycopersiciand originates fronl. peruvianumLA2172. It was
illustrated that the hypothesis of close linkagémeen genetic markers can be erroneously
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rejected in case bi-allelic marker data are usednidti-allelic loci. The recognition of multiple
alleles allowed accurate mapping ©f-4 and revealed the large segregation distortiorhén t
pseudo-k population of MM x LA2172.
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ABSTRACT

In plants, resistance genes occur in a numberftdreint genomic arrangements. Frequently,
they are members of multigene families that aratied in tandem arrays and form clusters. Our
research aims at studying the dispersion Qifgenes conferring resistance idium
neolycopersiciacross thd.ycopersicongenome. In this study, an experimental approach ha
been chosen to use a set of common locus sped@iR Bharkers in different mapping
populations segregating f@l-genes. This approach allowed us to generate agrated map
comprising DNA markers and differe@@l-genes. Remarkably, all the dominadt-genes
mapped so far are located on tomato Chromosome @ranorganized in three loci. On the long
arm, one locus contains two ger@k1 andOI-3 (originating fromL. hirsutumG1.1560 and
G1.1290, respectively) and the other locus harb@ts5 (originating from L. hirsutum
P1247087). Only two markers were found to sepatla¢se two loci at a genetic distance of
about 1 cM. On the short arm, one locus containe tyenesOlI-4 (originating from

L. peruvianumLA2172) andOI-6 (unknown origin). Although the map positions ©F4 and
Ol-6 were identical, these two genes appeared to hdifeeeent model of action in response to

fungal infection.
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INTRODUCTION

In plants, resistance genes occur in a numberftgrent genomic arrangements. The simplest
arrangement is a locus consisting of a single test® gene, which can show considerable
allelic genetic variation. The best characterizedegof this type is the gene of flax, where
multiple alleles have been identified by their éiffntial reactions to flax rudtielampsora linj
races (Islam and Shepherd 1991). More frequergbistance genes are members of multigene
families and located in tandem arrays, forming teliss(Michelmore and Meyers 1998). It can
be a simple cluster with narrowly spaced homologgeses, like theMi, I-2 and Cf gene
clusters in tomato and th&a21gene cluster in rice (Dixon et al. 1996, Ori etl#97, Parniske

et al. 1999, Seah et al. 2004, Song et al. 199¢an also be a more complex cluster, where
homologous genes are widely dispersed over a clsome arm like th®m3cluster in lettuce
where twenty-four homologues Bim3 gene are dispersed over the genetic region suihogin
Dma3 spanning at least 3.5 Mb (Meyers et al. 1998)steks of homologous genes conferring
specific resistances to different races of a paghaman be closely linked, and may have evolved
from common ancestors by local gene duplicatiorivi@d by structural and functional
diversification (Gebhardt and Valkonen 2001). Omeyvwell characterized example of this
arrangement is thélcr9 gene family, harboring dmologues of theCladosporium fulvum
resistance gen€f-9. Five linked clusters dficr9s have been identified, distributed over about
40 cM on the short arm of tomato Chromosome 1 etlafewhich contain functionaCf-genes
that differ in specificity (Haanstra et al. 199%arniske et al. 1999). Interestingly, clusters of
homologous genes conferring resistances to difftgrathogens may also be linked (Grube et al.
2000, Hulbert et al. 2001). For example, biecluster is linked to th€f-2-cluster on the short
arm of tomato Chromosome 6. TMi gene confers resistances against three very ditfere
organisms including root-knot nematodes, aphidsvamtefly (Nombela et al. 2003), while the
Cf-2 gene confers resistance@tadosporium fulvunDickinson et al. 1993).

Our research aims at studying the distribution esistance genes to tomato powdery
mildew (Oidium neolycopersiti over the Lycopersicongenome. The cultivated tomato is
susceptible to the fungus, but resistance occunsamy wildLycopersicorspecies (Lindhout et
al. 1994a). The dominant gené&l-1 and OI-3, which confer incomplete resistance to
O. neolycopersiciand originate fronmL. hirsutum G1.1560 and G1.1290, respectively, have
been mapped on the long arm of tomato Chromosoifien@ihout et al. 1994b, Huang et al.
2000b&c). Another dominant ger@l-4 that confers complete resistanceQo neolycopersici
and originates fronmL. peruvianumLA2172 is also positioned on Chromosome 6 but at a
position different from th®©I-1/OI-3 locus (Bai et al. 2004b). Moreover, three quantiéatrait
loci (QTLS) have been identified governing the semnce td. neolycopersicdn L. parviflorum
G1. 1601. One QTLdI-qtll) interval overlaps wittOIl-1 andOlI-3, and two other QTLs(l-
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gtl2 and OI-qtl3) are linked on Chromosome 12 in the vicinity oé tbv gene, conferring
resistance to another powdery mildew spediesgillula taurica(Bai et al. 2003). In addition, a
recessive resistance gemmd-2) has been reported loycopersicon esculentuwar cerasiforme
(Ciccarese et al. 1998), which is located on Chisonee 4 (De Giovanni et al. 2004). Finally, a
very high level of resistance t0@. neolycopersiciwas identified inL. hirsutum P1247087
(Latterot et al. 1995), and the preliminary resdi®wed that this resistance was probably
polygenic, while the locus with the major effect @sistance was probably linked to the gene
OI-1 (Moretti and Caranta 2000).

In this study, we aimed at characterizing the gemonganization oOl-genes on tomato
Chromosome 6 in more detail. Therefore, we fineqealOl-1 and Ol-4. In addition, we
characterized the resistance originating frlormirsutumP1247087 (name®I-5) and a newly
identified resistance from an advanced breeding (mamedOI-6). As we focused on finding
the accurate relative positions of tiad-genes on a molecular map, we have chosen an
experimental approach to use a set of common Iggesific PCR markers in different mapping
populations segregating f@l-genes. This approach allowed us to generate agrated map
comprising DNA markers and differe@-genes. Our data showed that the five domitint
genes mapped so far are all located on tomato Gisome 6 and organized in three genetic
loci. Such an organization mirrors the arrangementCf genes on Chromosome 1. The
relevance with respect to genome organization efQhgenes and their race-specificity are
discussed.

MATERIALS AND METHODS

Plant materials
The plant materials used in this study are preseimé able 1. All the backcross populations
were generated by usiihg esculentuncv. Moneymaker (MM) as the recurrent parent.

Fungal material

The pathogenic fungu®. neolycopersici which originated from infected tomato plants
(Lindhout et al. 1994a), was maintained on MM piaimt a growth chamber at 22°C, 70%
relative humidity (RH) and a photoperiod of 16 reur

Disease test

Detailed information for disease tests is presemtédable 2. The inoculum preparation and the
inoculation were performed as described by Bal.R03). The inoculated plants were grown
in a greenhouse at 2T with 70% RH under natural light supplemented vattificial light to
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provide a photoperiod of 16 hours. The experimemse carried out according to a completely
randomized design. The inoculated plants were ataduin two ways. For complete resistance
conferred byOI-4 or OI-6, inoculated plants were scored as resistant (isblei fungal
sporulation) or susceptible (with fungal sporulajid=or incomplete resistance conferreddly

1 or OI-5, inoculated plants were evaluated according tofdhewing disease index (Dl), 0 =
no visible sporulation, 1 = very few fungal spatsreunded by necrosis (weak sporulation), 2 =
moderate number of fungal spot (moderate sporulgti® = very high number of fungal spots
(heavy sporulation). An average DI was calculateer dwo times of evaluation (Table 2) for
each plant. Plants were considered as resistanm Whel, as susceptible when BR and as
incompletely resistant when<DI<2. The resistance of the plants witkDl<2 was re-
evaluated by performing disease tests on theiedgifogenies as described above.

Table 1.Plant materials

Ol-genes Purpose Mapping Original cross Reference
population
Bulked segregant F, This K, population was tested for
analysis (BSA) L. esculentunev. resistance t®. neolycopersicand
Ol-1 Moneymaker (MM) x screened for 15 RFLP markers
To position F, recombinants | L. hirsutumG1.1560 | specific for Chromosome 6 and four
markers linked tg SCAR markers (Huang et al. 2000D).
Ol-1
Recombinant BC:S; MM x ABL-OI-1 ABL-OI-1 contains th@©I-1 gene
screening (ABL, advance from L. hirsutumG1.1560 (Syngentd,
breeding line) Enkhuizen, The Netherlands).
Ol-4 Fine-mapping BGC,S; MM x L. peruvianum Bai et al. 2004b
LA2172
Ol-5 Inheritance study BC, and BGS; MM x ABL 4 ABL ; was obtained from INRA
and mapping (Montfavet, France). The resistance
is derived fronL. hirsutum
PI1247087.
Ol-6 Inheritance study BC, and BGS; MM x ABL , ABL , was obtained from a breeding
and mapping company. The origin of the resistance
iS unknown.

& A set of 16 informative genotypes is selected @sapanel. These are recombinants in the inteetatden RFLP
markers TG153 and TG164 and provide conclusive ecigléor markers inside the interval between mark&25 and
H9A11 (Fig. 1A).
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Table 2. Summary of the experiments with disease tests

Ol- Aim of the test Population(s) Susceptible and Evaluation
genes resistant control

Ol-1 Fine-mapping 17 recombinant inbred lines 20 MM plants and 20 Using DI (disease index) of

(BC;S,), 16 plants per line ABL-OI-1 plants 0to 3 at 11 and 13 dbpi
Ol-4 Fine-mapping BC,S; (n =112) 20 MM and 20 LA2172 Scoring plants asFor S at
plants 9 and 12 dpi.
Ol-5 Inheritance Three BG (n =79, intotal) 20 MM plants and 20 Using DIl at 11 and 13 dpi.
study ABL ; plants
Ol-5 Mapping BC,S; (n =100) 20 MM and 20 ABL, Using DI at 11 and 13 dpi.
plants
Ol-6 Inheritance Two BG, (n =52, in total) 20 MM plants and 20  Scoring plants as R or S at
study LA2172 plants 11 and 13 dpi.
Ol-6 Mapping BG5S, (n = 80) 10 MM plants and 10  Scoring plants as R or S at
LA2172 plants 13 and 15 dpi.

2dpi, days post inoculatioiR = resistant and S = susceptible.

Marker analysis

Total DNA was extracted from leaves of the plantsrpo inoculation by using a rapid CTAB
DNA isolation method as described by Brugmans .e28l03) and the AFLP fingerprints were
generated on a LI-COR 4200 DNA sequencer as destidy Bai et al. (2003). BSA was
performed on resistant and susceptible pools tleae vwomposed of equal volumes of AFLP
pre-amplification products of resistant and susbéptplants. AFLP markers were converted
into simple PCR markers, such as CAPS (cleavedifeappolymorphic sequence) and SCAR
(sequence characterized amplified region) accortbngrugmans et al. (2003). RFLP markers
(Tanksley et al. 1992) were converted to simple PRkers as described by Bai et al. (2003).
Primers for CAPS markers GP79L and 32.5Cla have peélished by Kaloshian et al. (1998)
and Liharska (1998), respectively. Detailed infation of the PCR markers used in this study
is presented in Table 3.

