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Chapter 1: General introduction |

General introduction

Potato-the crop
Economical importance of potato

Potato Golanum tuberosum L.) is the fourth most important crop and the most
important non-cereal crop in the world, with an @anproduction of over 300
million tons. Its nutritional value was recognizeg Western countries, and is now
one of the staple foods in Europe and Northern Agmaerwith a per capita
consumption of 86 kg/yr and 65 Kkglyr, respectivelp. recent years, the
consumption in developing countries also increafedn 9 kg per capita in 1961-
63 to 15 kg per capita in 1995-97. This was assediwith a significant growth in
production and planting area and with a modesesmse in yield.

Potato is the number 1 crop of the Netherlandsymgag over 20% of the
arable lands. The Netherlands plays a major roléhénworld trade of potato,
particularly in seed potatoes. Nearly 80% of seetétp export is in the hands of
Dutch companies. China is now the world's largestafp producer (Qu et al.,
2004), reaching an annual production of 68 milltons with an average growth
rate of 6.7% from between1980-83 and 2000-03. Hewegompared with the
Netherlands, China’s potato agribusiness is stilts infancy (Table 1). The yield
is only 1/3 of that in the Netherlands. On averaggch Chinese person only
consumes 1/6 the amount of potato as a Dutch pefdthrough 22% of the potato
production in China is used for processing, thelpots are mainly of low quality
with a poor market value. Industries producing Erefies, chips, and high quality
starch products are just emerging. However, the dtating point offers enough
space to grow for Chinese potato agribusiness aleitly the booming of the
overall economy. Diversification of diets and westdization of life style has
created a great potential for the potato markete Hounger generation is
consuming more and more potato snacks. China’dggpapermaking, and food
industries require a huge amount of potato stanchit derivatives, while China
can only produce a small portion. If in the nextyBars the consumption of potato
in China reaches the average level of the worldn&hwill need to double its
production. That is a great challenge, since arianle is decreasing. The only way
is to improve the yield. This will offer great oppanities for countries like the
Netherlands with a developed infrastructure forapmtcultivation, storage, and
processing. Transfer of cultivars, techniques amoWkedge to China will have a
high marginal benefit because requirement of threseurces within developed
countries is almost saturated.

Table 1. Some general data on potato in China, the Nethas]and the world
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Production Rank ®

Average annual growth rate

2000-03 (1980-83~2000-03)

Product. Area Yield Product. Area Yield

x1000 t x1000 ha  t/ha % % %
China 68,250 4,654 147 6.7 3.4 2.8 5
Netherlands 7,226 165 43.8 0.9 0.9 0.0 1
World 318,138 19,388 16.4 0.4 0.1 0.3 4

Utilization (el Trade °
sump.
Food Feed Seed Process. Other c::ii; . Imports Exports
% kalyr x1000 t M$ %1000 t M$

China 36 31 6 22 5 14 37 4 79.4 9.5
Netherlands 29 14 8 47 3 87 1,479 143 1,461 3327
World 54 19 12 8 8 28 8,103 1,715 7,938 1,535

& Source: production and trade: FAOSTAT (2004)jzdtion and consumption: FAOSTAT (1998);
® In order of importantce vs. 20 other major fooops on a fresh-weight basis;
¢ Table potatoes and seed only; does not includeepsed potato products.

Taxonomy of potato

Potato belongs to the botanical family Solanackéaé ¢ontains more than 3,000
species, most of which evolved in the Andean/Am&morregions of South
America. The family is the third most importantapl family, ranked after the
cereals and legumes, and includes other importapiscsuch as tomato, tobacco,
eggplant, and pepper. The Solanaceae genome idy ighserved (Gale and
Devos, 1998). AllSolanum species carry the same basic chromosome number
(1x=12). Potato and tomato only differ by five insiens (Bonierbale et al., 1988).

It is assumed that potato has more related wildispghan any other crop,
with some 228 wildSolanum species recognized. The main cultivated germplasm
for long-day conditions is derived fro tuberosum Group Tuberosum, whereas
S. tuberosum Group Andigena is adapted for short-day envirortsidn the tuber-
bearing subsection of the genfidlanum, 19 series are classified ranging from
diploid (2n=2x=24) to hexaploid (2n=6x=72) and disited over an
extraordinarily wide range of habitats, where thewe become adapted to the
local abiotic and biotic environments. The genesolved in pest and disease
resistance in these wild relatives can be of uspdtato breeding (Hawkes, 1994).

Potato genetics and breeding

The cultivated potato is an auto-tetraploid (2n=&X=with four sets of similar
chromosomes (where n is the gametic chromosome @wuiad X is the basic
number). The wild tuber-bearing relatives form dyptwid series with species

10
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having 24, 36, 48, 60, and 72 chromosomes. Mone @46 of them are diploids
(2n=2x=24). The tetrasomic inheritance of the waltd potato is infinitely more
complicated than that of its 2x relatives. Fortehgtdihaploid plants (2n=2x=24)
of tetraploids (2n=4x=48) can be obtained with dase the cultivated tetraploids
by means of anther culture or parthenogenesis (blEmnmand Verdenius, 1973;
Ortiz and Peloquin, 1994). These dihaploids carrbesed with most of the wild
diploid (2n=2x=24) species to capture their gendheersity. Upon identification
and characterization at the diploid level, desgafpenes can be transferred into
elite tetraploid gene pools through unreduced gesnén gametes) (Peloquin et
al., 1999) and be used in commercial breeding progr

Potato breeding involves tremendous efforts. Adsgpbreeding program
often starts with 100,000 seedlings and ends withdr three hopefully successful
cultivars in more than 10 years (Bradshaw and Mgack894). Two technologies
can improve the efficiency of potato breeding. Gmenarker-assisted selection
(MAS), another is genetically modified organism (GMtechnology.

The MAS strategy requires a well-established genatiap. The first
generation of potato genetic maps was composeastfigtion fragment length
polymorphism (RFLP) markers (Gebhardt et al., 19%anksley et al., 1992;
Jacobs et al., 1995). The high intraspecific polgghism of potato was exploited
to construct the second generation of genetic nhaged on amplified fragment
length polymorphism (AFLP) markers (van Eck et 4895). This resulted in the
construction of the Ultra-High Density (UHD) potatd-LP map (Isidore et al.,
2003), on which more than 10,000 AFLP markers hHsaen located by analysis of
130 F1 progeny from the cross of two diploid clgn8§183-92-488 (SH) and
RH89-039-16 (RH) (http://www.dpw.wur.nl /uhd). ThdHD map will serve
multiple purposes ranging from resolving complexa& traits into their single
gene components and facilitating efficient geneomression into commercial
cultivars by marker assisted breeding to positiaahing of any potato gene of
interest. The limitations are the rather time- andt-consuming AFLP procedures
and the access of the AFLP technique by breedingpaoies because it requires a
license from the patent holder KeyGene. The thadegation of genetic maps will
be based directly on DNA sequences released frenpditato genome sequencing
consortium coordinated by Wageningen Universitg, ttmato genome sequencing
initiative coordinated by Cornell University (SOlhttp://www.sgn.cornell.edu
/solanaceae-project/), and the tobacco genome seiggeinitiative coordinated by
North Carolina State University. A genetic map eated with simple PCR markers
with high polymorphism can be expected to be onehef spin-offs of these
genome sequencing programs.

11
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The GMO approach is more targetted, often focused single gene with
known biological or biochemical function, involvirtjrect modification of a single
trait. This approach can either knock down a taggete or add a new gene. The
most successful example in gene knockdown in patatbe manipulation of the
granule-bound starch synthase (GBSS) gene, a geob/éd in the synthesis of
amylose in potato tubers, by using the antisensé Ri¢hnique (Kuipers et al.,
1994). Potato is amenable for Agrobacterium-mediggenetic transformation
(Visser et al.,, 1991). With the anticipated avallgb of a complete genome
sequence, gene cloning from wild relatives willdxpedited. The gene flow from
wild species to elite cultivars (cvs.) via gendtiansformation can save decades
and circumvent problems such as linkage drag. Timitaktion of the GMO
approach is the public concern about biosafetyfand safety of GMO products.
With the sophisticated marker-free technology (adt&h et al., 2003), GMO wiill
more likely be accepted by the society and willibithts great potential in potato
breeding.

Phytophthora infestans-the pathogen & late blight-the

disease

Potato late blight

Phytophthora infestans (Mont.) de Bary is the cause of potato late bligid is also
known as the Irish potato famine fungus. In Lafytophthora means plant
destroyer, which exactly fits this notorious patbiglLate blight totally destroyed
Ireland’s potato crop during 1845 and 1846, whiehuited in the death of about
one million people due to starvation and the entigmeof another million (Bourke,
1991). Probably no other single plant pathogen edusich widespread human
suffering. Today, late blight is still the No. 1rélat to potato production. World-
wide losses in potato production caused by theadeséave been estimated to cost
$3 billion annually (Duncan, 1999). China produ&és of the potato produced in
the world, and we estimate that the loss to laighbin China will be about $600
million annually.

Phytophthora infestans is an oomycete

The genudPhytophthora belongs to the familyPythiaceae, in the class oomycetes.
Although oomycetes have many fungus-like charesties, they are not classified
in the Kingdom Fungi. Studies of cell wall compasit metabolism, and rRNA
sequences indicate that oomycetes are betterfaassith golden-brown algae in
the Kingdom Protista (Fig. 1). Oomycetes and fumave overlapping strategies

12
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but distinct genetic and biochemical mechanisms interact with plants
(Latijnhouwers et al., 2003).

Fig. 1. Phylogenetic tree showing the evolutionary reaftlips between the major eukaryotic
groups. The Oomycetes and the ascomycetous andidragtetous fungi are highlighted in grey.
Note the evolutionary distance between the Oomgcatel the fungi. Reproduced from Kamoun et al.
(1999).

green algae

land plants

heterokont algae

oomycetes

ciliates

dinoflagellates

red algae
basidiomycete fungi

The disease cycle of A. infestans

animals

P. infestans is generally considered to be a specialized patihogasing disease on
leaves, tubers and fruits of potato or tomato crafthough natural infection of
plants outside the genera Solanum have been rep@te/in and Ribiero, 1996).
The disease cycle @?. infestans is well studied. Initially, pathogenesis involves
asexual growth of the pathogen. Infections oftegirbevhen sporangia land on the
leaf surface. Under humid and cool conditions, pooss are released from the
sporangia, encyst, and produce a germ tube. Tha thpe germ tube develops into
an appressorium, which forms a penetration peggbas through the cuticle and
penetrates the underlying plant cell. An infectieesicle is produced in the
epidermal cell and hyphae grow into the mesophgll layers both intra- and
intercellularly. Occasionally, intracellular hauséb feeding structures are formed.
After three to four dayspP.infestans starts to grow saprophytically in the
necrotised center of the growing lesion. Hyphae rgméhrough the stomata and
sporangiospores are formed which produce numerewssporangia mainly on the
underside of the leaf. Infected foliage first beesnwater-soaked and eventually
turns black. Tubers become infected later in treesee. In early stages, slightly
brown or purple blotches appear on the skin. Inidusnils the disease progresses
quickly, and the tubers decay either before or dftevest.
P. infestans can also multiple via a sexual cycle. It is a fatteallic

organism with two known mating types, A1l and A2résponse to hormones, male
and female gametangia are formed. Haploid nucle generated in the

13
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gametangia. An Al and an A2 nucleus fuse and apavescontaining one diploid
nucleus is generated. The oospore matures rapitlyaathick wall is formed,
which enables the oospore to survive in the seihifany years. After germination
of the oospore, new progeny, either A1 or A2, itedbo infect newly planted
tubers, or stems and leaves which come into comtihbtthe soil (Drenth et al.,
1995).

Phytophthora infestans enters the genomics era

To be able to control late blight requires a beli@owledge of the pathogen that
causes it. Recently, quite some exciting technoldgadvances and resource
enrichment enabled us to zoom in on the pathogdmgeinomics tools (Kamoun et
al., 2002; Latijnhouwers et al., 2003). These ideldithe construction of molecular
genetic linkage maps (van der Lee et al., 1997)siwaction of a BAC library
(Whisson et al., 2001), EST sequencing (Kamounl.et1899b), whole genome
sequencing of the relatd?dl sojae (Kamoun et al., 2002), and the development of
multiple functional genomics methods as genetiodi@rmation ofP. infestans
(Judelson et al., 1991), internuclear gene silengiman West et al., 1999),
functional examination ofP. infestans effectors in plants such aNicotiana
benthamiana using Agrobacterium or PVX mediated transient espion (Torto et
al., 2003, Vleeshouwers et al., unpublished work).

These technical developments enabled the discarahcharacterization of
a few importan®P. infestans genes involved in pathogenesis and (a)virulenbe. T
INF1 elicitin, a 10 kDa extracellular protein, irmhs a hypersensitive response
(HR) in a restricted number of plants, particulattyse of the genuNicotiana.
Using a gene silencing strategy to inhibit INF1darction, Kamoun et al. (1998)
demonstrated that elicitin functions as an avircéerdactor in the interaction
betweenN. benthamiana andP. infestans. Similar strategies were adopted to show
that thea and B subunits of the heterotrimeric G-protein Bfinfestans are
important for vegetative growth and sporulation,ahdrefore, for pathogenicity of
this organism (Latijnhouwers and Govers, 2003; jhatuwers et al., 2004).
Another interesting development is the study ofwdence genes dbP. infestans
that determine the compatibility or incompatibiliyith the host potato, which is
discussed below.

Gene-for-gene model-the interaction

Plants can not move to escape their pathogens #radefore, develop a
sophisticated innate immune system to defend thleesein which disease
resistance genes & genes play a major role (Dangl and Jones, 200Many

14
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plant-pathogen interactions, particularly thoseolaing biotrophic parasites, are
governed by specific interactions between pathadgenavirulence) gene loci and
corresponding planR genes. When th&-Avr pair is present in both host and
pathogen, the result is disease resistance or ipatipility. If either is inactive or
absent, the result is susceptibility or compatipilThis crosstalk between host and
pathogen was coined in the gene-for-gene modeldry(E971), who extracted the
concept from his work on the interaction betweex fand flax rust. The direct
implication of this important concept is that rendigpn events occur in the
infection process.

R1

R3a
RB/Rpi-blb1
Rpi-blb2

NB-LRRs

Fig. 2. Representation of the cellular location and stmectf the five main classes of plant disease
resistance proteins. Xa21 and Cf-X proteins carmypsmembrane domains and extracellular LRRs.
The RPW8 gene product carries a putative signal@nahthe N terminus. The Pto gene encodes a
cytoplasmic Ser/Thr kinase (Kin), but may be membraassociated through its N-terminal
myristoylation site. The largest class of R protethe NBS-LRR class, are presumably cytoplasmic
(although they could be membrane associated) amg destinct N-terminal domains. Reproduced
from Dangl and Jones (2001). All cloned late WliBhgenes belong to a sub-class of NBS-LRR with
coiled-coil (CC) domain.

The simplistic molecular model for the gene-for-gesoncept would be
that a protein encoded by &gene can directly recognize an elicitor encoded by
the correspondingvr gene. Quite som genes from model plants or crop species
have been identified in the past 10 years. Despéevide range of pathogen taxa
and their presumed pathogenicity effector molecuiRegenes encode only five
classes of protein (Fig. 2) and the majority betoim the nucleotide binding site
plus leucine-rich repeat (NBS-LRR) class. LRR darmaare found in diverse
proteins and function as sites of protein-proteirieriaction. Although the
characteristics of LRR domains favor the direcomgation model, there is hardly
any experimental evidence except for one excepiba et al., 2000). As it
generally goes in science, an alternative hypaghlead to be developed and this

15
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time it is the ‘guard hypothesis’ (Fig. 3). Accardito this model, an R protein
plays as a guard to detect the potential exploitadif a host protein (guardee) by a
pathogen effector (Avr). The model was firstly ppsepd to rationalize why the
tomato Pto protein kinase requires the NBS-LRR g@noPrf to activate defense
upon the recognition of the AvrPto effector frome tthacterial pathogen
Pseudomonas syringae (Van der Biezen and Jones, 1998) and later wa$oreed
by studies on the model Arabidops$issyringae pathosystem (Mackey et al., 2002;
Axtell and Staskawicz, 2003; Mackey et al., 2003)

a Bacterial type Ill b
effe({);
/
Cellular proteins
Guardee /

NBS-LRR protein—» i

c / d

Fig. 3. Scenarios for the guard hypothesis for R-proteircfion. Reprod. from Dangl&Jones (2001).

a, A cellular complex of proteins, which includes tbdhe ‘guardee’ molecule and an NBS-LRR
protein (grey, shaded from the N terminus throu@SNaind LRR domains), is a target for a bacterial
type Il effector of disease.

b, Binding of the type Il effector to its targets udts in disassociation and activation of the NBS-
LRR protein and thus disease resistance.

c, Alternatively, the NBS-LRR protein may not be parttbé target complex until after type Il

effector binding.
d, Recruitment to the type Il effector/target compieauld then activate the NBS-LRR protein.

The gene-for-gene model also suits the poRatofestans pathosystem (Fig.
4). Exciting advances in studies on b&tgenes andivr genes enable a better
understanding of the crosstalk between the hostth@domycete, as described
below.

16
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R3a 7 R3b

Avr3b

Fig. 4. The gene-for-gene interaction between potato Rndfestans. Phenotype of plants carrying
R3a andR3b inoculated withP. infestans isolates carrying\wr3a andAvr3b. Localized hypersensitive

necrosis (HR) and sporulating lesions (S) are ofeskron the incompatible and compatible
interactions, respectively.

Potato late blight resistance and R genes
Type of resistance and mode of action

Disease resistance f infestans may occur at subspecies or variety level (race-
specific) (Black et al., 1953) or at the speciegenus level (nonhost resistance)
(Kamoun et al., 1998). In another dimension, rasis¢ may be a qualitative black-
and-white phenotype or a quantitative one with iphrteduction in disease
severity. In all these types, HR plays an essemtld (Kamoun et al., 1999a;
Vleeshouwers et al., 2000). The general involveroéitR implies the occurrence
of recognition during interaction &f. infestans and host cells. It remains unclear to
what extent passive protection such as waxy cuaticiskin’ layer or preformed
anti-microbial compounds is involved in the non<dpe resistance t#. infestans.
Interestingly, dysfunction of a cell wall glycodyydrolase, was recently shown to
allow enhanced penetration oP.infestans to its nonhost Arabidopsis
(http://www.arabidopsis2004.de/01_seiten 006_3_nueitail2.php?abs_id=0572).

Sources of resistance

The diversity of the tuber-bearing species geneprolides a rich resource of
genes against various abiotic and biotic stregse®ng many othersS. demissum
is the most exploited wild species for late bligtdistance. This allo-hexaploid can
directly cross with tetraploic. tuberosum. Alternatively, the diploidS. phureja

17
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can be used as a bridge. Started almost a cengurylate blightR genes from
S demissum have been introgressed into potato cvs. (Mullet Black, 1952). It
was estimated by Ross (1986) that more than 83%vsf of the former Federal
Republic of Germany carry genes fr@mdemissum. Introgression oR genes from
other species is also ongoing but seldom resulthéndeployment at the cultivar
level. One of the reasons is the barrier in cragsior example, a double bridge-
crossing using. acaule (2n=4x=48) and. phuregja (2n=2x=24) was conducted to
introgress late blightR genes from S bulbocastanum (2n=2x=24) into
S tuberosum, and in early 1970’s this resulted in the ABPTneés (Hermsen and
Ramanna, 1973). It was not until 2004 that thd factato cv. Biogold (Van Rijn
BV) carrying gene(s) from the ABPT clones was reteh

Late blight R genes

R genes are often genetically characterized as simglminant genes and
functionally illustrated as race-specific determmitsa Information on late blighR
genes derived from wild species is listed in Tahl&leven resistance specificities
(R1-R11) from S demissum were characterized, while the inheritance of these
specificities is not always knowRl, R2, andR3 were mapped as singkeloci on
chromosome 5, 4, and 11, respectivéd®p. and R7 co-localize withR3. R4 is
independently inherited frofRl, R2 andR3 but its chromosomal position remains
to be determined. The inheritance and positiorRefand R8-11 are unknown.
Three R genes fromS bulbocastanum (Table 2) display a wide spectrum of
resistance but await testing with mdreinfestans isolates. Less studied are tRe
genes fromS. berthautii, S. pinnatisectum etc. Recently, four R genes have been
cloned and they all encode coiled coil (CC)-NBS-Lpfeteins. These include the
R1 (Ballvora et al., 2002) anB3a (Chapter 4) genes derived frors. demissum
and theRB/Rpi-blbl (Song et al., 2003; van der Vossen et al., 2008)Rpi-blb2
(van der Vossen, personal communication) genes fobulbocastanum. These
clonedR genes provide the starting point to study restgamechanisms and to
design novel approaches for late blight diseaseagement.

Comparative genomics and R gene cloning

Comparative genomics investigates the similaritg differences in structure and
function of genomes across taxa and is a powerhlltb transfer knowledge from
model organisms into less studied ones. Full gensatpiences of Arabidopsis
(2000) and rice (Goff et al., 2002; Yu et al.,, 2p@hd several other ongoing
sequencing projects will offer unprecedented ressaito study the evolution of
sequences and functions of orthologous genes amaderstand diversification and
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adaptation. A fundamental and practical questioncémparative genomics is
whether this vast amount of sequence informatiomfmodel plant species will
enable the cloning of genes with agronomic impaafrom crop species with
larger genomes. Resistance to plant pathogensim@ortant crop trait that could
benefit from sequencing of model species and fat#li gene cloning. This,
however, will largely depend on the given plant iigmExtensive loss of
colinearity caused by segmental duplications, sgegene losses and significant
genome reshuffling was discovered within crucifensl grasses (Gale and Devos,
1998; Paterson et al., 2000). Comparative analyzs®ed on DNA sequences has
revealed that disease resistari@el¢ci may be evolving faster than the rest of the
monocot and crucifer genome (Leister et al., 1998rchini et al., 2000;
Brueggeman et al., 2002; Hall et al., 2002), altfioa few phenotypically defined
quantitativeR loci (QRL) to the blast fungus appeared to be eored between
rice and barley (Chen et al., 2003). In contrde,remarkable conservation of gene
order (Bonierbale et al., 1988) makes the Solarggcdee botanical family that
includes many important crops such as tomato atatqaoan attractive subject for
comparative genomics. Low-resolution comparativepireg indicated thaR loci
may be positionally conserved within Solanaceaésfeeet al., 1996; Grube et al.,
2000; Pan et al., 2000). SeveRlgene hot spots have been recognized with
resistance to a diversity of pathogens (Grube.e28D0; Gebhardt and Valkonen,
2001).

Currently, positional cloning is the only feasibémproach inR gene
isolation in potato. However, this approach hasrofteen hindered by the fact that
R loci have an extremely low frequency in recombovat Moreover, the
heterozygous genome of potato makes chromosomeingallery complicated.
Comparative genomics can partially alleviate thdiffeculties by providing a clue
of the sequence identity of the genes and, thexgfmiakes the approach more
targeted. To date, comparative genomics has le#ltetsolation of two late blight
R genes. The first one is thi8a gene from theR3 complex locus Chapter 4),
which has an orthologous relationship with the tmmE locus conferring
resistance to Fusarium wilt (Ori et al., 1997; Simet al., 1998). Another one is
the S bulbocastanum Rpi-blb2 gene (van der Vossepersonal communication),
syntenic to the tomathli gene that expresses resistance to root-knot neemto

Avirulence and avrgenes
Genetic maps of Avrgenes

The existence of two mating types (Al and A2Pofnfestans enables the sexual
crossing of two isolates that differ by in theiriralence phenotype. Genetic
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linkage maps have been constructed by analysisoglepy from such crosses with
molecular markers. SiAvr genes interacting with know8 demissum R genes
have been mapped (van der Lee et al., 2084 that interacts with th®1 gene
was mapped on linkage group (LG) I¥yr2 on LG VI, Avr3-Avr10-Avrll on LG
VIIl, and Avr4 on LG A2-a. It is worthwhile to mention that tHienctional
definition of Avr genes are based d® gene differentials. If a singl® gene
differential carries more than orie genes, the segregation of the corresponding
avirulence phenotype should reflect this fact. Egample, avirulence to thie3
differential is controlled by two loci in sont® infestans crosses (Spielman et al.,
1989). This is well consistent with our finding thtae R3 locus consists of two
functionally distinct genesChapter 3). Also the clustering ofvr3-Avr10-Avr11
was unexpected, to which we offer an explanat{cimapter 5).

Table 2. MajorR genes derived from wild relatives of potato, wéthecies of origin, chromosomal
position, and race specificity.

R gene Species Race-specificity Ref.

R1 S. demissum 5 Yes Ballvora et al., 2002

R2 4 Yes Lietal., 1998

R3a, R3b 11 Yes Huang et al., 2004

R4 unknown  Yes Mller and Black, 1952

R5 11 Yes Chapter 5

R6 ® 11 Yes Chapter 5

R7 11 Yes Chapter 5

R8 11 Yes Chapter 5

R9*® 11 Yes Chapter 5

R10 11 Yes, partial Chapter 5

R11 11 Yes Chapter 5

RB/Rpi-blbl S. bulbocastanum 8 Wide-spectrum \S/gggeneét aa|_|:'20%%03; van - der
Rpi-blb2 6 Wide-spectrum Van der Vossen, personal com.
Rpi-blb3 4 unclear Park et al., personal com.
Rpi-berl S. berthaultii 10 Yes Ewing et al., 2000

Rpil S. pinnatisectum 7 Unclear Kuhl et al., 2001

Rpi-mecdl  S. microdontum 5 Unclear Elrzi;\gnr:egnzt ::;iggftge::ﬁﬁgfiﬁf
Rpi-moc1 S. mochiquense 9 Unclear San Diego, 2004

Rpi-neol S. neorossii 417 Unclear

Rpi-okal S. okade 9 Unclear

Rpi-oka2 4 Unclear

#R6 andR9 differentials have more than oRdocus, as shown in chapter 5.
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The map-based cloning was adopted to isolate sdirtbeomappedAvr
genes (Whisson et al.,, 2001). However, the difficuin generating large
segregating F1 populations from. infestans hampers certainly influence the
feasibility of this approach. Transcriptional ptiofg of virulent and avirulent F1
progeny offers a suitable alternative for map-baskmhing. Jiang, Guo, and
Govers (personal communication) characterized cDWAP fragments specific
for avirulent isolates and with these fragment faligth candidatévr genes are
being isolated. In addition, high-throughput funog&l genomics approaches such
as the binary PVX method (Takken et al., 2000) amchspecific comparative
genomics (Bos et al., 2003) are adopted to clomegenes. The latter enabled the
isolation ofAvr3a gene fronP. infestans (Armstrong et al., submitted).

To date, two race-specific avirulence genes of amtgs have been well
characterized. Shan et al. (2004) recently used-lmaapd cloning to identify a
locus inPhytophthora sojae containing two genegévr1b-1 andAvr1b-2, which are
required for avirulence on soybean plants carning resistance gen@pslb.
Avrlb-1 encodes a small secreted protein. In some isotdtBs sojae virulent on
Rpslb-containing cultivars, thévrlb-1 gene had numerous substitution mutations
indicative for a strong divergent selectidwr1b-2 is required for the accumulation
of Awrlb-1 mRNA. Avwrlb-2 was genetically mapped to the same BAC contig as
Avrlb-1. TheAvrlk gene, required for avirulence on soybean culticargtaining
Rpslk, was mapped at the same intervalAsslb-1. The clustering ofAvr genes
resembles the clustering & genes observed in mamloci. It is interesting to
determine whether this feature of genomic orgaitimabf Avr genes favors the
generation of diversity to enable the pathogernirmumvent theR genes and at the
same time maintain the virulence function Afr genes. Interestingly, the
avirulence genéATR13 in Hyaloperonospora parasitica (formally Peronospora
parasitica) exhibits extreme levels of amino acid polymorphigAllen et al.,
2004), as the correspondiiPP13 resistance gene irabidopsis thaliana does.
Evidence of diversifying selection detected in bpdntners suggests that a constant
coevolutionary conflict has undergone at theseraating loci in the host and
pathogen.

