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CHAPTER 1

General Introduction
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T: tuber

L: leaf

R: resistance

P: potato Phytophthora



GENERAL INTRODUCTION

The sixth framework program named BioExploit airasptovide alternatives for fungicide
use in the two main European food crops, wheatpatato, by exploiting natural variations in
host plant resistance. Since the 1950s fungicides tbecome the foundation of disease
control in major arable crops in Europe. In thee laineties, growing concerns on the
fungicide residue levels in food and environmenit{s associated with fungicide use lead to
a withdrawal of 53% of the active substances forgfaides. Strikingly, a recent survey by
EUROSTAT (2002, The use of plant protection produntthe European Union. Data 1992-
1999. Pp. 132) and FAOSTAt(p://apps.fao.org/page/collectionan the use of fungicide in

the EU-15 actually shows an increase in the tatabunt of active ingredients applied to
crops. This is due to the lack of good alternatieetingicides. Of all the major food crops in
the EU the cultivation of cereals and potatoes iregthe highest amounts of fungicides
(EUROSTAT 2002) for the chemical control of fungdiseases. Therefore, reducing the
application of fungicides in cereals and potatgsravould directly improve the quality and
safety of food for all consumers throughout the EU.

This thesis focuses on late blight resistance ie #®otato- Phytophthora infestans

pathosystem.

Potato crop

The potato plantSolanum tuberosunwas first domesticated and cultivated in the argdf
the Andes in South America about 8,000 years agwinD the 16th century, Spanish
conquistadors came in touch with potato plants lanodight it to Europe. The English word
potatois derived from the Spanigiatata(the name used in Spain). Although it was iniyiall
feared to be poisonous, the potato became an iamiastaple crop in northern Europe. Then
it spread around the globe and became one of ths¢ mportant crops in the worldfter
maize (791 Mt), rice (659 Mt) and wheat (605 Miptado (309Mt) is the fourth crop in term
of production and the third one in order of nubr@l importance consumed by men. The
economic value of the potato crop resides in itetaldargely used for human consumption
and starch derived products used in the papdileexdetergent, pharmaceutical, cosmetical
and other industriesvivw.potato2008.org

Potato belongs to the botanical famdglanaceaecomprising a number of crop species such
as tomato l(ycopersicum esculentymtobacco Nicotiana tabacumand N. benthamiang

eggplant $olanummelongenaand pepperGapsicum annujn The tuber bearing subsection



Potato of the genuSolanum is classified in 16 “series”(Jacobs 2008). Thendsticated
species grown worldwide areé&solanum tuberosumL., an auto-tetraploid with 48
chromosomes. Varieties of this former species, |aglty. Bintje, cv. Spunta, cv. Russet

Burbank, cv. Nicola and cv. Desiree, are widelyticated.

Potato tuber

Although potato tubers have a significant econowailtie, the molecular factors involved in
tuber development are not yet fully understood. étafp tuber is formed from an
underground stem called a stolon. Under short adeylitions (inductive), the stolon grows
until swelling to form a potato tuber. However, entbng day conditions (non inductive), the
stolon will not swell. Several environmental andrhonal factors affecting tuberization were
reviewed by Jackson (1999) aRddriguez-Falcon, Met al. (2006). It was reported that high
nitrogen levels or high temperatures inhibit tubation whereas high light, high
concentrations of sucrose or short day conditionsmpte tuberization. However, the
transmissible signal produced under inductive dimus enabling the stolon to swell is
unknown and thought to be hormonal, transcriptianapigenetic.

A potato tuber contains different types of tiss@igigure 1). The potato skin or periderm is
made up of three types of cells: phellem (suberizeits), phellogen (cork cambium) and
phelloderm tissues (Lulai and Freeman 2001). Téralperm forms a protective barrier at the
surface of the tuber. The cortex tissue is delithltg the periderm and the vascular bundle.
The medulla, found within the vascular bundle, igidied in perimedullar zone and inner
medulla or pith (Van Eck, 2007).