Linkage analysis

The genetic linkage maps were constructed by usiagoftware packagedMAP 3.0 (Van
Ooijen and Voorrips 2001).
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RESULTS

Fine-mapping of OI-1

Previously, the gen®I-1 has been mapped on the long arm of tomato Chrame$oby using
an k population of MM xL. hirsutumG1.1560 (Huang et al. 2000b). In order to identify
markers that are more closely linked@b-1, eight resistant (R) and eight susceptible (S) F
plants were selected from this population to construct R and S pools for bulkedregant
analysis. The R pool was homozygouslfohirsutumalleles and the S pool homozygousIfor
esculentunalleles in an interval including th@l-1 locus between RFLP markers TG153 and
TG164 (Fig.1A). By using 40@Pst/Mse AFLP primer combinations, 62 candidate AFLP
markers were identified. By using a test-panel ®@irfformative E recombinants (Table 1&2),
17 of the 62 markers mapped between RFLP marke25T&@d HO9A11 (an interval including
the OI-1 locus). In this interval, two AFLP markers, M1348daM2147, were most closely
linked toOlI-1.

To facilitate recombinant screening in the regitamked by TG25 and H9A11, RFLP
probes (TG25 and H9A11) and the two AFLP markerda 380 and M2147) were sequenced
and converted into simple PCR markers (Table 3)e ®&.S; population of 1413 plants
derived from the cross of MM x ABDI-1 (Table 1) was screened for recombinants between
PCR markers tg25 and H9A11. This provided 17 rednanits. The genetic distance between
these two markers was estimated to be 0.64 cMisnpipulation, which is approximately ten
times lower than the distance in thegépulation from an interspecific cross (Fig. 1Ajatig et
al. 2000b). The 17 BfS; recombinants were selfed to produce ;BClines that were
subsequently tested for disease resistance andnsctdor markers in the region flanked by
TG25 and H9A11. One recombinant (1/17) showed @at is below CAPS marker M1349.
No recombinants were found betwe®h1l and CAPS marker H9A11, indicating that H9A11
remained the closest linked marker belowl (Huang et al. 2000bBy using a test-panel of 16
informative F recombinants (Table 1), two recombinants showeat #1349 is below
SCARF10, the closely linked marker abdWk1 as reported by Huang et al. (2000b, Fig.1A).
Thus, OI-1 is fine-mapped between CAPS markers M1349 and H941 the long arm of
tomato Chromosome 6 (Fig. 1B). As the recombinavese obtained from different ‘source
populations’ (the ABLOI-1 derived BGS, population and the interspecifig population, Table
1) with seriously different recombination frequessi it was difficult to assess the genetic
distance betwee®I|-1 and the closely linked markers. On the basis efABL-OI-1 derived
populations alone it was 0.035 cM (1/2826 gamdiesiyveenOIl-1 and CAPS marker M1349,
while in the interspecific Fpopulation, this distance was ten times higheoalb.35 cM).
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Table 3.Primer sequences, lengths of PCR products and exeyenealing a polymorphism for CAPS/SCAR marRers

Marker ~ °Marker Primer name  Primer sequence (5'- 3§ “Tm PCR Restriction enzymes detecting polymorphism between Original
name type (°C)  product L. esculentum cv. Moneymaker and marker
size L. hirsutum L. peruvianum  ABL; ABL, type
(bp) G1.1560 LA2172
dM1346 dCAPS dM1346-F ttggaatcaagaaaaggggttaa 47 200 °nd Hinc 1l nd Hinc Il AFLP
dM1346-R atgactatgtccataaatgaa
GP79L CAPS GP79L-F cactcaatgggggaagcaac 56 2000 Apol Apol Apol Apol RFLP
GP79L-R aatggtaaacgagcgggact
32.5Cla CAPS 32.5Cla-F acacgaaacaaagtgccaag 56 773 Hinf | Hinf | nd Hinf | RFLP
32.5Cla-R ccaccaccaaacaggagtgtg
Apsl CAPS ApstF atggtgggtccaggttataag 56 1000 Ddel Sawb | Hinf | nd RFLP
ApsiR cagaatgagcttctgccaatc
M2147 CAPS M2147-F1 taacaatctcgaccatagttcc 56 300 Ddel Ddel Haelll nd AFLP
M2147-R1 ccatacccgaatttccttcc
M1349 CAPS M1349-F tgctaagaatcagaaaccacaccts6 500 Xcml nd Xcml nd AFLP
M1439-R acaacaagctgatccacctaaaga
ct184 CAPS Ct184-F tttccgtgtattgccaacaa 56 298 Ddel Ddel Ddel nd RFLP
Ct184-R accaaagagtcaatggatgg
tg25 Co-dominant tg25-conF taatttggcactgccgt 52 350+300 No SCAR SCAR SCAR nd RFLP
SCAR tg25-prR1 ttgtyatrttgtgyttatcg
tg25 Co-dominant tg25-conF taatttggcactgccgt 52 350+300 SCAR No SCAR SCAR nd RFLP
SCAR tg25-ehR1 catgttgygyttatcraaagtc
H9A11 Co-dominant H9A11-conF  tgctctaacaaaatcaccaaaatc 52 450+400 SCAR SCAR SCAR nd RFLP
SCAR H9All-conR aaatggtcaaacaaagtictattgag
ctl74 CAPS ctl74-F2 aaaaagaagccccaaatagacc56 500 Haelll Haelll Haelll nd RFLP
ctl74-R1 ggtcctccccatcaacagtc

2 The information will be maintained and updatedutagy at:http://www.dpw.wau.nl/pv/CAPStomato/

P CAPS, cleaved amplified polymorphic sequence; dSAderived CAPS; SCAR, sequence characterized fieapliegion.
¢ Codes for the degenerated position of primer @25Y, C/T; R, A/G.

4 PCR annealing temperature.

°nd, not subjected to restriction enzyme screening.

55



Chapter 5

A B C D E

—0 A— GP164 A—tg25 A— dM1346 / A— GP79L \ A— dP13M46
i ~<{ ?62|.2CIa GP79L | Apst || SFZ%L' ?éZ.SCIa
—5 H—GP79 ’ / | [~ det21 D
r —M2147 ——1 BY-4 Apsl
B T Apsl |- M1349 T t925
- H—0l-1 Ll M2147 —— Apsl
10 Ll hoat1 ™ ct184
i o— ct184 S ctl74
L HHTG153 TG25

12 SCAF10 Ol-qti1
K H—tg25
r | |~OI-5 | |- t925
- H—oOl-1 [1AM1349 M2147 .~ [ |- OI-5
—20 L HOALL ’\: - m2147
B H— HoA11 ct184 |- M1349
B T~ 0I-1/01-3
B - H9ALL
L ct184
-2 —TG164
B U—ct174
— 30 \
L o—ct174

Fig. 1. Genetic maps for part of Chromosome 6 showing pesgitions ofOl-genes based on different
populations.A, Skeleton map oDI-1 showing map positions of the RFLP markers and ARB@arker
(SCAF10) that are linked t®I-1, which are retrieved from Huang et al. (2000®).0I-1 fine-mapping
position, using a BG5S, population ofL. esculentuntv. Moneymaker (MM) x ABLOI-1. Based on the data
set of the recombinant screening, relative ordersnfiarker loci are indicated on this map rathemtha
absolute map distances, Genetic linkage map showing map positiorOd4 based on a B, population
derived from a cross of MM k. peruvianum_A2172.D, Genetic linkagenap showing the map position of
OI-5 based on a BfS; population derived from a cross of MM x ABLE, Skeleton maps for tomato
Chromosomes 6, showing relative positions of theped Ol-genes andDI-qtll (Bai et al. 2003). Bars
indicate the QTL intervals for which the inner lIshiows a one-LOD support interval and the outesshaws

a two-LOD support interval. Simple PCR markerswsed for Fig. 1B to 1E.

Fine-mapping of Ol-4

Ol-4 has previously been mapped above CAPS magesion tomato Chromosome 6 by using a
pseudo-k population of MM xL. peruvianunlLA2172 (Bai et al. 2004b). Further fine-mapping
of Ol-4 in this pseudo-Fpopulation was complicated as multi-alleles aingls locus were
encountered. To reduce the number of segregatialgslat the same locus, a 8c(n = 112,
Table 1) population of MM x LA2172 was generatedl aubjected to a disease test. This
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population segregated for resistancétoneolycopersicin a ratio of 77R: 35S, in accordance
with the 3 : 1 ratio of a monogenic modgf € 2.012, P = 0.16). Chromosome 6 specific PCR
markers (Table 3) were scored in this,B(population. A linkage map was constructed for part
of tomato Chromosome 6, and no recombinants waradfdetweerOIl-4 and PCR markers
GP79L and 32.5Cla (Fig. 1C). This linkage was aoméid in BGS,; populations of MM x
LA2172 (96 BGS; plants in total). On the short arm of tomato Chosome 6, two loci show
homology to marker GP79L (Kaloshian et al. 1998)e@s within an introgressed region from
L. peruvianumof approximately 650 kb containing tih gene, the other is above this region
and closer to the telomeric end. The 32.5Cla lonaps close to the distal end of the 650 kb
Mi-1 introgressed region on the short arm of tomatom@imsome 6 (Liharska 1998). As tOé&

4 locus was completely linked to GP79L and 32.5@&, map position of th®I-4 gene is
likely close to the centromere on the short arr@lmfomosome 6 (Fig. 1C).