Control of late blight

P. infestans ranks highest in the evolutionary potential (McDiohand Linde,
2002). It has a mixed reproduction system and preslisexual outcrossing and
asexual spores, which comprise extremely high ggimotdiversity. It produces
airborne asexual spores, and therefore has a lgintl for genotype flow. The
high evolutionary potential of the pathogen makledifficult to control. Single-
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dominant hosiR genes, when deployed separately, have been rapigiscome
(Wastie, 1991). Chemical control is costly to farman developing countries and
also raises environmental concerns in developechtdes. Furthermore, the
pathogen can mutate itself to become resistantettaio chemicals such as
metalaxyl, a phenylamide used to contRitytophthora (Davidse et al., 1983).
Biological and cultural control measures, suchraagonistic fungi, sanitation, and
crop rotation can sometimes be effective, but fleceremains are limited due to
difficulty in application. Overall, host resistan@@ combination with chemical
control is at present the only available and reddyi successful strategy, but this is
limited to potato production in Western countries.

Typical “boom-bust” cycles were observed in depleyin of the
S demissum R genes in commercial potato production. A cultivdathwva newR
gene provides a complete protection to the path@gehits acreage will boom.
However, the pathogen will mutate itself to overeotheR gene and infect the
cultivar carrying it, causing the cultivar to buBl, R2, R3, andR4 genes have
been deployed separately but were overcome byevitustrains ofP. infestans
(Mller and Black, 1952). Isolates that can infelttthe 11 resistance specificities
were also reported but not frequently observed ¢Maison, 1969). The ‘boom-
bust’ cycles observed in the potd&oinfestans system is a rather general rule for
gene-for-gene pathosystems in monoculture (PinkRardttlephat, 1999). To avoid
such cycles, there are virtually two alternativesRi gene deploymentR gene
pyramiding andR gene polyculture or multiline. Pyraming is the sitaneous
deployment of severd genes in the same cultivar and polyculture or itmés is
a mixture of cultivars with differenR genes in the same genetic background.
Pyramiding is the strategy adopted by potato brsedeit so far has only resulted
in the release of a few cultivars, for instanceBhech cv. Escort that contaify,
R2, R3 andR10. To develop a cultivar with multipl® genes through traditional
breeding is very time-consuming.gene polyculture or multiline is also difficult to
accomplish in potato through conventional breedisigce unlike self-crossing
crops such as tomato or rice, potato is an outtr@stetraploid that seriously
suffers from inbreeding (Ross, 1986). So far the @Mpproach is the only
approach to efficiently implemerR gene pyramiding or polyculture in potato.
However, either strategy requires more cloriRdgenes than the four genes
presently available.

Scope of this thesis

To understand the mechanism underlying the intiemacf potato andP. infestans
and to deployR genes by means of pyramiding or polyculture fde lalight
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control, we need to molecularly isolate at leadbaen or sdr genes. This research
describes the discovery and characterization ofntlagor late blight resistance
complexR3 at the distal end of chromosome 11 in potato.

We applied a map-based cloning strategy in comionatith comparative
genomics to clon® alleles of this locus. This approach requiressigalof a large
segregating population. For this purpose, we fitssigned a high throughput
disease testing method usiimyvitro seedlingsChapter 2). The assay exploits the
amenability of potato for tissue culture and thetakility of the in vitro
environment for late blight disease developmenttwa experimental setups, the
specificity and reliability of the new method wasnwmpared with the well-
established detached-leaf assay. The new technigsidound to be a quick, space-
effective, and accurate assay and can be a nevammhtbol for investigation of the
qualitative interaction between potato @hdnfestans.

Using the combination of fine-mapping and accumdit®ase testing with
specific P. infestans isolates, we detected that tR8 locus is composed of two
genes, with distinct specificitie€hapter 3). The two genedi3a andR3b, are 0.4
cM apart and both have been introgressed feodemissum, the ‘donor’ species of
most characterized race-specific late bligRtgenes. A natural recombinant
betweerR3a andR3b was discovered in one accessiorbademissum.

To isolate theR3a gene, we used genomic information from the model
Solanaceous plant tomat€Hhapter 4). Comparative analyses of th8 region
with the corresponding@ region in tomato suggested that this is an andanis
involved in plant innate immunity against fungaldamomycete pathogens.
However,R3 has evolved after divergence from tomato andahed experienced a
significant expansion in potato without disruptiohthe flanking colinearity. This
expansion may have resulted in an increase in tmaber of R genes and
functional diversification, and might reflect the-evolutionary history between
P. infestans andSolanum demissum.

There is more on thB3 complex locus! We demonstrated that exdeht
R2 and R4, all other characterized resistance specifici(i¢s-11) contain allelic
versions at thé&k3 complex locus Chapter 5). That explains why onlR1-4, and
R10 could be used in potato cultivars, since the athae allelic toR3. This
unexpected discovery reveals that the potentiatdsistance breeding is not fully
explored and implicates that the multi-allelismtioé R3 locus could be a putative
natural mechanism for late blight control in thédagopulations ofs. demissum.

In the general discussiorCliapter 6), we recapitulate the results and
discuss their further implications in late bligksistance breeding in potato.
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An accurate in vitro assay for high-throughput
disease testing of Phytophthora infestans in potato

Sanwen Huang, Vivianne G.A.A. Vleeshouwers,

Richard G.F. Visser, Evert Jacobsen

Abstract

In vitro inoculation was developed as a routine disease tiag method to study
the gene-for-gene interaction in the potatoSolanum tuberosum)-Phytophthora
infestans pathosystem. The assay exploits the amenability pbtato for tissue
culture and the suitability of in vitro environment for late blight disease
development. In two experimental setups, the speiiity and reliability of the
new method was compared with the well-establishedethched-leaf assay. First,
four P. infestans isolates were tested for avirulence on a set d® gene
differentials. The two methods gave identical conabkions on avirulence profiles
of all isolates. Second, a population of 93 cloness phenotyped for segregation
of two closely linked and functionally distinct gees R3a and R3b- in the R3
locus. For each clone both methods resulted in phetypic scorings that were in
perfect agreement. Furthermore, the phenotyping ofhe population was fully
consistent with the genotyping obtained from analyis of molecular markers
that flank each gene. The new technique was found quick, space-effective,
and accurate assay and can be a new on-hand tool fimvestigation of the
qualitative interaction between potato andP. infestans.

Introduction

Late blight, caused biphytophthora infestans (Mont.) de Bary, remains the most
devastating disease of pota@l@num tuberosum L.) (Fry and Goodwin, 1997).
Many resistanceR) genes from wild relatives have been introgressead the
cultivated potato via sexual or somatic hybridizat{Black et al., 1953; Wastie,
1991; Helgeson et al., 1998). Most introgresRegknes are so-called major genes,
i.e. they display a strong resistance respons@. Wigsor genes for resistance occur
in wild Solanum germplasms (Colon and Budding, 1988), and thoséeca weaker
or partial resistance. The interaction between tposad P. infestans follows the
gene-for-gene model (Black et al., 1953; Flor, 19vdn der Lee et al., 2001).
Several majoR genes derived from wild species of potato &wd genes in the
oomycete pathogen were molecularly mapped (Geblaaditvalkonen, 2001; van
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der Lee et al., 2001). Recently, thiegenes have been cloned and were predicted to
encode R proteins with coiled-coil, nucleotide-bingsite, and leucine-rich repeat
domains. TheRB/Rpi-blbl gene derived fromS bulbocastanum confers a
race-non-specific resistanceRaonfestans (Song et al., 2003; van der Vossen et al.,
2003). TheR1l and R3a genes are both derived frof demissum and confer
race-specific resistance (Ballvora et al., 2002amtuet al. Chapter 4). TheR3a
gene and its closely linked but functionally distifitwin” gene, R3b, explain the
resistance specificity conferred by R@locus. Several labs plan to isolate more late
blight R genes using a map-based cloning strategy. Thasegly often requires to
reliably phenotype a large segregating populatimncieating a high-resolution
genetic map. For this purpose, an accurate and-thighighput disease testing
method is needed.

Many methods have been described to evaluate fakiarblight resistance,
including field tests, whole-plant greenhouse assg@tewart et al., 1983), and
laboratory tests on detached leaves (Lapwood, 19&Eshouwers et al., 1999),
leaflets (Malcolmson, 1969; Umaerus and Lihnell7@Ror leaf discs (Hodgson,
1961). The detached leaf assay is consideredablelmethod for quantification of
both major- and minor-gene resistances and is sixely used in laboratory studies
(Vleeshouwers et al., 1999). However, for solelynitaring major genes, such
extensive quantitative assays are not necessarthanefore, a quicker test should
be feasible. Plants for detached leaf assays ldwe grown in the greenhouse six to
eight weeks before inoculation. Another disadvaaiaiggreenhouse-grown plants is
that the response @ infestans of potato leaves can be affected by other diseases
such as powdery mildew, that is frequently obsereedpotato leaves in the
greenhouse. Especially in high throughput genomgisearch, a faster testing assay
is desirable.

Although potato is one of the most amenable plamtissue culture and the
high humidity and controllable temperature of theitro environment are suitable
for disease development finfestans (Tegera and Meulemans, 1985), to datémo
vitro experiment has been reported to study the spiegifiovolved in the
gene-for-gene interaction of potato aRdnfestans. In this study we describe the
development oin vitro inoculation as a routine method to study the adton ofR
genes from potato anmlr genes fronP. infestans. Using detached-leaf assay as a
control, we assessed the specificity and religbiit in vitro inoculation in two
experimental designs: (i) avirulence profiling efseralP. infestans isolates using a
set ofR gene differentials; (ii) phenotyping of a poputatithat segregates for tR8
locus and confirmation by molecular marker analydike results from both
experiments proved that vitro inoculation could serve as an efficient and rééiab
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alternative for the detached-leaf assay when magistance genes and their cognate
avirulence genes are concerned.

Table 1.The plant material used in this study and theinkm® genes td. infestans.

Clone Known R gene Identity

MaR0? None potato cv. Bintje

MaR1 R1 CEBECO 43154-5

MaR2 R2 CEBECO 44158-4

MaR3 R3a, R3b " CEBECO 4642-1

MaR4 R4 CEBECO 4431-5

MaR5 R5 Black 3053-18

MaR6 R6 Black XD2-21

MaR7 R7 Black 2182 ef (7)

MaR8 R8 Black 2424 a (5)

MaR9 R9 or R1R2R3R9° Black 2573 (2)

MaR10 R10 Black 3681 ad (1)

MaR11 R11 Black 5008 ab (6)

RH89-039-16 (RH) None Paternal clone of the RH x SH R3 mapping population
SH83-92-488 (SH) R3a, R3b Maternal clone of the RH x SH R3 mapping population

& The Dutch differential set for profiling virulenad P. infestans isolates is designated as RGaR11.
MaR1-MaR4 were developed by Dr. C. Mastenbroek, the ofRefifferentials are identical to the
Scottish differential set, developed by Black anleegiues (1953; 1966).

b Huang et al. (2004)

¢ Malcolmson and Black (1966)

Results

Determination of inoculum concentration /n vitro

Inoculum concentration is an important factor tlain influence the disease
development (Stewart, 1990). An optimal inoculummaantration forin vitro
conditions has to be determined. In a concentragenal experiment with
P. infestansisolate IPO-0n vitro, we inoculated zoospore suspensions of 0.5, 1, 2.5
5 and 10 x 1&spores/ml on the resistant SH83-92-488 (SH, Thbémd susceptible
Bintje and RH89-039-16 (RH, Table 1). The inoculaomcentration of 0.5 x 10
spores/ml resulted in suboptimal disease developrieerBintje and RH. At the
concentration of 10 x 10spores/ml, SH gained intensive sporulation ontfated
leaves as saprophytic growth on the HR-caused fietissue, and lesions spread to
uninoculated leaves. Occasionally, spores droppédrg/celium started growing on
the medium (Fig. 1). The intermediate concentratjmve a clear phenotypic
separation between resistant and susceptible gesmtyWe thereafter chose
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2.5 x 10° spores/ml as the standard inoculum concentratioimivitro inoculation,
half the amount as for detached leaves.

The first disease symptoms or defense respons@s wiro plantlets were
generally visible at three to five dpi, dependingtbe interacting potato genotype
andP. infestans isolate. The final scoring took place at six tghtidpi when a clear
distinction between susceptible and resistant ggestcould be observed.

Compatible and incompatible interaction phenotypes on in vitro
plantlets

In a compatible interaction, the inoculated ledrss turned to the abaxial side and
lesions could be observed on the adaxial sidesdinibculated leaves at three to five
dpi. The lesions gradually spread across the einti@ilated leaves, to their petioles,
to stems, to uninoculated leaves, and eventuadlytiole plantlets (Fig. 1). At six to
eight dpi, depending on the level of susceptibitifythe potato genotype and the
agressiveness of the infestans isolate, compatible interactions were scored as
interaction class 1 (spreading lesion with massp@rulation) or class 2 (spreading
lesion with no or little sporulation). In both ct&s, the degradation of stems often
caused the dropdown of the upper part of the m#ind the spreading lesions
eventually caused the death of the inoculated lgtenivithin two weeks.

MaR7

89148-9

Fig 1. Compatible and incompatible interaction observethaitro plantlets. Thén vitro plantlets of
MaR0 and M&7 inoculated withP. infestans isolates 89148-9 (race 0) and H30P04 (race 3asixa
dpi. A race-specific resistance response occurredvieR7 leaves upon inoculation with isolate
89148-9 (HR). A small plug of mycelium (M) is growiron the surface of the medium. Extensive
sporulation (S) or massive lesion (L) developmeas woted on the three compatible interactions.
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The phenotype of an incompatible interaction otippeared at two to four
dpi. Plantlets showing no symptom or localized Hke-Inecrosis were scored as
class 5 (Fig. 1), while those with trailing HR nesis but limited to the inoculated
leaf were scored as class 4.

Rarely, intermediate phenotypes between compadiideincompatible ones
were observed, such as either sporulation on iatedlleaves or lesions spreading
to only the upper part of the plantlets without rspation. These interaction
phenotypes were scored as class 3.

A typical differential interaction betweef.infestans and potato was
observed omn vitro plantlets (Fig. 1). The combination BY andAvr7 displayed a
resistance phenotype with localized HR necrosidievthe other three combinations
showed susceptible phenotypes, either as massivelapon or as spreading lesion
with little sporulation (Fig. 1). This result waenfectly consistent with the result
obtained by using detached-leaf assay with the gmteto clones anB. infestans
isolates (data not shown).

Table 2.Avirulence profiling ofP. infestans isolates GER8601, 99018, 91001, and 89148-27 witih b
invitro (I) and detached leaf (D) assays. The phenotydebds (in parenthesis) of all
differential-isolate combinations are shown andabasions on the avirulence profiles are made.

GER8601 89148-27

Differential I D I D
MaR0 S (1) S (1) s() S @) s@) S s() S (1)
MaR1 S S sS@W S RG) R(5) R (5) R (5)
MaR2 R (5) R (5) R (5) R (5) R(5) R(5) R (5) R (5)
MaR3 R (5) R (5) RG) R@ RGB) R(5) S S
MaR4 R (5) R (5) s () S @) R(5) R(5) R (5) R (5)
MaR5 R (5) R (5) R (5) R (5) R(B) R(5) R (5) R (5)
MaR6 R (5) R (5) R (5) R (5) R(5) R(5) R (5) R (5)
MaR7 R (5) R (5) RG) R@ S@ S S S
MaR8 R (5) R (5) R (5) R (5) R(5) R(5) R (5) R (5)
MaR9 R (5) R (5) R (5) R (5) R(B) R(5) R (5) R (5)
MaR10 R (5) R (5) R (5) R (4) R(@) R(5) R (5) R (5)
MaR11 R (4) R (5) nd R (4) R(B) R(5) R (4) R (5)
Conclusion race 1 race 1 race 1.4 racel4 race7 race7 3;?;:;7 3:;?7

Avirulence profiling

The avirulence profiles of fou?. infestans isolates GER8601, 99018, 91001, and
89148-27 were determined on both detached leavésnavitro plantlets of the
differential set (Table 2). Scoring was conductédb@h quantitative level using
disease index (DI) and qualitative level using ¢hekasses: susceptible (S,D2.0),

35



Chapter 2: in vitro inoculation |

guestionable (Q, 3.0 < DI < 4.0), and resistant¥Rz 4.0).

Identical conclusions were drawn for all four idely thus for qualitative
resistance scoring, the vitro vs. detached leaf results are fully matching (@&l
The data were also analyzed quantitatively. Idah8cores were obtained for each
isolate with the two methods for most differentiaed only in a few combinations,
minor quantitative differences were found in DI$tliese, three gave a higher DI on
detached leaves than orvitro plantlets and five were the opposite, not sugggsti
directional bias between the methods. Statisticalysis on DIs revealed that there
was no significant difference between the two mesh¢(R=0.971 for regression
coefficient analysis anB=0.710 for two tailed T test).

Phenotyping and genotyping of the R3 locus on a segregating
population
The detached leaves aimdvitro plantlets of SH and RH, the parental line of R3%
segregating population, were inoculated more tleantimes with two diagnostic
P. infestans isolate IPO-0 (3b) and H30P04 (3a.7). Consister8iy displayed a
typical localized HR reaction that was visible htee dpi, while RH obtained
intensive sporulation at five dpi, confirming ouepious observation that SH carries
both R3a and R3b and RH is susceptible (Huang et al., 2004). ThHearty
demonstrated that tHe3a andR3b genes in SH are active in both detached leaves
andin vitro plantlets.

We then investigated the reliability of thevitro assay by phenotyping the
R3a andR3b resistance using an SH x RH population of 93 gldntvitro plantlets
of the entire population and a subset of 33 plame inoculated withr. infestans
isolate IPO-0 and H30PO04, respectively. For consparithe entire population was
phenotyped for both isolates with the detached dsafy. To simplify the scoring,
only qualitative scoring were conducted on the patan using the same criteria as
with avirulence profiling. In the population, 53imiduals were susceptible and 33
were resistant to both isolates. One plant (Tabler8geny type 2) displayed a
differential response both on detached leaves iandtro plantlets. In all 126
observations, none gave a difference between tbemethods, indicating thain
vitro inoculation is reliable in phenotyping a large n@mbf individuals (Table 3).

To confirm the result of phenotyping, we genotypled whole population
with the molecular markers cLET5E4 and GP185 flagk3a and PCAMATA_4
and EATCMAGC_15 flankindR3b (Huang et al., 2004). No recombination was
found between CcLET5E4 and GP185 or between PCAMATAand
EATCMAGC_15 in the population, indicating that cLEH4 and GP185 were fully
diagnostic for the presenceR®a, and so were PCAMATA 4 and EATCMAGC_15
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for R3b. All 59 plants that were susceptible to the twadages lacked the ‘resistance’
alleles of the four markers, while these ‘resistaratleles were present in all 33
plants that were resistant to the two isolates. &jig Marker analysis also confirmed
the differential response of the single recombidaut as being associated with the
absence of the ‘resistance’ alleles onR3a flanking markers and the presence of
the ‘resistance’ alleles on the8b flanking markers (Table 3, Fig. 2). These data
clearly demonstrated that thHe vitro assay could reliably phenotype a large
segregating population and accurately display neitiog specificities of potat®
genes to the interacting oomycete pathogen.

Table 3.The SH x RHR3 population was inoculated with infestansisolate IPO-0 and H30P04 using
both the detached-leaf assay (D) andithatro assay (). Parental clones RH and SH were inclirded
the analysis. The individuals of the population evelassified into three progeny types (PT), and the
number of individuals within each PT is indicated.

P. infestans isolate

IPO-0 (3b) H30P04 (3a.7)

D D
RH S S S S
SH R R R R
PT1 S S S S 3
S S S nd 56
PT2 S S R 1
PT3 R R R 29
R R R nd 4
Total 93
RH SH PT1 PT2 PT3 -Genotype
S R S S R -IPO-0 resistance
S R S R R -H30PO04 resistance
B e SEENSR RSN Se—
nﬁ GP185
= - - - - -
— ———
- - =<— PCAMATA_4
| - - e
- - - «-<+—EATCMAGC_15

Fig 2. Genotyping of the three progeny types (PT) in $f#ex RHR3 mapping population and the
parental clones RH and SH with four molecular maaket ET5E4 and GP185 are flankiRga and
PCAMATA_4 and EATCMAGC_15 are flankinB3b. The markers are indicated at the right with an
arrow pointed to the polymorphic band. The phenesypf plants after inoculation with infestans
isolates IPO and H30P04 are indicated.
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Discussion

In this study, we developed tlie vitro assay as a routine method for monitoring
major R genes in potato and their correspondfg gene inP. infestans. We
observed perfect correlation between tie&y method and the control detached leaf
assay and concluded that ilmevitro assay can be a new on-hand tool to study the
gene-for-gene interaction between potato Rndfestans.

Compared to a detached-leaf assay, vitro inoculation has several
advantages. First, healthy and uniformvitro plantlets are used, minimizing the
influence of the physiological condition of leavesd interference of other
pathogens such &sysiphe spp (powdery mildew) in assessment of the resistain
genotypes tested. Second, experiments can be planoee flexibly because of the
immediate availability of plant materials and thimimal spaces needed for testing.
On the other handin vitro inoculation also has its limitations. It can na b
conveniently used to study the quantitative asp&fqietatoP. infestans interaction,
where quantitative parameters should be used,atdsion growth rate (LGR) and
infection efficiency (IE) (Vleeshouwers et al., BJ9LGR is too difficult to measure
oninvitro plantlets, although IE scoring would be possiblétayeasing the number
of plantlets. However, in such a scenario, the athge of fast-testing would be
strongly reduced. When plant materials are notlahla in vitro, it is tedious to
bring themin vitro. For high-throughput phenotyping, this is not aljpem since
seeds of a segregation population can be steritimeldsowrin vitro.

The gene-for-gene specificities were genuinely uaoed with then vitro
assay, using the standard detached leaf assaptasi¢dable 2). Both methods gave
identical avirulence phenotype of each of the fBunfestans isolates tested. We
also compared the two methods with potato clonesatHRH on more than ten
isolates and found no difference between the twahaous (data not shown).
Furthermore, we demonstrated thiat vitro inoculation could sophistically
determine the distinct resistance specificitieR2# andR3b (Table 3). To date, R
gene has been found to be detached leaf specificvitro plantlet specific.

Individual R genes respond with their own specific effectivenes
(Vleeshouwers et al., 2000). StroRggenes, such a8l (Stewart and Bradshaw,
2001) always show a full resistance to avirulenhfestans isolates, whereas weak
R genes, such aR10 andR11, often confer less complete resistance to avitulen
isolates (Turkensteen, 1987; Vleeshouwers et@DQ2Stewart and Bradshaw, 2001;
van der Lee et al., 2001). The level of effectivemef individualR genes in the
differentials is correlated with their behavior lviespect to the four isolates used in
the study (Table 2). The wedkgenes were more difficult to phenotype than the
strong ones both on detached leaves arid aitro plantlets. This might account for
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the slight quantitative difference between the methods on phenotypirfg/, R10,
andR11 as observed in this study.

The reliability of thein vitro assay was tested on ti8 segregating
population with two isolates. None of the 126 ggpetisolate combinations
displayed a difference between the new method laddantrol. We concluded that
thein vitro assay is a reliable alternative for detachedtlests. It provides a novel
high-throughput resistance testing techniquP. afifestans in potato.

Materials and Methods

Plant material

Plant material used in this study is listed in bl All plant material was maintained on Murashige
and Skoog (MS) medium supplemented with 30 g per $ucrose (MS30) at 24°C and 16 h light/8 h
dark. For propagation, single node cuttings weaedferred to fresh MS30 medium.

The preparation of plant material for detached laafays was previously described
(Vleeshouwers et al., 1999). To prepare plantletsrf vitro inoculation, fresh shoots were cut and
transplanted to glass jars (d=10 cm) or plasti& (@=15 cm). Each jar contained five cuttings. Aty
three cm space was left between plantlet and ther iwall of jars. Plantlets with three to four full
developed leaves were used iforitro inoculation. Depending on the potato genotypmak two to
four weeks from transplanting to inoculation. Gexfigr it took about six weeks fon vitro sown seeds
to develop enough leaf material for both DNA isimiatand inoculation.

Phytophthora infestans isolates, maintenance and inoculum preparation

P. infestans isolates used in the study are listed in Tabl&fide maintenance and preparation of
inoculum preparation was performed under sterileddmns, according to previous protocols
(Vleeshouwers et al., 1999).

Table 4.P. infestans isolates used in this study, their avirulence spetand experiment in which they
were used. IPO-0 was kindly provided by W. Flidar®® Research International, The Netherlands, the
other isolates were kindly provided by F. Goverag@hingen University, the Netherlands.

Isolate Race Experiment
89148-09 0

GER8601 1 Avirulence profiling
99018 1.4 Avirulence profiling
91001 7 Avirulence profiling
89148-27 3a.3b.7 % Avirulence profiling
H30P04 3a.7? R3 phenotyping
IPO-0 3b® R3 phenotyping

#Huang et al. (2004)

Inoculation and resistance scoring
Detached leaves were spot-inoculated with a zoespaspension of 5 x fGpores/ml, as previously
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described (Vleeshouwers et al., 1999). For @aghro plantlet, the three largest leaves were inoculated
with a zoospore suspension of 2.5 X $pores/ml (one spot per leaf) by applying 10 pptéts on the
adaxial side using a continual pipetter (EPPENDQRImburg, Germany). Leaves touching the inner
wall or the lid of the jars or the medium were exigdd because we found that these leaves were more
susceptible than others of the same plants. Thaulated detached leaves andiitro plantlets were
incubated in a climate chamber at 15 °C, 16h/8liniglyt regime.

At six days postinoculation (dpi), the disease in(2) was determined on detached leaves by
using a five point (1 to 5) scale in which 1 copmsds to spreading lesions with massive sporulation
and 5 corresponds to no symptom or dark localizsztasis (HR). The other ratings correspond to
intermediate classes of symptoms. Generally, twopmund leaves, each five leaflets per leaf, were
examined for each isolate-potato genotype comlainalihe scoring ah vitro inoculation was similar
to that of a detached-leaf assay except that theofinbservation wagplantlet instead ofleaflet. Ten
plantlets in two jars, five per jar, were scoredtlos 1-5 scale for each interaction.

Molecular marker analysis

DNA was extracted fronm vitro plantlets using a high throughput method (Huangl.e2004). Two
cleaved amplified polymorphic sequence (CAPS) markatET5E4 and GP185, which define a 0.25
cM interval that spanf3a, and two amplified fragment length polymorphismF{&) markers,
PCAMATA_4 and EATCMAGC_15, which define a 0.25 cM im&l spanningR3b, were used for
genotyping thd=3 locus. The PCR conditions were described previolisliang et al., 2004).

Statistical analysis
Regression coefficient analysis and paired samppéssts-were conducted to examine whether there is a
difference between DIs obtained from the detachafldssay and tha vitro assay.
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The R3 resistance to Phytophthora infestans in potato
is conferred by two closely linked R genes
with distinct specificities

Sanwen Huang, Vivianne G.A.A. Vleeshouwers, Jef®ewWerij,

Ronald C.B. Hutten, Herman J. van Eck, Richard &isser, Evert Jacobsen

Abstract

The R3 locus of potato Solanum tuberosum L.) confers full resistance to
avirulent isolates of Phytophthora infestans, the causal agent of late blightR3
resides in the distal part of chromosome 11 and sesgates in a potato mapping
population, from which a well-saturated amplified fagment length
polymorphism (AFLP) map is available. Using a popudtion of 1748 plants, we
constructed a high-resolution genetic map at theR3 locus. Using the
combination of fine-mapping and accurate disease $&8ng with specific
P. infestans isolates, we detected that th&3 locus is composed of two genes
instead of one, with distinct specificities. The tew genesR3a and R3b, are 0.4
cM apart and have both been introgressed fromS. demissum, the ‘donor’
species of most characterized race-specifR genes toP. infestans. A natural
recombinant between R3a and R3b was discovered in one accession of
S. demissum. The synteny between theR3 locus and the tomatol2 locus is
discussed.