Potato tuber cells contain amyloplasts which aspaasible for the synthesis and storage of
starch granules, through the polymerization of ghgc. They also convert this starch back
into sugar when the plant needs energy. The ptiéiter contains vitamins and minerals that
have been identified as vital to human nutritiohweell as an assortment of phytochemicals,
such as carotenoids and polyphenols. Nutritionalhe potato is best known for its
completeness and balance of starch/protein/vitamaméent. The predominant form of this
carbohydrate is starch.represents between 16 and 20% of the total tueéght. The other
compounds found in tubers are water (72-75%), pra@-2.5%), fiber (1-1.8%) and fatty
acids (0.15%)www.potato2008.oryg
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/Apex Rose end Figure 1. Cross section of a potato
Tuber skin (periderm) tuber where the different types of
tissues are indicated. Reprinted with
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(Van Eck 2007)

Plant immunity

Plants have developed complex defense mechanismeotect themselves against various
pathogens (viruses, fungi, nematodes, bacteriapnUpathogen’s attack, these defense
mechanisms are activated leading to a resistaspemee. For a given plant-pathogen system,
a resistance phenotype can be referred to as nsnrésistance if the entire pathogen’s
species is unable to infect the plant or to hasistance if certain isolates of the pathogen’s
species are able to infect the plant (Heath 2000gssence, there are two subdivisions within
the plant immune system. One involves a transmemebracognition patterns that interact
with microbe- or pathogen- associated patterns (NP&Ndr PAMPS) such as flagelin (Zipfel
and Felix 2005). The second type comprises NBS-pRiteins encoded by plant resistance
(R) genes (Dangl and Jones 2001) involved in raceifsperecognition of pathogen
avirulence Avr) genes. When correspondiAgr andR genes are present in the pathogen and
the plant respectively, a resistance responsegetied resulting in a hyper-sensitive response
(HR) causing cell death at the infection site (Oagtgal. 1996). If one of these components is
missing the plant will be susceptible. This sopbéged plant-pathogen interaction is known
as the gene-for-gene interaction (Flor 1971). Dyiimfection, the pathogen injects into the
plant cells a wide range of molecules or effecteyfrogramming plant cells (Huitema et al.
2004). Upon direct or indirect recognition of orfetleese effectors by aR protein, the plant

is able to trigger a resistance response activagilagt defense-related genes. Indirect

recognition is referred to as the guard cell hypsit devoting a surveillance role to tRe
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protein “guarding” the virulence target of the paibn (Dangl and Jones 2001; Van der
Biezen 1998). In this guard model, tReprotein is meant to be part of a protein complex
including proteins targeted by the pathogawr proteins target specific host proteins which
are potential partners & proteins. Change in the configuration of the tegdeads to the
activation ofR protein triggering a resistance response in thetpl

The ‘guard’ hypothesis has been illustrated in éhpapers describing the protein RIN4
(RPML1 interacting 4) from Arabidopsis (Axtell andaSkawicz 2003; Mackey et al. 2003;
Mackey et al. 2002). RIN4 was shown to mediateratitons between the RPM1 (resistance
to P. syringae pv. aculicold) CC-NBS-LRR protein and the AvrB and AvrRpm1 ayil
effector proteins from the bacteriuf syringaebut also between the RPS2 (resistance.to
syringae pviomato 2) CC-NBS-LRR protein and the AvrRpt2 tyfeeffector protein also
from P. syringae RPM1 and RPS2 form a complex with RINRIN4 gets phosphorylated by
AvrB and AvrRpm1 causing the activation of RPM1is&mnt protein. AvrRpt2 causes the
degradation of RIN4, leading to a loss of functidiRPM1, but activating RPS2.