Mapping of Ol-resistance originating from L. hirsutum P1247087

One advanced breeding line (ABL obtained from INRA (Montfavet, France), contains
resistance t®@. neolycopersicintrogressed fromh. hirsutumPI1247087. A preliminary study of
Moretti and Caranta (2000) indicated that the tasi=e inL. hirsutumP1247087 was polygenic
as well as closely linked t©I-1, implying that a major gene ne@-1 and one or more QTLs
contribute to this resistance. Our aim was to detes the inheritance of this resistance and
map the major resistance. The inheritance of tbstence was studied by applying a disease
test on three BCfamilies of the cross MM x ABL(Table 1). The inoculated plants were
evaluated for resistance using a disease indexc@le ©f 0 to 3 (see Materials and Methods).
The segregation of resistant to susceptible planésch BG family, as well as jointly, fitted a
segregation ratio of 1 R : 1 S for a monogenic dami trait (Table 4), suggesting that one
dominant gene (designated@k5) governed the resistance in AB0'o mapOl-5, a set of co-
dominant PCR markers on tomato Chromosome 6 (Taplevere scored in one BS,
population (n = 100, Table 1). Especially, the P@&kers closely linked t®I-1 were selected

in order to compare the map positions betw&i and OI-5. A genetic linkage map was
constructed forOI-5 that was positioned between PCR markers tg25 a@#l4vl on tomato
Chromosome 6 (Fig. 1D). Agomparison of th©I-5 map with theDl-1 map showed that orders of
the marker loci on both maps were identical A maps proximal to the PCR marker M2147, it
is likely thatOI-5 represents anoth@l-locus on the long arm of tomato Chromosome 6, abou
cM proximal of the locus containing ti@d-1 gene (Fig. 1E).
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Table 4.Results of different disease tests on differeni fA@ilies derived from crosses between
L. esculentuncv. Moneymaker (MM) x ABL or ABL,

Ol genes Cross B&families Plant number
Resistant Susceptible  x? P

Ol-5 MM x ABL , BCy (n = 30) 13 17 0.83 0.36
BCab(n = 30) 15 15 0.03 0.86
BC(n = 19) 11 8 0.21 0.65
Total (n = 79) 39 40 0.00

0l-6 MM x ABL , BCyq (n = 29) 17 13 0.55 0.46
BCse(n = 23) 9 14 1.57 0.21
Total (n = 52) 26 26 0.02 0.90

Mapping of the Ol-resistance in ABL,

ABL , harbours resistance @. neolycopersicbut the origin of this resistance is unknown as it
was found in an unknown germplasm of a breedingpamy. The inheritance die resistance

in ABL, was studied by applying a disease test on twefBRilies (Table 1). All plants of the
susceptible control MM showed fungal sporulatiord atl plants of the resistant contrbl
peruvianumLA2172 were free of fungal sporulation. The B@lants could unambiguously be
classified as resistant or susceptible (Tablerotal, the two B&families showed 26 resistant
plants and 26 susceptible plants. The segregatiossistant to susceptible plants in each of the
BC, families, as well as jointly, fitted a segregati@atio of 1 R : 1 S for a monogenic model
(Table 4). The monogenic model was further confitritrea BGS, population (n=80x? = 0.02,

P =0.90). Thus, the complete resistance in ABlconferred by one dominant gene, designated
asOl-6.

BSA was performed on R and S pools of each Bmily to find molecular markers
linked to OI-6. Six AFLP markers were obtained by using B4t/Mse AFLP primer
combinations, which were present only in the rasispool. One of the AFLP markers (M1449)
was converted into a CAPS marker and mapped abdue® Rnarker TG178 on tomato
Chromosome 6 by using a refereng@@épulation of MM xL. pennelliLA716 (Haanstra et al.
1999b). The co-segregation between the AFLP mavket49 and its derived CAPS marker
could not be verified as no polymorphisms betweevi &hd ABL, were found after screening
with 24 restriction enzymes (Bai et al. 2004a). theo AFLP marker, M1346 co-segregating
with OI-6, was converted to a dCAPS marker (Neff et al. 1,998med dM1346. This marker
was 4 cM above the CAPS marker GP79L in @le4 mapping population (Fig. 1C). For
comparison of map positions betweg@h6 andOl-4, the same set of co-dominant PCR markers
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used to ma®I-4 was applied for mappin@I-6 in the BGS, population segregating f@I-6.

In this mapping populationQl-6 fully co-segregated with the CAPS markers GP79H an
32.5Cla that were mapped 2 cM apart from dM1346h0OI-4 mapping population, CAPS
markers GP79L and 32.5Cla were also fully linkedQie4 (Fig. 1C). Moreover, the same
marker phenotypes were observed for CAPS markatsatare linked tdlI-4 on the short arm
of Chromosome 6 (digested by 24 enzymes, Bai e2@)4a). ABL, showed a MM marker
phenotype for CAPS markers linked@b-4 on the long arm of Chromosome 6, indicating that
ABL, likely contains a short introgressed region on ghert arm of Chromosome 6. As the
origin of OI-6 is unknown, the possibility thadl-6 is identical toOI-4 cannot be excluded.
However, when NILs (near isogenic lines) containifferent Ol-genes were compared,
microscopic observation of the infection processistd clear differences betweét4 andOlI-

6 (Chapter 6). Macroscopically, when plants were inoculatedhwan inoculum of 2 x 10
conidia.mf*, both OI-4 and OI-6 confer complete resistance (no fungal sporulatitm)
O. neolycopersiciBut a lower level of resistance in the NIL ©f-6 than in the NIL ofOl-4
was observed at seedling stage when plants weilated with an inoculum of 15 times
higher concentration (3 x 1@onidia.ml"). These phenomena may reflect either a difference
betweenOl-4 andOlI-6, or a difference between the genetic backgroundseoNILs Chapter

6).

DISCUSSION

In order to compare the genetic map positions @fhgenes, we have chosen an experimental
approach of using common markers in different magopulations, each of which segregated
for one of theOl-genes. Firstly, BSA was performed in different miag populations to
identify AFLP markers linked to th®I-genes. Subsequently, the linked AFLP markers were
converted to simple diagnostic PCR markers, whiehewused as anchors on a chromosome in
a reference mapping population. Then, more RFLRiancorresponding chromosome region
were selected for conversion to simple PCR markérsally, common PCR markers were
applied to independent mapping populations thatesgged for one of th@l-genes, in order to
compare the genetic map positions of @legenes. This experimental approach allowed us to
generate an integrated map comprising DNA markedsdiferentOl-genes, which reveals the
relative locations of fiveOl-genes that are organized in three genetic loci @mato
Chromosome 6. We did not carry out allelism tesiisce the existence of ambiguous plants
during disease evaluation in allelism tests ofteauses difficulties for genes conferring
incomplete resistance likel-1 (Huang et al. 2000c). Moreover, an extremely Igygpulation
would be required to distinguish two tightly linkeenes, especially in a chromosome region
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where recombination is reduced. This would be thgecforOl-4 and OI-6 that are mapped
around theMi gene on Chromosome 6, where Ganal and Tanksl&6)I8ported a severely
suppressed recombination frequency.

All the dominantOl-genes conferring resistance@o neolycopersicmapped so far are
exclusively located on tomato Chromosome 6 androzgd in three genetic loci. Two closely
linked loci are located on the long arm, one havhmg geneDl-5 and the other containing the
genedl-1 andOI-3 that have been mapped in the same chromosomeragtbmay be allelic
or tightly linked (Huang et al. 2000c). Previoushp, recombinants were identified betweaia
1 andOI-5 in an allelism test (Moretti and Caranta 2000)jlevin this study,Ol-5 maps to a
locus that is above th@l-1/0I-3 locus. Very likely,Ol-1 andOI-5 are tightly linkedOIl-genes
or homologues of a large gene cluster. The thiodidas located on the short arm, where the
genesOl-4 and OI-6 are both completely linked to the PCR marker GP{&H. 2). Although
Ol-4 andOI-6 may be identical since the origin ©f-6 is unknown, they may also be allelic or
linked homologues in a gene cluster, similar togbssible relationship betweéfi-1 andMi-9
in the same chromosomal regioMi-9 that confers heat-stable resistance to root-knot
nematodes is closely linked to tiMi-1 gene and is possibly a member of el family
(Ammiraju et al. 2003). In addition to the domin&itgenes, the region where most likely one
QTL (Ol-qtl1) is located overlaps witdl-1 and OI-3, as well as withOI-5 (Fig. 1E). The
accuracy of QTL mapping did not allow a more actaositioning of this QTL in the used
mapping population (Bai et al. 2003).

The distribution pattern of th®l-genes on Chromosome 6 is similar to thaCbfenes
on Chromosome 1. On the short arm of tomato Chromesl, a number off genes with
different specificities have been mapped at thoeerlamely ‘MilkyWay’, ‘Aurora’ and ‘Orion’
(Haanstra et al. 1999a and 2000, Yuan et al. 20023seCf-genes belong ta large gene
family of Hcr9sthat carries multiple copies of resistance genadiogues and are located in
tandem arrays (Parniske et al. 1999). For exanipe’'MilkyWay’ locus in bothCf-4 andCf-9
lines carries five tandemly duplicatettr9 genes within a 36-kb interval (Thomas et al. 1997)
Molecular analysis of several other loci in tomatoch as th€f-2/Cf-5 Mi andI2 loci (Dixon
et al. 1996, Ori et al.1997, Seah et al. 2004} edvealed the presence of tandemly arranged
multigene families. Possibly, this type of orgatima might be common for resistance loci. It
becomes an intriguing question hd-genes are organized on tomato Chromosome 6: as
simple clusters with multiple genes tandemly ardalike the Cf genes, or as a single locus
consisting of one single gene that may carry camnatule allelic variation like the locus in
flax. To gain more knowledge about this, the clgniri Ol-genes is currently underway in our
laboratory. In parallel, NILs that differ only famdividual Ol-genes in a genetic background of
MM, are being tested for resistance @o neolycopersicisolates from different geographic
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origins. The preliminary results indicate a genegene model for the tomato-
O. neolycopersicinteraction Chapter 6). In the future, our study on the characterizabbthe
Ol-loci on tomato Chromosome 6 will provide more gigs into the organization, specificity
and evolution of th®l-genes.
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Different race specificities and mechanisms of resiances

conferred by Ol-genes in tomato

Submitted.
Co-authors: G. Bonnema, F. Meijer-Dekens, R.E. Nikd P. Lindhout

ABSTRACT

Tomato powdery mildew caused ®idium neolycopersichas become a globally important
disease of tomato. With the aim to study the hasitggen interaction of tomato and tomato
powdery mildew Q. neolycopersi¢j near isogenic lines (NILs) were generated tloattain
different tomato resistance gen€&d-genes includingl-1, ol-2, OI-3, OI-4, Ol-5andOI-6) in
the L. esculentungenetic background. Race specificity of resistasm&erred by th@®Il-genes
was revealed by testing the NILs with local isadad€O. neolycopersian different geographic
locations. Moreover, the mechanism of resistancafetcced by differentOl-genes was
described microscopically. Our data suggestedthigatesistance t0. neolycopersictonferred
by different Ol-genes can be race-specific. Microscopically, thecmanism of resistance
conferred by the dominar®I-genes was associated with an HR, while the mesharaf

resistance governed by the recessive géi2avas associated with papillae formation.
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INTRODUCTION

Oidium neolycopersias the causal agent of the tomato powdery mildsgake. The lack of a
sexual stage hampers the exact identification & plathogen. Previously, Noordeloos and
Loerakker (1989) adopted the namelycopersicun(later changed t®. lycopersic for the
European tomato powdery mildew fungus that appetredme from Australia. However, the
pathogen that caused the recent outbreak of topaiaery mildew outside Australia was
recently renamed t@. neolycopersicbased on morphological features of the fungusNa
sequences of the internal transcribed spacer ({@@pns of the nuclear rRNA genes (Jones et
al. 2001, Kiss et al. 2001). The initial events adlonization of susceptible tomato by
O. neolycopersici have been described by Jones et al. (2000). Mbgivally,

O. neolycopersictan easily be distinguished from another spedi¢smato powdery mildew,
Leveillula taurica which occurs in subtropical regions. The mycelioit. taurica grows into
mesophyll of the leaf and is visible on the dowaesof the leaf, whil®©. neolycopersicmainly
grows on the upper side and usually does not pEeeinto the mesophyll (Lindhout et al.
1994a).