Introduction

The central dogma of molecular plant pathologyhés gene-for-gene model, which
states that, for every dominant resistan&® @ene in the plant, there is a
corresponding dominant avirulenc&x) gene in the pathogen (Flor, 1971). The
presence of matching gene pairs controls the owcofthe interaction of many
pathosystems (Thompson and Burdon, 1992), includlirginteraction between
potato Solanum tuberosum L.) and its oomycete pathog@&mytophthora infestans
(Black et al., 1953; van der Lee et al., 2001)okotlary of the gene-for-gene model
is that receptors encoded Bygenes can directly or indirectly perceive the patdu
of correspondingvr genes, enabling recognition of the pathogen ahdexuent
elicitation of an array of plant defense resporitkas eventually lead to resistance
(Keen, 1990; Dangl and Jones, 2001). In many cabes,induced defense is
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manifested as a hypersensitive response (HR) whiahsociated to a programmed
cell death at the initial site of infection (Mor@hd Dangl, 1997). Unexceptionally,
HR was found to be associated with all forms oistasce td. infestans, including
race or cultivar-specific resistance, partial resise, and nonhost resistance,
indicating that recognition occurs independentlyhaf type of resistance (Kamoun
et al., 1999; Vleeshouwers et al., 2000). To urtdadsthe mechanisms underlying
recognition, it is essential to isolate the intéragzgene pairs from both the host and
the pathogen. For this purpose, single domifagenes anéwvr genes are preferred
because they are genetically more accessible.

Late blight, caused b. infestans, is the most devastating disease for potato
production worldwide (Fry and Goodwin, 1997). Resise conferred by dominant
R genes is easier to manipulate than quantitatisistesnce. A number &t genes for
late blight resistance have been introgressed foith relatives into cultivated
potato through sexual and somatic hybridizatiorm&af these have been mapped
to the potato genome through linkage to specificADiarkers (Gebhardt and
Valkonen, 2001). Recently, two of them have beeneaill. One i1, a race-specific
R gene originating fron. demissum (Ballvora et al., 2002). Another iRB or
Rpi-blbl, which confers broad-spectrum resistance and idveatke from S
bulbocastanum (Song et al., 2003; van der Vossen et al., 20B8jh genes are
members othe R gene class predicted to encode receptors withccoird (CC),
nucleotide binding site (NBS), and leucine-richeap(LRR) domains (Ballvora et
al., 2002; Song et al., 2003; van der Vossen g2@a03).

Previously,R3 was mapped as a single dominant locus on the diatalof
the short arm of potato chromosome 11, closelyelihto restriction fragment length
polymorphism (RFLP) markers GP250A, GP185, and TBAW(E&I Kharbotly et al.,
1994). The short arm of chromosome 11 in potatsyigenic to the long arm of
chromosome 11 in tomato (Tanksley et al., 1992;d>enal., 2000). Like many
otherRloci, R3resides in a hot spot for resistance to variousquggns. A number of
major R loci and quantitative trait loci (QTL) for resistamfrom Solanaceae crops
have also been anchored in the same region (Grtudle 2000; Pan et al., 2000),
including another twd. infestans resistance geneRp andR7 (El Kharbotly et al.,
1996). To date, the tomal@ gene that confers resistanceéFasarium is the onlyR
gene cloned from this region (Ori et al., 1997a@&is et al., 1998).

In this report we describe the construction ofghkiesolution genetic map of
the R3 locus using the saturation from the ultra-high @éepstato map with over
10,000 amplified fragment length  polymorphism  (ABLP markers
(http://www.dpw.wageningen-ur.nl/uhd) and the reioh from a large segregating
F1 population. Interestingly, two functiorRigenes instead of one were found at the
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locus and they displayed a differential reactiorstone well-defined®. infestans
isolates. The occurrence of tdgenes at th&3 locus was confirmed in a natural
population ofS. demissum. The colinearity between tomato and potato in&ggon
of chromosome 11 enabled the developmerR®bflanking markers from tomato
sequences and the association of the locus witl2tleeus of tomato.

Table 1.Plant materials used in this study.

. Known
Clone Abbr. Species Remark
R Gene
RH89-039-1 RH S. tuberosum None Paterr'1al clone 'Of the RH x SH R3
6 mapping population
SH83-92-48 Maternal clone of the RH x SH R3
SH S. tuberosum R3 . .
8 mapping population
Paternal clone of the J91-6164 R3
Esc.42 Esc S. tuberosum R1, R3 mapping population 7 introgression
study
Maternal clone of the J91-6164 6164
84-1031-29 1031 S. tuberosum None R3 mapping population; introgression
study
J91-6164-21 6164 S. tuberosum R3 A progeny of J91-6164; introgression
study
Common ancestor of Esc and SH; syn.
Reaal Reaal S. tuberosum R1, R3 b, - . Y
to 4768-15 ; introgression study
Mastenbroek The R3 differential developed by
R3 MaR3 S. tuberosum R3 Mastenbroek; syn. to CEBECO 4642-1
c
1024-2 1024 S. tuberosum None Introgression Study
CE-10 CE S. tuberosum None Introgression Study
Katahdin KA S. tuberosum None Introgression Study
. R1, R2, R3, One of the R3 donor accessions;
CGN17810 17810 .
S. demissum R4, R7, R8 introgression study
CGN18313 18313 S. demissum None® Introgression study

2El Kharbotly et al. 1994

P Mastenbroek 1953

van der Lee et al. 2001

9 this study revealed that 18313 cariRsh (Fig. 4).

Results

Identification and localization of R3in the ultra-high dense map

R3 was previously mapped on the distal part of chsonee 11 by using a diploid
segregating population, J91-6164, which was derfirad the cross between Esc.42
(Esc, Table 1R1r1, R3r3) and 84-1031-29 (1031, Table rir1, r3r3). Esc is a
dihaploid derivative from potato cv. Escort (El Kbatly et al., 1994). SH83-92-488
(SH, Table 1), the maternal clone of the mappingutettion of the ultra-high dense
map (http://www.dpw.wageningen-ur.nl/uhd), sharssgenetic background with
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Escort. Pedigree information revealed that both &id Escort descended from
potato cv. Reaal that carried andR3 (Table 1, Mastenbroek 1953).

Table 2. PCR markers used in this study and listed accoririgeir position on the high-resolution
map. Their Bin position, phaseR3 (C for coupling and R for repulsion), primers, appmate size of
amplified fragment on genomic DNA of SH, and redion enzymes to detect polymorphism are
indicated.

Fragmen

Tm Restrictio

n enzyme

Marker i Primer (5'-3") t size

O

(bp)
GCT AAG CTG GGATTG TTG TCT \
St3.311 46 C 52 380 as.
TAC TGT GCC ACC CGT TGA G

CCAGGCATG CTCAATTTGGAGT
CLET5E4 65/66 C 55 310 Hhal
TTC CCT GTT TGG ACT ACT TGT GGA

GCT CAT TCG ACT TAAAGG TTG TTG  g0.52
St1.1 65/66 C . 450 Haelll
GGC AGC TCC CAT ATT TCACTT CTC

TCA CAT GAG CTG GGA GAAAT
TG105 65/66 C 54 650 Hinfl
AAAGGC CTGTTG CTGAGAG

ACC AGT AGG ACC ACC ACC AAC AAT 60-52

GP250 65/66 C  GAT CGT GAC GGC TCTACT CTT a 410 Vspl
TTATGA

GTT CAT GAT TGT GAATGC TC b
STMO0025 65/66 C 59 170 a.s.
ATG ACT CAACCC CAAATG

CTG GTA ATA GTA GTA ATG ATT CTT

GP185 65/66 C CGTC 54 440 BstUl
TTG TTC AAT GGA GCA CTT GC

GAG AGG GGACACTTTTATTTATTCA b
TG26 65/66 C 49 1600 a.s.
GAGATC TTCCCG CCGCTG TG

CGA GGG GGC GAAGGATT
CT120 67 R 52 360 Tsp509I
CCATGA GAT AAACGA GGAACCAGT

#touchdown PCR with Tm gradually decreasing fronf&Qo 52°C
® allele specific.

To verify whether this genetic background incluiR8sso as tcenable the
utilization of the global coverage with AFLP markem the ultra-high dense map,
we analyzed the resistant clones SH, J91-6164-264(6Table 1), Reaal, and
susceptible clones RH89-039-16 (RH, Table 1) arg®l Mith PCR markers GP250,
TG105 and STMO0025 (Table 2). The clone 6164 is @ygmy of the previous
mapping population J91-6164 (El Kharbotly et al94p It carries onl\R3 but not
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R1. RH is the paternal clone of the population of th&a-high dense map. In
J91-6164, GP250 and TG105 mapped as RFLP markerpraximal toR3 (El
Kharbotly et al. 1994). STM0025 is 5 cM distal t€250 (Milbourne et al., 1998).
The band pattern of all the three PCR markers sigdehat at thB3 region all the
resistant clones carry a genomic fragment, whidtigatical-by-descend (Fig. 1A).

To confirm the presence &3 in SH, we characterized SH, 6164, RH, and
1031 for race-specific resistance with a paneP.dhfestans isolates (Table 3) on
both detached leaves and vitro plantlets. SH and 6164 displayed a typical
hypersensitive response when inoculated Wwitimfestans isolates 89149-9, IPO-0,
and H30P04 (Table 3), which were all avirulentheR3 differential, Mastenbroek
R3 (MaR3, Table 1, van der Lee et al. 2001). Both SH ah@46exhibited full
susceptibility toP. infestans isolates 89148-27 and 90128 (Table 3), which ath b
virulent on Md&3. Control clones RH and 1031 were susceptiblellttha five
isolates (Fig. 1B). This demonstrated that SH earanR gene (genes) with the
same specificity aR3.

Table 3.P. infestans isolates used in this study and their virulenadijgs before and after this study.

Virulence profile

Isolate Before this . Source
After this study
study

F. Govers, Wageningen
89148-9 0 0 Univerisity,
The Netherlands
W. Flier, Plant Research
IPO-0 0 3b International,
The Netherlands

H30P04 7 3a.7
F. Govers, Wageningen
soae2r 37 3a.3b.7 Univerisity,
The Netherlands
90128 1.3.4.6.7.8.10.11 1.3a.3b.4.6.7.8.10.1

1

To test whether thi infestansresistance in SH is inherited as a sirfRgene,
we examined the segregation for resistance in #ygping population (SH x RH) of
the ultra-high dense map (http://www.dpw.wageningenl/uhd). We inoculated
the population withP. infestans isolate IPO-0. The distinction between the renista
and the susceptible phenotypes was clear, i.e.retfistant individuals showed a
dark localized necrosis (HR) at three to four dpgst-inoculation (dpi) while the
susceptible ones gave extensive sporulation atifiver his suggested the resistance
was controlled by major gene(s). In a total of if8ividuals tested, 46 were
resistant and 62 were susceptible, which fittedMleadelian 1:1 ratio. Although the
segregation slightly skewed toward susceptibilitg ratio supported the inheritance
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of a single dominariR gene §° = 2.37; 20.1).

Subsequently, thB3 locus was mapped to the distal part of the stromtat
chromosome 11 on the ultra-high dense AFLP mapfircaing the previous map
position in J91-6164 (El Kharbotly et al., 1994udto the limited population size
(n=130), the over 10,000 AFLP markers cannot baliped individually. Instead of
“centi Morgan” (cM), the genetic distance unit fbe ultra-high dense map is “Bin”.
ABin is defined as a genetic interval flanked lng@ombination event on either side.
All markers within a Bin are cosegregating. Thegnof a Bin is a genetic interval
of ~0.8 cM (=1/130)R3 was mapped in either Bin SH11B65 (65) or 66. Duthe
loss of the diagnostic plant that could separagsd¢hwo neighboring Bins, we can
no longer precisely plade3 to one of the two Bind3 therefore cosegregates with
all the markers mapped in the combined Bin 65/@6, GP250, TG105, STM0025,
and 43 cosegregating AFLPs. Bin 67 is the mostdBin of the short arm of
chromosome 11. Based on pedigree information, markaysis, inoculation results
and genetic mapping, we conclude that SH caR&s

A

Clone M B RH SH 1031 6164 Reaal M

Phenotype § R S§ R

350bp GP250

R

350kp: TG105

STM0025

Fig. 1. Molecular and biological evidence for the preseofde3 in SH.

A. Analysis of the genomic DNA from RH, SH, 1031, 61&dd Reaal with markers GP2505(l),
TG105 @Hinfl), and STM0025. The phenotype (R-resistant, Saptble) of these clones inoculated
with P. infestans isolate IPO-0 is indicated. The sizes of polymargiands are indicated on the left.
DNA size markers are indicated as ‘M’ and blanktooiras ‘B’.

B. A gene-for-gene interaction of potato adnfestans. RH and SH leaves inoculated with isolates
IPO-0 (race 0) and 90128 (race 1.3.4.6.7.8.10fil&)dpi. A race-specific resistance response aeclr
on SH leaves upon inoculation with IPO-0 (HR). Esfea sporulation (S) was noted in the other three
compatible interactions.

Screening for informative recombination at the R3 locus

For high-resolution mapping d®3, it was essential to define the order of those
cosegregating markers with meiotic cross-overs. applied a flanking marker
strategy to screen for recombination events arabhedR3 locus (Tanksley et al.,
1995). Instead of laborious analysis with AFLP neaskavailable from flanking
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Bins, we took advantage of the colinearity betwemmato and potato at tHe3
region of chromosome 11 (Tanksley et al., 1992; et al., 2000) and the
sequences of known RFLP markers from the two spedoiglevelop easy-scoring
PCR markers.

Based on their position, markers cLET5E4, TG26, ZOr'rom tomato and
St3.3.11, Stl1.1, and GP185 from potato were chfiseRCR marker development
(Table 2). St3.3.11 was mapped in Bin 46, aboutM6proximal to theR3 locus.
Like GP250 and TG105, cLET5E4, GP185, St1.1, and6l¢»-localized withR3in
the ultra high dense map and then were mappedie®B66. After testing with 250
additional SH x RH plants, we mapped the markerT@HE4 proximal to theR3
locus with three recombinants between the marketlamlocus. CT120 was placed
in Bin 67 and in repulsion tB3. It served as a distal flanking marker. Therefte,
cLET5E4-CT120 interval spans a genomic region i#R3 locus in the center. We
used these two markers for recombinant screenid@48 SHxRH progeny (Fig. 2).
Out of these, we identified 34 recombinants indhET5E4-CT120 interval.

RB SB SH x RH Progeny

cLET5E4
220bp —=

o m o

Fig. 2. Screening for recombination events neaRBéocus in the SH x RH progeny with two flanking
markers, cLET5E4Hhal) and CT120Tsp509l). The sizes of the diagnostic bands are ineiican the
left. RB, resistant bulk consisting of 20 resistahnts; SB, susceptible bulk consisting of 20
susceptible plants. The presence of the 220 bp bRadET5E4 is associated with the absence of the
320 bp band of CT120 in all progeny, except in theombinants. The right lane (*) shows a
recombinant pattern.

Detection of two R genes at the R3 locus

The resistance phenotype of the 34 recombinants dedermined with the
P. infestans isolates 89148-9, H30P04, and IPO-0, which allehan incompatible
interaction with SH. Twenty-six recombinants weiteer resistant or susceptible to
all the three isolates. Surprisingly, we found tleenaining eight recombinants
differed in their response to H30P04 and IPO-0. Bixthese, SW8536-18,
SW8537-033, SW8539-004, SW8540-025, SW8540-054,3AN8540-309, were
resistant td?. infestans isolate IPO-0 and susceptible to isolate H30PU#lenthe
other two recombinants, SHRHC8-#130 and SW8540-825¢ just the opposite,
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i.e., susceptible to IPO-0 and resistant to H30R04hese eight recombinants were
resistant to 89148-9. The differential reactionthie isolates was confirmed with
repeated inoculations using detached leavesravitto grown plantlets (Fig. 3).
The recombinant SHRHC8-#130 is from the mappingufaipn RH x SH of
the ultra-high dense map and it has a cross-ovieicLET5E4-CT120 interval. To
exclude the possibility of a second locus thabiswithin the interval and affects the
resistance t®. infestans isolate H30P04, we inoculated the mapping popuiafH
x SH with H30P04 as we previously did with isol#€©-0. None of the 108 plants
tested but SHRHCO08-#130 displayed a differentiactien to these two isolates.
Genetic mapping revealed that resistance to isél&@P04 in the population was
inherited as a singlR gene and was mapped within the cLET5E4-CT120vater
No additional genetic component outside the intesffected the phenotype.

SW8540-325

H30P04

Fig. 3. Phenotype of differential resistance response dpiéwith P. infestans isolates IPO-0 and
H30P04 onin vitro plants. SW8540-025 is resistant (HR) to IPO-0 anduisceptible to H30P04 as
shown by the sporulating lesions (S). SW8540-32kvstthe opposite response.

All the 34 recombinants in the cLET5E4-CT120 intdrwere subjected to
characterization with all molecular markers frorn@/66 and Bin67. The eight
recombinants that showed a differential responge itffestans isolates IPO-0 and
H30P04 were found to carry a cross-over in the GF2ATCMAGC_15 interval,
which is a sub-interval of the cLET5E4-CT120 intdr(Fig. 4AB). The remaining
26 recombinants that were either resistant or guitte to both isolates did not have
a cross-over in the sub-interval. The marker patéthe 34 recombinants indicated
that the difference in isolate specificity was doeross-overs between two closely
linked R genes with distinct resistance spectra.
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B C

>

cLETSE4
EAGAMCTA _254 .9
PACMATG_248.9

EAGTMCTT_164.8
PCAMAGC_12

EACTMACG_16
EATCMCAC_269.9
St1.4

PAGMAAG_172.3

PAGMAGA 1969
ERGTMCAT 2392
PAGMATG_489.0
PCTMACT 2203
16105

STMO025
EAAGMACG_44
EACGMAGA_B
PACMATA_3455
PAGMAAG_343.0
PATMAGC_456.5
PATMAGC_470.7
PCAMAGC_16
PCTMAAG 116.3
ERCOMCAA 10 |
PACMATC_264.1

EATCMAGC_15
EAACMCGT_139.2
EATCMCAC_3
PCAMACT_24

CT120

Fig. 4. High-resolution genetic map &3a andR3b.

A. Graphical genotypes of the susceptible bulk (SBy dpar), the resistant bulk (RB, black bar), and
the eight SH x RH progeny which displayed a difféisdnresponse to H30P04 and IPO-0. The
transition of black and grey indicates a cross-over

B. The high resolution map of th@3 locus. The Sub-bins are numbered from one to 34 in
proximal-distal order. The Sub-bins filled with rkar(s) and/or gene are shown with black background
and white font. The dotted lines indicate the pos# ofR3a andR3b on the genotypes listed in A and
C. Graphical genotypes of Reaal and t&alemissum accessions, 18313 and 17810. Reaal and 17810
are identical with RB. Two dotted lines, splittingtBhin 18 and 20, indicate the interval of suscégtib
“island” at 18313. Marker CT120 was not investigdtethe three clones because it is a repulsionghas
marker.
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The data on isolate specificities, mapping, and kerampattern clearly
demonstrated that the phenotypdR8fresistance in SH is conferred by two closely
linked Rgenes. Hereby we designate therR3sandR3b. R3a confers resistance to
isolate IPO-0 and not to H30P(R&3b vice versa. Both genes confer resistance to
isolate 89148-9. Associated with the nominationR3& and R3b, we can now
designate IPO-0 as race 3b and H30P04 as raceTde Tsolate 89148-9 is still race
0 in this scenario (Table 3).

Construction of a high-resolution map at the R3 locus

The 34 recombinants identified from the cLET5E4-20 interval from the 1748
SH x RH plants divided the interval into 35 SubgbRig. 4B). The genetic length of
a Sub-bin is equivalent to ~0.05 cM (=1/1748). Tasolution achieved with the
high-resolution map of thB3 locus is 16 times higher than that of the ultrghhi
dense map (0.05 cM versus 0.8 cM). A total of 33emdar markers (27 AFLP
markers and eight PCR markers) from the intervakevessigned to the Sub-bins.
The distribution of cross-overs and markers was -namglom within the
CLET5E4-CT120 interval. Nearly one third of the kens were clustered in Sub-bin
20, while no marker was placed in 22 of the 35 Binls-(Fig. 4B).

The R3a gene resides in Sub-bin 20, cosegregating with GP85M0025
and ten AFLPs. TG105 and four AFLP markers werecthsest proximal markers,
separated fromR3a by two recombination events. GP185, TG26 and
EACAMCAG_152.6 were the closest distal markersasajed fromR3a by three
recombination events (Fig. 4B). The order of TGTB250-GP185 in SH was well
consistent with the previous mapping result (Getliheiral., 1994). Twenty markers
clustered in the TG105-GP185 interval that consistsx Sub-bins.

The R3b gene was mapped in Sub-bin 28, eight Sub-bins (el@ydistal to
R3a (Fig. 4B). No marker cosegregates with the genkee RFLP markers
PCAMATA_4 and EATCMAGC _15 are its closest markeseparated by three and
two recombinations, respectively. The PCAMATA_4-EXWAGC _15 interval for
R3b spans the same genetic distance as the TG105-GR&E8%l 0fR3a, i.e., six
Sub-bins, but contains much less markers (two %280

A natural recombination between R3a and R3bin Solanum demissum
Introgression analysis based on pedigree informatan provide additional
resolution to determine the order of markers angd interest, thus it can serve as
a supplemental tool to fine mapping based on sagjregpopulation (Kanyuka et al.,
1999). Reaal is one of the best-characterized slahat carry theR3 locus
introgressed fron®s. demissum (Mastenbroek, 1953). There are five generations of
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crossing and one round of dihaploidization betweeaal and SH (data not shown).
The introgression study with markers tightly linked3a (GP250, STM0025, and
TG105) between SH and Reaal suggestedRBeain SH descended from Reaal (Fig.
1A). However, these data cannot exclude the pdisgithiat R3b in SH was derived
from another clone rather than Reaal &nhdemissum.

To check the origin oR3b and confirm the SH-Reaal link oR3a, we
conducted a fine comparison of SH, Reaal, 8memissum accessions (17810 and
18313, Table 1), and four susceptiBléuberosum clones (1024, 1031, CE, and KA,
Table 1) with all the 29 coupling phase marketthencLET5E4-CT120 interval. SH,
Reaal and 17810 showed identical marker pattertizeiinterval (Fig. 4A and 4C).
Notably, 17810 is synonymous to CPC2127, one ofRBealonor accessions of
S demissum (Black, 1950). This similarity was not found foryaf the four
susceptible clones (1024, 1031, CE, and KA). Theirker pattern at the interval
was almost identical to that of RH, the susceptdaeental line. In the 29 coupling
phase markers analyzed, only one marker patteferef between 1031, CE, KA,
and RH and four differed between 1024 and RH. Toayawith pedigree information,
this result strongly supports the notion that ®&a-R3b-carrying chromosome
region in SH was descended from Reaal and origirfaten S. demissum.

Interestingly, marker analysis revealed that amofiéemissum accession,
18313, contains an "island” of susceptiblieles from Sub-bin 18 to 20 flanked by
two blocks of resistance alleles (Fig. 4B and 40)e clustering of markers in
the "island” was confirmed by physical mapping édabt shown). The "island” in
18313 may offer a further resolution for determimatof marker order relative to
R3abecause Sub-bin 20 can be divided into two pagedban the result. The AFLP
markers EACGMCAA_10 and PACMATC_264.1 were separdtem the other
markers in the Sub-bin 20 (Fig. 4B and 4C). Fromimarker pattern, 18313 was
predicted to carrjR3b.

The accession 18313 was subsequently tested fstaese specificity with
P. infestans isolates 89148-9, IPO-0, and H30PO04. It did digpdadifferential
reaction to these isolates that was the same ase#wion of the recombinants
SHRHCS8-#130 and SW8540-325, i.e., resistant to 8%l4and H30P04 but
susceptible to IPO-0. Therefore, we conclude tB&1B does carriR3b but notR3a
and is a natural recombinant of these tR@enes. The characterization of this
accession not only confirmed the presence of tlweftiuctionally distinct genes at
theR3 locus, but also further delimitdgBa to the upper part of the otherwise intact
Sub-bin20 (Fig. 4B and 4C). Thus the introgressinalysis resulted in additional
resolution instrumental for fine mapping tR& locus.
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Discussion

In this report we describe the construction ofghhiesolution genetic map reaching
a 0.05 cM resolution at the3 locus and the finding that the locus consists af tw
distinctly functionalR genes,R3a and R3b. The high resolution together with
accurate disease testing with specHicnfestans isolates enabled the detection of
two closely linkedR genes with different resistance spectra. The ingggjon
analysis confirmed that both genes in SH were ddrifrom S demissum and
provided a further resolution to narrow down theeimal for theR3a gene. The
resolution obtained from both recombination analysid introgression study will
assist the isolation of both genes using a positioloning strategy.

For high-resolution genetic mapping, two aspects essential, marker
saturation, i.e., the amount of sequence polymemsiin the target region, and
recombination frequency, i.e., the amount of meiatioss-overs to resolve the
markers. However, these two factors are often negjgtcorrelated. Recombination
in general is inhibited by sequence heterogeneBprt6 and Haber, 1989;
Metzenberg et al., 1991; Dooner and Martinez-Feil®87). The frequency of
mitotic recombination in yeast can be affecteda@atbly by less than 1% nucleotide
sequence divergence (Datta et al., 1997). Reconiyndrequency is about
eight-fold higher in theMi region of alycopersicon peruvianum cross than a
Lycopersicon esculentum cross with Mi-introgression from L. peruvianum
(Kaloshian et al., 1998). This is also the case¢tfeR3 locus in SH where we found
a significant association between sequence heteettlgemeasured by the number
of markers per cM and the reduction of recombimafrequency using the tomato
map as reference (Tanksley et al., 1992; Fult@l.e2002). The cLET5E4-TG105,
TG105-TG26, and TG26-CT120 intervals in SH havé 180, and 15 markers per
cM, respectively. This is correlated to 9, 16, ahdimes less recombination,
respectively (r=0.918R3b resides in a region with higher recombination Grexacy
but less saturation thd®Ba.

Most of theR genes that have been characteriaedhe molecular level
belong to complex loci with tightly linked paralogkarge arrays of similar
sequences allow for equal or unequal recombinadwants, resulting in the
formation of new gene family members (Michelmore &feyers, 1998; Ellis et al.,
2000; Hulbert et al., 2001). However, the evolutignfate of new members in
complex resistance loci may largely depend on iberaction between plants and
their microbial environment. The majority of comyleesistance loci carry a
functionalR gene and multiple paralogs with no detectable fongctlthough they
are not obvious pseudogenes and appear capatddiafdor proteins similar to the
functional R genes (Hulbert et al.,, 2001). Only a few complegistance loci
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comprise more than one detectable functiéhgéne (Dixon et al., 1996; Parniske et
al., 1997; Botella et al., 1998; Wang et al., 19B&kken et al., 1999; van der Vossen
et al., 2000). In contrast to tRd andRB or Rpi-blbl loci where only one functional
gene forP. infestans resistance was found in each locus (Ballvora.e@D2; Song
et al., 2003; van der Vossen et al., 2003),RBdocus harbors twdR genes with
distinct resistance specificities to the oomycetipgen.

Tomatol//2 Potato/R3
Centromeric Centromeric
Side Side
0cM cLET5E4 0cM
2eM TG36

SL8DI2-++++ St1.1

] L 0.75 cM
8 cM TG1 05 0.85cM
“““““““ R3a 0.95 cM

/SL8E """""" 1.1cM
11.9 e M—3 TG26 — 1.35 M

R3b
143 cM CT120 1.7 cM
Telomeric Telomeric
Side Side

Fig 5. The synteny between tiR8 locus on the short arm of chromosome 11 in patimioe SH and the

12 locus on the long arm of chromosome 11 of tomEite. left and right solid bars represent the tomato
and potato genome, respectively. Mapped markegsmes are connected by black lines. On the tomato
map, the positions of TG36, TG105, TG26, and CT120ewaccording to Tanksley et al. (1992),
CLET5E4 to Fulton et al. (2002) and to the Solaaace Genomics Network
(http://www.sgn.cornell.edu), ar®@8D/12 andSL8E to Ori et al. (1997). The positions of markers and
genes on the potato map were determined in thidystior the convenience of comparison,
the 'Sub-bin’ distances in potato (Fig. 4B) haverbeleanged into the ‘cM’ (1 Sub-kif.05 cM). The
dotted line indicated the putative relation betw8e8D and St1.1, an8L8E andR3a, respectively.