Resistance genes
R genes are classified in three main classes: Nid&e®inding Site Leucine Rich Repeat
(NBS-LRR), LRR Receptor like kinase (LRR-RLK) antRR Receptor like protein (LRR-
RLP). The NBS-LRR class is the most abundant iplalht species so far. It is estimated that
at least 200 different NBS-LRR genes are preseArabidopsis representing up to 1% of its
genome (Meyers et al. 1999). Characterization & R4oci from theColumbiaecotype of
Arabidopsis showed that NBS-LRR were often organized as etasir singletons (Meyers et
al. 2003). The NBS-LRR class has been subdivideéd two subclasses based on motifs
located in the N terminal part. One subclass cddesa TIR domain (Toll-Interleukin
receptor-like region) sharing homology to theosophila Tolland mammaliannterleukin-1
receptors (Qureshi et al. 1999). The second subdades for a coiled-coil (CC) structure
which is sometimes in the form of a leucine zipfier) (Baker et al. 1997; Lupas 1996; Pan
et al. 2000,2001).
To counteract fast evolving pathogens generating eféectors, plants have to evolve n&w
gene specificitiesR genes are often found in clusters facilitatingegenmechanisms such as
equal or unequal crossing over (Devos et al. 206&ter 2004; Wicker and Yahiaoui 2007)
leading to domain swapping or deletion/duplicataingene respectively. The most studied
plantmodel,Arabidopsis provides several examples Bfgenes diversification. Th&RPP8

gene characterized as a CC-NB-LRR gene in the lemgserecta accession confers
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resistance t®eronospora parasiticéMcDowell et al. 1998)RPP8gene is tightly linked to a
R-gene homologue. Interestingly, the susceptiblesgion has only one copspp8) at the
same locus which seems to be derived from an uhexaasing over between ancestral
alleles ofRPP8and its tightly linked homologue. In contrast, REP13gene seems to have
evolved via multiple duplications as it is sepadateom its two homologues by 17 genes
(Bittner-Eddy et al. 2000). Several other genetechanisms such as gene conversion, point
mutations, retrotransposon activity and illegitimetcombination (IR) are involved iRigene
diversification. The IR mechanism was first deseditby Wicker et al. (2007) leading to size
variation in the LRR domain dR-genes. A stretch of 2-10 bp serves as templatarfoiR
leading to either deletion or duplication of thesence segment between two recombination
sites. The lineages @f-2, RGH2 Pm3andXal genes were resolved and showed complex
repeat arrays in the four RGA lineages by tracimgnt back to initial simple duplications
caused by IR. Interestingly, most of the IR eveaslted in duplications in the LRR domain.

Only a few lead to deletions.

Late Blight disease

Late blight, one of the world’s most devastatingnpldiseases, is caused by the oomycete
Phytophthora infestangP. infestany leading to significant economic losses in potato
growing areas worldwide. Disease management sliks on the application of fungicides
(metalaxyl combined with carbamate or Cymoxanil &nd@ncozeb combination) (Mukerji
2004) which is expensive and damaging for the enwrent and probably for human health

as well.

Phytophthora infestans
The origin of P. infestanswas initially considered to be in Mexico but recestudies
suggested South America as its center of origidn{ezAlpizar et al. 2007 Griinwald and
Flier 2005).P. infestangelong to the oomycete class which forms a divgreap of fungus-
like eukaryotic microorganisms. It includes sapigph as well as pathogens of plants,
insects, crustaceans, fish, vertebrate animals,varidus microorganisms. Species from the
genusPhytophthora meaning “plant destroyer” in Greek, are the nuestastating pathogens
on dicotyledonous plants. The host rang® oinfestangencompasses at least 90 plant species
(Erwin and Ribeiro 1996). Most of them belong te tBolanaceae family. The hemi-
biotrophic life style ofP. infestanshas been extensively studied (Figure 3) (Judettcal.

2007). It comprises a sexual and asexual repramtuatycle producing different forms of
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spores: oospores and zoospores respectively. Segpedduction occurs between mating
types Al and A2. In the 1950s the mating type A3 w&scovered in Mexico and spread all
over the world in the 1970s (Fry et al. 1992).