The cultivated tomato is susceptible, but vari@wls of resistance 0. neolycopersici
have been observed in different wilgicopersiconspecies (Lindhout 1994a, Mieslerova et al.
2000). Macroscopically, resistance@o neolycopersicin wild tomato species is characterized
by strongly restricted mycelial growth and lack aforulation (Lindhout 1994a).
Microscopically, the hypersensitive reaction (HR)the major mechanism of resistance to
O. neolycopersicin Lycopersiconspecies (Huang et al. 1998, Mieslerova et al. 20@4)as
been suggested that the level of resistand®. toeolycopersicmay be affected by the genetic
background (Huang et al. 1998, Mieslerova and Lald€399). Little is known about the genetic
variation withinO. neolycopersiciA set ofLycopersiconspp. genotypes showed differential
reactions with isolates originating from Czech Ram) Germany, the Netherlands and Great
Britain (Lebeda and Mieslerova 2000). Recently, Ha®to et al. (2003) reported that one
resistant tomato cultivar bred in the Netherlasdsusceptible to the Japan€seneolycopersici
isolate KTP-01. These results indicate that thestasce toO. neolycopersicis race-specific.
However, as long as a differential series of tonggnotypes with well-defined resistances is
lacking, it will remain hard to conclude that diéat races 00. neolycopersicexist.

Our research aim is to study the interaction betwessistance genes in tomato and
different O. neolycopersicisolates. We have mapped five qualitative rescagenes @I-
genes) introgressed from at least tiwaopersiconspecies Chapter 5), and three QTLsdI-
gtls) that originated fromL. parviflorum G1.1601 (Bai et al. 2003). Remarkably, all the
dominantOl-genes mapped so far are located in three gemaioh tomato Chromosome 6.
On the long arm, one locus contains the gebdk& and OI-3, originating fromL. hirsutum
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G1.1560 and G1.1290, respectively (Lindhout el@84b, Huang et al. 2000c). Another locus
on the long arm contairn®I-5, a gene originating frorh. hirsutumPI1247087 (Latterot et al.
1995). On the short arm of Chromosome 6, one |lammrgains two gene®I-6 (unknown
origin) andOl-4 (originating fromL. peruvianumLA2172, Bai et al. accepted). In addition, a
recessive resistance ger@-2) that originates fronk. esculentunvar cerasiformehas been
mapped on tomato Chromosome 4 (Ciccarese et a8, T9 Giovanni et al. 2004). To study
the interaction between th@l-genes in tomato and differefit. neolycopersicisolates, near
isogenic lines (NILs) were generated by repeatezkdyassing. Each NIL contains an unique
Ol-gene in a genetic background of the susceptibésculentuncv. Moneymaker. These NILs
were tested with local isolates @. neolycopersiciin different locations in the world.
Moreover, by using these NILs, the resistance n@she associated with th@l-genes were
studied microscopically. In the present paper, wport different race specificities and
mechanisms of resistances conferred byahgenes QI-1, ol-2, OI-3, OI-4, Ol-5andOI-6).

MATERIALS AND METHODS

Plant materials

Advanced breeding lines (ABLs) that conta@-1, OI-3 and OI-6 genes in a genetic
background of.. esculentuniave been provided by different breeding compaisied an ABL
with OI-5 has been obtained from INRA (Montfavet, FrancdjeSe ABLs and.. peruvianum
LA2172 (harboringOI-4) have been crossed to susceptibleesculentuncv. Moneymaker
(MM). By using MM as a recurrent parent, backcragmnerations have been produced.
Resistant plants were selected by performing desézsts on each backcross generation, (BC
BC, and BG). For each dominar®l-gene QI-1, OI-3, Ol-4, OI-5 andOI-6), 96 BGS, plants
from different BG families were subjected to marker assisted selec(MAS) to select
homozygous resistant and susceptible plants bygusimple PCR markers linked to tiad-
genes Chapter 5). The selected B{S, plants were screened with 12 AFLP primer
combinations to characterize the genetic backgrotihe resistant B{S, plants were further
selfed to produce BSS, lines that were considered @&NILs in this study. In addition to the
OI-NILs of the dominanOl-genes, an fline of L. esculentuntv. Marmande .. esculentum
var. cerasiformecarrying the recessivel-2 gene was kindly provided by Dr. Luigi Ricciardi
(University of Bari, Italy) and further designedIlNol-2’.
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Fungal material

O. neolycopersiciisolates from the Netherland©i$Ne), Hungary On-Hu), the Czech
Republic On-Cz), Florida USA On-Fl), France On-Fr) and Italy OnlIt) were collected
locally from infected tomato plants and used i study (Table 1).

Table 1. Local isolates 0©. neolycopersicand places for the disease tests

Name of isolates Location Country Institution Local isolate name
On-Ne Wageningen the Netherlands Wageningen University
On-Hu Budapest Hungary Plant Protection Institute of the BP-P5
Hungarian Academy of Sciences
OnCz Olomouc Czech Republic Palacky University Isolate 1/98
On-t Bologna Italy Nunhems Seeds

(obtained from Prof.
Mario Marte, University

of Perugia)
On+Fr (A) Avignon France Rijk Zwaan 76 local
On+r (B) Avignon France De Ruiter Seeds
On-FI Florida USA University of Florida
Disease test

The experimental set-up for all disease tests er\ii.s was a randomized block design with
two blocks. Each block contained five plants ofsa OI-NILs and MM. The inoculation was
performed as described by Bai et al. (2003), andulated plants were grown in a greenhouse
at 2@5°C with 30-90% RH. The inoculated plants were scaaedording to the following
disease index (DI), 0 = no visible sporulation, tery few fungal spots surrounded by necrosis
(weak sporulation), 2 = moderate number of fungait §moderate sporulation), 3 = very high
number of fungal spots (heavy sporulation). Foual@ations on fungal development were
performed in time with an interval of two days. Timst one was on the day when inoculated
MM plants started showing symptoms. The DI of elioh was calculated by averaging the
disease index of all tested plants over the lasetime evaluations.

For the histological study, a disease test wadethiwut with the isolat®©n-Ne in a
climate chamber at 20°C with 76:610% RH and a 16 hour photoperiod. A pilot experitnen
was carried out on MM plants infected with neolycopersiasolate On-Ne) by using print- or

66



Chapter 6

spray- inoculation methods. The print-inoculatioaswone by direct contact (gently pressing)
of heavily sporulating MM leaves to leaves of ptatd be inoculated. The spray-inoculation
was performed by spraying plants with a spore susipa of 3x10 conidia.mf'. In order to
investigate the resistance mechanism, another iexpet was performed with s@I-NILs and
MM. Eight plants per line were randomly arrangedd amere inoculated by the spray-
inoculation method (six plants for microscopic alséon and two plants for macroscopic
scoring). The 8 true leaf (fully expanded) of one-month-old plawss inoculated.

Sampling and staining

In the pilot experiment, leaf segments (two penplaf 1x3 cniwere sampled from one of the
print-inoculated MM plants at 41, 65 and 89 houostpnoculation (hpi). In the experiment
with NILs, two plants per line and per time poidfLl{ 65 and 89 hpi) were used for sampling
leaf segments (three leaf segments per plant).sBngpled leaf segments were stained with
chloral hydrate/trypan blue as described by Hudrag. €1998).

Micro- and macroscopic evaluation

A conidiospore was defined as germinated whenatlpced either a germ tube of at least half
the length of the spore or a germ tube with a prynagpressorium. An infection unit (IU) was
defined as a germinated spore that produced dt &&psmary appressorium. Twenty U per
leaf segment were scored. Number of hyphae, apprassnd haustoria per IU were recorded,
as well as the presence of cell necrosis and papitirmation. DI was recorded at 11 and 14
days post inoculation (dpi).

Molecular marker analysis

Total DNA was extracted from leaves of the plantsrpto inoculation by using a rapid CTAB
DNA isolation method as described by Brugmans .e28103) and the AFLP fingerprints were
generated on a LI-COR 4200 DNA sequencer as destihly Bai et al. (2003). The detailed
information for the simple PCR markers used in M#&S been presented@hapter 5.

RESULTS

Development of near isogenic lines

To develop NILs that only differ foDI-genes, resistant donor accessions were crossie to
susceptible MM. Homozygous BS; plants (resistant and susceptible) of these crosses
selected (see Materials and Methods) and subjeéct@éLP analysis in order to compare their
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genetic background with the recurrent parent MM.sMBGS,; plants were genetically more
than 90% similar to the recurrent parent. For eXxampith 12 AFLP primer combinations, 30
AFLP markers were obtained that were specifidfonirsutumG21.1560, the donor @l-1. Of
the 30 AFLP marker alleles from the donor parenty three were present in the B$; plants
containingOl-1. Two fully co-segregated with the resistance iatliig that these two markers
were located on th®I-1 introgression, while the third marker did not @megate witlOl-1.
Similar results were obtained for the 8¢ plants containingdl-3, OI-5, andOI-6 genes (data
not shown). But for the B{S, plants containing th®I-4 gene, the result was different. In these
plants, 48 AFLP marker alleles in total were frdme tlonor parent and 11 of these wild donor
alleles (11 of 48) still segregated in the BCplants. This result can be explained by the fact
that these B¢S, plants were derived from an interspecific-crosswkeen MM and
L. peruvianum while the other crosses were intraspecific betwsB and ABLs that were
already genetically similar to MM. Thus, furtherckarosses to MM are needed to get a more
isogenic NIL-Ol-4.

BG5S, lines from selfed homozygous resistantsBplants are referred to &J-NILs
and further characterized in this study, as wethadine NIL-0l-2 (see Materials and Methods).