Map positions of resistance genes appear to be ewmlkerved in the
Solanaceae (Grube et al., 2000; Pan et al., 200@R3 locus was mapped on the
short arm of chromosome 11 in potato (synteni©éldng arm of chromosome 11
in tomato) where potato and tomato show a high maclinearity (Tanksley et al.,
1992). Up to date, thd 8 (12) gene family in tomato was the orfRgene family that
has been molecularly characterized on this chromesarm. This gene family
distributes to five genomic positions in tomato dmeke of theseSL.8C, S.8D and
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9 8E (in order from the centromere to telomere), weepped to this chromosome
arm (Ori et al., 1997b; Simons et al., 1998). Bh8C cluster maps within 10 cM of
theSemphylium spp.RgeneSn (Behare et al., 1991). TI&8D cluster lies between
TG36 and TG105 and contaitisand six paralogs (Ori et al., 1997b; Simons et al.,
1998). The marker St1.1 has 91% nucleotide homolaigly the NBS region of2
and localizes between cLET5E4 and TG105. Therefste,1 may be regarded as
one of the potato orthologs of ti$e8D locus (Fig. 5). In tomato, th8_8E locus
resides between TG105 and TG26 (0.25 cM to TG26@) @msists of only one
paralog, as indicated by Southern blot analysis€Oal., 1997b). In this studiR3a
was also mapped in the TG105-TG26 interval, pogsidembling thé&d8E locus

in tomato.R3bis distal to TG26 (Fig. 4B and 5). Moreover, werfdiseveral2GAs
(tomato 12 resistance gne _aalogs) cosegregating witR3a and R3b (data not
shown), but the relationship of the$2GAs with R3a and R3b is yet to be
determined. At thed 8E-syntenic region oS demissum, I2GAs not only grew in
number, but also duplicated over TG26. It will b&eresting to investigate whether
this expansion is associated with the capacitytognize additional elicitors from
P. infestans.

The genomic region oR3 is rich in functional diversity folP. infestans
resistance. BesideR3, two additional haplotypedR6 and R7, confer distinct
specificities (El-Kharbotly et al. 1996). THR8 locus might have passed through
multiple rounds of gene duplication and diversifyiselection to produce new
specificities forP. infestans resistance and thus, could be a good exampleautly st
the dynamic evolution of the potato genome in thespective of co-evolution with
this (in)famous oomycete pathogen.

Materials and Methods

Plant materials

Plant materials used in the study and their resistprofiles are listed in Table 1. The t&alemissum
accessions were kindly provided by the Centre femé®ic Resources of the Netherlands (Wageningen).
All other plant materials were from the LaboratofyPlant Breeding. The population segregating for
R3 was derived from a diploid cross between SH as makelone and RH as paternal one. From this
cross, 130 progeny have been used for constructihg ultra-high dense map
(http://www.dpw.wageningen-ur.nl/uhd). For highakgion mapping, 1618 additional plants from the
same cross were used. In total, 1748 individuate wsed to search for recombination events ocaurrin
nearR3. For introgression study, five plants from e&ctemissum accession were used for inoculation.
From each accession, DNA pooled from the five iidiial plants was subjected for marker analysis.

P, infestans isolates and disease test

P. infestans isolates used in the study and their virulencdilpsoare listed in Table 3. Their virulence
profiles were confirmed using a standard differnsiet of potato clones (van der Lee et al. 2001).
Inoculum preparation was performed as describedqusly (Vleeshouwers et al., 1999). Resistance
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testing was performed on detached leaves (Vleestiguet al., 1999) and/or dn vitro plantlets
(Huang et al., manuscript in preparation). Resigastoring was performed as described by van der
Lee et al. (2001).

DNA isolation

Genomic DNA from plants grown in greenhouse wakated according to van der Beek et al. (1992).
For DNA extraction ofin vitro seedlings, the above method was modified to a-thighughput
procedure using the Retsch machine (RETSCH INC., Haannany) and 96-deep-well COSTAR
microtiterplates (CORNING INC., New York).

Molecular markers
PCR markers were derived from RFLP/SSR markers whive theen previously mapped on
chromosome 11 of potato (GP185, GP250, St1.1, 3i3.&nd STM0025) and tomato (CLET5E4,
CT120, TG26, and TG105) (Tanksley et al., 1992; Getitret al., 1994; Leister et al., 1996; Milbourne
et al.,, 1998). An overview of the markers is givenTable 2. The sequence of GP185 was kindly
provided by Dr. Barbara Baker, University of Calif@rit Berkeley. Other sequences were obtained
from the NCBI database or from the Solanaceae GeisoNetwork (http://www.sgn.cornell.edu) or
from our own sequencing project. Primer pairs wagsigned with the PrimerSelect module of the
DNASTAR package (DNASTAR INC., Madison, WisconsinprAFPCR analysis, 15 pl reaction
mixtures were prepared containing 20 ng DNA, 7.®hgach primer, 0.1 mM of each dNTP, 0.3 units
Tag-polymerase (Supertag, Enzyme Technologiesdkd, 10 mM Tris-HCI pH 9, 1.5 mM MgGJ 50
mM KCI, 0.1% Triton X-100 and 0.01% (w/v) gelatinhd PCRs were performed for 35 cycles using
the following profile: 30 seconds DNA denaturatatr94°C, 30 seconds annealing at Tm (Table 2) and
45 seconds elongation at 72°C. As a first step in-B@RBlification DNA was denatured for five min at
94°C and finalized by an extra seven min elongastep at 72°C. The amplification reactions were
performed in a Biometra T-Gradient thermocycler (WBBRG, Leusden, The Netherlands).
Depending on the marker, the PCR product was didesgith an appropriate restriction enzyme (Table
2). Subsequently, the (digested) PCR products wexlyzed by electrophoresis in agarose gels.
AFLP analysis (Vos et al., 1995) was performed aoiicor sequencer (LI-COR, Lincoln
Nebraska) using fluorescent-labelecbRI or Pstl primers.
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Comparative genomics enabled the isolation of
the R3a late blight resistance gene in potato

Sanwen Huang, Edwin A.G. van der Vossen, Hanhunigua
Vivianne G.A.A. Vleeshouwers, Ningwen Zhang, The®. Borm,
Herman J. van Eck, Barbara Baker, Evert JacobsehRachard G.F. Visser

Abstract

Comparative genomics provides a tool to utilize the exponentially increasing
sequence information from model plants to clone agronomically important
genesfrom less studied crop species. Plant disease resistance (R) loci frequently
lack synteny between related species of cereals and crucifers but appear to be
positionally well conserved in the Solanaceae. In thisreport, we adopted a local
RGA approach using genomic information from the model Solanaceous plant
tomato to isolate R3a, a potato gene that confers race-specific resistance to the
late blight pathogen Phytophthora infestans. R3a isa member of the R3 complex
locus on chromosome 11. Compar ative analyses of the R3 complex locus with
the corresponding 12 complex locus in tomato suggest that this is an ancient
locus involved in plant innate immunity against oomycete and fungal
pathogens. However, the R3 complex locus has evolved after divergence from
tomato and the locus has experienced a significant expansion in potato without
disruption of the flanking colinearity. This expansion has resulted in an
increase in the number of R genes and in functional diversification, which has
probably been driven by the co-evolutionary history between P. infestans and
its host potato. Constitutive expression was observed for the R3a gene, as well
as some of its paralogues whose functionsremain unknown.

Introduction

Comparative genomics investigates the similaritg differences in structure and
function of genomes across taxa. Full genome semsent Arabidopsis (AGI, 2000)
and rice (Goffet al., 2002; Yuet al., 2002) and several other ongoing sequencing
projects will offer unprecedented resources to\stin@ evolution of sequence and
function of orthologous genes and to understandrdification and adaptation. A
fundamental and practical question in comparatigrogics is whether this vast
amount of sequence information from model plantsgsewill facilitate the cloning
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of genes with agronomic importance from crop specsth larger genomes.
Resistance to plant pathogens, often defined lpylesidominant disease resistance
(R) genes (Dangl and Jones, 2001), is an importapt trait that could benefit from
the sequencing of model species. This benefit, kewavill largely depend on the
given plant family. Extensive loss of colinearitgshbeen reported within crucifers
and grasses (Gale and Devos, 1998; Patestsah, 2000). Comparative analysis
based on DNA sequences has revealed that disesistamee R) loci may be
evolving faster than the rest of the crucifer amasg genomes (Gale and Devos,
1998; Leisteret al., 1998; Patersoret al., 2000). In contrast, the remarkable
conservation of gene order (Bonierbaeal., 1988) makes the Solanaceae, a
botanical family that includes many important crepgsh as tomato and potato, an
attractive subject for comparative genomics. Logetetion comparative mapping
indicated thaR loci may be positionally conserved within Solareec€Grubeet al .,
2000; Leisteet al., 1996; Paret al., 2000). To date, this knowledge has never led to
the isolation of a newR gene with known function.

The distal end of the long arm of chromosome ltbwofato is a particularly
interesting genomic region to investigate the etimfuof R loci in a comparative
genomics perspective. First, the overall structaddinearity is excellent between
tomato and potato (Tanksleyal., 1992) and relatively good between tomato/potato
and pepper (Livingstorat al., 1999). Second, this genomic region is a hotamud® f
genes, harboring major genes encoding resistartbe fongiFusarium oxysporum
(12, Ori et al., 1997; Simonst al., 1998) and3emphylium spp. (Sn, Behareet al.,
1991), and to yellow leaf curl virus (Hansetral., 2000) in tomato, to the comycete
Phytophthora infestans (R3, R6, andR7, El Kharbotlyet al., 1994; 1996) in potato,
and to tobacco mosaic viruk, (Lefebvreet al., 1995) in pepper. The region also
contains several quantitative trait loci (QTL) oceming resistance to the cyst
nematodeGlobodera rostochiensis (Grol.3, Kreike et al., 1993), toP. infestans
(phyt7, Oberhagemanet al., 1999) in potato, and to cucumber mosaic vions/4,
Grubeet al., 2000)and td>. capsici (phyt 3, Lefebvre and Palloix, 1996) in pepper.
Last, the molecularly well characterizticomplex locus in tomato (Oet al., 1997;
Simonset al., 1998) provides an excellent template for a cowrwpae study. The
complex locus consists of two clustese8D andS_8E. TheS.8D cluster contains
seven coiled-coil nucleotide binding site and leaeiich repeat (CC-NBS-LRR)
typeR gene sequences, including 1Rggene conferring complete resistance to race
2 of F. oxysporum f sp lycopersici (Simons et al., 1998) and th2C-1 (Ori et al.,
1997) and2C-5 (Sela-Buurlage et al., 2001) genes conferringigdarsistance to
the same pathogen.

Potato is the most important non-cereal crop pl&ne of the major
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constraints to potato production in the world is tate blight disease caused by the
oomyceteP. infestans (Fry and Goodwin, 1997). There is considerableregt in
identifying late blightR genes and in understanding their evolution anderafd
action (Ballvoraet al., 2002; Songet al., 2003; van der Vossest al., 2003). In a
previous study (Huangt al., 2004), we discovered that tfR8 complex locus at
chromosome 11 of potato comprises two functiondistinct late blightR genes,
R3a andR3b. Here, we use genomic information from the mod#aSaceous plant
tomato to clond3a, a gene that confers race-specific resistanée itafestans.

Results

The potato R3 and tomato 72 regions are highly colinear

We previously showed that the genomic regions hargothe R3 late blight
resistance locus in potato and l2eFusarium wilt resistance locus in tomato are
colinear (Huanget al., 2004). To determine the extent of colinearitywsstn these
regions, we mapped seven tomato markers on therbggiution genetic map of the
R3 complex locus (Fig. 1). All seven markers retairleeir order in tomato and
potato. We identified a cluster ¢2 gene analogued2GAs) in potato that was
mapped 0.1 cM centromeric to the TG105 marker. Tgosato I2GA cluster
positionally corresponds to tl&8D cluster of thd2 complex locus in tomato and
was therefore named tH&-12 cluster. The perfect micro-colinearity within the
TG105-cLET24J2A interval indicates that fR&a cluster in potato is syntenic to the
9 8E cluster in tomato. Despite the fact that the cerpdrt of theR3b cluster was
not detected in tomato, the orthologous relatiqrsbifSL8D versus3-12 andS_8E
versusR3a point to an ancierR locus prior to the tomato-potato divergence.

R3a candidates were identified using a local resistance gene analog
(RGA) approach

Although the potatdr3a-tomatoSL8E synteny was established (Fig. 1), we could
not directly use it foR3a cloning since there was no sequence available frmm
9 8E cluster. However, th8L8E cluster was defined by cross-hybridization wité th
Using this information, a local RGA approach wagpleg. Instead of targeting
conserved motifs within the NBS applied by glob&ARapproaches (Aart al.,
1998; Kanaziret al., 1996; Leisteet al., 1996; van der Lindeet al., 2004; Yuet al .,
1996), the conserved sequences within the LRR @8t8D cluster were used to
design the Rgp primers (Table 1C). ABLAST search (Altschul et 4B90)for short,
nearly exact matches proved the specificity of Hagyp primers, which hit no
sequence other than tBe8D cluster with a reasonable low E-value. On DNA from
the parental clones SH83-92-488 (SH) and RH89-BB9RH), the primers
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amplified a major smearing band of ~1kb (data tmws), indicating that many
copies ofl2GAs with similar sizes were amplified. The sizdeifit the prediction
from the sequences of th8.8D cluster (884~1049bp). The above findings
confirmed the suitability of thedBsp primers for identifying2GAs in potato.

Tomatol//2 Potato/R3
CEN CEN
0 cM: cLET5E4 0 M
SILEDZ——————5H)2
] TG105 —_— 0.75 cM
8 cM TAO1-1 0.85 cM
o 0.95 cM
SLBE —— R3a 11eM
/ /_ 1.15 cM
| _/TG26
11.9 M—] T1660 1.35 oM
] T——cLET24024 /
R3b
14.3 c\F CT120 1.7cM
TEL TEL

Fig. 1. Comparative genetic maps of tficomplex locus in tomato and tR8 complex locus in potato.
The left and right solid bars represent the tonaai potato chromosomes, respectively. Orientasion i
indicated by CEN (centromere) and TEL (telomeregplled markers are connected by black lines. The
syntenic relationships & gene clusters are highlighted using grey rectan@a the tomato map, the
positions of TG105, TG26, and CT120 are accordinganksley et al. (1992), cLET5E4, T1660, and
cLET24J2A according to the Solanaceae Genomics dt&t{http://www.sgn.cornell.edu), ar&l8D
(containing the2 gene), TAO1-1, an@L.8E according to Ori et al. (1997). On the potato ntap,
positions of cLET5E4, TG10%3a, TG26,R3b, and CT120 were determined by the previous work
(Huanget al., 2004), TAO1-1, T1660, and cLET24J2A by alignidg tmarker sequences to the
sequences of BACs mapped on the high-resolutionah&3 (data not shown). The position &f12
was determined as described in text.

To identify 12GAs physically close tdR3a, an association analysis on
bacterial artificial chromosome (BAC) pools was docted. Similar to other
physical mapping methods like Radiation Hybrid magp(Cox et al., 1990) or
HAPPY mapping (Dear and Cook, 1993), our methdzhi&ed on the frequency that
a given marker antRGAs co-appear in BAC pools to estimate physicalatice
between them. The mapping panel is representedAfy [Bools that contain 384
BACs, equivalent to 0.05 genome.
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Table 1. Molecular markers and primers used, aim in theyst{fdflanking markers, B-physical
mapping, C-RGA marker, D-RACE, and E-RT-PCR), their saga, annealing temperature (Tm), and
restriction enzyme used to generate polymorphism.

Aim Marker Primer (5'-3’) Tm (°C) Restrict. enzyme
A CLETSE4 CCAGGCATG CTCAATTTG GAG T
TTC CCT GTT TGG ACT ACT TGT GGA > Hhal
CT120 CGA GGG GGC GAAGGATT
52 Tsp509I
CCA TGA GAT AAA CGA GGAACC AGT
B 241S GGC ACT GATAAG TTT TGG TTT TG .
GTG GTT TAT GAATTG AAC TCATGC > s
1947 AAG CTT GAATTC GTG GAC GG
CTT TAT ACC AAC AGG TTG CTC > s
a7 AAG CTT TCAAAC CAAAAT GC
AAA ATG ACT TTACGT GGT CT > s
GP250 ACC AGT AGG ACC ACC ACC AAC AAT \
60-52 Vspl
GAT CGT GAC GGC TCTACT CTT TTATGA
GP250-2 CTG GTAATAGTAGTAATG ATT CTT CGT C 60.52" vepl
GAT CCT GAC TGC TCT ACT CTC TTA CGA
C P AAT TGG AGA GTT CCC TAC ACT TGA G
AGG GAG GAG GGC AGT GCT GAT TC >0 Al
D 3RACE4 CGAAAG GAG TGG CAT TTA CAG AGA CGA 68-60"

3RACES CTT CCT CTATTC AAAGGC TTACCATAG TG 68-60
3RACEG6 CTCACC TCT CTT CAATAT CTATTT ATT AGG 68-60
5RACEO CAT TGT AAACCG CTT TAG CAAGTG TTG TC 68-60
5RACE4 CAT TCC AAC AAT AGG AAC TACAGT CCG C 68-60

5RACE5  CAT TCT GCC TTC CAAAGA TAT CAG AG 68-60
5RACE6  CAT CAC TTA GCA CAA TCT GAA GAC CG 68-60
E  RT-SH23-1 GCT TCC GAT ATG TAT TGATCT CAC G .
TGT GGC AAT CCT CTA CAAACAATG T 08:55
RT-R3a  ATC GTT GTCATG CTATGAGAT TGT T
CTT CAAGGTAGT GGG CAG TAT GCT T 08:55
RT-SH23-3 CGA CAT GTAATT ATT TCATGC CTC C
AGA GGAATT TCAAAC AAG GGAGTT C 08:55
ST'SHl% TGG ATT GAAAAG TTG CCT GAT TCT G s6.55
CAA GGT AGT GGG CAG TAT GCTAAAT
Actin® CAG CAACTG GGA TGA TAT GG o

ATTTCG CTTTCAGCAGTG GT

& primers kindly provided by Chengwei Li of the LabRiant Breeding, Wageningen University;
® touchdown PCR, -1C/cycle
¢ allele specific.
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R3a

Fig. 2. Genetic and physical mappingR3a.

A. Genetic map oR3a. Vertical arrows indicate the relative positiorisrarkers linked to resistance.
Numbers between the markers above the horizontal ifidicate the number of recombinants
identified in the 1,748 SHxRH progeny used in prasistudy (Huangt al., 2004) and the
additional 1,200 progeny used in this study. R3a markers are divided into five groups (I-V)
(described in text). GP250-2 was found in BAC paokening, which is a copy of GP250 and also
cosegregates witR3a.

B. Physical association of markers d2GAs. Oval beads within round-end rectangles rejpiteset
of BAC pools identified by a given marker in Group.IBAC pools withI2GA(s) are represented
by a black background. The extent of associatios.-fmot significant, one asterisk-P<0.05, two
asterisks-P<0.01) between a givieBa marker and2GAs on BAC pools are indicated on the
upright side of each round-end rectangle.

C. BAC Contigs at theR3a region. Rectangles present BACs and those carrl2®@A(s) are
highlighted using black background. T (T7) and $6)Sindicate the orientation of the BACs.
BACs SH182J06 and SH241L22 were identified by Grdlpriarkers, SH14P11 and SH194C17
by Group Il markers, SH4G16 and SH23G23 by Graumharkers, and SH32008 and SH215C04
by Group V marker. SH170015, SH24E01, and SH193R28 identified using BAC end markers
2418S, 194T and 4T (Table 1B), respectively.

D. Location and orientation of 12GAs in SH194C17 and28823 are shown. Single continuous
ORFs were identified in2GA-SH194-2, -SH23-1, -2, -3. [12GA-SH194-1 is inserted by a
retroelement (indicated by the white block). Theipions of the markers GP250 and GP250-2 were
identified by alignment. GP250-3 was found as asotiopy of GP250. The positions of the Group
IV AFLP markers EACGMCAA_10 (E), and PACMATC_264.1 (Wgre definedin silico by
identifying their restriction sites, selective nemfides, and mobilities. The distance between
markers and I2GAs are indicated above the annoBA¢Ls.

To determine whether arl§8a marker (Fig. 2A) was physically close to an
I2GA, we screened 255 BAC pools with the niR8a markers and thesBsp primers.
A total of 30 BAC pools were determined to be pesifor one or more of thB3a
markers, placing these markers in five groups enblisis of recombination events
and co-occurrence in BAC pools (Fig. 2A and 2B)e Ha.gp primers identified 92
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I2GA-containing BAC pools, 19 of which coincided withose positive for thB3a
markers Chi-sguare tests showed thé2GAs were significantly associated with the
markers in Group Il and IV that cosegregated i8a (Fig. 2B). This suggested a
close physical relationship betweRBa and specifid2GAs, which therefore were
regarded aR3a candidates.

From the BAC pools identified by the3a markers and by chromosome
walking, we isolated 11 BAC clones that span atstled00 kb (Fig. 2C).
Subsequently, BAC clone SH194C17 and SH23G23 werysan for sequencing, as
they were respectively identified by Group Il afd markers (Fig. 2C) and
Southern hybridization (data not shown) indicatbdyt contained fivel2GAs.
Annotation of the BAC sequences indeed predictesll #GAs that were designated
12GA-SH194-1, -2, 12GA-SH23-1, -2, and -3 (Fig. 2D). Single continuous open
reading frames (ORF) were present2GA-SH194-2 and the threé2GAs in BAC
SH23G23.12GA-SH194-1 is a pseudogene due to insertion of a Tyl/Copa-ty
retroelement. In the BAC sequences, the GP250 maricethe amplified fragment
length polymorphism (AFLP) markers could also beogmized. The physical
proximity between thé2GAs and the Group 11I/IV markers (Fig. 2D) validatde
predicted association at the level of BAC poolg(RB). The foul2GAs with full
ORFs were considered R8a candidates.

Table 2. Disease test of primary transformantR3# and its paralogues. Numbers of plant showing
resistance to the thréeinfestans isolate IPO-0, H30P04, and 89148-09 are indicated.
# plant showing resistance to

Construct P. infestansisolate
89148-09 1PO-0 H30P04

12GA-SH23-1 1029-31 12 0 0 0
Desiree 6 0 0 0

12GA-SH23-2 R3a) 1029-31 8 8 0
Desiree 7 7 7 0
12GA-SH23-3 1029-31 13 0 0 0
Desiree 5 0 0 0
12GA-SH194-2 1029-31 23 0 0 0
Desiree 8 0 0 0

Control 1029-31 10 0 0 0
Desiree 10 0 0 0

RH 10 0 0 0
SW8540-025 10 10 10 0
SH 10 10 10 10

& For constructs-number of independent transformdotscontrol-number of ivitro plantlets of the
same genotype inoculated with each isolate;

P 89148-09 and H30P04 kindly provided by Dr. F. Gevef Lab of Phytopathology, Wageningen
University and IPO-0 by Dr. W. Flier of Plant Resgamternational, Wageningen, the Netherlands.
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CLONE RH SH SW8540-025 1029-31 1029-31-T005
GEN. r3a r3b R3a R3b R3a r3b r3ar3b 12GA-SH23-2

ISOLATE -

IPO-0
Avr3a
avr3b

H30P04
avr3a
Avr3b

Fig. 3. Invitro inoculation of the primary transformantsR8a. Massive sporulation (S) and localized

hypersensitive reactions (HR) are observed on cdbipatnd incompatible interactions, respectively.
RH and 1029-31 are susceptible to both isolatesisSigsistant to both isolates. SW8540-025 (an
SHXRH progeny carrying onlg3a) and 1029-31-T005 (a 1029-31 transformant WABA-SH23-2)

are resistant to IPO-0 (wittwr3a) and susceptible to H30P04 (withdwir3a).

R3ais an I2GA

The genesl2GA-SH194-1 and -SH23-1, -2, -3 together with 2-3 kb up- and
down-stream sequences were introduced into theeptibte clone 1029-31 and cv.
Desiree vidAgrobacteriumrmediated transformation. At least fiervitro plantlets of
each primary transformant were tested for resistémeach of the thrde infestans
isolates 89148-9, IPO-0, and H30P04 in duplicatpeerments. Cv. Desiree,
1029-31, RH, SH, and SW8540-02%3é recombinant) were included as controls.
Only a 10.4-kb subclone containinGA-SH23-2 was able to specifically
complement the susceptible phenotype. All 15 prymaansformants of this
subclone exhibite®3a-specific resistance, i.e. were resistant to iecd2t148-9 and
IPO-0 and susceptible to H30P04 (Table 2 and BigTi3e results were confirmed
using a detached-leaf assay in duplicate testseSire subclone contained only one
ORF, we designatd@GA-SH23-2 asR3a.

The transcript structure of tHe8a gene was determined by comparing the
genomic sequence with cDNA fragments generatedabglam amplification of
cDNA ends (RACE). ThdR3a transcript is 4176 nt long and encodes a predicted
polypeptide of 1,282 amino acids (a.a.) with atredéamolecular mass of 145.9 kDa.
The R3a gene and thé2 gene (Simonst al., 1998) have a similar intron-exon
pattern and both have no intron in the coding megiat the intron close to the stop
codon is much longer iR3a than inl2 (Fig. 4A).

The R3a gene encodes a putative CC-NBS-LRR protein andesh@8%
DNA identity and 83% amino acid (a.a.) similarity I2 (Fig. 4B). Considerable
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dissimilarity occurs at the CC domain, includingewven-amino acid indel. R3a and
I2 proteins are quite conserved in the NBS dom@&9( a.a. identity), especially at
the motifs that define the domain (94% a.a. idghtithe proteins mainly diverge at
the LRR domain where two major differences wereeoled. First, although both
proteins carry 29 LRR units, the R3a protein lakemplete LRR unit of 28-amino
acids at LRR 14/15 and contains an extra copy wfigue LRR unit of 23-amino
acids at the LRR 26/27 (Fig. 4B). Second, 45% @3)1lof the putative
solvent-exposed residues (x in the frame xxLxLxijed between the 12 and R3a
proteins.

The R3a and 12 proteins are more related to edwdr thian to other known R
proteins, as indicated by the zero E-value usindA8LP (Altschulet al., 1990).
Thus thd2 andR3a genes belong to the samaene family. Outside of this family,
the most related knowR gene isRpgl-b (E=e*’®, 35% a.a. identity) from soybean
mediating recognition of the Type Il effector pgot AvrB from Pseudomonas
syringae (Ashfield et al., 2004). The R3a protein bears only limited sinitijaf15%
and 30% a.a. identity) to the other two known ldight R proteins, R{Ballvoraet
al., 2002) and RB/Rpi-blbXSonget al., 2003; van der Vossed al., 2003),
respectively.

Dynamic evolution occurred in the R3a cluster

Despite the excellent overall colinearity in fl22andR3 genomic regions (Fig. 1),
the R3 region is physically larger in potato. In tomate tTG105-TG26 interval
spans about 500 kb and contains one orl#®As, as demonstrated by long-range
physical mapping (Simons et al., 1998) and Southealysis (Oret al., 1997). In
contrast, the TG105-TG26 interval in SH spans ntioma 1 MB and contains at least
ninel2GAs. The three contigs (11 BACs in total) in &&a region (Fig. 2C) span at
least 700 kb. In addition, gaps between the depictatigs and those between the
depicted contigs and contigs harboring the mark&%05 and TG26 are predicted
to be larger than 100 kb, the average insert diteedSH BAC library. In addition to
the fivel2GAs in BAC clone SH194C17 and SH23G23, we idertiignew 2GA in
each of the four BACs (SH170015, SH24E01, SH193RA8,SH32008, Fig. 2C)
by Southern blotting (data not shown). Altogethibese data indicate that tR8
complex locus in SH has expanded significantly carag to that of tomato (cv.
Motelle and Mogeor, Ori et al., 1997; breeding liB22, Simons et al., 1998),
resulting in an increase in the numberRofiene sequences. It remains unknown
whether such variation in size aRdyene copy number refleals facto tomato and
potato genomes or whether such variation alsoewiihin each species.
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<= Fig. 4. Comparison betwedr3a andI2.

A. Schematic diagram of the transcript structurd? ahdR3a. Horizontal lines indicate exons. Open
rectangles represent coding sequences. Lines adgledwards indicate the position of introns,
whose sizes are indicated below.