During the early stages of infectioR, infestanssecretes a wealth of effectors into the plant
extracellular space and cytoplasm. Apoplastic ébfscinteract with extracellular targets such
as membrane receptors or secreted plant proteey. dre classified in three classes: enzyme
inhibitors, small cysteine rich proteins and theplldike (NPL) family. Cytoplasmic effectors
are delivered inside the plant cell via a haustorand are represented by two classes: RXLR
protein family and the Crinkler (CRN) protein fdyni(Kamoun 2006). So far, all the
effectors identified as being the matching avirakegeneAvrl, Avr2, Avr3a, Avr4 Avr-blbl
andAuvr-blb2) of anRpigene (resistance . infestans belong to the RXLR protein family
(Armstrong 2005; Oh et al. 2009; van Poppel 2008g$houwers et al. 2008; J.G Morales et
al., unpublished results; Govers et al. unpublisiesdlts). This RXLR motifArg-X-Leu-Arg

(in which X represents any amino aci@dharacterizes a domain which was shown to be
involved in the translocation of the effectors imimst cells (Birch et al. 2006; Whisson et al.
2007). The genomes &f. sojaeand P. ramorumrevealed that the RXLR effectors family
were abundant and evolved rapidly generating ov8rrBembers for each species (Jiang et al.
2008). The recent completion of the sequence oPthafestanggenome (Haas et al. 2009)
showed that the genomes Bf ramorum(65Mb) andP. sojae(95Mb) were several fold
smaller than thé. infestanggenome (240Mb). This comparison revealed Bfagtophthora
genomes underwent a rapid turnover and extensipansion of specific families of secreted
disease effector proteins which are locatedhighly dynamic and expanded regions of the
Phytophthoragenomes.

\ rccled Eubcl 0 ; .
SPRING
]

sporangium WINTEH

Figure 3. Life cycle of P. infestans
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Foliar resistance against late blight
A recent comprehensive survey (Vivianne Vleeshoswpersonal communication) of wild
tuber bearingsolanumspecies demonstrated that the geBaanumharbors a wealth of late
blight resistance sources that have yet to be @rploSeveral studies explored the genetic
basis of late blight resistance #1 demissunfrom which the first resistance genes were
introgressed into potato cultivars in the ninetefies. These studies showed that eight of the
eleven known specificitieR3 (now known to bdrR3aandR3b, R5 R6 R7, R8 R9 R10and
R11, are located close to each other on chromoshh{8radshaw et al. 2006a; EI Kharbotly
et al. 1994; Huang et al. 2004,2005). Other magpgdnes front. demissurmcludeR1on
chromosome5 (El Kharbotly et al. 1994; Leonards-Schippers bt 1®92) andR2 on
chromosome (Li et al. 1998).
Late blight resistance has been identified in othiéadt Solanumspecies. The describ&lloci
include Rpi-berl (initially namedRye) from S. berthaultion chromosomé0 (Ewing et al.
2000),RB/Rpi-blbl, Rpi-blb2andRpi-blb3from S. bulbocastanuran chromosom®, 6 and
4, respectively (Van der Vossen et al. 2003, 200ikossou et al. 2009Rpi-pntlinitially
namedRpil from S pinnatisectunon chromosomé& (Kuhl et al. 2001) Rpi-mcgland Rpi-
phulon chromosom® from S. mochiquensandS. phurejarespectively (Smilde et al. 2005;
Sliwka et al. 2006). Functional homologsRybi-blb1 have been identified i8. stoloniferum
andS. papita Rpi-stolandRpi-ptalrespectively (Vleeshouwers et al. 2008). Lokossoal.
(2009) have described one of the major late blighistance gene clusters on chromosome 4
in which R2, R2like, Rpi-blb3 andRpi-abptwere identified. In addition t&® genes, several
guantitative trait loci (QTL) involved in resistamto late blight have been reported, both in
cultivated potato (reviewed in (Gebhardt and Vakor2001) and in wild species, e$.
microdontum (Sandbrink et al. 2000; Tan et al. 2008), paucissectungVillamon and

Spooner 2005) and. phurejaon chromosomé& and12 (Ghislain and Trognitz 2001).