Race specificities of resistances conferred by the Ol-genes

Initially, to investigate the interactions betweate NILs and thé. neolycopersicisolates we
considered to test the NILs in one location withlases collected from different parts of the
world. However, in past research we experiencedscmntamination of different powdery
mildews during maintenance and propagation evengihepore-proof growth cabinets were
used (PL, unpublished). Finally, we decided to tbst NILs with local isolates in different
geographic locations in order to overcome the mwblof cross contamination of
O. neolycopersic(Table 1). As the tests were carried out in ddferplaces, variance could be
introduced due to different test conditions and anrimterpretations on the level of resistance.
To reduce this variance, test conditions were statided and detailed descriptions with
symptom pictures for disease evaluation were pealigh all test sites. Before distributing the
NILs, a disease test with isola@-Ne was carried out on these NILs (20 plants per &nd
MM as a susceptible control) to confirm that thed.®ivere homogeneously resistant. At each
location, the variation in disease index (DI) amaimg tested plants within each line was small
(data not shown), and a mean DI was calculate@doh line by averaging the DI of all tested
plants (see Materials and Methods). Lines wereidensd as resistant when<€2 (completely
resistant if DI<1 and incompletely resistant wherI<2) and as susceptible when B2
(Table 2).
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Table 2. Interactions oDI-NILs with different isolates oD. neolycopersici

Ol-genes Oidium neolycopersici isolates
Genotype Origin Locus Chromosome On-Fl On-Hu On-Fr (A) On-Fr (B) On-Cz On-Ne On-It
NIL- OI-1 L. hirsutum Ol-1/0I-3 6, long arm R* IR R R R R R
NIL- OI-3 L.hirsutum 0OI-1/0I-3 6, long arm R R R R R R R
NIL- OI-5 L. hirsutum Ol-5 6, long arm R IR R R R R R
NIL- OI-4 L. peruvianum Ol-4/0l1-6 6, short arm R R R R S R R
NIL- OI-6 Unknown 0Ol-4/0l-6 6, short arm R R R R S R R
NIL- ol-2 L. esculentum ol-2 4 R R R R R R R/IR
Moneymaker L. esculentum S S S S S S S

*R: completely resistant (B¢ 1); IR: incompletely resistant &.DI < 2); S: susceptible (D+2).

Table 3.Development of. neolycopersiodon OI-NILs?

Genotype  f'haus. necrotic cell necrotic cell 1% papilla per 2" papilla 1% papilla per 2" papilla per No. of hyphae No.of 2%  No. of 29 haus.

per IU® per 1®haus. per 2" haus. 1%appre. per2®appre. 1% haus. 2" haus. per IU  appre. per IU per IU
(%) (%) (%) (%) (%) (%) (%)

Money-maker 93 a Oa 2a 0 0 0 0 49a 49a 25a
NIL-OI-1 86 a 32b 25b 0 0 0 0 3.8b 46a 2.2 ab
NIL-OI-3 84 a 33b 27b 0 0 0 0 34b 4.4 a 25a
NIL-OI-5 91a 31b 24 b 0 0 0 0 40b 41a 1.8b
NIL-OlI-6 93 a 8lc 54 c 0 0 0 0 2.3¢C 35a 1.7b
NIL-OI-4 56 b 100d 100d 0 0 0 0 0.3e 0.3b 0.2c
NIL-ol-2 42 b Oa Oa 67 49 90 94 1.4d 15b 0.3c

#Means followed by a different letter are signifitgrdifferent at the 5% level €9.05), determined by Genstat program. Data tramsftion @rcsing has been done
for percentages.

P |U, infection unit; £, primary; appre., appressorium; haus., haustor@ifnsecondary.
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NIL-OI-1 and ©OI-5 were incompletely resistant to the Hungarian isoat-Hu and
were completely resistant to the rest of the isslaésted. NILel-2 and ©OI-3 were resistant to
all isolates, however in Italy NHol-2 was completely resistant tOn-lt in one test but
incompletely resistant in another test. The diffiere between the two tests may be caused by
differences in testing conditions, spore qualityttoé inoculum or subjective evaluations by
different persons. NILOI-4 and OI-6 showed complete resistance to all the isolategpxXor
the Czech isolat®n-Cz. The susceptibility of NILOI-4 and ©OI-6 to On-Cz was confirmed by
a repeated disease test. In conclusion, our dajgested the existence of different race
specificities of resistances conferred by @egenes.

Different resistance mechanisms associated with the Ol-genes

To obtain good preparations for studying resistanm@xhanisms, a pilot experiment was
performed with two inoculation methods. The primbgulation resulted in a high spore density
with a very heterogeneous spore distribution. Mapgres clustered and branching hyphae
intertwined, which made microscopic observation$fiadilt and unreliable. The spray-
inoculation gave an equal and dense spore distiyutnabling sufficient numbers of infection
units (IU) to be evaluated. In the susceptible MM,was well established at 65 hpi showing
branching hyphae, primary and secondary haustbhias, for the experiment with NILs, spray-
inoculation method was used and microscopic obensawere done on samples collected at
65 hpi.

To verify whether the resistance conferred by tl@sgenes remained effective under a
high spore concentration (3 x >L6onidia/ml, 15 times higher than normal), spoiatatwas
recorded on two plants per line. Susceptible coitdl plants sporulated heavily (DI = 3),
while the NILs containing the genes 01-1, OI-3, Ol-4 and OI-5 showed similar resistance
level as in disease tests with a normal inoculunsitie (2 x 10 conidia.mf"). The NILs ofol-2
andOlI-6 showed some fungal spots surrounded by necrosrs {I), compared to no-symptoms
(DI = 0) upon a spore density of 2 x*inidia.ml'. Therefore, we concluded that all the NILs
showed a similar resistance level as under nomoalulum dose.

The fungal development was microscopically evaliate the NILs and MM (Table 3).
On all lines, all germ tubes had formed primaryrapporia at 65 hpi. Compared to MM, NILs
containing Ol-1, OI-3, OI-5 and OI-6 showed similar frequencies of both appressoriuh an
haustorium formation, but significantly lower numbef hyphae per IU. In MM, no epidermal
cells with a primary haustorium (Fig. 1A) becameméc, and only 2% of the cells with
secondary haustoria showed necrosis that is tyfpacathe hypersensitive reaction (HR). In
contrast, the HR frequency for the primary andsbéeondary haustoria was about 30% in NIL-
Ol-1, -OI-3 and OI-5. In NIL-OI-6, about 80% of the cells with primary haustoria &6&o of
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the cells with secondary haustoria showed HR, Bahificantly higher than NILOI-1, -OI-3
and OI-5. In NIL-OI-1 and ©OI-3, two types of necrotic cells were observed. Thst fiype
(Type-1) showed a fully shriveled epidermal celthwa shriveled haustorium (Fig. 1B). The
second type (Type-2) showed an epidermal cell wittny particles and a normal or shriveled
haustorium (Fig. 1C). In NILs dDI-5 and OI-6, Type-2 was predominant. NIQ!-4 showed a
significant reduction in the frequency of haustoritormation and a very high frequency of HR
(type-1, Fig. 1B) that was associated with an atmoesmplete arrest of further fungal
development (Table 3).

Fig. 1. Phenotypes of haustoria, necrotic cells and papilaa normal haustorium (indicated as H) in an
epidermal cellB, an abnormal haustorium in a shriveled epidermia(tyge-1 necrosis)C, an abnormal
haustorium in an epidermal cell with many partidlgpe-2 necrosispD, Papillae formation (indicated as P)
beneath the appressoriuk.Papillae formation beneath the haustorium.
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Remarkably, only in NILsl-2, papillae formation was observed beneath the appra,
while HR was completely absent (Table 3, Fig. 1D)this line, a lower number of infection
units (about 10 1U/cR) was observed than in the other NILs (about 3@td), which suggests
inhibited spore germination. Further fungal growtas significantly reduced (Table 3). More
than 90% of the haustoria were associated withllpapiormation around the haustorial neck
(Fig. 1E). From this experiment, it is not clearetlrer the papillae penetrated by the fungus to
produce a haustorium, or the material had beensilepoaround the haustorial neck after the
haustorium formation. Also it is not possible totedenine whether the papilla associated
haustorium formation failure was due to these @pi(Fig. 2D), or the papillae were formed
after the haustorium formation had been abortedatiee other mechanism.

DISCUSSION

In the present study, our data indicate that tlsestance conferred by son@d-genes is race-
specific, and suggest the existence of diffe@nheolycopersicraces. Previously, Kashimoto
et al. (2003) described that a resistant tomattivaml “Grace” bred in the Netherlands was
susceptible to the Japanese isolate KTP-01. Siyileebeda and Mieslerova (2000) reported
that the British isolate o©. neolycopersichad specific and higher pathogenicity to certain
Lycopersicoraccessions than other isolates. However, thisiditst study on the interaction of
tomato andD. neolycopersiciusing well defined plant material containing eifntOl-genes in

a similar genetic background and with a rangeQof neolycopersiciisolates. To further
investigate the race specificity of the resistacaeferred by thél-genes, these NILs will be
tested in more locations including Japan and (Be#din.

The resistance toO. neolycopersiciconferred by the dominanOl-genes was
posthaustorial and associated with HR. In this\stitR was restricted to single cells, except
for NIL-OI-4 where necrosis was also observed in some cel&aal to haustorium-invaded
cells (spreading necrosis). Previously, spreadaggosis was reported In hirsutumG1. 1290
(the donor of0I-3, Huang et al. 1998), and otHgrcopersicorspecies (Mieslevora et al. 2004).
These different observations may be caused byrdiffegenetic backgrounds of the plant
materials used, as the material used in the prestudies were less isogenic foresculentum
background than in the present study. In Nll-:4, HR was complete at the stage of primary
haustoria and hardly any hyphae or secondary aggmaswere formed (even at 89 hpi),
suggesting that HR was very effective to arrediydangal development in this line. In the rest
of the NILs, not all epidermal cells with haustdoecame necrotic and fungal development was
generally not stopped but strongly retarded, asrted by Huang et al. (1998) and Mieslevora
et al.(2004). Race-specific resistance is oftero@ated with HR (Dangle and Jones, 2001,
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Lindhout, 2002), which is now also proven for tr@mdnant monogenic resistance gedst
and OI-6. As resistance conferred yl-1, OI-3 and OI-5 is associated with HR, it is not
unlikely that the resistance will be overcome bstaia races 0o©. neolycopersici

In this study, it was revealed that the recessi2 gene is associated with papillae
formation and not with HR. In Nllol-2, the haustorium formation and the fungal develapme
were significantly reduced although the fungal peaten was not fully prevented. There are a
few other examples of monogenic resistances tlebased on non-HR defense mechanism.
The recessivenlo gene conferring resistance Bdumeria graminisf. sp. hordei in barley is
involved in papillae formation that prevents fundahustorium formation and infection
(Lyngkjaer et al. 2000), while the dominaint34 gene conferring incomplete resistance to
Puccinia triticinain wheat is also associated with reduced haustofarmation and not with
HR (Rubiales and Niks, 1995). The resistances g@eeby bothmlo andLr34 are race-non-
specific. The resistance conferred by the receggwneol-2 is non-HR and is not race-specific
concerning theD. neolycopersicisolates tested so far. Possibly, likdo gene,ol-2 governs
race-non-specific resistance @ neolycopersicand as this mechanism is not based on HR it
might be more durable than the domin@hgenes (Lindhout 2002).