B. Primary structure and alignment of the 12 and R3&stance proteins. Amino acid residues of 12
and R3a that are identical are shown in normal sdélpand R3a- specific residues are shown in
bold at top and bottom lines, respectively. Dashdgate deletion. The predicted coiled coils
(Lupaset al., 1991) in the CC domains are underlined. The coesemwtifs of the NBS domain
are overlined. The 30 LRR units in the alignmentramnbered. Thf-sheet (consensus XxXLXLxx)
of each LRR is highlighted with a grey background.e TR3a residues under significant
diversifying selection are highlighted with blackdkground. The calculation is based on the
alignment 0fR3a, I2GA-SH23-1, -3, andl2GA-SH194-2 using PAML (Yanget al., 2000). Between
vertical lines are the unique LRR units (consensuQSILAESALPSSLSHLEIDDCP) that
display distinct copy numbers betwd@nR3a, and their paralogues.

Diversifying selection has been detected in mé&hgene complex loci
(Hulbertet al., 2001). Sites under diversifying selection weneestigated using the
program PAML (Yang et al. 1997; 200(0Yodels M7 and M8 in the program
“codeml!” of PAML were run for the foui2GAs (R3a, 12GA-SH23-1, -3, and
2GA-SH194-2) at theR3a cluster in potato. Model M7 is a special caséofiel
M8 and assumes no selection, whereas Model M8 alfompositively selected sites
(Yang et al., 2000). Diversifying selection candoafirmed using a likelihood-ratio
test by comparing the likelihood calculated usingdeis M8 and M7 (Yang et al.,
2000). Comparison of the results from Model 7 Bludlel 8 showed that the 12GAs
at theR3a cluster have undergone diversifying selectjgr=(92.8, df = 2p<0.001).
Selection at each site of tH8a homologues was calculated using model M8.
Thirteen sites were found to be under significamgifying selection (Fig. 4B and
Fig. 5). Twelve of them are in the LRR domain angvem are putative
solvent-exposed residues. This observation is ctibipavith the idea that the LRR
region of an R protein mainly defines recognitipedficities (Parnisket al., 1997,
Van der Hoorret al., 2001; Wulffet al., 2001).

Putative sequence exchange between paralogueseasysly observed at
severalR gene complex loci (Noet al., 1999; Parnisket al., 1997) and is likely a
mechanism for creating new specificities (reviewiadHulbert et al., 2001).
Sequence relationships within tHe8a cluster were analyzed by determining
informative polymorphic sites (IPS, Parniséteal., 1997). In total, 129 IPS were
detected (Fig. 6). ThR3a andI2GA-SH23-1 genes have 94% DNA identity and they
share 91 IPS, suggesting that they are derived fiteensame ancestral gene.
Interestingly, in the central part of the alignmeheR3a cluster exhibits a complex
patchwork. TheR3a and12GA-SH194-2 genes share sequence affiliations at three
patches, comprising 21 IPS, which result in 10 sgmenymous substitutions
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betweenR3a and 2GA-SH23-1. An almost continuous sequence affiliation (nine
IPS) between th&3a and2GA-SH23-2 geneswas also found, comprising three
non-synonymous substitutions. It remains uncleaethdr the putative sequence
exchanges between the paralogues have led to sestarece specificities in tHe8a

cluster.
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Position in alignment of R3a and paralogs

Fig. 5. The distribution of codons under diversifying stien in R3a.

A. The horizontal bar schematically represents the R®ein. Sizes of the three domains are
indicated by the codon position on thaxis below.

B. The posterior probability (PP) of diversifying setien at each site in R3a and paralogues is plotted.
A site with PP>0.95 is considered to be under igant diversifying selection.
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I2GA-SH23-1 JAGGGGCCCTCATGCTCTTACGGTGGAGAATTAGTTCCAABAAGGCAATAACGGEZNGNEe/eiVNe):N
I2GA-SH23-3 GTCAAGTTGTGCTGATCCCTAAATCGTGGTAGTCAGTGTCGCAATTGAGGGACGACAGGGCATT
I2GA-SH194-2 GTCAAGTTGTGCTGATCCCTAAATCGTGGAAGTCAGTGTTGCAATTGAGGGACTGTA

11111111111122222222222222222233333333333333333333333333333333333
77788888889902222223333777778900111122233445666667777888888888888
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I2GA-SH23-1 TACTGGGACCGGTTTAAACCACGGGGTTiye{e TiyelervyeleifeierNe erNe eeyy:up.v:V.\e 7\ V. Wi gy
I2GA-SH23-3 TACTGGGACGAGT] WAGGGTTATGTGTTCGTACCAGAACCTCGTATTGCACCGGACCT
I2GA-SH194-2 GGTCTTAAAGCACG A TGAGTTCGTACCAGAACCTCGTATTGCACCGGACCT
Fig. 6. Sequence relationships between members ofRBe cluster. Display of all 129 IPS (a
polymorphic nucleotide which is shared betweenl@@As within the alignment of four). The position
of each site relative to the first nucleotide of th\TG start codon within the alignment is given by

vertical numbers above each site. Highlighted aggience patch of at least three consecutive IRS tha
shared betweeR3a and one of the other thré2GAs.

76



Chapter 4: The isolation of R3a |

R3ais constitutively expressed

To examine the expression patterns of the gdR@s [2GA-SH23-1, -3, and
[2GA-SH194-2, gene-specific semi-quantitative RT-PCR was peréa on mRNA
isolated with fromP. infestans challenged (isolate IPO-0 and 90128) or mock
inoculated leaves of SH at 0, 8, 16, 24, 32, 48,7hhours post inoculation. All the
four 12GAs are constitutively expressed in all treatmdpis the expression level of
I2GA-SH23-3 is significantly lower than the other paralogu€gg( 7).

12GA- 12GA- 12GA- I2GA- SH SH4PO-0, hpi
SH194-2 SH23-1 SH23-2 SH23-3 0 8 16 24

RT-SH194-2 e e

RT-SH23-1

RT-R3a

RT-SH23-3

Actin

Fig. 7. RT-PCR of theR3a cluster. Gene-specific primers used are listedhenleft. Subclones with
individual I2GAs (2GA-SH194-2, -SH23-1, -2, -3) and genomic DNA of SH are used as control for the
specificities of the primers. mRNA isolated from ttetached leaves of SH inoculated vitinfestans
isolate IPO-0 were used to study the expressidenpain a time course from 0 to 72 hpi. Actin prisie
were used to monitor mRNA quantity.

Discussion

In this study, we used genomic information from &mto isolate the potato late
blight resistance gerfe3a from an ancient locus involved in plant innate inmity

in the Solanaceae. Despite technological advantegeinomics in recent years,
positional cloning ofR genes from large-genome crop species is stilfrfan a
routine procedure mainly due to low recombinatisagfiencies and the high
repetitive nature that are characteristics of mostplexR loci (Hulbertet al., 2001).
In potato, the heterozygous genome is an additimoraplicating factor (Kanyuket
al., 1999). To partially circumvent these obstacles,local RGA approach analyzes
genetic markers on BAC pools or superpools, oftegnough template complexity
in PCR to allow most markers to be allelic- anduksspecific as compared to the
hybridization method on single BAC filters. Althdughe RGA specific primers
(PsLep) Were designed for the exclusive identificationtiod 12 gene family, they
were also designed to be allele- and locus-indgeasinh order to include all
candidate RGAs at the target region. Through aasonion BAC pools, we could
identify a subset of RGAs that were in coupling gghavith and physically close to
genetic markers linked t&3a and thus ‘jump’ rather than ‘walk’ into BACs caimyg
such RGAs. The success of the method depends onatth@r saturation level at the
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target region and the capacity of the RGA spediiitners to amplify all the
candidate RGAs at the target region. In this casebenefited from the marker
saturation provided by the ultra-high dense (UHPLR potato map (Isidoret al.,
2003), since the same mapping population (SHxRH) wgd to generate the UHD
map and for the initial mapping &3a (Huanget al., 2004). In general, a bulked
segregant analysis (Michelmoet al., 1991) in combination with AFLP marker
technology will generate adequate marker saturatidgheR gene regions since the
‘wild’ R haplotype often differs a lot from the ‘domestidiaplotype, which is also
the reason that they hardly recombine. The syntgnye target region between
tomato and potato was beneficial to the RGA appgrpdespite extensive expansion
of theR3 complex locus compared to the syntdi@icomplex locus.

Most of the molecularly characteriz&igenes belong to families of tightly
linked genes and at many such complex loci, mosilpgues appear to encode
proteins similar to the function& genes (Hulberét al., 2001). We demonstrated
that all four paralogues of th8a cluster are constitutively expressed (Fig. 7)heve
in unchallenged plants. It is unclear whether thpaealogues are capable of
interacting with unknown elicitors or whether thaye just relics of a recent
‘birth-and-death’ process (Michelmore and Meye898). Given the fitness cost of
R gene expression (Tiabal., 2003), unnecessaR/genes should undergo a ‘death’
process. We also found many paralogues that anedted, mutated via frame-shift
(data not shown), or inserted by a retroelemernt. (D). The weaker expression of
I2GA-SH23-3 (Fig. 7) might suggest that mutations accumulatethe promoter
region can lead to a lower expression and thusteatiyi to the ‘death’ of the gene.
Alternatively, the expressed paralogous proteinsy npay a role through
heteroduplex formation with R3a, as inter- andaimtolecular interactions between
R protein domains may function as activation swaglupon recognition of Avr
elicitors (Moffettet al., 2002).

Plants can not move to escape their microbial enment. To combat
disease, plant have developed a sophisticatedernnanunity system, wherR
genes play a central role (Dangl and Jones, 200djnparative genomics may
provide insight into how diseases have resultediffierential evolution ofR loci
between closely related plant species and herehaw an example. The potaR3
region has undergone a significant physical expansompared to the syntenic
tomatol 2 region. This expansion may have resulted in fneti diversification. For
instance, at least 1@GAs have been found at tiR8b region (S. H., H. K, et al.,
unpublished work), suggesting3b could also be arl2GA. The contrasting
evolutionary fates of the ancier#-R3 complex locus in the closely related tomato
and potato genomes are consistent with the oppesgdtitionary potentials of the
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interacting pathogens (McDonald and Linde, 20@2)sarium oxysporum f. sp.
lycopersici is a soilborne fungus with low genotype diversitiereas the late blight
pathogerP. infestans is notorious for its ability to move and mutateqdnald and
Linde, 2002). The great evolutionary potentiaPoinfestans may have stimulated
the interactindR3 complex locus to expand i&gene repertoire, as supported by the
observed physical expansion and the fact that timotfonally distinct genes locate
in the locus (Huangt al., 2004).P. infestans also infects tomato, but genomic
regions controlling late blight resistance showyanited overlap between tomato
and potato (Brouwest al., 2004; Gebhardt and Valkonen, 2001; Gratxd., 2000).
Late blight resistance in the two closely-relatgebcies is likely conferred by
different loci that have evolved independently.

Plant disease resistance genes display two distémelutionary patterns
contrasting at the rate of evolution (Kuaegal., 2004). The late blighR gene
RB/Rpi-blbl from S bulbocastanum belongs to the Type Il (slow evolvin®gene
class (Songt al., 2003). However, the occurrence of sequence exgsabetween
paralogues (Fig. 6), the multi-allelic nature of thcus (see below), high nucleotide
identities between homologues (90-94%) and obscabelic/orthologous
relationships between the $¥3 haplotype and othéd demissum haplotypes (H.K.,
S.H., et al., unpublished work) lead to the putatilassification oR3a into the Type
| (fast evolving) class. It remains unknown whyshéwo late blighR genes differ
by the rate of evolution, but there are some hiRB#Rpi-blbl is resistant to all tested
races ofP. infestans and provides resistance by reducing the infeatabe (Songet
al., 2003; van der Vossahal., 2003), whileR3a is a race-specific gene and displays
a typical hypersensitive necrosis response (Huwtrad., 2004).S. bulbocastanum
often grows under quite dry conditions (Hawkes,@98uggesting the absence of
co-evolution with P. infestans, whereasS. demissum has co-evolved with the
pathogen on the cool mountain-forests in Tolucdeyabf Mexico (Rivera-Pena,
1990), which was recognized as a center of diwefsitP. infestans.

An intriguing question is whyS demissum appears to contain only
easily-brokenR genes (Wastie, 1991) but displays durable resistaat the
population level (Rivera-Pena, 1990). The polyma@phof parasite recognition
capacity in a host population will restrict mostletes of the parasite to grow on
most hosts (Hamiltoret al., 1990). Allelism is an efficient way of creating
recognition polymorphism (Bergelsoet al., 2001), and we are currently
investigating the multiple allelism of thB3 complex locus. (S. H. et al., in
preparation), which might be a natural mechanisr8. demissum to suppress late
blight epidemics, similar to the concept®fjene polycultures or multilines (Jones,
2001; Mundt, 2002). The isolation 88a and characterization of thHe8 complex
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locus will facilitate the cloning of other allelaad thus provide a platform to test the
R-gene polyculture concept in late blight diseaseagament in commercial potato
production.

Materials and Methods

Plant material

The F1 population of SH83-92-488 (SH) x RH89-039(R6l) that segregates for bo#3a andR3b
was used for genetic mapping (Huabgl., 2004). SW8540-025 is a recombinant that onlyieaR3a.
The susceptible potato clones 1029-31 and cv. Besiere used for genetic transformation.

P, infestans isolates and inoculation

P. infestans isolates 89148-09A¢r3a, Avr3b), IPO-0 @vr3a, avr3b), H30P04 &vr3a, Avr3b), and
90128 @vr3a, avr3b) were inoculated om vitro plantlets (S. H. et al., submitted) or detachedéds
(Huanget al., 2004).

Genetic mapping

Atotal of 3,000 SHxRH progeny were screened foomgminations in th&®3a region using the flanking
markers cLET5E4 and CT120 (Table 1A). The recomiimavere used to determine the position of the
R3a markers (Fig. 1 and Fig.2A). DNA isolation andalysis of molecular markers were described
previously (Huangt al., 2004).

Physical mapping

A 10-genome equivalent bacterial artificial chromme (BAC) library of the resistant parent SH,
stored in 255 384-well microtitre plates, was soegewith theR3a markers stepwise: first, positive

superpools (1 superpool=8 BAC pools) were identjfitond, positive pools were identified from
those positive superpools. Plasmid DNA was isolatsdg the standard alkaline-lysis protocol from
pooled bacteria to produce 255 BAC pools. ScreenirtfheoBAC pools and identification of single

positive BACs were performed as described previo(RBbuppe van der Voodt al., 1999).

Plasmids of single BACs were purified using MIDI-PRE&umns (Qiagen, Hamburg,
Germany). Sequences generated through BAC-end sgggewith SP6 or T7 primers were employed
to design PCR primers to develop BAC end markers. Thé Bdd markers were named according to
the BAC pool number followed by S (SP6) or T (T7)iEalB). In view of the repetitive nature of the
R3 complex locus, the overlap of two BACs was verifteg 1) Hindlll restriction mapping, 2)
non-selective AFLP fingerprinting usirdindlll and Msel/Tagl (Simonset al., 1998), and 3) analysis
of BAC end markers through Tm-gradient PCR, restrictiith 24 frequent cutters, and sequencing of
the PCR products. The length of overlapping betwaerBACs was determined by adding the sizes of
co-migratingHindlll restriction fragments.

DNA sequencing and analysis

The DNA sequences of the BAC clones SH194C17 and GB23Fig. 2D) were determined by using
a shotgun sequencing strategy (van der Vostsan, 2000). Positions of putative genes were predicted
using GENSCAN (Burge and Karlin, 1997) and GENEMARKiKBshin and Borodovsky, 1998).
Multiple sequence alignments were conducted bygu§IhUSTALX 1.81 (Thompsort al., 1997),
informative polymorphic sites (IPS, Parnisial., 1997) were determined. Diversifying selection was
investigated using PAML (Yang, 1997; Yang et aD0@).Models M7 and M8 in program “codeml” of
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PAML were run for alll2GAs at theR3a cluster. Diversifying selection was confirmed ggia
likelihood-ratio test by comparing the likelihoodlculated using models M8 and M7 (Yang et al.,
2000). Selection in each site of tRBa homologues was calculated using model M8.

Subcloning and transformation of Z2GAs

Candidatel2GAs were subcloned into the binary vector pBINPLWEN( Engeleret al., 1995) as
described previously (van der Vossal., 2003). Binary plasmids harboring the candidateegavere
transformed toAgrobacterium tumefaciens strain AGLO (Lazoet al., 1991) and introduced into
1029-31 and cv. Desiree according to standard potgqVisseret al., 1991).

Transcript analysis of the R3a cluster

Total RNA was extracted from detached leaves of i@dulated withP. infestans IPO-0, 90128, and
water using TRIZOL (Invitrogen, Carlsbad, CA, USA).eTimRNA was isolated from the total RNA
samples using the OLIGOTEC kit (Qiagen, Germanyg 3R and 3’-ends of thB3a transcript were
determined by rapid amplification of cDNA ends (RAQE)ng the MARATHON kit (BD Bioscience,
USA) with nested gene specific primers (3RACE4-6 &RACE4-6, Table 1D). The cDNA for 5’
RACE was synthesized with the primer 5SRACEQ. PCR prodwetg cloned into pGEM-T vector
(Promega, Madison, WI, USA). For gene-specific RT-RTBble 1E), an aliquot of 0.0g mRNA
from each sample was used to generate single-silatidNA using SUPERSCRIPT Il (Invitrogen,
Carlsbad, CA, USA). Actin primers were used to manitdRNA concentration (Table 1E). Genomic
DNA of SH and RH and BAC subclones were used as dorene-specific amplification was
confirmed by sequencing.
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High allelic diversity of the potato R3 complex locus
suggests a novel strategy for late blight control

Sanwen Huang, Vivianne G.A.A. Vleeshouwers,
Dirk Jan Huigen, Richard G.F. Visser, and Everbbaen

Abstract

The oomycete pathogernPhytophthora infestans was the cause of the Irish
potato famine in 1845 and is still a major threat & the most important
non-cereal crop production in the world. Since thdeginning of the 28' century,
great effort was put into the introgression of sing dominant resistance(R)
genes from wild species, particularly fromSolanum demissum. The process was
ever promising but ended up into disappointment, beause these race-specifik
genes R1-R11) only provided short-lived protection in the field when deployed
separately. Despite the fact that singl&. demissum R genes are not durable, it
has been shown that this wild species displays a rdible resistance at
population level under natural conditions at the Tduca Valley of Mexico, which
is considered as a center of diversity of the patigen. Here we demonstrate that
exceptR1, R2 and R4, all other characterized genesR5-11) are or contain
allelic versions of theR3 complex locus. The unexpected discovery revealsath
the potential of resistance breeding is not fullyxglored and implicates that the
multiple allelism of the R3 locus could be a putative natural mechanism for k&
blight control in the wild populations of S. demissum.

Introduction

Potato breeding for late blight resistance wasajitiee earliest mankind practices in
combating plant pathogens by means of genetic imgment (Miller and Black,
1952), but the disease has not been controllecedigtance breeding so far. The
ravages of the disease observed in the Great Fashine in the middle of 19
century immediately stimulated the search and limgefdr new resistant cultivars.
However, resistance breeding in real sense ditkr't gntil in 1909 Salaman (1929)
discovered resistanceR)( genes from the wild specieSolanum edinense
(2N=5x=60), which is a natural hybrid betwe8rtuberosum (2N=4x=48) and S
demissum (2N=6x=72). The fact th& demissum can cross witls. tuberosum either
directly or viaS phurgja (2N=2x=24) made the hexaploid the major donoRof
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genes. Thus far 11 distinct resistance specifcifl-11) (Black et al., 1953;
Malcolmson and Black, 1966; Malcolmson, 1969) dediyromS. demissum were
characterized as dominant race-speéifigenes and they interact with the late blight
oomycete pathogePhytophthora infestans in a gene-for-gene manner (Black et al.,
1953; Flor, 1971; van der Lee et al., 2001a). Unfuately, resistance breakdown
was found in cultivars carrying one or févgenes in monoculture (Muller and
Black, 1952) andP. infestans isolates that can infect all the 11 specificitiesre
occasionally found (Wastie, 1991). Disappointedttiy non-durable nature of the
S demissum R genes, researchers and breeders either turnethdo species for
durableR genes (Hermsen and Ramanna, 1973; Colon et 8b, Helgeson et al.,
1998; Ewing et al., 2000; Sandbrink et al., 2000rdopted so-calledr*gene-free’
approaches to explore partial resistance (Turkenst£993; Landeo et al., 1995).
However, both alternatives appeared to be probiemsgxual barriers made the
flow of R genes from other wild species time-consuming dtehgartial resistance
is unfavorably linked to late maturity and low vigo(Collins et al., 1999; Simko,
2002). Currently, disease management of late bhghvily relies on intensive spray
of pesticides, which raises considerable enviroriederoncern and is too costly to
farmers in developing countries. In Western Eurapg USA where the majority of
potato breeding activities occurs, late blightstsice breeding is at the atmosphere
of disappointment. It is the time now to revisi thirategy adopted by breeders.
The ‘boom-bust’ cycles observed in the potBtifestans system is not a
uniqgue phenomenon but rather a general rule of gang-for-gene pathosystems in
monocultures (Pink and Puddephat, 1999). To aumluk locked into such cycles,
there are basically two alternativesRmyene deploymenR gene pyramiding and
gene polycultureR gene pyramiding is actually the strategy adoptgdobtato
breeders. This resulted in the release of cultivatis severaR genes, for example
the Dutch cv. Escort containii®i-3 andR10. However, such cultivars so far do not
grow in a considerable acreage, possibly becauieedinkage between resistance
genes and unfavorable ‘wild’ trait®.gene polyculture or cultivar mixture is another
alternative solution to the vulnerability of mondtaued crops to disease (Wolfe,
1985; Jones, 2001; Mundt, 2002). A large-scale unébf a susceptible cultivar of
rice with a resistant one rendered 25 fold reduactio blast incidence in the
susceptible cultivar as compared to its performancenonoculture (Zhu et al.,
2000). A similar study suggesting that cultivar tanes can reduce disease
incidence has been reported for late blight resigtan potato (Garrett and Mundt,
2000). However, cultivars differ not only R genes but also in other agronomic
characteristics such as harvest maturity or consyreference, resulting in the
reduced profitability of crops that are grown irxtares. It is tempting to create Bn
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gene polyculture (Jones, 2001) that is uniformliagronomic traits but recognition
specificities tdP. infestans. In self-fertilizing seed propagated crops as tonthis is
applicable by means of conventional near-isogerickbross lines but almost
impossible in potato, a clonally propagated autmf#oid that seriously suffers
from inbreeding depression (Ross, 1986).

The genetic modified organism (GMO) approach i$asdhe only possible
approach to effectively practié@gene pyramiding and/or polyculture in potato late
blight control. Potato is amenable foAgrobacterium-mediated genetic
transformation (Visser et al., 1991) and recentirkar-free GMO techniques have
been developed to kick out the antibiotic or hadacesistance gene (de Vetten et al.,
2003). Using GMO, the problems such as linkage @rad)inbreeding depression
that are inherited to conventional potato breedimg be circumvented. The recent
isolation of three late blighiR genes, namelfR1l (Ballvora et al., 2002) anB&3a
(Chapter 4) derived fromS demissum and RB/Rpi-blbl from S bulbocastanum
(Song et al., 2003; van der Vossen et al., 2008)iges the starting point to apply
the GMO approach in eith& gene pyramiding or polyculture strategies. Howgver
either strategy requires more clonBdgenes, since thB1 and R3a genes have
already been intensively used in cultivars andttireesponding virulerR. infestans
strains are widely spread.

In previous work (Huang et al., 200@hapter 4), we discovered that one
allelic version of theR3 complex locus at the chromosome 11 of potato cEapr
two functionally distinct late blighR genesR3a andR3b, and we isolated the3a
gene. In the present study, we report an unexpatisegbvery that thdR3 locus
contains multiple allelic versions, including tRB-R11 specificities. This finding,
together with our previous investigations, will reak possible to isolate a dozBn
genes in the near future for the GMO approachheaniore, the multi-allelic nature
of the major late blight resistance locus suggisttR gene polyculture is likely the
natural mechanism of late blight control adoptedvilgl populations ofs. demissum,
from which all theR3 allelic versions were derived.

Results

The R3 complex locus has multiple allelic versions

The late blight gend’3, R6, andR7 co-localize on the distal end of chromosome 11
in potato (El Kharbotly et al., 1994; 1996) and kkely allelic to each other. By
pedigree analysis, we identified five differentsdas of R3 cvs. or clones with
independent pedigrees: B8 derived from CPC2127, SR3 from Dms 29, M&R3
from Dms 49, MPIR3 from MP119268 that also carri€d0, and FSR3 present in
potato cvs. Forelle and Saphir that have sev@rdémissum accessions in their
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Table 1. Plant materials used in the study,the species, the known R genes and pedigrees.

Genotype Spec. R gene Pedigree Remark
RH89-039-16 tbr - - R3 mapping male parent
SH83-92-488 tbr SH R3 (R3a, 3b) dms 29 R3 mapping female parent
SW8540-025 tbr R3a SH83-92-488 R3a recombinant
SW8540-325 thr R3b SH83-92-488 R3b recombinant
Money Maker lyc - -

Ma® RO tbr - - Syn. to Bintje

Sc? RO tbr - - Syn. to Craig Royal
1024-2 tbr - -

87-1029-31 tbr - -

Desiree tor - -

Katahdin tbr - -

Pimpernel tbr - -

Robijn tbr - -

Saskia tbr - -

Sirtema thr - -

BLB256-3 blb Rpi-blb3 -

BLB257-11 blb Rpi-blb3 -

CGN17693 blb R 5

CGN21306 blb R ager =

Ma R1 tbr R1 W-ras Syn. to Cebeco43154-5
Sc R1 tbr R1 CPC2127 Syn. to Craig Snowwhite
Ma R2 tor R2 dms 54 Syn. to Cebeco44158-4
Sc R2 tbr R2 CPC2127 Syn. to 1512 ¢(16)

Ma R4 tbr R4 dms 29 Syn. to Cebeco4431-5
Sc R4 thr R4 CPC2127 Syn. to 1563 c(14)
CcPC2127 dms Sc R3,R7, R8, R1,2,4 -

Sc R3 tbr ScR3 CPC2127 Syn. to Pentland Ace
Astarte tbr ScR3 CPC2127

Baraka tbr ScR3 CPC2127

Cardinal thr Sc R3 cpc2127

Element tbr ScR3 CPC2127

J92-6462-5 tbr ScR3 CPC2127 dihaploid derivative of Cardinal
Mansour tbr Sc R3, R1 Ccpc2127

Patrones thr Sc R3 CPC2127

CB67017-018 tbr SHR3, R1,2 dms 29

CB71106-005 tbr SHRS3, R1,2 dms 29

Corine tbr SHR3 dms 29

Escort thr SH R3, R10, R1, 2 dms 29, MP119268

J91-6164-21 tbr SHR3 dms 29 dihaploid derivative of Escort
J91-6164-60 tbr SHR3 dms 29 dihaploid derivative of Escort
Reaal tbr SHR3, R1 dms 29

Realta tbr SHR3, R1 dms 29

Remedy thr SH R3, R1 dms 29

Ma R3 thr Ma R3 dms 49 Syn. to Cebeco4642-1
Ajax tbr MPI R3 MPI19268

Radosa thr MPI R3 MPI119268

Forelle tbr FSR3 Several dms lines

Frila tbr FSR3 Several dms lines

Saphir tbr FSR3 Several dms lines

707TG11-1 thr FS R3 R1, Several dms lines

Ma R6 tor R6, R6-1, R6-2 ° unknown Syn. to XD2-21
J91-6601-57 thr R6 Ma R6 dihaploid derivative of Ma R6
Ma R7 tbr R7 CPC2127 Syn. to 2182 ef(7)
BE4101-126 thr R7 Ma R7 dihaploid derivative of Ma R7
Ma R8 thr R8 CPC2127 Syn. to 2424 a(5)

Ma R9 thr R1-3,9 CPC2127 and others dms lines Syn. to 2573 (2)

Ma R5 thr R5 unknown Syn. to 3053-18

Ma R10 tbr R10 MPI119268 Syn. to 3681 ad (1)
Amigo tbr R10 MP119268

Arka tbr R10 MPI19268

Jaerla tbr R10 MPI19268

Kondor tbr R10 MPI19268

Premiere tbr R10 MPI119268

Producent tbr R10 MP119268

Prominent tbr R10 MPI19268

Provita tbr R10 MPI119268

Sante tbr R10 MPI19268

Ma R11 tbr R11 Several dms lines Syn. to 5008 ab(6)
4205-1 tbr R11 Ma R11

2Two sets oR gene differentials are used internationally, ngmieé Dutch differential set (Ma, used
by Mastenbroek) and the Scottish differential Set, Used by Black). These two sets differ by their
RO-R4 differentials but use the sarR8-R11 differentials.

b Speciestyc-Solanum lycopersicum, blb-S. bulbocastanum, dms-S. demissum, tbr-S. tuberosum

¢ Three genesRB, R6-1, andR6-2) have been found in M&6 by analysis of a segregating population
from the cross M&6 x Katahdin (data not shown). These three genemdependently inherited. R6
was the one that J91-6601-57 contains and was rdagifieeR3 complex locus.
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pedigree (Table 1). The resistance specificitiethiwithese cvs. and clones were
assignedR3 based on their phenotypes with a limited numbercommon

P. infestans isolates (Black et al., 1953), but tR8 genes they carry may not be
identical and could be allelic versions. The abmfermation implied that th&3
complex locus might have more allelic versions.