Tuber resistance
Most of the research conducted on potato late blighistance focuses on foliar resistance.
However P. infestansis able to infect all parts of the plant comprisiteaves, stems,
inflorescences and tubers. Surprisingly, few stdieere conducted to investigate and
characterize tuber resistance. Vascular regiorgotdto stems and tubers were found to be
significantly more resistant tB. infestanghan the other organs of the plant mainly due to
stronger physical barriers (Kassim et al. 1976)thia late eighties, Pathak (1987) observed

necrosis which were similar in appearance to theetsensitive response (HR), located in the
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outermost 20-30 cell layers of the cortex. Morentlmame cell was involved in this type of
necrosis. He also hypothesized that tuber resistammuld be attributed to three major
components of the tuber: the periderm, the cortdiklayers and the medulla. These results
may address the question of tissue specificityldte blight resistance. Interestingly, QTLs
conferring foliar and/or stem resistance have héentified by (Danan et al. 2009).

The inheritance of tuber late blight resistance waplored by Wastie et al. (1987) who
pointed out a correlation between foliage and tubsistance. In 1992 Stewart et al. showed
that indeed foliage and tuber resistance were ledeck in certain cultivars such as cv.
Stirling. However a recent study suggested that differenetic mechanisms control foliar
and tuber resistance (Liu and Halterman 2009). @ragor QTL for tuber late blight
resistance was mapped on chromosome 5 linked td Gberhagemann et al. 1999). Later
on, theR1gene was found to be located in the same regibKl{&rbotly et al. 1994). Recent
inheritance studies of tuber late blight resistashewed that som&-genes were foliage
specific R3aandRpi-abp), whereas some oth&genes were foliage and tuber speciRd (
andRpi-phul (Park et al. 2005b; Sliwka et al. 2006). Millatid Bradeen (San Diego 2005)
investigated the specificity of tHeB gene to see whether it could confer tuber resistam
not. TheRB gene was found to be constitutively expresseceai and tuber but conferred

foliar resistance only. So far, genes were found to be tuber specific.

Breeding for late blight resistance

Breeding for late blight resistance was stimuldtedhe mid 18' century by the disastrous
consequences dfhytophthoraepidemics in the USA and Europe. In the earl§ 26ntury,
potato late blight resistance research startedgusitd Solanumspecies from South and
Central America in breeding programs. Initially sig¢ attention was given t8. demissuras
the main resistance source (Black and Gallegly 18%&icolmson and Black 1966). To date
at least 11 specificitiedR(l-R1) have been identified i8. demissunfour of which R1, R2,
R3 andR10 have been introgressed by breeders up to thevaulevel, but races of the
pathogen that were able to overcome these genegyedtneithin a few years after market
introduction (Turkensteen 1993). By the end of 1880s, most breeders focused their efforts
on the use of sources of germplasm with partialitjtedive resistance thought to Begene
independent and assumed to be of polygenic natme,thus more durable (Turkensteen
1993). However, Tan et al. (2008) hypothesized theintitative blight resistance conferred
by Rpi-mcd1lin S. microdontunmapped on chromosordebelong to the family of NBS-LRR
genes. Many minor quantitative trait loci have bedentified (Bradshaw et al. 2006b;
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Collins et al. 1999; Costanzo et al. 2005), butlstay of these QTLs has proven to be very
difficult. Moreover, this partial/quantitative resance is strongly correlated with late maturity
under long day conditions (Howard 1970). Finalllieret al. (2003a and b) showed that
guantitative resistance was apparently also pronervsion. That is why breeders have
reconsidered the use of qualitatiRegenes based resistance, preferably through stackin
complementary genes.