The closely linkedDI-genes on tomato Chromosome 6 had a similar ramafspy and
HR reaction. On the long arm of Chromosome 6, ¢yogaked Ol-genes QI-1, OI-3 andOlI-5)
that originate fronL. hirsutumwere effective to all isolates tested and hadlamtR reaction
against fungal development. On the short arm ob@imsome 6, the gené&¥-4 andOI-6 were
mapped at the same locus and showed identical feptgcio the testedO. neolycopersici
isolates. The difference in the efficiency in HRvbeen NIL-OI-4 and NIL-OI-6 (Table 3) and
the different types of hypersensitivity (Fig. 1) ynaflect either a difference between the two
genes QI-4 and OI-6), or a difference in the genetic backgrounds & MiLs. NIL-OI-4
contains a larger introgressed chromosome segmemt lf. peruvianum(covering both the
long arm and the short arm of Chromosome 6), then NIL-OI-6 in which the donor
chromosome segment is very small and confineddaliort arm. Resistance genes in plants are
often represented by linked clusters of resistage@es or analogues or by many alleles of a
single locus. Frequently, members of the same oexngene cluster confer resistance to
different pathotypes of the same pathogen spekietbért et al. 2001, Michelmore and Meyers
1998). For example, thella gene complex in barley, théf gene clusters in tomato and the
Dma3 cluster in lettuce (dgensen 1994, Meyers et al. 1998, Parniske et%9)1 Now, it
becomes an intriguing question h@irgenes are organized on tomato Chromosome 6 and how
they have originated. Cloning of the®&-genes is in progress, in order to provide insigtd
the structure of th®I-genes. In parallel, genes involved in defensearsp are being revealed
by gene expression profiling @fl-NILs infected withO. neolycopersici

73



Chapter 6

ACKNOWLEDGEMENTS

We thank Dr. L. Ricciardi (University of Bari, Itgl for providing us seeds of tlod-2 line, and the
institutions (listed in Table 1) where disease stesere performed. We thank Prof. A. Lebeda
(Palacky University in Olomouc, Czech Republic), DrKiss and Dr. O. Szentivanyi (Hungarian
Academy of Sciences, Hungary) and Prof. J. W. Stbtiversity of Florida, USA) for carrying out
disease tests. We thank Prof. Mario Marte (Unitersi Perugia, Italy) for providing us the isolate
of Oidium neolycopersigi Mrs. Samantha Guiderdone and Mrs. Giovanna Bsgdisti (Sementi
Nunhems SRL, Italy) for performing the diseasestastitaly. We thank Prof. Piet Stam and Dr.
Sjaak van Heusden for critical reading of the maripsand valuable comments. We are grateful to
Ron van der Hulst for his contribution to this maj This research is sponsored by the Dutch
Technology Foundation (STW, grant no. WBI 4835) Bradich tomato breeding companies.

74



Chapter 7

Chapter 7

General discussion

Hot spots of resistance

Hot spots of resistance are defined as chromosoagabns, which harbor genes that confer
resistance to several unrelated pathogens. The strdghg example is the hot spot in potato
that contains the nematode resistance @&me? and the virus resistance geRelat the same
haplotype in a chromosomal region of 115 kb (Van Ydessen et al., 2000). In this thesis
(Chapter 5), Ol-4 andOlI-6 are mapped in a hot spot on the short arm of r@aromosome

6. This region contains tw@f genes Cf-2 and Cf-5) conferring resistance tGladosporium
fulvum the Ty-1 gene conferring resistance to tomato yellow leaf girus and theMi gene
governing resistance to three very different orgaus: root-knot nematodes, aphids and
whitefly (Chagué et al. 1997, Dickinson et al. 198®mbela et al. 2003). Interestingly, the
NILs of Ol-4 andOlI-6, as well ad.. peruvianunmLA2172 (donor ofOI-4), are resistant to both
O. neolycopersicand the root-knot nematodéeloidogyne incognitawhile the breeding line
“Motelle”, donor of theMi gene, is susceptible . neolycopersiciThis result may suggest
that eitherOI-4/0I-6 has a pleiotropic effect, dli and OI-4/OIl-6 are very closely linked and
present at the same haplotype on the short armomito Chromosome 6 (Bai et al.
unpublished). Genes for resistance (R genes) terskvpathogens cloned so far share several
features and most R genes encode a leucine-rigarépRR) region (Michelmore and Meyers
1998). It has been illustrated that relatively dncalanges in R gene sequence can result in
resistance against entirely different pathogenispg@Vang et al. 1998, Ellis et al. 1999). For
example, the proteins encoded by the above memntiGpa2and theRx1genes share an overall
homology of over 88% (amino-acid identity) and lgjdo one class of resistance genes that
contains a leucine-zipper, nucleotide-binding sitel leucine-rich repeat (LZ-NBS-LRR, Van
der Vossen et al. 2000), while one sequence oMihgene confers resistance to three different
organisms. On the other hand, genetic linkage geRes does not necessarily imply sequence
similarity. Within the hot spot wher®I-4/0l-6 maps,Mi and Cf genes have been clonadi
encodes a protein that belongs to a class of LZ-NBR (Milligan et al. 1998), whil€f-2 and
Cf-5 genes encode proteins with a common feature of BRdRtransmembrane (TM) domains
(Dixon et al. 1996, 1998). Cloning @I-4/0I-6 is currently being carried out and sequence
analysis of these R genes will increase our unaedstg of their genetic relationship and
possible evolution.
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Organization and evolution of disease resistance iges

In plants, resistance (R) genes occur in a nundfedifferent genomic organizations
(Michelmore and Meyers 1998, Richter and Ronaldd200he simplest arrangement is a locus
consisting of a single R gene, which may show awmrable allelic genetic variation, like the
locus of flax, consisting of a single gene with di8tinct alleles. More frequently, R genes in
plants are members of multigene families and latatetandem arrays, forming clusters like
theMi, I-2 andCf gene clusters in tomato, tMia cluster in barley and théa21gene cluster in
rice. All the dominantOl-genes conferring resistance @ neolycopersicmapped so far are
exclusively located on tomato Chromosome 6 androzgd at three genetic loci. Two closely
linked loci are located on the long arm (contain®igl/ OI-3 andOlI-5, respectively) and the
third locus is located on the short arm (consisoh@I-4 and OI-6) (Chapter 5). The question

is now arising: areOl-genes on tomato Chromosome 6 organized as simpgecs with
multiple genes arranged in tandem, or as a sigles| consisting of one single gene that may
carry considerable allelic variation?

Interestingly,Ol-genes that are genetically linked on tomato Chsonte 6 have the
similar specificity to the isolates @. neolycopersiciested in our studyGhapter 6). For
example,Ol-genes QI-4 and OI-6) mapped on the short arm have the same race isggcif
while no race specificity has been detected@bgenes QI-1, OI-3 and OI-5) linked on the
long arm. For many R genes, sequence exchangeiegdifying selection are likely the two
principle mechanisms that create R genes with ngeciicities (Michelmore and Meyers,
1998, Richter and Ronald, 2000). However, the erist ofRPM1andPto genes in different
species ofArabidopsisand Lycopersicon respectively, suggests that R genes with pasticul
specificities already existed before the specigsrded (Stahl et al. 1999, Vleeshouwers et al.
2001). In most plant-pathogen systems, a resistgeoe introgressed from wild germplasm
initially confers resistance to all the genotypésa pathogen, but becomes ineffective later after
large scale growing of cultivars containing thesesice gene. However, this is not typical for
the resistance t®. neolycopersicin tomato. All the commercial tomato cultivars eated
before 1990s are susceptible @ neolycopersici(Fletcher et al. 1998, Lindhout et al.
1994a&b). Since resistant cultivars were not widesgd, selection pressure on the pathogen
has virtually been absent. The fact that race-fipepesistance toO. neolycopersiciwas
identified in wild Lycopersiconspecies may suggest that the appearance @ltdgenes with
particular specificities already existed before gpecies diverged. In order to reveal the
organization and evolution of th@l-genes on Chromosome 6, cloning of thkgenes and
sequence analysis are necessary.

76



Chapter 7

Race-specific resistance and relations with differd resistance mechanisms
Qualitative resistances are often associated wihadd are race-specific (Dangle and Jones
2001, Lindhout, 2002), which is also true for sodmminant resistance genedl{genes) to
O. neolycopersic(Chapter 6). Few examples have been reported on monogenstaeses
that are based on papillae formation and repreaenon-HR defense mechanism, like the
recessivemlo gene in barley (Lyngkjaer et al. 2000) and the idamt Lr34 gene in wheat
(Rubiales and Niks 1995). The resistances govetnedoth mlo and Lr34 are race-non-
specific. Papillae are defined as cell wall apposg at the site of pathogen penetration, which
are associated with failed fungal haustorium foramatand infection. Such a prehaustorial
resistance that is associated with papillae foronas prominent in both quantitative race-non-
specific resistance and in non-host resistances(diid Rubiales 2002). These resistance types
appear to be durably effective. In tomato, thestasice conferred by the monogenic recessive
geneol-2 was associated with papillae formation and wasasebciated with HR. So far, NIL-
ol-2 is resistant to all th®. neolycopersicisolates tested, although resistance to the Italian
isolate On-It) may not always be 100% effectiv€l{apter 6). Possiblyol-2 governs race-non-
specific resistance 0. neolycopersici

Quantitative resistance is presumed to act iaca non-specific manner and can be due
to a wide variety of mechanisms (Lindhout 2002).npMaeports describe co-localization of
QTLs with loci that are involved in HR resistan€gh@pter 2). This suggests that QTLs may
be involved in HR or any other resistance mechanisnthe barleyPuccinia hordeiplant-
pathosystem, quantitative resistance is not agsaciith HR, but with frequent failure of
haustorium formation (Niks and Rubiales 2002). Ttiwee Ol-qtls identified from
L. parviflorumG1.1601 together confer a high level of resistané@. neolycopersiciChapter
2). The map positions of two QTLO[-qtll and Ol-qtl2) co-localized with monogenic
resistance loci for tomato powdery mildew, whidqtl3 does not co-localize with a locus for
resistance to tomato powdery mildew as far as wewvkmMicroscopically, the resistance lin
parviflorum G1.1601 was less clearly associated with HR, sstggethat a different resistance
mechanism may play a role (Huang et al. 1998). TtheseOl-qtls would be good candidates
to study resistance mechanisms for quantitativieteexce.

Perspectives for breeding tomato cultivars resistarto O. neolycopersici

Resistance t®. neolycopersicis an important trait in tomato breeding. In tlhegent research,
the genetic basis for several resistancé3.toeolycopersiooriginating from wildLycopersicon
species was revealed, and the corresponding nesestgenes were mapped on the tomato
genome. As the resistance conferreddihygenes can be race-specifich@pter 6), the NILs of
the Ol-genes andOl-qgtls represent very useful genetic stocks to beogerp in breeding
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programs. The simple PCR markers generated instbdy are useful diagnostic markers in
practical breeding programs for marker assistegcsieh.