To test this hypothesis, we analyzed a collectibf/ogenotypes (Table 1)
with 25 amplified fragment length polymorphism (AFLand cleaved amplified
polymorphic sequence (CAPS) markers (Table 2)dbeér a genetic interval of 5.5
cM at theR3 region in the clone SH (Huang et al., 2004). Basedingerprinting,
we divided the genetic interval into two sub-intdev (SI) (Table 2). SI1 was
spanned by the upper five markers that are loassdpciated with each other and
with the markers below. SI2 included the remainirly markers that define the
region of the compleR3 locus, which consists of thréegene clusters, nametiye
S-12 cluster that is syntenic to the tomdtaosarium wilt 12 gene cluster, thB3a
cluster, and th&3b cluster (Huang et alsubmitted). We classified the 67 genotypes
into three groups based on their marker patte8iza{Table 2). Group I included the
tomato cv. Moneymaker, fous. bulbocastanum accessions, 18. tuberosum cvs.
and clones that have no traceable pedigree Baemissum, and the Dutch (Ma,
used by Mastenbroek) and Scottish (Sc, used bykBRI; R2, andR4 differentials;
Group Il consisted of all clones carrying differ&3s, R6, R7, R8, andR9 genes, and
Group Il comprised th&5, R10, andR11 clones and cvs. Group I, Il, and Ill shared
0~16%, 79-100%, and 37~68% marker alleles withréfierence clone SH at SI2,
respectively. The contrasting marker patterns adu@rl with Group Il and llI
confirmed that tomato (cv. Moneymaker) and &lduberosum cvs. have nd=3
allele and thaR1, R2, andR4 are independently inherited froR8 (Muller and
Black, 1952). Together with pedigree data, thedimpginting showed that genotypes
in Group Il and Group 11l carry chromosomal fragrieetinat were introgressed from
S demissum and are similar to the corresponding region in 8Hthe Group Il
genotypes, absence of marker alleles was obsettieeR8a region, suggesting that
insertion/deletions occur or the region has sintjlarith S. tuberosum alleles. The
marker pattern in Table 1 indicatBhenes of Group Il and 11l genotypes at SI2 are
either allelic or identical to the SRB genes.

In potato it is difficult to determin® gene allelism by testcrosses. In the
diploid crossR3r x R6r or R3r x R7r, no progeny wafk3R6 or R3R7 (data not
shown). To confirm the allelic relationship of tR8, R5-R11 genes, we mapped
severaR genes from Group Il and Il in segregation pogalad using the anchoring
CAPS marker GP250, which cosegregates ®R8h and locates 0.4 cM proximal to
R3b in SH (Huang et al., 2004). The B8, MaR3, R6, R7, and R10 genes either
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cosegregate with or reside 1-2 cM from GP250 (datashown). We didn’t map the
MPI1 R3, FSR3, R8 genes in Group Il genotypes and BeandR11 genes in Group
Il genotypes, since their allelic relationship vthe SHR3 genes can be inferred
from the mapping results of other genotypes inctireesponding groups.

To summarize, based on marker analysis (Table @na@apping results, we
concluded that th&3 clones with different pedigree and NR®-R11 all contain
allelic versions of th&3 locus.

The functionally diverse RZ3 allelic versions interact with £ /infestans in

a gene-for-gene manner

To characterize the recognition specificities oé 3 locus, we tested clones
carrying differentR3 allelic versions with a panel & infestans isolates using a
detached leaf assayiorvitro inoculation in duplicate experiments (Table 3Ap4#
interacting phenotypes observed at 5-7 days postlation (dpi) belonged to two
types: localized hypersensitive (HR) necrosis thas classified as resistance (R)
phenotype and intensive sporulation that was dladsas susceptible (S) phenotype
(Table 3A). Occasionally intermediate phenotypessvabserved, as spreading HR
necrotic lesion without sporulation classified astjal resistance phenotype (R*)
and sporulation on part of inoculated leafleténaritro plantlets classified as partial
susceptible phenotype (S*). These intermediate qiypes were particularly
associated with MR10, consistent with the statement tRA0 confers a rather weak
resistance in contrast to other strddgenes, e.gR1l andR3 (Vleeshouwers et al.,
2000).

The allelic versions of thB@3 complex locus display a diversity of resistance
specificities by interacting with the test&dinfestans isolates in a gene-for-gene
manner (Table 3A). For exampl®5 was resistant to the isolate 90128 but
susceptible to IPO-complex, a8 is vice versa. Ma R3 was patrtially resistant to
the isolate 89148-07, resistant to H30P04, anceptifte to 90206; while SR3 was
fully resistant to 89148-07, susceptible to H30R0¥ partially resistant to 90206.
Cv. Bintje was susceptible to all isolates. ExcéfPl R3, R6 and R7, we
distinguished all the resistance specificities gsiine P. infestans isolates (Table
3A).

In brief, by phenotyping we identified nine alleliersions of thdR3 locus,
i.e., SHR3, Ma R3, ScR3, FSR3, R5, R7, R8, R10, andR11. It is not clear yet
whether theR3 allelic versions MPR3 andR6 are functionally different fronR7.
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R gene sequence variation of the allelic versions of the R3 complex
locus

The functional diversity displayed by the alleliersions of thdR3 locus (Table 3A)
is a contrast to the uniformity of marker patteobserved within each of Group Il
and Il (Table 2). The variation of resistance sfigties can be produced by means
of gene conversion, intragenic unequal crossover,diwersifying selection
(Michelmore and Meyers, 1998; Hulbert et al., 20@hout changing the flanking
sequences. To determine whether the functionalrsliyecan be reflected by the
variation in R gene sequence, we characterized all the allelisiores with
gene-specific primers for the8a gene and thR3b gene candidate.

The Rsy and Rg, primers were designed from leucine rich repeatRLR
domains of theR3a gene and the candidaR8b gene,|2GA (tomato 12 gene
analog)}SH193-1, respectively. Thid2GA genetically cosegregates with tR8b
gene in 3000 progeny of tiR8 mapping population and is homologous to R3a
and the tomatéusarium wilt 12 genes (data not shown). Unique single nucleotide
polymorphisms (SNP) within the LRR domains R3a and I2GA-SH193-1 were
identified from an alignment of dlPGAs found at th&3 complex locusChapter 4;
Huang et al., unpublished results) and were usdésmn the R, and Rg, primers.
Gene-specific amplification in SH was confirmedngsiecombinants that contain
R3a or R3b regions, SH bacterial artificial chromosome (BA€dnes carrying
different12GAs, BAC subclones carrying individu2GAs, and sequencing (data
not shown). Furthermore, the primers didn't ampéfyy fragment from genotypes
in Group | (Table 1) and did amplify a single fragmh of expected or slightly larger
sizes from all Group Il and Il genotypes (data siedwn). This confirmed that the
R3 allelic versions are not present in the Groupriaggpes and also indicated that
the amplified products from the Group Il and llingéypes are derived from the
S demissum derivedR3 allelic versions instead of th& tuberosum r3 alleles or
other genomic regions.

To investigate sequence variation conferred by Ipoitmers, the amplified
fragments from some Group Il and Il genotypes wsxguenced. The sequences
displayed interesting variation among ®R&allelic versions (Table 3B). Analysis of
amplified sequences using thesPprimers led to the classification of the allelic
versions into three haplotypes. 83, ScR3, FSR3, MPI R3, MaR6a, MaR7, and
Ma R8 were identical and belonged R3a-haplotype-1. Ma R5 and MaR10 were
identical and belonged ®Ba-haplotype-11 that had an insertion of 57 bp at the 3’end
and shares 90% DNA identity wiiBa-haplotype-1. Double peaks were observed in
the sequencing trace file dR3a-haplotype-1l, indicating that more than one
homologue was amplified. MR11 was the only member iR3a-haplotype-Ill,
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which also had a 57-bp insertion (different frora time inhaplotype I1) and shared
91% and 92% DNA identity withR3a-haplotype-l and -Ill, respectively.
R3a-haplotype-1l and -1l are in-frame, suggesting they may be fragments of
functional genes. The majority (80%) of SNPs betwaaplotypes resulted in amino
acid substitutions and half of these substitutiaresthe predicted solvent-exposed
residues of the LRR domain (data not shown). Tigeieeces amplified by thexg
primers were also classified into three types (@&B) and were more than 96%
identical to each other. SRB and MaR5 belonged tdr3b-haplotype-1; SCR3, FSR3,
MPI R3, MaR7, and MaR8 fitted in R3b-haplotye-11; Ma R10 and MaR11 were in
R3b-haplotype-111. Sequences within each group are identiB8b-haplotypes-||
and -1l were also in-frame, indicating that they were afigal from functional
genes. There were 38 single nucleotide polymorphis(BNPs) between
R3b-haplotypes-1 and -11l. Thirty-four of these SNP resulted in 26 aminodaci
substitutions (Fig. 1). Sixteen of such substitugiavere on the sites of the predicted
solvent-exposed residues, which were recognizeth@smajor determinants of
recognition specificities dR genes. Interestinglyg3b-haplotypes-1l appeared to be
a recombinant oR3b-haplotypes-| and 41l (Fig. 1), suggesting that intragenic
recombination was involved in producing new rectignispecificities at th&3b
region.

22222223333333333333333333333333333333
67778990000011111111111122222222223344
60276121247903447777778833344444990214
34990497643961451235890256723789145511

DNA ik CCAGTGGGCE%TAAGACATACTTTACAAGGGZ—\TTTGCCT
0 - TTCAGAACGATAAGACATACTTTACAAGGGATTTGCCT
A - TTCAGAACGAICTGCGGGGTGCAACGCCCATGGAGCTGC

ILNDNPANUL SR S5 € 4 #1715

Protein I: SPDESEEGTCICKNR Q Y L F¥F D QO W FHCH
g ILSAKAKKARYCKNR O Y I, ' D O W D FHCH

ITI: [LSAKAKKARYRNDP E VV Q A A S W LQOSY

* kkkkk Kk kk * * *k *x K* ok *

Fig. 1.Allelic variation of theR3b-candidate haplotypes (I-1ll) at both DNA and pintievels. Display

of all 38 SNPs. The position of each nucleotide sdative to the first nucleotide of the ATG start
codon of the fullR3b-candidate gene is given by vertical numbers aleagh site. The DNA and or
protein sequences shared by two haplotypes wergioed in the brackets. All SNPs involved in
amino acid substitutions are connected to the spomrding residues by arrows. Synonymous
substitutions are marked with grey triangles. Pvgagolvent-exposed residues are predicted based on
theR3b candidate genes and are marked by asteroids.
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A R3a B R3b-haplotype-fil
R3a-haplotype- R3b-haplotype-ii

12GA-SH23-1 12GA-SH193-1
12GA-SH194-2 R3b-haplotype-f

12GA-SHS6-1
12GA-SHS6-2
[ /2GA-5H193-2

12GA-SHEB-1
—|: L— 12GA-sH193-3
12GA-SH193-1

R3a
12GA-5H96-2 12GA-SH23-1
12GA-SH193-2 12GA-SH194-2
12GA-SH193-3 12GA-SH23-3

01 0.1

R3a-haplotype-lif
12GA-SH23-3

Fig. 2. Distance trees d®3a- (A) andR3b- (B) haplotypes with2GAs at theR3a andR3b clusters in

SH. Fourn2GAs (R3a, I2GA-SH23-1, -3, andI2GA-SH194-2a) are from th&3a cluster and fivé2GAs
(I2GA-SH96-1, -2, 12GA-SH193-1 (theR3b candidate);2, and-3) are from thdi3b clusters. Sequences
at the window defined by the;R and Ras, primers in the niné2GAs were extracted and aligned with
the R3a-haplotypes (I and 1ll) an&3a-haplotypes (I, Il, and Ill), respectivelR3a-haplotype-1l was
excluded from the analysis since it contains doplglaks in the sequencing trace file. The trees was
calculated using Clustal X (Thompson et al., 199ig) @sualized using Treeview (Page, 1996).

It remains to be confirmed that allelic/orthologotsationships exist
between the amplified sequences by each pair ohgrs. However, sequence
similarity analysis revealed thBBa-haplotypes were more similar kBGAs in the
R3a cluster than those in th8b cluster but displayed an obscure allelic/orthologo
relationship with theé2GAs within the SHR3a cluster (Fig. 2A)R3a-haplotype-I11
is more similar td2GA-SH194-2 rather than th&3a gene. Thdr3b-haplotypes are
more similar to the candidai8b genel2GA-SH193-1 than any other paralogs in
SH (Fig. 2B), suggesting their allelic/orthologaesationships. It remains unclear
whether these sequence variations are involveaténtlight resistance specificities
among the R3 allelic versions. However, the classification ®&3a- and
R3b-haplotypes quite fitted our observation of resiseaphenotypes (Table 3). First,
theR3a phenotype (resistant @ infestans isolates 89148-09, IPO-0, 89148-07 and
susceptible to H30P04) was closely associated RBthhaplotype | and the marker
pattern displayed in Table 2, indicating the preserfR3a in these allelic versions.
The resistance of M&8 to the isolate H30P04 may be conferred by another
functional gene. Second, the response to the es®l80P04 was associated with
R3b-haplotypes | and Il. SH angb were resistant to H30P04 and were classified
into R3b-candidate haplotype |. All genotypes in the secdraplotype are
susceptible to H30P04, except NR8 that could be explained by the reasons
mentioned above. ThirdR10 and R11 had the samd3b-candidate-haplotypes,
which is consistent with the observation that tberespondingAvrl0 and Avr1l
genes are associated (van der Lee et al., 2001b).

The linkage disequilibrium among th8 allelic version included th&-12
cluster (Table 2), suggesting that functional taight R genes at the cluster may be
co-selected with thR genes at th&3a andR3b clusters during introgression. This
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might explain the phenotypic difference (Table 8jvieen the allelic versions that
carry R3a-haplotype | andR3b-candidate haplotype Il. The recombination between
the three clusters may be a potential mechanismetie new resistance specificities.
For exampleR5 could be regarded as a recombinant betweeRE&hdR10, and
R10 as a recombinant betweBf andR11.

In summary, thé& gene variation revealed by thgsPand Ras, gene-specific
primers correlated with resistance specificitiesptiiyed by differentidP. infestans
isolates and thus can be used as an indicatotetitgdhenotype variation. Genetic
reshuffling between th&-12, R3a, andR3b clusters within the compleiR3 locus
likely plays an important role in generating newistance specificities by tHg3
allelic versions.

Discussion

In this report we revisit the history of 150 yesrpotato resistance breeding against
its most devastating disease late blight. We rejb@rinexpected discovery that the
majority of characterized resistance specificitieBogressed fronS. demissum
contain allelic versions of thie3 complex locus. We also suggest that diversifying
selection, intragenic recombination, and reshufflinetween the three clusters
within the complexR3 locus are potential mechanisms involved in thesgation of
these allelic versions. This study may have twodrtgmt implications.

First, breeding againt infestans stopped too soon! Despite over a century’s
effort in utilizing R genes for late blight control, the potential délblight resistance
breeding is still under exploration. Our discovdgmonstrated that only fo&loci
(R1-4) were explored from the main resistance so@&aemissum and only a very
limited S. demissum accessions (less than 10 as described in Tableedd used.
From the 11 resistance specificities character(®ddll), only R1-3 andR10 have
been used in commercial potato productRéthat displayed a high field resistance
(Haynes et al., 2002) has never been used in Imgedghich now can be explained
by the allelic relationship d®3 andR5-11. If a tetraploid cv. already contaiR8 and
R10, combining a thirds. demissum allele might greatly influence the vigour of the
cultivar as at diploid level the plants with twR3 allelic versions are lethal
(A. El Kharbotly and E. Jacobsen, unpublished teyul The accumulating
knowledge on theR3 complex locus Chapter 4; H. Kuang and S. Huang,
unpublished results) will enable cloning of its multiple allelic versis in the near
future. Using GMO approaches, breeders can use #ikdic genes in elite potato
cvs. by means of pyramiding or polyculture or a boration of both. This message
should at least ease the disappointed atmospheliagiamong the potato breeders
who have adopted tHe gene free strategy.
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To pursue a single gene with durable resistane@gseciable but might be
impossible. Race specificity of late bligRgenes was not unique $odemissum but
rather a general phenomenon, since it was alsortegpan S pinnatisectum,
polyadenium, stoloniferum, andverrocosum (Black and Gallegly, 1957; Rivera-Pena,
1990d, V.G.A.A. Vleeshouwers, personal communicgtidhe race specificity dR
genes in the hosts can be well explained by the giglutionary potential of the
pathogen (McDonald and Linde, 2002). The recenilyned broad-spectrum
RB/Rpi-blbl gene might recognize the “Achilles heel” of thehmmen. This seems
to offer a new hope to fd® gene monoculture in potato. However, we noticed th
S. bulbocastanum often grows in dry conditions and locates in lowkitude range
(1,500-2,300m) tha®. demissum (2,650-3,800m, Hawkes, 1990), which was often
found on the cool mountain-forests in the Tolucdeyaof Mexico. The putative
lacking of co-evolutionary history betwe&nbulbocastanum andP. infestans could
mean that the pathogen has not unleashed its gn&ation potential (McDonald
and Linde, 2002) to overcome genes R&Rpi-blbl in the host. The “boom-bust”
cycles can be repeated on deploymerRB/Rpi-blbl as it already happenedRS.

Second, the allelic diversity of tHe3 complex locus implied thaR gene
polyculture (multiline) could be a potential mectsam adopted bys. demissum.
Detailed investigations were conducted by RiveraaPg989; 1990a-d) on wild
populations of. demissum at the Toluca Valley, which was recognized asardity
centre ofP infestans. Several of his findings are quite interestinge tthisease
incidence on wild populations is low; tR8 allelic versionsR3, R6-8, R10, andR11)
are resistant to 35-78% of the local isolates;Satlemissum plants collected are
resistant to race 0 and 67% show a clear HR, itidigdhe presence of maj&t
genes, while 85% of thes® demissum plants are susceptible to an aggressive
complex isolate. Although other factors such aslispagulation sizes and mixtures
with nonhosts undoubtedly contribute to the durabéstance of wil®. demissum
populations in the Toluca Valley, we think that teeognition heterozygocity at the
population level conferred by th&8 locus and possibly others is an important factor
toward durability. Population genetics predictstttiee polymorphism of parasite
recognition capacity in a host population will makat most isolates of the parasite
can not grow on most hosts (Hamilton et al., 1990).

We suggest thd® gene polyculture is a better approach than pyrizgich
late blight control. Several mechanisms have beestupated to explain the
reduction in severity of disease Rigene polyculture (Jones, 2001; Mundt, 2002).
One mechanism is the fitness penalty on the pathdge to loss of avirulence. As
early as in 1952, Bill Black, one of the pioneenslate blight research, already
reported the first evidence of fithess drawbackviofilence (Black, 1952). He
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reported that the isolates that overca&@ngemissumR genes could not compete with
race 0 on susceptible plants. In addition, altholudji complex isolates have been
reported, they are not frequently found in potétw (Stewart and Bradshaw, 2001).
Another mechanism is the dilution of inoculum theturs due to increased distance
between plants of the same genotype. Late bligigtadie development on detached
leaflets (Stewart, 1990) and vitro plantlets (Huang et al., unpublished data) of
potato was influenced by inoculum concentratioR. dfifestans. On the other sid®
gene pyramiding doesn’t virtually differ with mondwre in the aspect of
recognition uniformity, which is vulnerable to higtevolutionary risky pathogens
such asP. infestans. Imagine that we create a super potato by pyragidil the
cloned genes by GMO approach or conventional bngednd grow it in a large
acreage, this would put an enormous pressure tgdifigogen. By virtue of its
overwhelming advantage in rate of evolution (McDdnand Linde, 2002),

P. infestans will eventually mutate all the corresponding alénce genes and have
the upper hand against the host. Another risk cdupyding is the fitness cost &f
gene to the host, which was for the first time aldty demonstrated on the
ArabidopsisRPM1 gene (Tian et al., 2003). There are also soms hinbut the cost
of late blightR genes. For example, segregating populations cfkem toward
susceptibility (Muller and Black, 1952; ElI Kharbptket al., 1994). From an
ecological viewpoint, our philosophy of late bligiiisease management is not to
eradicate the pathogen but maintain equilibriumvieet the pathogen and the host
by using the combination & gene polyculture, cultivation measures, and lichite
application of pesticide.

Diseases have a great impact on the evolutiontefdcting host, which acts
on the locus responsible for recognition (Howa@811). Allelism is an efficient way
of creating recognition polymorphism (Bergelsorakt 2001). The most striking
example is the vertebrate major histocompatibdiynplex (MHC) that plays a key
role in the immune system by presenting peptidesTtacells and has an
extraordinarily high levels of polymorphism (Hughewd Yeager, 1998). The MHC
polymorphisms are characterized by a large numbaliales differentiated mainly
at the peptide binding domain. An analogy was foainitheR3 complex locus, the at
least nine allelic versions were derived from ofilye to sevenS. demissum
accessions (Table 1). The accession CPC2127 centiaiae differential allelic
versions, SAR3, R7, andR8. Most of the SNPs (34/38) betwe&3b-candidate
haplotypes resulted in amino acid changes (Fig.irfidicating that significant
diversifying selection was involved in the evolumiof the locus. Further, 62%
(16/26) of the substitutions are the predicted essthexposed residues in the LRR
domain that are regarded as the main determinaht® @ene recognition
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specificities (Parniske et al., 1997; Van der Hoetml., 2001; Wulff et al., 2001),
suggesting that natural selection resulted in crgatew resistance specificities in
theR3 locus. Most compleR loci contain only a singlR gene with known function
(Hulbert et al., 2001). Thie3 complex locus consists of three clusters and madiv
these clusters function®genes have been found. The genetic reshufflingdmt
the clusters could be an important mechanism irigdimg high allelic variation of
the R3 complex locus (Table 3). Suppose if each of thE2 SR3a andR3b clusters
has 10 alleles, then recombination between thelusiers can create a maximum of
1000 allelic versions for the locus. These obs@mat together with the discovery
of the physical expansion of the locus comparethésyntenic region in tomato
(Chapter 4), led to a plausible presumption, that is, it @& an incidence that the
majority of knownS. demissum resistance specificities carry allelic versionghod
R3 locus. Instead, we believe the locus plays a génelle inS. demissumto control
the fast-evolvingP. infestans. We therefore designate it as the major potate lat
blight resistance locus % demissum. The cloning of its allelic versions and
subsequent deploying them in elite cultivars Riggene polyculture will enable
breeders to mimic the tricks 8f demissum for late blight control in potato field.

Materials and Methods

Plant materials
All plant materials are listed in Table 1. TheidgFee information is maintained in the online thaise
(http://www.dpw.wur.nl/pv).

Marker analysis
DNA isolation, AFLP and CAPS marker analysis wersatied previously (Huang et al., 2004). All
marker alleles have been examined in duplicatererpet and scored independently by two persons.

Resistance phenotyping

Maintenance of P.infestans isolates, preparation of inoculum were describegkvipusly
(Vleeshouwers et al., 1999). Resistance was scorddtached leaves (van der Lee et al., 2001a)yand i
vitro plantlets (Huang et alsubmitted). At least two duplicate experiments were condiicie
determine the interacting phenotype of each gemotyith each isolate.

R3a and R3b-candidate haplotyping

Using CLUSTAL X 1.81(Thompson et al., 1997), we teelaa DNA sequence alignment &8a,
12GA-SH23-1, -3, andI2GA-SH194-2 from theR3a cluster (Huang et alsubmitted) andI2GA-SH96-1,

-2, 12GA-SH193-1 (the R3b candidate);2, and-3 from the R3b cluster (Huang et al., unpublished
work). Gene-specific primersR (F: ATCGTTGTCATGCTATGAGATTGTT R: CTTCAAGGTAG
-TGGGCAGTATGCTT) and Ry, (F: GTACTAGA-GGAACTTTTGATTTATTG R: GACTGAATTT
-GAGGC AACTCGC) were designed on the sequenceR3af and I2GA-SH193-1 by localizing
gene-specific SNPs at the 3’ end of the primerscfidown PCR (68-54 °C and 60-50 °C for theg,P
and Rsp primers, respectively) was applied to ensure prispecificities. PCR product was purified
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using Qiaquick kits of Qiagen and sequenced witleggpecific primers from both ends.

To investigate the possible allelic/orthologousatienship between the amplifidRBa- and
R3b-haplotyes with the fourl2GAs in theR3a cluster and the fivé2GAs in theR3b clusters of SH,
sequences of the nine 12GAs at thg,Rnd R, windows were extracted and alignment with sequence
R3a- andR3b-haplotypesR3a-haplotype-11 was excluded for this analysis since it has dopbkks in
the sequencing trace file. The alignments weretedey CLUSTAL X 1.81 (Thompson et al., 1997)
and distance tree was calculated using the neigfjbming method. Positions with gap were excluded
for calculation.

Acknowledgement
We thank Drs. Francine Govers and Wilbert Fliergoaviding the isolates, Dirk Budding for disease
tests, Ningwen Zhang and Tao Li for marker analysis

Literatures

Ballvora, A., Ercolano, M.R., Weiss, J., Meksem, K.Bormann, C.A., Oberhagemann, P., Salamini, F., @
Gebhardt, C. (2002). TheR1 gene for potato resistance to late bligbttytophthora infestans) belongs
to the leucine zipper/NBS/LRR class of plant resise genes. Plant30,361-371.

Bergelson, J., Kreitman, M., Stahl, E.A., and TianD. (2001). Evolutionary dynamics of plant R-geneseSce
292,2281-2285.

Black, W. (1952). A genetic basis for the classificationstfins ofPhytophthora infestans. Transactions of the
Royal Society of EdinburghXV .

Black, W., and Gallegly, M. (1957). Screening of Solanum species for resistancphysiological races of
Phytophthora infestans. American Potato Journa#,273-281.

Black, W., Mastenbroek, C., Mills, W.R., and Petersn, L.C. (1953). A proposal for an international
nomenclature of races dPhytophthora infestans and of genes controlling immunity iSolanum
demissum derivatives. Euphytica, 173-178.

Collins, A., Milbourne, D., Ramsay, L.D., Meyer, R. Chatot-Balandras, C., Oberhagemann, P., De JongyV.,
Gebhardt, C., Bonnel, E., and Waugh, R(1999). QTL for field resistance to late blightgntato are
strongly correlated with maturity and vigour. MBkeed.5, 387-398.

Colon, L.T., Budding, D.J., Keizer, L.C.P., and Piters, M.M.J. (1995). Components of resistance to late blight
(Phytophthora infestans) in eight South AmericaBolanum species. Eur. J. Plant Pathbdl,441-456.

de Vetten, N., Wolters, A.M., Raemakers, K., van deMeer, |., ter Stege, R., Heeres, E., Heeres, Bnd Visser,
R. (2003). A transformation method for obtaining nerkee plants of a cross-pollinating and
vegetatively propagated crop. Nat. Biotech2dl.439-442.

El Kharbotly, A., Palomino Sanchez, C., Salamini, F Jacobsen, E., and Gebhardt, G1996).R6 andR7 alleles
of potato conferring race-specific resistancBhgtophthora infestans (Mont.) de Bary identified genetic
loci clustering with théR3 locus on chromosome XI. Theor. Appl. Gergt, 880-884.

El Kharbotly, A., Leonards-Schippers, C., Huigen, DJ., Jacobsen, E., Pereira, A., Stiekema, W, Salamini,
F., and Gebhardt, C.(1994). Segregation analysis and RFLP mappinghefRlL and R3 alleles
conferring race-specific resistancePtoytophthorainfestansin progeny of dihaploid potato parents. Mol.
Gen. Gene42,749-754.