Two technologies are available to improve the adficy of late blight resistance breeding in
potato: marker assisted selection (MAS) and gemetdification. Marker assisted selection
is based on molecular makers used for indirectcgele of a genetic trait of interest. This
strategy requires markers tightly linked with thattof interest or within the gene of interest
in the case of a single locus. Although this statenay render efficiency to the breeding
process, introgression &genes may face linkage drag issues in which nairatde traits
cannot be removed via successive back crossese Tinatations can be overcome using a
genetic modification strategy based Agrobacterium tumefaciengansformation. Recent
work on plant genetic transformation has developetharker-free transformation system
(Vetten et al. 2003) avoiding the use of selectmarkers (resistance genes to antibiotics).
Promotion of genetically modified organisms (GMQ@s)rather difficult among consumers
because of public concern. Resistance gen@hytophthora infestan@Rpi genes) with their
native promoter derived from sexually compatibleaes, so called cisgenesis (Schouten et
al. 2006) can be introduced using a marker-fregesygienerating cisgenic plants with only
the gene(s) of interest and without linkage dragdbsen and Schouten 2007).

Scope of the thesis

The aim of this thesis is to clone and characteainew resistance gene locus on chromosome
9 from S. venturij identify its counterpart effector gene froRv infestansand better
understand the genetic and molecular mechanismubef blight resistance.

We applied a map-based cloning strategy combinigd avhomology based mining
strategy to clon® alleles Rpi-vntl.1andRpi-vnt1.3 sharing 75% homology with tHEmZ
gene conferring resistance to Tomato Mosaic VirtBdV) (Chapter 2). In parallel, a
‘classical’ map-based cloning strategy was usetldne Rpi-vntl.landRpi-vntl.2(Chapter
3). Both strategies appeared to be complementaaghgeve an efficient cloning (homology
based mining strategy) and robust physical mapfalagsical map-based strategy).

Allele mining of Rpi-vntl alleles within 196 different species representgd5Sb

accessions containing 5 individual genotypes shothatiRpi-vntl alleles were not widely
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spread among wild potato species. O8lymochiquensandS. weberbauertarried one of the
three allelesRpi-vntl.1 Phylogenetic study and sequence analysis revelagceach of the
Rpi-vntlalleles were monophyletic and may have evolvedutn illegitimate recombination
(Chapter 4). Extensive phenotyping and genotyping Sf venturiiaccessions identified a
second single dominant resistance gene naRpdvnt2 complementing the resistance
spectrum oRpi-vntlalleles.Rpi-vnt2has not been localized yet.

The corresponding effector &fpi-vntlalleles,Avr-vntl, was identified by using an
efficient and high throughput effector screen isis@ant wild potato specie€liapter 5).
Avr-vntlhas the typical RXLR-EER motif and is silencedha virulent strain EC1.

For the first time an attempt was made to stu@ydbrrelation of foliage and tuber
blight resistance in the same genetic backgroundD@siree) carrying differerR genes in
their tubers R1, Rpi-blb3 R3a or Rpi-vntl.l1 Chapter 6). Transient expression of the
corresponding effectorAgrl, Avr2, Avr3a and Avr-vntl respectively) in transgenic tuber
slices triggered a hypersensitive response (HR)odstrating that theR-genes were
functional in tubers. For a givédR/Avr- gene pair we showed that tuber blight resistarae
R-gene based by association of transcript level pitenotypic data obtained from a panel of
transformants. Moreover, the expression ratio ajiveen R-gene/effector pair seemed to
determine resistance.

In the general discussio@ljapter 7), all presented experimental data are placed in a
broader context. The strategies to clétigenes are discussed as well as the dynamiBs of
gene clustersR-gene based deployment strategies and other leadshieve late blight

resistance such as recesdirgenes and non host resistanc® tainfestans
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CHAPTER 2

Mapping and cloning of late blight resistancgs

from Solanum venturii using
an interspecific candidate gene approach

Pel, M. A., Foster, S. J., Park, T.-H., Rietman, H., van Arke, Jones, J. D. G., Van Eck, H.
J., Jacobsen, E., Visser, R. G. F., and Van des&f<E. A. G.

Molecular Plant-Microbe Interactions (2009) 22:68115.