Future research

The research described in this thesis is beingirooed. Currently, we are testing the NILs of
monogenicOl-genes with local isolates @. neolycopersicin more locations Ghapter 6).
Meanwhile, generation of NILs for individu®I-qtl or combinations of differen®I-qtls is
ongoing. These NILs will be tested with differeates ofO. neolycopersicio study their race-
specificity. Also, the resistance mechanisms coaterby Ol-qgtls will be characterized by
histological analysis. Further, profiling of diftartially expressed genes associated with
resistance governed by tl@l-genes andOI-qgtls is revealed by cDNA-AFLP analysis. In
parallel, fine mapping of th®I-genes an®l-qtls is being performed aiming at cloning these
genes. At the moment, sequencing of a part of tor@dromosome 6 has started, which will
facilitate cloning of thel-genes an®I-qtl1 on this chromosome.

In conclusion, the research in this thesis pravidesolid basis for studying plant-
pathogen interaction of tomato-tomato powdery miidm the future and facilitates the
breeding of cultivars resistant 0. neolycopersici Furthermore, it will stimulate scientific
research on the function and structures of @legenes andOl-qgtls, which may allow
understanding of the relationship between geneseryidg qualitative and quantitative
resistances.
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Appendix

Estimation of recombination frequency betweerOl-4 and (multi-allelic) markers from the
pseudo-k population

Altogether we used four types of markers (all passmarker-allele configurations in the F
population), for each of which we discuss the Igdanalysis below.

(A) Markers that distinguish between the alternativelL. peruvianum alleles (p, p*), but
only one of these alleles is distinct from thé. esculentum allele (p* # p = e).Marker By-
4/HypCHA41V is of this type (Table 4 and Fig. 2 @hapter 4). The configuration of the cross
between the two Fgenotypes (f and ky, seeFig. 1 inChapter 4) looks as follows:

Ol-4 e ol-4 p*
—+
+—+ +—+
ol-4 e ol-4 e

? (Fid) 3 (Fib)

Since neither of the parents is heterozygous ah boti, markers of this type are not
informative for linkage. In fact the loci behaveifthey segregate independently (see below).
Not being aware of this non-informative nature, it segregation can be misinterpreted as
‘unlinked loci'.

Later on we will have to introduce a parametergdferential transmission of marker alleles.
Let this parameter Q@ for allele transmission rate in the male parefit(0.5 corresponds to a

1 : 1 Mendelian ratio). This leads to the followiteple of gamete combinations and their
frequencies:

d B 1-B
? ol-4 p* ol-4 e
1 1 1
5 Okde >F S0P
1 1 1
E 0|'4 e Eﬂ E(l_ﬁ)
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The following two-way table shows genotypes for phhegeny (numbers in parentheses are the
observed numbers for the marker BY#pCH41V from Table 4 inChapter 4).

Ol-4/ol-4 ol-4/ol-4 Sum
elpr |1 i B
2P 2P
(78 (75 (153)
“ | Ze-p ~a-p) =h
15 (18 (33)
Sum |1 1 1
2 2
(93 (93 (186)

Despite the distorted segregation, we indeed obsardependent segregation between this

marker and th©I-4 locus. The distortion parametgr is estimated a@ = %5? =0.8226.

(B) Markers that distinguish between the two altermtive L. peruvianum alleles (p, p*), but
only one of these is distinct from the.. esculentum allele (p # p* = e).(This is the ‘mirror’
situation of (p*# p = e), discussed above.) Marker ByAgd is of this type. The configuration
of the cross looks like:

Ol-4 p ol-4 e
—
+—+ +—+
ol-4 e ol-4 e
? (Fia) 3 (Fab)

This represents the classical test cross configuratrom which recombination frequencs),(

Is readily estimated by counting the recombinamogges among the offspring. However, for
the sake of completeness we introduce a parameteior preferential transmission of marker
alleles by the female parent (= 0.5 corresponds to a 1 : 1 ratio). This leadthéotwo-way
table of genotype frequencies below (observed nusnbee in parentheses, which are taken
from Table 4 Chapter 4) for marker By-4Apd).
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Ol-4/ol-4 ol-4/ol-4 Sum
elp a(l-r) ar| a
(85 (4 (89)
ele A-a)r @A-a)l-r) 1-a
(8 (89 (97)
Sum 1
(93 (93 (186)

Notice that the boxed genotypes together occur frgtijuencyr. So we estimate

r= LA 0.0645, and
18€
a= 89 =0.4785.
18¢
We note thatr is close to 0.5, indicating that no significangfgrential transmission of alleles

by the female parent occurs at this marker locus.

(C) Markers that distinguish between the twolL. peruvianum alleles, as well as the
L. esculentum allele (p # p* # e). This represents the most informative class of markeat
allow straightforward estimation of the two distort parameters d andg) as well as the

recombination frequency (r). Marker By-4 afds1/Tadjis of this category. The configuration
of the cross reads like:

o4 p ol-4  p*
—+ At
+—+ +—+
ol-4 e ol-4 e
? (Fid) & (Fi)

Using the same parameter notation as above, we Havefollowing table of gamete
combinations
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3 B 1-B
? ol-4 p* ol-4 e
a@-r) Ol-4 p apBl-r) a@l-£)1L-r)
@d-a)r Ol-4 e @-a)pr A-a)@-P)r
ar ol-4 p a Br a@-pP)r
@-a)@-r) ol4 e dl-a)p@-r) Ql-a)@a-p)@-r)

Thus, the two-way table of genotypes reads:

Ol-4/ol-4 ol-4/ol-4 Sum
p/p* apl-r) a Br] apB
elp* L-a)pr (l-a)B(L-r) 1-a) B
elp a (1-p)1-r) a(l-p)r a(l-p)
ele l-a)@-p)r| | t-a)@-p)A-1) | L-a)1-B)

Notice that the boxed genotypes together represenbportionr (independent otr , ). Sor

Is estimated by counting these genotypes. Likewiseand £ are estimated by adding the
appropriate classes in the right margin of the altable (p/p* + elp forr ; p/p* + elp* for

) . Using the numbers given in Table 4 we obtam fo

By-4 & = 0.479 3= 0.823 f = 0.0645, and for

Apsl/Tad: & =0479 3=0.828F =0.0538.

We observe that the estimates torand Sare the same as the ones obtained for markers By-

4/HypCHA41V and By-4Apd, which is not surprising since they representexisgame locus (By-
4).

(D) Markers that distinguish between theL. peruvianum and L. esculentum alleles, but not

between the twoL. peruvianum alleles (p* = p # €). Marker Aps1/Saf6l is of this type. The
configuration of the cross reads like:
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Ol-4 p ol-4 p
+— .
. .
ol-4 e ol-4 e
? (Fia) 3 (Fun)

From this we see that, considering the marker lamig, any segregation distortion at the
marker cannot be ascribed to either parent or th parents. In other words, estimation of the
distortion parameters must go along with estimawbm, and vice versa. In this sense this
marker category represents the most ‘difficult’ oneequires simultaneous estimation @f,

Bandr.

Proceeding as before, usimgand S for female and male transmission frequencies at th

marker locus and for recombination frequency, we obtain the follogiitwo-way table of
genotypes (numbers in parentheses are observedensifdr markeAps1/Sa@6l in Table 4,
Chapter 4).

Ol-4 / ol-4 ol-4 /ol-4 Sum
p/p af@L-r) afr ap
(71 (3) (74
elp a@-8)Qa-r) al-p)r al-p)
+ + +
@-a)Br A-a)B@d-r) 1-a)B
(22 (73) (95
ele Q-a)@-p)r A-a)@1-B)1-r) l-a)@- B
(0 (17 a7
Sum 1
(93 (93) (186
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For the simultaneous estimation af, 8, andr we proceed as follows. As can be seen from
the table aboveg and S can be estimated from the observed frequencidseainarker locus
(probabilities in the right margin). We also seattfor the marker genotype frequencesand

[ are interchangeable, which means that, in cas@d S are not equal, we cannot ascribe the

estimate to either parent. However, we observe & fatio at thedl-4 locus, which means that
for a marker closely linked t®I-4 the value of ¢ must be close to 0.5x(is the female

transmission rate: a clear deviation from 0.5 wddldg’ along the alleles dDI-4). Estimates
of @ and 8 are obtained by solving the appropriate likeliheggiations using probabilities and

observed frequencies at the marker locus. The tieguljuadratic equation yields two
equivalent solutions,e.

(G, 3) = (0.483,0.823 and (&, B) = (0.823,0.483) .
We accept the first one, sineeshould be close to 0.5; it also is in close agregmath the
estimates obtained for the other markers. Next, swbstitute (a, 8) = (0.483,0.823 in the

expressions for the probabilities in the body @ table and (numerically) solve the resulting
likelihood equation for. This yieldsf = 0.0394. However, should we have used the ‘mirror’

estimates of(a, ,3’), .e. (c?,[}) = (0.823 0.483, the incorrect estimate of would have been

f =0.287. This, again, shows the necessity of carefullgripteting the joint segregation data in
order to avoid wrong conclusions.

Using the obtained estimates we have calculatectconesponding LOD values for linkage.
The table below summarizes the results.

Marker a Vi 3 LOD
ApsiTaqgl 0.479 0.828 0.054 39.1
ApsiSal6l 0.483 0.823 0.039 27.7
By-4 0.479 0.823 0.065 36.7
By-4/Apd 0.479 - 0.065 36.7
By-4/HypCH4IV - 0.823 - -
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Summary

Tomato powdery mildew caused ®idium neolycopersichas become a globally important
disease of tomato. Besides a few recently releessidtant cultivars, all tomato cultivars are
susceptible toO. neolycopersicilt is the main disease that is controlled by usaggo-
chemicals in protected tomato production in Eurdgeerefore, resistance €. neolycopersici
IS an important trait in tomato breeding. Promisgayirces of resistance @. neolycopersici
are available in differertycopersicorandSolanunmspecies (Lindhout 1994a, Mieslerova et al.
2000), but the genetics and the resistance mecharase largely unknown. The aim of our
research is to understand the interaction betwamatb Lycopersicon esculentyrand tomato
powdery mildew Q. neolycopersi¢j by using well defined plant materials that camta
individual resistance genes in an identical gené@ckground and by using a range of
O. neolycopersiassolates (races).

In this thesis, the genetic basis for several t@stes againsO. neolycopersici
originating from wildLycopersiconspecies was determined, and the correspondinstanse
genes were mapped on the tomato genome. Subsequesit of near isogenic lines (NILS)
was generated with the individual qualitative resise genes dl-genes) in a genetic
background of the susceptible esculentumcv. Moneymaker. These NILs represent well-
defined plant materials and are very useful toolsttidy the interaction between tomato &nd
neolycopersici Using these NILs, the race-specificity of theisesice conferred by th@l-
genes was determined and the resistance mechaassuesiated with differerDl-genes were
studied microscopically.