Ewing, E.E., Simko, |., Smart, C.D., Bonierbale, M., Mizubuti, E.S.G., May, G.D., and Fry, W.E.(2000).
Genetic mapping from field tests of qualitative ajgntitative resistance Rihytophthora infestansin a
population derived fror$olanum tuberosum andSolanum berthaultii. Molecular Breeding, 25-36.

Flor, H.H. (1971). Current status of the gene-for-gene canéemual Review of Phytopatholog8, 275-298.

Garrett, K.A., and Mundt, C.C. (2000). Host diversity can reduce potato lateHilgpverity for focal and general
patterns of primary inoculum. Phytopatholdy, 1307-1312.

Hamilton, W.D., Axelrod, R., and Tanese, R(1990). Sexual reproduction as an adaptationdistrparasites (a
review). Proc. Natl. Acad. Sci. US8V, 3566-3573.

Hawkes, J.(1990). The potato: evolution, biodiversity, arehgtic resources. (London: Belhaven Press).

Haynes, K.G., Christ, B.J., Weingartner, D.P., Douges, D.S., Thill, C.A., Secor, G., Fry, W.E., and &mbert,
D.H. (2002). Foliar resistance to late blight in poteltmes evaulated in national trials in 1997. Ander.
Potato Resr9,451-457.

102



Chapter 5: Multiple allelism of R3 |

Helgeson, J.P., Pohlman, J.D., Austin, S., HaberlacG.T., Wielgus, S.M., Ronis, D., Zambolim, L., Toley, P.,
McGrath, J.M., James, R.V., and Stevenson, W.R(1998). Somatic hybrids betweeSolanum
bulbocastanum and potato: a new source of resistance to lag@blTheoretical and Applied Genet®8,
738-742.

Hermsen, J.G.T., and Ramanna, M.S(1973). Double-bridge hybrids &8blanum bulbocastanum and cultivars of
Solanum tuberosum. Euphytica22,457-466.

Howard, J.C. (1991). Immunology. Disease and evolution. Nag852,565-567.

Huang, S., Vleeshouwers, V.G., Werij, J.S., HutterR.C., van Eck, H.J., Visser, R.G., and Jacobsen, 2004).
The R3 resistance t®hytophthora infestans in potato is conferred by two closely linkBdgenes with
distinct specificities. Mol. Plant-Microbe Interat,428-435.

Huang, S., van der Vossen, E., Kuang, H., Vleeshoavs, V.G,, Zhang, N., Borm, T.J., Van Eck, H.J., Beer, B.,
Jacobsen, E., and Visser, Risubmitted). Comparative genomics enabled the cloning ofRBe late
blight resistance gene in potato.

Hughes, A.L., and Yeager, M(1998). Natural selection at major histocompatipitomplex loci of vertebrates.
Annu Rev GeneB2,415-435.

Hulbert, S.H., Webb, C.A., Smith, S.M., and Sun, Q(2001). Resistance gene complexes: evolution and
utilization. Annu. Rev. Phytopath@9, 285-312.

Jones, J.D(2001). Putting knowledge of plant disease res@gaenes to work. Curr. Opin. Plant B&l281-287.

Landeo, J.A., Gastelo, M., Pinedo, H., and Flores;. (1995). Breeding for horizontal resistance to latght in
potato free oR-genes. IrPhytophthora infestans 150, L.J. Dowley, E. Bannon, L.R. Cooke, T. Keane,
and E. O'Sullivan, eds (Dublin, Ireland: Boole Rjepp. 268-274.

Malcolmson, J.F.(1969). Races of Phytophthora infestans occuiirin@reat Britain. Transactions of the British
Mycological Society2,417-423.

Malcolmson, J.F., and Black, W(1966). NewR genes irSolanumdemissum Lindl. and their complementary races
of Phytophthora infestans (Mont.) de Bary. Euphytica5,199-203.

McDonald, B.A., and Linde, C. (2002). Pathogen population genetics, evolutionamyential, and durable
resistance. Annu. Rev. Phytopatht, 349-379.

Michelmore, R.W., and Meyers, B.C(1998). Clusters of resistance genes in plantb/e\ny divergent selection
and a birth-and-death process. Genome &d4.13-1130.

Muller, K.O., and Black, W. (1952). Potato breeding for resistance to bligid &irus diseases during the last
hundred years. Zeitschrift fur Pflanzenziicht@ig305-318.

Mundt, C.C. (2002). Use of multiline cultivars and cultivar xnires for disease management. Annu. Rev.
Phytopathol40, 381-410.

Page, R.D.(1996). TreeView: an application to display phydagtic trees on personal computers. Comput Appl
Biosci12,357-358.

Parniske, M., Hammond-Kosack, K.E., Golstein, C., iomas, C.M., Jones, D.A., Harrison, K., Wulff, B.B.
and Jones, J.D(1997). Novel disease resistance specificitieslréom sequence exchange between
tandemly repeated genes at €fe4/9 locus of tomato. CeB1,821-832.

Pink, D., and Puddephat, 1.(1999). Deployment of disease resistance gengddoy transformation - a 'mix and
match' approach. Trends Plant 3i71-75.

Rivera-Pena, A.(1990a). Wild tuber-bearing speciesSafanum and incidence oPhytophthora infestans (Mont.)
de Bary on the Western slopes of the valcano Newsldoluca. 2. Distribution oPhytophthora
infestans. Potato Res33,341-347.

Rivera-Pena, A.(1990b). Wild tuber-bearing speciesSsfanum and incidence oPhytophthora infestans (Mont.)
de Bary on the Western slopes of the valcano Nedadmoluca. 3. Physiological racesRifytophthroa
infestans. Potato Resear@8, 349-355.

Rivera-Pena, A.(1990c). Wild tuber-bearing speciesSsfanum and incidence oPhytophthora infestans (Mont.)
de Bary on the Western slopes of the valcano Nedadboluca. 4. Plant development in relation te lat
blight infection. Potato Resear83,469-478.

Rivera-Pena, A.(1990d). Wild tuber-bearing speciesSafanum and incidence oPhytophthora infestans (Mont.)
de Bary on the Western slopes of the valcano Nedad®@oluca. 5. Type of resistanceRanfestans.
Potato ResearcdB, 479-486.

Rivera-Pena, A., and Molina Galan, J.(1989). Wild tuber-bearing species 8blanum and incidence of
Phytophthora infestans (Mont.) de Bary on the Western slopes of the valchlevado de Toluca. 1.
Solanum species. Potato Reseal®, 181-195.

Ross, H.(1986). Potato breeding - Problems and perspexct{Berlin, Hamburg: Verlag Paul Parey).

103



Chapter 5: Multiple allelism of R3 |

Salaman, R.N.(1929). Genetic studies in potatoes: Abnormalesgaion in families arising from the crd8aitile
X S tuberosum. J. Genet20,311-343.

Sandbrink, J.M., Colon, L.T., Wolters, P.J.C.C., anl Stiekema, W.J.(2000). Two related genotypesSflanum
microdontum carry different segregating alleles for field stance td?hytophthora infestans. Molecular
Breeding6, 215-225.

Simko, I. (2002). Comparative analysis of quantitative tti@i for foliage resistance fhytophthora infestans in
tuber-bearingolanum species. Amer. J. Potato R&8, 125-132.

Song, J., Bradeen, J.M., Naess, S.K., Raasch, J.AVjelgus, S.M., Haberlach, G.T., Liu, J., Kuang, H.
Austin-Phillips, S., Buell, C.R., Helgeson, J.P.,ral Jiang, J.(2003). GendrB cloned fromSolanum
bulbocastanum confers broad spectrum resistance to potato laghtbProc. Natl. Acad. Sci. USA00,
9128-9133.

Stewart, H.E. (1990). Effect of plant age and inoculum concditiraon expression of major gene resistance to
Phytophthora infestans in detached potato leaflets. Mycological Rese&vt823-826.

Stewart, H.E., and Bradshaw, J.E(2001). Assessment of the field resistance oftpa@anotypes with major gene
resistance to late blighPlytophthora infestans (Mont.) de Bary) using inoculum comprised of two
complementary races of the fungus. Potato ResddreH -52.

Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmgin, F., and Higgins, D.G.(1997). The ClustalX windows
interface: flexible strategies for multiple sequeradignment aided by quality analysis tools. Nuxlei
Acids Res25,4876-4882.

Tian, D., Traw, M.B., Chen, J.Q., Kreitman, M., and Bergelson, J.(2003). Fitness costs of R-gene-mediated
resistance in Arabidopsis thaliana. Natdg3,74-77.

Turkensteen, L.J.(1993). Durable resistance of potatoes ag&hgtophthora infestans. In Durability of Disease
Resistance, T. Jacobs and J.E. Parlevliet, edsi(Bdhit, the Netherlands: Kluwer Academic Publishers
pp. 115-124.

Van der Hoorn, R.A., Roth, R., and De Wit, P.J.(2001). Identification of distinct specificity dgtinants in
resistance protein Cf-4 allows construction of a9Qfutant that confers recognition of avirulence
protein Avr4. Plant Cell3,273-285.

van der Lee, T., Robold, A., Testa, A., van 't Kloster, J.W., and Govers, F(2001a). Mapping of avirulence
genes irPhytophthora infestans with AFLP markers by bulk segregant analysis. Gea&67,949-956.

van der Lee, T., Testa, A., van' t Klooster, J., vaden Berg Velthuis, G., and Govers, F2001b). Chromosomal
deletion in isolates of Phytophthora infestanselates with virulence on R3, R10, and R11 potatedi
Molecular Plant Microbe Interactions. D&4, 1444-1452.

van der Vossen, E., Sikkema, A., Hekkert, B.T.L., €&s, J., Stevens, P., Muskens, M., Wouters, D., Réma, A.,
Stiekema, W., and Allefs, S.(2003). An ancienR gene from the wild potato speci€slanum
bulbocastanum confers broad-spectrum resistancePtytophthora infestans in cultivated potato and
tomato. Plant 136,867-882.

Visser, R.G., Somhorst, |., Kuipers, G.J., Ruys, N., Feenstra, W.J., and Jacobsen, E£1991). Inhibition of the
expression of the gene for granule-bound starckthage in potato by antisense constructs. Mol. Gen.
Genet225,289-296.

Vleeshouwers, V.GA.A., van Dooijeweert, W., GoversF., Kamoun, S., and Colon, L.T.(2000). The
hypersensitive response is associated with hoshantost resistance Rhytophthora infestans. Planta
210,853-864.

Vleeshouwers, V.G.A.A., van Dooijeweert, W., KeizeL.C.P., Sijpkes, L., Govers, F., and Colon, L.T{1999).

A laboratory assay fdPhytophthora infestans resistance in variouSolanum species reflects the field
situation. European J. Plant Path®5,241-250.

Wastie, R.(1991). Breeding for resistance.Phytophthora infestans, the cause of late blight of potato, D. Ingram
and P. Williams, eds (London: Academic Press)198-224.

Wolfe, M.S. (1985). The current status and prospects of nmétitultivars and variety mixtures for disease
resistance. Annu. Rev. Phytopatt®l251-273.

Waulff, B.B., Thomas, C.M., Smoker, M., Grant, M., aad Jones, J.D.(2001). Domain Swapping and Gene
Shuffling Identify Sequences Required for Inductajran Avr-Dependent Hypersensitive Response by
the Tomato Cf-4 and Cf-9 Proteins. Plant &) 255-272.

Zhu, Y., Chen, H., Fan, J., Wang, Y., Li, Y., Chen}., Yang, S., Hu, L., Leung, H., Mew, T.W., TendR.S., Wang,
Z., and Mundt, C.C. (2000). Genetic diversity and disease controlda.Nature406,718-722.

104



Chapter 6

General Discussion

Sanwen Huang







Chapter 6: General discussion

General discussion

Introduction

The research described in this thesis comprisesstit@ion of a potato late blight
resistance gene, the understanding of the genagénization and evolution of the
major late blight resistance complex in potato, d@ine probing of the natural
mechanisms adopted by wild species. This studyribanes to the ultimate goal of
sustainable disease management of late blighttet@oa key issue for agriculture
in China, the Netherlands, and in fact worldwide.

in vitro Inoculation-a Household Tool

Genetic characterization 8fgenes in hosts amr genes in pathogens requires an
efficient method of disease testing. Several metHualve been developed for the
potatoP. infestans pathosystem. These include field tests and whdntp
greenhouse assays (Stewattal., 1983), laboratory tests on detached leaves
(Lapwood, 1961), leaflets (Malcolmson, 1969) orfleiéscs (Hodgson, 1961).
Vleeshouwers et al. (1999) systematically compainede methods and concluded
that the detached leaf assay is a good alterntifield tests.

The in vitro inoculation method we develope@€hapter 2) is a good
alternative to the detached leaf assay, partigulaien majorR-Avr interactions
are investigated. In our lab, we apply it for nqlki purposes: disease testing of
segregating populations or of primary transformastseening for new resistance
sources from a large collection of wild germplasi@sg avirulence profiling of
P. infestans isolates. It is a convenient household tool, since can plan the
inoculation experiments more flexibly, without cenc about greenhouse space
and seasonal variation. Important plants can béyeasltiplied and rechecked
with different isolates afterwards.

R Gene Cloning in Potato

Potato, the most important non-cereal crop, sufiiensi many diseases and pests
caused by a diversity of bacterial, fungal, oomgcand viral pathogens as well as
nematodes and insects. The yield loss caused leas#is and pests in potato is
estimated at 22% per year (Ross, 1986). Plant sksessistance, often conferred
by single dominant resistancB)(genes, is a very important agronomic trait. The
isolation of R genes is a prerequisite to understanding thei ml pathogen
surveillance and to a better deployment of gemesistance for disease control.
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A number ofR genes in various plants have been isolated usitgairy
three strategies, transposon tagging, map-basewinglo and candidate gene
approach. Transposon tagging is hardly applicablpotato. Firstly, it is difficult
to develop a diploid potato clone carrying a trarsem near th& locus of interest.
Secondly, homozygous resistant plants needed dosposon tagging are mostly
lethal. In anR3r3 x R3r3 cross, El Kharbotlyunpublished work) found noR3R3
progeny by testcrossing with a8r3 clone. Map-based cloning was successful in
isolating severaR genes from potato (Bendahmane et al., 1999; vavadgsen et
al., 2000; Ballvora et al., 2002; Song et al., 2068 der Vossen et al., 2003; Paal
et al., 2004, anfhapter 4). The candidate gene approach was successfuein th
case of cloning of th&x2 gene for PVX extreme resistance (Bendahneirad.,
2000). With more knowledge of the genomic orgamiradf R loci, the candidate
gene approach will play a more prominant rol®igene isolation. However, most
R genes reside in complex loci where dynamic evotutias occurred (Michelmore
and Meyers, 1998; Hulbert et al.,, 2001), resultingconsiderable intra- and
interspecific polymorphisms & loci. The candidate gene approach can only play
a supportive role in map-based cloning.

Even in the era of genomics, map-based clonindR ajenes from crop
species such as potato is far from a routine pureedMost R genes are
introgressed from wild species and they are cheriaed in the background of
cultivated species. Dynamic evolution resulted amgé sequence divergence
between the ‘wild’ resistant haplotype and the ‘@stic’ susceptible haplotype.
The implication of this divergence for map-basezhiig is two fold. On one side,
saturation of markers at tHe gene region can be achieved. In the potato UHD
map, we found 43 AFLP markers cosegregating withRB locus. On the other
side, recombination is seriously inhibited. Thamated physical/genetic distance
ratio is at least 10 Mb/cM in thB3a region. The extremely low recombination
frequency makes chromosome walking an indispensstble to make a physical
contig for the target region. Chromosome walking@ahplexR loci is a very time-
consuming process due to their highly repetitivéurea Transposable elements
were often found at the ends of BACs derived frii@R3a region, which made
extension of contigs impossible. In potato, thisgess is further complicated by its
heterozygous genome. Often chromosome walking goeshe r haplotypes
(Kanyukaet al., 1999).

To partially circumvent these obstacles, we dewadophe local RGA
approach Chapter 4) as a combination of the map-based cloning styatéth the
candidate gene approach. The key component of ththau is BAC pool
association. By analysis of genetically-defined ecalar markers and a RGA
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marker on a few hundred BAC pools, one can alrggmly insight into the physical
relationships between the genetic markers and @& Rarker. The success of the
method depends on the marker saturation at thetteggion and the suitability of
the RGA marker. Marker saturation can be achiewed bulked segregant analysis
(Michelmoreet al., 1991) with AFLP marker technology. The suitabilof the
RGA marker depended on the reliability of the ditan related species or known
genotypes. The genome sequence of one Solanacexusan give a full picture

of the genomic organization &floci in the reference genome and offer such clues
to clone R genes in related species. We believe the methad ahaeneral
applicability in cloning of members of fast-evolgigene families.

Even with a completely sequenced tomato genonig nibt straightforward
to use the tomato sequence to cloneRagene from compleR loci in potato.
Considerably large intra-specific variation hasrbebserved at compleR loci
(Parniske et al., 1997; Noel et al., 1999). Lehalter-specific variation! Besides
the local RGA approach, tailor-made gene-silendieghniques might help to
reveal the sequence identity of targetgenes. Virus-induced gene silencing
(VIGS) has been developed for a numberSofanum species (Brignetet al.,
2004). VIGS with different parts of the most vatallomain (LRR) will help to
identify a fragment of sequence that can be usetl @®be to pick up candidates
from a full-length cDNA library or a binary cosmlitbrary.

Another technical obstacle is the lack of a faahsformation system to
identify the functionaR genes from candidates. Although stable transfaomas
a routine procedure for potato, it takes four t® mionths to get the first
phenotyping result. Currently Agroinfiltration or gfobacterium transient
transformation assay (ATTA) (van der Hooeth al., 2000) has not yet been
efficiently applied to potato and tomato. If tAer gene is known, ATTA can be
applied onNicotiana species by a combination of the bin&gene construct and
the PVX Awr gene construct. In view of the anticipat®d infestans genome
sequencing project (Kamoust al., 2002) and development in data-mining tools
(Torto et al., 2003), moreAvr gene candidates will be discovered and benefit the
cloning of correspondind® genes. Alternatively, by silencing thBIF1 gene in
P. infestans, we can enable the pathogen to be more virulerit.doenthamiana
(Kamounet al., 1998). ATTA can be performed on N. benthamiaravds and
disease resistance can be evaluated withNRé&-deficient isolate.

In summary, sequencing projects of potato or rdlafmecies will present a
full picture of R gene organization on the whole-genome level. Wlisspeed up
the isolation of functionaR genes for controlling various diseases. This @esce
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will be further accelerated upon the developmentiaafis in comparative and
functional genomics.

Co-evolution of R Loci and Their Interacting Pathogens

Co-evolution is the process of reciprocal adaptieeetic change in two or more
species (Fig. 1). Co-evolution can occur betweegniateracting populations: prey
and predator, plant and herbivore, but it is exg@td be particularly important in
host-pathogen systems because of the intimate enafuthe association and the
strong selective pressures that each can exeheoother (Woolhouset al., 2002).
The co-evolution between plants and pathogens taralaecosystems is well
explained with the gene-for-gene model (Flor, 1971)

| host susceptibility
benefits of resistance
costs of resistance

host resistance

reduced selection

for pathogen

infectivity

increased selection increased selection

for pathogen infectivity o host resistance

reduced selection

for host resistance

costs of pathogenicity

benefits of pathogenicity,

Fig.1 Schematic representation of co-evolution, emphasizeciprocity in that changes in allele
frequencies due to selection in one species impelgetion resulting in changes in allele frequesicie
in the other. Reproduced from Woolhouse et al. 2002.

The co-evolution with pathogens must have had actiimpact on the
evolution of plant®R gene loci. Therefore, pathogens that have a gredutionary
potential should have prompted the corresponding @ expand theiRR gene
repertoire. As a contrast, plants should requineefechanges iR loci to cope with
pathogens with less evolutionary risk. We shouldabée to find a correlation
between the evolutionary potential of pathogenshwlie extent of dynamic
evolution in their interactin® loci.

The evolutionary potential or risk of various pajkos has been
investigated using parameters as mating systene flew, effective population
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size, and mutation rate (McDonald and Linde, 200239thogens that pose the
highest evolutionary potential have a mixed repotidn system, a high potential
for genotype flow, large effective population sizead a high mutation rate. An
example of this is the neR. infestans population with A1 and A2 mating types.
The lowest risk pathogens are those with strick@esereproduction, low gene flow
potential, small effective population sizes, and Imutation rates, such as the
soilborne fungudFusarium oxysporum f.sp. lycopersici causing vascular wilt in
tomato. Pathogen populations with a high evolaigrpotential are more likely to
overcome genetic resistance than those with a leslugonary potential. The
major R genes for Fusarium resistance suchhiZabave a more durable resistance
than the major genes for late blight resistancér &R3. Interestingly, although
the tomatol2 locus is syntenic to the potaR8 locus, we observed that thR8
locus has undergone a more dynamic evolution than2 locus as reflected in
physical sizeR gene numbersdhapter 4) and functional diversityGhapter 5).

Indeed, the correlation of pathogens’ evolutiondask with the speed of
interactingR loci was observed in a few other cases. Most knBwaci (RPP1,
RPP2, RPP5, and RPP8) interacting with the oomycetélyaloperonospora
parasitica are complex loci with detected diversifying selenti whereas those
(RPM1, RPS, andRPb) interacting with the bacterial pathogeseudomonas are
single R gene loci under purifying selection. Another iefing case is the
contrasting evolution pattern of different compaisein anR gene supercluster at
the potato chromosome 5 (H.Kuasaigal, unpublished work). Three classeshof
genes, namelBs4, R1, and Prf, were identified in the same supercluster. By
comparative study of the supercluster in three geysoof Solanum demissum,
Kuang et al. founds4 andPrf are well conserved between different genomes and
R1 displays a more dynamic evolution in aspectRajene copy numbers and
sequence exchange between paralogs. This phenomempobe explained by the
pathogens with which these three clusters are aotielg. Bs4 and Prf confer
resistance to bacterial pathogens, Rhds a late blight resistance gene.

This one-to-one correlation could be complicatedthsy fact thaiR
loci could act against more than one pathogen agiven pathogen may
have alternative hosts, and therefore, its evatatip potential is not
necessarily reflected in the host studied. For @tenR genes against
P. infestans could have distinct evolution patterns. T8&ebulbocastanum
geneRB/Rpi-blbl is a slow-evolving gene under purifying selectiamile
the S demissum gene R3a is a fast-evolving gene under significant
diversifying selection. EithdRB/Rpi-blbl has another function in conferring
resistance to another diseaseSrbulbocastanum or P. infestans doesn’t
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have a co-evolutionary history with the host. lagtingly we notice that
S bulbocastanum often grows in dry conditions, indicating its laok co-
evolution with the oomycete that needs high humidbr successful
infection.

FUNCTIONAL DIVERSITY OF RLOCI

The R3 locus comprises two functionally distin& genesR3a and R3b-active
against the same pathog&hg@pter 3). Similar phenomena were discovered at the
tomato Cf2 locus that consists of almost two identical geresing against
Cladosporium fulvum isolates carryingivr2 (Dixon et al., 1996), at th&Cf4 locus
that contains theCf4 and Hcr9-4E genes recognizing two differetvr genes
(Takkenet al., 1999), at the ArabidopsRPP1 locus that comprises thré&egenes
with a distinct but overlapping resistance specttaidyal operonospora parasitica
(Botellaet al., 1998), and at the potaRx locus that harbors tHex1 gene for PVX
extreme resistance and tligpa2 gene for cyst nematode resistance (van der
Vossenet al., 2000). Related to these, soRegenes have dual functions. The
tomatoMi gene confers resistance to both root-knot nematadd aphids (Rossi
et al., 1998; Voset al., 1998). The ArabidopsiRPM1 gene confers recognition to
two unrelated bacterial type Il effector proteifGrantet al., 1995). However,
mostR loci contain only ondR gene of known function with or without paralogs
(Hulbertet al., 2001).

The evolutionary driving force of this diversity fanctional contents oR
loci remains unknown, but we can make some specnfatThe guard hypothesis
(Dangl and Jones, 2001) predicts the indirect reitimyp of Avr proteins by R
proteins via guardees, the virulence targets tatitqgens intend to exploit for their
own benefit. It is likely that a single R proteiarcperceive multiple Avr proteins
via the same virulence target. This gives an exgtian for the dual role of sonte
genes, as demonstrated in the cadeRdl1 (Mackeyet al., 2002). Mathematically
this explanation might be right. Most plants arsise@ant to most pathogens.
Although preformed barriers play an important rioleesistance to host or nonhost
pathogens, resistance based on recognition shéaydapmajor role in the defense
against diseases. The full genome sequence of dopbis predicts ~150 NBS-
LRR typeR genes (Meyerst al., 2003). There should be multiple times of 150
pathogen elicitors being recognized by th&genes. Almost alR genes were
genetically characterized with a limited numbeiisafiates of a limited number of
pathogens and this may be the reason why theiri-fagkt functions are hardly
unveiled.R genes should play an important role in nonhosstasce to keep many
potential pathogens at bay.
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Most R loci consist of tightly linked genes with high hology. The
paralogs are likely derived from the same ancestogdy by means of gene
duplication and subsequent diversification. Gengidation plays a very important
role in adaptation (Hughes, 2002). After duplicatione copy can evolve more
freely and gain a novel function. Or the duplicatgghes subdivide the functions
conferred by the ancestral gene. The functionalutiom atR loci is driven by two
major forces: diversifying selection and sequengehange between paralogs
(Michelmore and Meyers, 1998; Bergelson et al.,120@ulbert et al., 2001). The
two copies of theCf2 gene may be the result of a recent duplicationesitheir
proteins only differ by three residues. The nexpsof divergency between
duplicated genes may be as observed inQideHcr9-4E pair. Then later aRx1
and Gpa2 (88% a.a. identity). Th&3a andR3b are from two distinct clusters of
theR3 complex, possibly the reminiscents of ancient ghu@ication.

R-Gene-Free or R-Gene-Full, The Future of Resistance
Breeding to Late Blight

Potato breeding for late blight resistance wasaftée earliest practices mankind
used to combat plant pathogens by means of gemetimvement (Miller and
Black, 1952). Introgression & genes from wild species started as early as 1909.
However, the process ‘reflects alternating periofdsope and despair’ (Miller and
Black, 1952) along with the ‘boom-bust’ cycles ieptbyment ofR genes derived
from Solanum demissium. Disappointed by the non-durable nature of the
S demissum R genes, the community either turned to other spefcie durableR
genes (Hermsen and Ramanna, 1973; Colon et al5; ¥98lgeson et al., 1998;
Ewing et al., 2000; Sandbrink et al., 2000), ordd a so-calledR-gene-free’
approach (Turkensteen, 1993; Landeo et al., 1995).

The R-gene-free strategy aims to explore partial rest#a To select
material without detecte® genes, one can focus on genes controlling partial
resistance. This approach was embraced by CIP @ne sther breeders without
carefully probing its scientific genuineness. Firdte term R-gene-free’ is not
scientifically correct. Even in the most susceptiblltivars such as Bintje, there
could be quite manyR genes undetected with the collections Rfinfestans
isolates. On the other hand, many so-called racafsF0 infestans could be more
complex than expected. For example, we found tiates IPO-0 is not race O but
race 3b Chapter 3). If one uses IPO-0 to detect potato clones witp@ssibleR
genes and then throws them out from the breedinggram, one may
unconsciously keep the materials wiR8b. One can never get aR-gene-free’
clone and totally exclude the contribution of umdétd R genes in late blight
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resistance. Second, the approach makes a cleactmt between majoR genes
with clear resistance phenotypes and miRogenes with partial resistance and
correlates this distinction with durability. Thisreelation is superficial. In many
other pathosystems, majBrgenes can be durable, such as the pepggene for
Xanthomonas resistance (Kearney and Staskawicz, 1990), andatmato Tm22
gene for TMV resistance (Lanfermeijgral., 2003). Although the molecular basis
of partial resistance is poorly understood, sommlpgs of majorR genes act as
quantitative resistance loci (QRLS) in tomato aicd (Parniske et al., 1997; Wang
et al., 1998; Takken et al., 1999). In potato, QRften cluster with majoR genes
(Gebhardt and Valkonen, 2001), suggesting theirlaimdentity and mode of
action. In addition, partial resistance in someptato cvs. such as Pimpernel also
display race-specificity to some extent (Fletral., 2003). Third, this approach
totally ignores the contribution of majérgenes to the overall resistance of potato
cultivars. R genes are often present in most resistant progery resistant x
susceptible cross (Stewadtal., 2003). About 80% of cvs. of the former Federal
Republic of Germany hav@ demissum pedigrees due to tHegenes derived from
the wild species (Ross, 1986). A recent linkagegqliibrium study in 600 potato
cvs. demonstrated that the presence ofRhegene is positively correlated with
higher field resistance (Gebhardt al., 2004). Last, this approach is also
practically unsuccessful since partial resistarscefien unfavorably linked to late
maturity and low vigor (Collins et al., 1999; SimiZD02).