19



Potato leaves fror8. venturiiinfected with a virulent and/or aviruleRt infestanstrains taRpi-vntl.1gene
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Mapping and cloning of late blight resistance geneBom Solanum venturii
using an interspecific candidate gene approach

Mathieu A. P€l, Simon Fostér Tae-Ho Park Hendrik Rietmah Gert van Arkel, Jonathan
D. G. Jone§ Herman J. Van E¢kEvert JacobsénRichard G. F. Vissérand Edwin A. G.
Van der Vosseh?®

1Wageningen UR Plant Breeding, P.O. Box 386, 670Wadeningen, The Netherlands
2The Sainsbury Laboratory Colney Lane, Norwich, NR#, UK

3 Current address: Keygene N.V., Wageningen, Thaetknds

Corresponding author: Herman J. van Eck (hermaeaka@wur.nl)

ABSTRACT

Late blight (LB), caused by the oomyceRhytophthora infestansis one of the most
devastating diseases on potato. ResistaRicggnes from the wild speci&olanum demissum
have been used by breeders to generate late bdigistant cultivars, but resistance was soon
overcome by the pathogen. A more recent screerfindarge number of wild species has led
to the identification of novel sources of resis@nmany of which are currently being
characterized further. Here we report on the clgprihdominantRpi genes fronts. venturii
Rpi-vntl.landRpi-vntl.3were mapped to chromosor@eising NBS profiling. Subsequently,
aTm-Z based allele mining strategy was used to clone gettesRpi-vntl.1andRpi-vnt1.3
belong to the CC-NBS-LRR class of pl&genes and encode predicted peptides of 891 and
905 amino acids, respectively, which share 75% anaicid (aa) identity with the ToMV
resistance protein Tm?Zrom tomato. Compared to Rpi-vntl.1, Rpi-vntl.3buas a 14 aa
insertion in the N-terminal region of the proteindatwo different aa in the LRR domain.
Despite these differenceRpi-vntl.landRpi-vntl.3genes have the same resistance spectrum.

Keywords:Rpi-vntl.1 Rpi-vntl.3 disease resistandehytophthora infestanSolanum
venturii, late blight, potato.

Accession numbers:Rpi-vntl.1 and Rpi-vntl.3 sequences are deposited in genbank
FJ423044 and FJ423046 respectively
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INTRODUCTION

Late blight, one of the world’s most devastatingrpldiseases, is caused by the oomycete
Phytophthora infestansausing an estimated yearly economic loss of85Bifion in potato
growing areas worldwide. Despite more than 150 s/ear resistance breeding, disease
management still relies on the enormous applicatibfungicides. Breeding for late blight
resistance was stimulated in the mid"1@entury by the disastrous consequences of
Phytophthoraepidemics in the USA and Europe. Only a few of iy existing landraces
survived and these formed the basis for varietyetigament. However, until 1910 the reduced
aggressiveness of the pathogen since 1850 prolpddnfyed a more prominent role in the
survival of the potato crop in Europe than thet fineeding activities. The rediscovery of the
Mendelian laws of genetics subsequently directedfticus of potato resistance research on
the use of wildSolanumspecies grown in South and Central America. Iytiapecial
attention was given t8. demissumas the main resistance source (Black and GallE@fby;
Malcolmson and Black 1966). To date at least ¥Ecifigities R1-R1) have been identified

in S. demissunfour of which R1, R2, R&ndR10 have been introgressed by breeders up to
cultivar level, but races of the pathogen that walée to overcome these genes emerged
within a few years after market introduction (Tunkeeen 1993). By the end of the 1950s,
most breeders switched to the use of sources ofmmasm with partial/quantitative
resistance, the underlying paradigm being thattiype of resistance IR gene independent
and assumed to be of polygenic nature, and thus chaable (Turkensteen 1993). Extensive
research in this area has lead to the identifinabd many minor quantitative trait loci
(Bradshaw et al. 2006b; Collins et al. 1999; Camteet al. 2005) but stacking of these QTLs
has proven to be very difficult, due to the outdalieg nature of cultivated potato. Moreover,
this type of resistance is strongly correlated wate maturity under long day conditions
(Howard et al. 1970). This, together with the fimglithat quantitative resistance is apparently
also amenable to erosion (Flier et al. 2003a anthdy stimulated breeders to reconsider the
use ofR genes, preferably through stacking of complemegrganes.