The resistance t@. neolycopersicoriginating fromL. parviflorum G1.1601 Chapter
2) is controlled by three QTLs (quantitative traiti). Ol-qtl1 is on Chromosome 6 in the same
region as theOl-1/0I-3 locus and alsdI-5 locus Chapter 5), which are involved in a
hypersensitive resistance responseOtoneolycopersiciOl-gtl2 and OI-qtl3 are located on
Chromosome 12, separated by 25 €Mkqtl2 maps in the vicinity of th&v locus that confers
resistance to another tomato powdery mildew spetiegeillula taurica The three QTLs,
jointly explaining 68% of the phenotypic variatiomere validated by testing progenies.

L. peruvianum LA2172 is one of the wild accessions that are stast to
O. neolycopersici Several difficulties that are often associatedhwgenetic studies of
L. peruvianum like crossing barriers and multi-alleles per kcwere also encountered in our
study aimed at mapping th®. neolycopersiciresistance inL. peruvianum LA2172.
Consequently, multi-allelic, single-locus markersres exploited to unfold the complexities
such as multi-allelism and distorted segregationairpseudo-f population derived from
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L. esculentuntv. Moneymaker X.. peruvianumLA2172. Finally, it was concluded that the
resistance tdD. neolycopersicin L. peruvianumLA2172 is governed by a single dominant
gene, designatedl-4, which maps on tomato ChromosomeGhépter 4).

In addition toOI-4, we mapped and characterized two other domidsgenes QI-5
andOI-6) and fine-mapped th@I-1 locus Chapter 5). All the dominantOl-genes mapped so
far are located in three genetic loci on tomatod@fosome 6. On the long arm, one locus
contains two resistance genéd-1 and OI-3 (originating from L. hirsutum G1.1560 and
G1.1290, respectively) and the other locus harbOts (originating from L. hirsutum
P1247087). On the short arm, one locus contain$witbeesistance gen€d-4 (originating from
L. peruvianumiLA2172) andOI-6 (unknown origin).

Simple PCR markers were generat€thigpter 2, 3, 4andb) to integrate linkage maps,
to assign unknown linkage groups to tomato chrommasoand to accurately map t@égenes
and Ol-qtls. They facilitated the alignment of genetinkihge maps across distantly related
species for comparison of map positions of@tegenes andI-qgtls. Moreover, they were used
as diagnostic markers to monitor the presenceed®tigenes an®I-qtls in the development of
NILs via MAS (marker assisted selection). Detailetbrmation of these PCR markers is
available athttp://www.dpw.wau.nl/pv/CAPStomato/

Aiming at studying the interaction between tomamal ®. neolycopersiciNILs were
generated that contain individu@l-genes in a genetic background lof esculentumcv.
Moneymaker Chapter 6). In addition to the dominar®l-genes, the recessiggeneol-2 that
originates fronlL. esculentunvar cerasiformeand is located on chromosome 4 (Ciccarese et al.
1998, De Giovanni et al. 2004) was also includedunstudy. The race-specificity of resistance
to O. neolycopersicconferred by thell-genes was revealed by testing the NILs with local
isolates in different geographic locations. Moregwvesistance mechanisms of differeédit
genes were described microscopically by using tHesNThe mechanism of resistance
conferred by the dominar®I-genes was associated with an HR, while the mesharaf
resistance governed by the recessive géf2avas associated with papillae formati@hg@pter
6). Our study provides more insight in the host-pgtn interaction betwee®Il-genes and
O. neolycopersicisolates, and facilitates the breeding of tomattivars for resistance to
O. neolycopersici
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Echte meeldauw op tomaat, veroorzaakt d@dium neolycopersicijs wereldwijd een
belangrijke ziekte van dit gewas. Met uitzondenag een aantal recent op de markt gebrachte
cultivars, zijn praktisch alle tomatenrassen vathasr O. neolycopersiciln de beschermde
tomatenteelt in Europa is dit de voornaamste ziekiee nog met chemische
bestrijdingsmiddelen wordt bestreden. Bovenstaamgdeft aan dat resistentie tegen
O. neolycopersiceen belangrijke eigenschap is voor de tomateneéngd In verscheidene
Lycopersiconen Solanumsoorten zijn veelbelovende resistenties te@enneolycopersici
gevonden (Lindhout 1994a, Mieslerogtaal 2000).Zowel de mechanismen als de genetische
basis van deze resistenties zijn nagenoeg onbekigdioel van het hier beschreven onderzoek
Is om de interactie tussen tomalaygopersicon esculentyren de echte meeldauw van tomaat
beter te begrijpen, daarbij gebruikmakend van gagtiefinieerd plantmateriaal, dat
verschillende resistentiegenen bevat in een idemtigenetische achtergrond en van een
sortimentO. neolycopersidsolaten.

In dit proefschrift wordt de genetische basis attatald van een aantal resistenties tegen
O. neolycopersiciafkomstig uit wildeLycopersiconsoorten en worden de corresponderende
resistentiegenen gekarteerd op het tomatengeno@molens is een reeks Bijna Isogene
Lijnen (Near Isogenic Lines, afgekort als NILs) gakt, elk met een individueel kwalitatief
resistentie gen(l-gen), in de genetische achtergrond van de vatharesculentumcv.
‘Moneymaker’. Deze serie NILs vertegenwoordigt eearzameling goed gedefinieerd
plantmateriaal, en vormt als zodanig een belangejfeedschap om de interactie tussen tomaat
en O. neolycopersicite bestuderen. De isolaat-specificiteit van de alaliende Ol-
resistentiegenen is vastgesteld, en de hiermeec@vikomende resistentiemechanismen zijn
microscopisch bestudeerd.

De resistentie tege@. neolycopersicafkomstig uitL. parviflorumG1.1601 Hoofdstuk
2) wordt gereguleerd door drie QTLs (QuantitativeaifrLocus = plaats op het genoom
coderend voor een kwantitatieve eigensch&p)qtll ligt op chromosoom 6, in hetzelfde
gebied als d®©I-1/0I-3 locus en déI-5 locus Hoofdstuk 5). Deze drie monogeen dominante
resistentiegenenO(-genen) veroorzaken een overgevoeligheidsreactimfaatie van tomaat
met O. neolycopersici. Ol-gtizn OI-qgtI3 liggen op chromosoom 12, van elkaar gescheiden
door 25 centimorgarOl-qtl2 is gekarteerd nabij de locus van hetgen, hetwelk resistentie
verleent tegen een andere echte meeldauw van tonzemelijkLeveilula taurica Gezamenlijk
verklaren de drie QTLs achtenzestig procent van feeotypische variatie, hetgeen
gecontroleerd en bevestigd is in resistentietoatsein; nakomelingschappen.
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L. peruvianum LA2172 is een andere wilde accessie met resisteriégen
O. neolycopersici.Genetische studies adn peruvianumworden veelal bemoeilijkt door
kruisingsbarrieres en het voorkomen van meerddedenl per genetische locus. Ook onze
studie, gericht op de kartering vén neolycopersiaiesistentie irL.. peruvianuniLA2172, werd
bemoeilijkt door bovengenoemde factoren. Teneinde domplexiteit van het
overervingspatroon, veroorzaakt door multiple al&n scheve uitsplitsing in een pseudo F2
populatie van de kruising L. esculentum cv. ‘Moneger’ x L. peruvianum LA2172 te kunnen
ontrafelen werden locus-specifieke multi-allelischeerkers ontwikkeld. Uiteindelijk kon
worden geconcludeerd dat de resistentie te€gemeolycopersicin L. peruvianumLA2172
veroorzaakt wordt door een enkel dominant gen, gewi®I-4, gelegen op chromosoom 6 van
tomaat Hoofdstuk 4).

NaastOl-4 hebben we twee andere domina@egenen QI-5 en OI-6) gekarteerd en
gekarakteriseerd en is d&-1 locus nauwkeurig gekarteertigofdstuk 5). Al de tot nu toe
gekarteerd®©l-genen liggen in drie genetische loci op chromoséovan tomaat. Op de lange
arm van chromosoom 6 ligt een locus met de tweastestiegenenOl-1 en OI-3
(respectievelijk afkomstig uit. hirsutumG1.1560 en G1.1290) en een andere locusQhét
(afkomstig uitL. hirsutumPI1247087). Op de korte arm is een locus gekartewtide twee
resistentiegener®I-4 (geintroduceerd uit. peruvianumLA1272) enOI-6 van onbekende
herkomst.

Om de verschillende genetische kaarten met elkaamntegreren, om onbekende
koppelingsgroepen aan bekende tomatenchromosonmemben toewijzen én om dal-genen
en deOI-QTLs trefzeker te kunnen karteren zijn eenvoudrfeR-merkers gemaakt. Deze
merkers maakten het mogelijk om genetische kaaderkruisingen met ver verwante soorten
met elkaar in overeenstemming te brengen om zodoeadkaartpositie van d&-genen erOl-
QTLs met elkaar te kunnen vergelijken. Bovendiendea deze PCR merkers toegepast als
eenvoudige diagnostische merkers om de aanwezighadl-genen erOI-QTLs te registreren
tijdens het ontwikkelen van de NILs (dit is merkmstuurde selectie). Gedetailleerde
informatie  omtrent deze PCR-merkers is te vinden ope website:
http://www.dpw.wau.nl/pv/CAPStomato/

De NILs met individueleDl-genen in een genetische achtergrond lvagsculentuncv.
‘Moneymaker’ zijn gemaakt met als doel de intemdtissen tomaat . neolycopersicte
kunnen bestuderenHOofdstuk 6). Naast de dominant®l-genen, is ook het recessieve
resistentiegemol-2 meegenomen in deze studiel:2 is afkomstig uitL. esculentumvar.
cerasiformeen gekarteerd op chromosoom 4 (Ciccaetsa., 1998; De Giovanngt al, 2004).
De isolaat-specificiteit van d@l-genen, welke resistentie verlenen te@emeolycopersigiis
opgehelderd door de NILs te testen met lokale tsnlafkomstig uit verschillende gebieden
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van over de hele wereld. Daarnaast is het resisteathanisme van de verschillerdiegenen
beschreven na microscopische analyses van gelafdete NILs. Terwijl het
resistentiemechanisme verleend door de domin@higenen altijd was geassocieerd met een
overgevoeligheidsreactie (HR), ging de resistenteleend door het recessiew#d-2 gen
gepaard met de vorming van pappillétoofdstuk 6).

Deze studie verschaft meer inzicht in de plant-pgéien interactie tussen @-genen
van tomaat en de verschillend® neolycopersicisolaten. Daarnaast vergemakkelijken de
ontworpen PCR-merkers het kweken van tomatenrasden resistent zijn tegen
O. neolycopersici
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