How about theR-gene-full strategy? Despite disappointment by ribe-
durable nature of knowR genes, some breeders never stopped their attempt t
accumulateér genes into cultivars with the expectation thatpyiding of severaR
genes into the same cultivars would enable moreldeiresistance. The process of
pyramiding involves tremendous effort but only fesdi in the release of few
cultivars such as the Dutch cv. Escort and thetSbotv. Stirling with reasonably
good resistance. Yet these cultivars are not gromanconsiderably large acreage.
R genes may have costs, as demonstrated in the tdse Arabidopsis bacterial
resistance genBPML1 (Tian et al., 2003). Therefore, if a potato cultivar has too
many R genes, it likely gets a fithess penalty such asefovigor. Most crop
species might have lost théX genes in the process of domestication. Resistance
might be negatively selected in favor of high yieldd better flavor. A balance
between resistance and other agronomic traitschias tnaintained.

R gene polyculture or multiline is an alternativéusion to the vulnerability
of monocultured crops to diseases (Wolfe, 1985;edpr2001; Mundt, 2002).
Cultivar mixtures have proven to be a significargasure in the control of rice
blast (Zhu et al.,, 2000). Some experiments indecdbat culitvar mixtures also
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works in the potatd?. infestans pathosystem (Garrett and Mundt, 2000). However,
R gene polyculture in a real sense has never beactigegd in potato as it is
difficult to create a polyculture in potato due ite tetrasomic inheritance and
inbreeding depression. The GMO approach is soharanly possible effective
method to create a mixture of potato cultivars trdy differ by theR genes. Since
several late blighR genes have been cloned and particularly sinceisamvered
thatR3 has multiple allelic versions to allow allele-migi (Chapter 5), we should
expect that a dozelR genes will be available in the near future. laigood time
now to putR gene polyculture for late blight control to a ses experimental test.

The ecological implication associated with gene polyculture concept is
to make the pathogen population heterozygous byipping hosts with
heterozygous resistance specificities. This is¢ate equilibrium between the host
and the pathogen, by allowing part of the host dpeixploited by the pathogen and
keeping the remaining healthy. To maintain the ldgiium at an economical
threshold, we should soberly realize that resigarmnferred byR genes is not
enough. Instead, we need to adopt integrated dise@amagement that combines
the smart deployment of host resistance, cultunactices, and a limited
application of pesticides.
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Potato is the most important non-cereal crop irvtbdd. Late blight, caused by the
oomycete pathogefPhytophthora infestans, is the most devastating disease of
potato. In the mid-19 century,P. infestans attacked the European potato fields and
this resulted in a widespread famine in IrelandteLblight remains the No.1
constraint to potato production and causes a yeauli-billion US$ loss globally.

In Europe and North America, late blight controlabidy relies on the use of
chemicals, which is hardly affordable to farmersd&veloping countries and also
raises considerable environmental concerns ineleldped countries.

Use of host resistance is ecologically the mostagusble way of disease
management. Disease resistariRedenes exist in a wide range of wild species of
the genereésolanum. One wild speciesSolanum demissum, became the donor of
most characterizedRk genes due to its crossability with the cultivatggkecies
S tuberosum. However, these race-specific geneRl1-R11) didn't enable
satisfactory protection under the current deploytnseheme. Breeders either turned
to other wild species or adopted a so-callBdgéne-free’ approach to explore
guantitative resistance. Unfortunately, neitheeralative offered a solution to late
blight control and did not result in commercialeate of cultivars with durable
resistance.

At the end of the 20th century, biological reseagatered the genomics era,
landmarked by the Human Genome Project and by thbidopsis and rice genome
sequencing initiatives. Genomics also became thefrantier of research in potato
and P. infestans. This scientific development is deepening and theoing our
understanding of the biology of the host and théhggen and is facilitating
isolation of key genes involved in the interactiofhe genetically modified
organism (GMO) strategy allows a much more effitigpplication of these genes
than time-consuming conventional breeding. Thissith@eals with the isolation,
characterization, and deployment of hBgienes with the expectation to achieve an
ecologically and economically sound control of lalight.

The potatdP. infestans interaction follows the gene-for-gene model, tisat
resistance only occurs when a hBsgene and its corresponding avirulenger}
gene in the pathogen are both present. Severasdisesting methods have been
developed for determination of the gene-for-gerteraction between potato and
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P. infestans. In vitro inoculation was developed as a quick, space-éffecand
accurate assayChapter 2). The method exploits the amenability of potate fo
tissue culture and the suitability of thevitro environment for late blight disease
development. Its specificity and reliability wasnfiomed by comparison with the
well-established detached-leaf assay. Currentlyyiiro inoculation is routinely
used in phenotyping of segregating populationsstasce testing of transformants
for functional complementation, and screening ok ik genes in a wide range of
wild germplasms.

The investigation of host resistance was focusethe®3 complex locus on
the distal part of chromosome 11. TR8 complex locus segregated in a potato
mapping population, which was used to construcptitato ultra-high dense (UHD)
map saturated with over 10,000 amplified fragmemigth polymorphism (AFLP)
markers. Using a population of 1748 plants, we tanted a high-resolution
genetic map at thdk3 complex locus. The combination of fine-mapping and
accurate disease testing with spedfiénfestans isolates resulted in the unexpected
discovery that th&®3 complex locus is composed of two functionally idist genes,
R3a and R3b, which are 0.4 cM apart and have both been ingéssgd from
S demissum (Chapter 3). Each gene was localized into a genetéerval of 0.25
cM, providing the starting point for map-based ahgn

PlantR gene families undergo fast evolution, resultingamsiderable intra-
and inter-specific variation. Plant disease resistaR) loci frequently lack synteny
between related species of cereals and crucifergfqear to be positionally well
conserved in the Solanaceae. Comparative genomisgdps a tool to utilize the
exponentially increasing sequence information framodel plants to clone
agronomically important genes from less studiedp cspecies. We were keen to
investigate whether this tool can enable riRwene cloning by a case study. The
comparative study revealed that the potato latghblR3 locus and the tomato
Fusarium wilt 12 locus were derived from an ancestral locus invibiveplant innate
immunity. We adopted a local RGA approach using Dé¢fuences of th@ gene
to isolate theR3a gene (Chapter 4)2 andR3a share 88% and 83% identities at the
DNA and protein level, respectivelyR3a is a member of th&®3 complex locus.
Comparative physical mapping disclosed that theatpoR3 complex locus
underwent a significant expansion after divergeinoe tomato without disruption
of the flanking colinearity. This expansion resdlia an increase in the number of
R genes and functional diversification. Interestinghe differential evolution of the
ancientR locus in the two closely related species is walirelated with the
contrasting evolutionary potentials of the pathagefith whichl2 andR3 interact.
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Fusarium oxysporum is a soilborne fungus with low genotype diversityhereas the
late blight pathogeP. infestans is notorious in its ability to move and mutate.

An intriguing question is whys. demissum, a species that appears to contain
only easily-brokerR genes, can display durable resistance at the giipullevel in
its natural environment. The polymorphism of paesecognition capacity in a
host population will restrict most isolates of tharasite to grow on most hosts.
Allelism is an efficient way of creating recognitiopolymorphism. We made
another unexpected discovery that tR& complex locus has very high allelic
diversity and that thdR6~R11 resistant specificities all contain a distinctehd
version(Chapter 5). Sequence exchange between allelesiaabifying selection
are the major driving forces of this allelic rectign polymorphism tdP. infestans.
Remarkably, the genomic structure of & complex locus favors the creation of
new resistance specificity by reshuffling of eleitseinom the two clusterdi@a and
R3b). The multiple allelism of th&3 complex locus may be a natural mechanism of
S. demissum to suppress late blight epidemics and should eickied in resistance
breeding. We suggest thiatgene polyculture via the GMO approach should Ige th
future paradigm oR gene deployment in late blight control.

Potato breeding for late blight resistance was oh¢he earliest mankind
practices in combating plant pathogens by meargeonétic improvement but the
disease has not been controlled by resistance ibhgeesth far. The non-durable
nature ofS demissum R genes apparently disappointed most breeders anuldme
of easily-brokenR genes even led to the unsuccesdRdiene-free approach.
However, from an evolutionary and ecological paitview, singleR genes can
never defeat pathogens suchPasnfestans with extremely high evolutionary risk.
We propose that the community rethinks its stratebiR gene deployment in late
blight disease managemeR.gene monoculture is obviously not recommendied.
gene pyramiding is currently practiced by breedbeintsthis strategy is basically the
same afk gene monoculture since it creates uniformity isthresistance specificity
in the field, which will be eventually broken byetlfiast-evolving pathogeiR gene
polyculture should be the strategy of the futurewldver, we should soberly realize
that host resistance might be high enough for gahdf the plant population but it
alone might never offer a protection that meetsettienomical threshold. Integrated
pest management should includ® gene polyculture as the central element,
cultivation measures, and limited chemical appiaret.

To provide this central element, we need to clonerenR genes. Our
discovery of the multiple allelism of the3 potato late blight resistance complex
and molecular characterization of one of its allgkrsions will offer a possibility to
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clone a dozem genes in the near future and then to deploy them potato field
using marker-free GMO techniques.
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Samenvatting

Wereldwijd is aardappel het belangrijkste voedimyegs, naast de granen. De
aardappelziekte, veroorzaakt door de oomyBbgtophthora infestans, is de meest
verwoestende ziekte in dit gewas. Halverwege deek@w tastteP. infestans de
Europese aardappelvelden aan waardoor in lerlanddemmatische hongersnood
ontstond. De aardappelziektehytophthora blijft voor de aardappelproductie
probleem nummer 1 en veroorzaakt wereldwijd jdexlivele miljarden Euro’s
verlies. De beheersing vdhytophthora berust in Europa en N. Amerika op het
gebruik van milieubelastende chemicalién, maar dsoen ontwikkelingslanden
kunnen zich deze nauwelijks veroorloven.

Het gebruik van resistente rassen is ecologiscliegede meest duurzame
manier van ziektebeheersing. Resistentiegenen kovoen in een groot aantal
wilde soorten van het gen@slanum. Solanum demissum, is door zijn kruisbaarheid
met de cultuuraardapp& tuberosum, de donor van de best gekarakterised®de
genen geworden. Maar de manier waarmee deze gBheRil{) tot nu toe ingezet
zZijn in de teelt, heeft slechts kortdurende besuirey opgeleverd. Veredelaars
hebben ook sporadisch andere wilde soorten gebrofkbhebben zich gericht op
partiéle resistentie in een zgmR ‘gen vrije” methode. Ongelukkigerwijs hebben
geen van beide alternatieven een oplossing voor bdbeersing van de
aardappelziekte gebracht, en commerciéle rasserenetiuurzame resistentie zijn
nog steeds niet voor handen.

Aan het eind van de 20e eeuw is het biologisch imogd in het “genomics
tijdperk” terecht gekomen. Dit mondde uit in o.at Humane Genoom project en in
genoom sequencing projecten varabidopsis en rijst. Ook bij aardappel eR.
infestans heeft genomics onderzoek zijn intrede gedaan. Dezenschappelijke
ontwikkeling verdiept en verbreedt ons begrip vanbiblogie van de gastheer en
het pathogeen, en maakt moleculaire isolatie mggedin sleutelgenen die bij deze
interactie betrokken zijn. De GMO (genetisch gerfioeérde organismen)
technologie staat een veel efficiénter gebruik vdeze genen toe dan de
tijdverslindende conventionele veredeling. Dit gsoérift gaat over de isolatie,
karakterisering en toepassing van resistentieg€Regenen) in de verwachting
hiermee tot een meer ecologisch en economisch aathare beheersing van de
aardappelziekte te komen.

De interactie tussen aardappel Rrinfestans volgt het gen-om-gen model.
Dit betekent dat de plant alleen resistent is aiset hetR gen in de plant en het
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corresponderende avirulentiegedvi( gen) in het pathogeen aanwezig zijn.
Verschillende ziektetoetsen worden gebruikt om da-gm-gen interactie tussen
aardappel e®. infestans te kunnen vaststellen, maar deze zijn vaak tijenalv In
Hoofdstuk 2 wordt de ontwikkeling vann vitro inoculatie beschreven als een
snelle, ruimte besparende en betrouwbare methatsyfleem is gebaseerd op de
geschiktheid varP. infestans om onderin vitro omstandigheden te groeien, en
maakt gebruik van het feit dat aardappel zeer goeditro vermeerderd kan
worden. De specificiteit en betrouwbaarheid van edemethode kon worden
vastgesteld door deze te vergelijken met de algerhekende toets met afgesneden
bladeren. Op dit moment wordh vitro inoculatie in het laboratorium op routine
basis toegepast bij zowel het fenotyperen vansgplde populaties, het toetsen van
resistentie bij transformanten voor functionele ptamentatie, evenals het screenen
van wildeSolanum soorten voor aanwezigheid van nieuigenen.

Het onderzoek naar resistentie richt zich op R&locus, dat op het distale
deel van chromosoom 11 gelegen is. Dit locus $plits in een populatie die
gebruikt is voor het genereren van een ultra digeteetische kaart, die verzadigd is
met meer dan 10.000 AFLP (amplified fragment lengtfymorphism) merkers.
Vervolgens is een populatie van 1748 planten gkbroin een hoge resolutie
genetische kaart van hB8 locus te maken. De combinatie van fijn-kartering e
betrouwbare resistentietoetsen met specifieketemoheanP. infestans resulteerde in
de onverwachte ontdekking dat h&3 locus bestaat uit twee functioneel
verschillende generR3a en R3b. Deze genen liggen 0.4 cM van elkaar en beide
zijn afkomstig vanS. demissum (Hoofdstuk 3). Beide genen zijn gelokaliseerd
binnen genetische intervallen van 0.25 cM, die dtettpunt voor de “map-based”
klonering vormden.

R genfamilies van planten ondergaan vaak een seedliitie, die uiteindelijk
resulteert in een aanzienlijke intra- en intersfigae variatie. Resistentieloci van
granen en Cruciferen missen vaak positionele om&mast (‘synteny’) tussen
verwante soorten, maar bij de Solanaceae lijkene dgaed geconserveerd.
Vergelijkende genomica geeft steeds meer de mkbeld in handen om de
exponentieel toenemende sequentie-informatie vatetplanten te gebruiken voor
het kloneren van landbouwkundig belangrijke gendp rhinder internsief
bestudeerde cultuurplanten. Wij wilden weten ofedezogelijkheid gebruikt kon
worden om een nieuR gen te kloneren. Het vergelijkende onderzoekZieh dat
het aardappelR3 gen tegerP. infestans en hetl2 gen van tomaat tegdfusarium
oxysporum afkomstig waren van één oorspronkelijk gen dadeérplant immuniteit
veroorzaakt. Voor de klonering van i8a gen hebben wij een plaatsgerichte RGA
(Resistance Gene Analogue) benaderingswijze tosyeg@or DNA-specifieke
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sequenties van héR gen te gebruikenHoofdstuk 4). 12 en R3a hebben 88% en
83% homologie op respectievelijk DNA- en eiwitnived&3a is een lid van het
complexeR3 locus. De fysische kaart gaf aan dat R8tlocus van aardappel een
aanzienlijke expansie heeft ondergaan t.o.v. hetidoop tomaat, waarbij de
flankerende co-lineariteit intact is gebleven. Dderze expansie is er een toename
van het aantaR genen én van functionele diversiteit. De diffei@ptevolutie van
het oorspronkelijkeR locus in tomaat en aardappel is goed gecorrelgertide
contrasterende evolutionaire potentie van de bkémkpathogenen waarméz2 en

R3 interactie aangaarf. oxysporum is een grondgebonden schimmel met een
relatief lage genetische diversiteit, terwifl infestans zeer berucht is om haar
vermogen zich te verplaatsen en om te muteren.

Een intrigerende vraag is waarom de s@&udemissum, die schijnbaar alleen
eenvoudig te doorbrekeR genen bevat, in haar natuurlijke omgeving duurzaam
resistent is. De polymorfie op het niveau van pg#emherkenning in een
plantenpopulatie zal de meeste isolaten van habgatn verhinderen te groeien op
de meeste planten. Een efficiénte manier om polfiemop het punt van herkenning
te verkrijgen is allelie. Een onverwachte ontdegkinm ons onderzoek is, dat He3
locus een hoge allelische diversiteit bezit end#d®5-R11 resistenties allemaal een
andere allele versie van hd®3 locus bevatten Hoofdstuk 5). Sequentie-
uitwisseling tussen allelen en diversificerendeect® zijn de belangrijkste
drijvende krachten achter deze herkenningspolymotégen P. infestans op
allelniveau. Opvallend is dat de genoomstructuur etR3 locus het ontstaan van
nieuwe specifieke resistenties bevordert door mmeng(‘reshuffeling’) van
elementen van de twee clusteR8d enR3b). De multi-allelie van heR3 locus zou
een natuurlijk mechanisme vaf. demissum kunnen zijn om P. infestans
epidemieén te onderdrukken. Deze benaderingswsjde de resistentieveredeling
tot nu toe nog niet gebruikt.

Resistentieveredeling in aardappel tegbgtophthora was een van de eerste
toepassingen van de mens om met behulp van gdmetisethoden de strijd tegen
pathogenen aan te binden, maar tot op de dag veaaag is deze ziekte zonder
chemische middelen niet onder controle. De nietxthme aard van de genen uit
S. demissum heeft veel veredelaars teleurgesteld en was fr deloorzaak van om
met de (eveneens onsuccesvoll® den vrije” benadering te beginnen. Echter,
vanuit evolutionair en ecologisch oogpunt geziemrnan enkelvoudigdk genen
pathogenen die een hoog evolutionair risico in dicdgen, zoal®. infestans, nooit
beheersen. Op grond van dit proefschrift moet teddrigk vanR genen bij het
beheersen vaRhytophthora heroverwogen worden. Het gebruik van enkelvoudige
R genen wordt afgeradei®R gen stapeling is op dit moment de meest gevolgde

125



Samenvatting |

benaderingswijze, maar deze is in principe veddaiar met het toepassen van
enkelvoudige genen, omdat het met uniformiteit danresistentie in het gewas
gepaard gaat die door het snel veranderende pathagentueel doorbroken kan
worden. Het gebruik van meerddéRegenen in gemengde rassen, gebaseerd op één
basisras, zou de toekomstige strategie moetenHigrbij is toepassing van GMO
om gekloneerde genen binnen te brengen onontlieddgt is te verwachten dat
alleen deze benaderingswijze niet altijd de mate bascherming geeft die in een
moderne economische teelt noodzakelijk is. Dit kexté dat het een onderdeel moet
zijn van een geintegreerde methode, waarin hetsem vamR genen een centraal
element is naast het beperkte gebruik van cheréicali

Er zijn veel meer gekloneerd® genen nodig om tot de beschreven
benaderingswijze te komen. De ontdekking van hehpmexe R3 locus voor
Phytophthora-resistentie en de moleculaire karakterisering g&n van de allele
versies geeft de mogelijkheid om op korte termgm groot aantal andeRRgenen
te kloneren, en deze vervolgens met behulp van dakenvrije GMO
benaderingswijze toe te passen in het veld.
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ORERHEHRLIREENERAREY. BEREBINE
Phytophthora infestans S[{289, BIREBRMENRKRE. T LD
ZRESENMNDBDEE~X ZRiT, S TEHERNE/R=X
T35 (The Great Irish Famine) , Z2S{0ARDRELE NS —RBHIR
R, EEIREREH2ETHREk. EEONFILE, BEREB™E
KT HSRET, 22PN sTENNREDH. KBPERNKE
NTCONESEX LLR RBVRB o

NBEFENMRESS FREZERIUFENREIERS. R
EREESETIREESHEMNP, HD—DHEF Solanum
demissum EBFOIRIFORIEHD S. tuberosum ZAMANE RIS AITVRE
ANFEFRR. B2, XEFWHTVRER (RI-R11) TERINEH
AR N HREREEBEIPTEINEE. BIPEA1SE 2RI fh
FHEAFATRNEWNER, NEXBMEN ‘FEJIRER (R-
gene-free) ’ REEFBMBHEMITRER. AEHE, XM TER
EHEN S B EEBA NIRRT BEMFE, HsBaRERANME
A9 GaFP.

— LB, AXEFAMIAETAKBER A H IR
ELEVRSZHAHRAN TERAZN . BERASFHBRRMADREN
R RARBIENE, R B SHININEFE (BRE) KRR (%
BRE) £USFHINR, i TEHFE-RREFHXRERNR
(&, BB, BEARARBEXLXBERRIUDAE TR
BR6. RENATENENBERERN=E. DITABEHEA
RES, UHEASKII —EA L E B O THRERI 6 H RS,

ORE-BERENEEFTEESIN ‘ERNER Rit. %R
RIRBINARN RS TIORRBEIRINER, REFTHNHFER
RRPENNNIESNHERONBEHFEREN, FEA2EIRR
No BIARERAT/IOARSRE-BERE ‘ERNER XA
BioA, BEMNESAEE TR AIENIRETE. HKIETAERN
TEEEIE (In vitro inoculation) F—PIUR. SRAERBIRS
5 (B28) . ZhANB T IRESZEBNEFRIITEIBHA
FERESTHRERARIM MBI FME. EFRMEANTSEMEESA
NIRRT H DA (Detached-leaf assay) LU PSENEE. Ba0,
TEOEMECEMNNDBEAETIAREE. BEERSIEGIETEF
TR S TP R BRI BT 5.

RN PARBRERNRZ R3. RGN RERENEDS
RES 11 SREeAHKI, FHRANOBTHEUIREREBSER
1% (Ultra-High Density map) BVBHAE., ZEIEBNHTRASZE
ARERFTM, RInES 10,000 FiBHBRKEZSME (amplified
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fragment length polymorphism, AFLP) #rlc. £ UHD &P, {1k
WS 43 ™0 R3 EHEBY AFLP iric. BIY—TADBEEHEA (1748
) . BIICIE S R3 S DPRRERL, SEIenYRKEIEFIR
ARRMNREREREE, BRI T —TIEARNIZR: R3 FF
ERBE—THRER, EREATNIEREFNRERAENN (5=
F) . XM TMER, R3a A0 R3b, BEE 04 cM, EIRRTE AT
S. demissumo R3a F0 R3b D BIEAIT 0.25 cM BNREXBE, ~NEY
B REEDBEN R TREE.

TRERKEED S EDBROE, S TIEBAEFPAF0FDE
TR, £ARARNN+ZHR D, BEMIRERMUR (R AIR) EEX
WFOEVEC IR (Synteny) EFBFIRREHMELK. B&, R I
SENRBEX IO DA EESNRFME. Ba1, MEREY D™~
48 DNA AIEBRFRINE B 2EHFSK. WRERAS NNBX
LWERXREIFEEMNEBRUTERERREHE T TH. BRES
MARRIRMRERIRER DB RERASIER 2 —, &L5E
Bll, FHMNBIREESPAN B RERAS T B E—THBVIDEEMBYR
RER (FNE) . WREEEEBR T SRBNRERERNR R3
MENTIRBRERNR 2 KRFR— T EHBEYANERBARANR
BUR. WMNXBIT—T#HAOE-NRERTIEIRZE (Local
resistance gene analog) , FADRN 12 ERFBINTE S R3 AIRBNE
P—PEMR R3a, £ DNA FEBFIK¥ L, 1270 R3a DRIE 88%40
83%NE—t. tURYIBIEEBRENSHO<UE, BSREN R3 I
REH T BEENERAET IS, BRIIIEFHLBEE R3 MNERA
XAV FLM (Colinearity) XR. WIS T TAREREE
BOISH0FOTNEEENZHE . BERNHR, 12-R3 X NRBASESHIF0
SREPHAANEH IEERISH B ERRRMEDBNEHE DX
ZEX, 0 2 NIRBERRIRE Fusarium oxysporum ;g—ip {58
&, BuiEEBERE, REEAERNT R/, B\, mi0 R3 I
SEENREREIUEITESERE, REFRERLTRIERAK,
HAB IR K,

—MEERBNAME: M S demissum SARFIEIPDERED
TRER (RI-11) FESIRGRRELR, E2XTHEMEER
WiE N ABHANTIRN. BRRESHARBIVRERDZTIERE
HRROKBOBREST EEHAREIRIT. BAIRI T RIN—"TF8
ARPMR : NRRRALR R3 BIEEZHNFNER, FH R5-RII &
& RINFNER (BLHE) . FUERZENRBINIRFDARIINIE
@R (Darwinian positive selection) 2 R3 M SHUERZSMBEITE
BHH TN D SINEENZE, S demissum QLB R3 IS BIRD
H79-R3a 70 R3b NBLER L HOFURFIE. RINSBZEFNUER
RORER S. demissum EHIREFRATORAYSG. HAEIRZETVR
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BpdhEiRN. BNZBESNREREER (R-gene polyculture)
Bl —MRVRERABINEERSIDRIIBAREEHS, MIZN
BRERE PIARERBEBANRE. £SRESHP, OREW
REBTEERRR, RIEIGEISNRERESARNE—FER
EHEIHNRERABIRERSARES AR RIBEP P,

OREBNRERBTRALNE FRENBBRENERIZHIEY
RENXE 2 —, BESHFREUSAIN. S demissum PHRERDIIE
BAMBRERZDHEDKINNELLE. XMELLEEESHITHOBDRK
KA T AR “FEVIVRER K. AMAEHESFETEH
BEXRSE, NTFBRERBXIMEHENEXRNRR, B TIRERX
MATEEFEFATVRM. RILBINIAREERTIARERAFA, BK
HINBEYUSRZEEMREHEZHNRERNBHEAREE. TWHRER
£ A (R-gene monoculture) BAAC 4D SPUEBAR LY. FURERZRN
% (R-gene pyramiding), BIEQE—TRIPPSAZTMRER, 2870
BIhFRRERE, BRUERBAERNR LOIRERERREX,
RACEBEER T8 —0nRFEY, BREESRREREIX—H
HENREBNRRZR. TENRERESARRBRRMIZ XK
B, B2, HINMZEEBEIRATEIRMENKFEBIFEBSER
DUSEEDEHAZETT N E, BB ENRMEAS AEEEEDIRIPIA
FEFSZHNERE. BEREESHREPS (Integrated pest management)
NIZBEENRERBSRIENDI, B2 UFBHRER (0%
1E) A REBFINBRER.

NITBRIEETRERREAXTPRINTR, RINEFEREED
FIVERER. BRINKXTFIRER R UKBZ TTHUERNAW (54
g), UABRINYED —NEHENERNTEAEDONT (B=.
8), BESRERI - TMIBRERERNNTEE. ERABREK, &K
IR B TARCER (Marker-free, BIISBINAEZIRCER) VEER
RABRIOENARERSRTHE’EA.
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Training and supervision plan of

the Graduate School Experimental Plant Sciences

Participation in postgraduate courses and workshops

a.

e

EPS Autumn School “Interaction between plants arthcking
organism”.

Scientific writing.

Skills in Scientific presentation.

Endnote 7

Participation in international meetings:

a)

b)

c)

d)

Symposium Durable Disease Resistance, Ede, theeNetids (2000),
attendence.

Global Initiative of Late Blight & European Assotian Potato
Research, Hamburg, Germany (2002), poster pregamtat

Plant and Animal Genomes XlI, San Diego, CalifoynitsA (2004),
poster presentation.

NSF Potato genomics annual meeting, San Diego fo@ak, USA
(2004), oral presentation.

Participation in national meetings

a)
b)
c)

d)

EPS flying and other seminar (2000-2004).

Annual EPS theme symposia (2000-2004), poster eadgpoesentation.
ALW (Earth and Life Sciences) meetings (2004), eosand oral
presentation.

EPS PhD students day (2004), best poster prize.
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