A recent comprehensive survey of wild tuber bea8otanunspecies revealed that the genus
Solanumharbors a wealth of late blight resistance soutbes have yet to be exploited.
Recent studies into the genetic basis of late bhigsistance i5. demissurshowed that eight

of the eleven known specificitieR3 (now known to beR3aandR3b, R5 R6 R7, R8 R9
R10andR1] are located close to each other on chromosbin@radshaw et al. 2006a; El
Kharbotly et al. 1994; Huang et al. 2004, 2005hedtmappe® genes fronS. demissum
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includeR2 on chromosomd (Li et al. 1998) andR1 on chromosom® (El Kharbotly et al.
1994; Leonards-Schippers et al. 1992). Bes&ledemissupother wildSolanunmspecies have
been recognized as sources of late blight resistafite describe® loci include Rpi-berl
(initially namedRyey) from S. berthaultiion chromosomé&0 (Ewing et al. 2000)RB/Rpi-blbl,
Rpi-blb2andRpi-blb3from S. bulbocastanuran chromosom®, 6 and4, respectively (Van
der Vossen et al. 2003, 2005; Lokossou et al 2aR@ixpntl (initially namedRpil, (Kuhl et

al. 2001) fromS pinnatisectumon chromosome’, Rpi-mcql(initially named Rpi-mocl
Smilde et al. 2005) frors. mochiquensen chromosom® andRpi-phulfrom S. phurejaon
chromosomé (Smilde et al. 2005; Sliwka et al. 2006). In aubdiif several quantitative trait
loci (QTL) involved in resistance to late blightyeabeen reported, both in cultivated potato
reviewed by Gebhardt and Valkonen (2001) and ind veipecies, e.gS. microdontum
(Sandbrink et al. 2000; Tan et al. 2008),paucissecturfVillamon and Spooner 2005) and
S. phurejaon chromosom& and12 (Ghislain and Trognitz 2001).

In contrast to introgression breeding, isolationRogenes fromSolanumspecies and their
stable transformation into existing potato varetie by far the fastest means of exploiting
potentially durable late blight resistance preserihe Solanungene pool. Cloning dR genes

is typically done through a positional cloning stgy. Currently foulR genes for late blight
resistance have been cloned and all belong to @&BS-LRR class of planR genes:R1
(chromosomés) andR3a(chromosomé.l) from S. demissun{Ballvora et al. 2002b; Huang
et al. 2005a) an®Rpi-blb1l and Rpi-blb2 from S. bulbocastanumen chromosomes 8 and 4,
respectively (Van der Vossen et al. 2003, 2005)ce0a functional gene is cloned from a
specificR locus, one can try to clone functional alleles frima same or different species in
order to determine allele frequency and allelidataon at a given locus. This was illustrated
by the cloning of Rpi-stol and Rpi-ptal from Solanum stoloniferum and S. papita
respectively, which were shown to be functionakla of Rpi-blbl (Vleeshouwers et al.
2008) Here we demonstrate that NBS profiling (Linden let2804), when combined with
bulked segregant analysis (BSA) (Michelmore et1891), is a powerful tool to generate
candidate gene markers. They can predict the positi theR locus under study and upon
sequence information, form a starting point fomahg of the gene through a functional allele
mining strategy, avoiding the map based cloningr@ggh. Depending on the resolution of
relevant genetic mapping studies and the sizeet#ndidate gene family, an allele mining
approach can generate many candidate genes whedhtmée functionally analyzed.

To date functional analysis of candid&eyene homologues (RGH) typically requires stable

transformation of a susceptible genotype for comgletation purposes. This is a time
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consuming and inefficient approach as it takegastl several months to generate transgenic
plants that can functionally be analyzed. In theent study, we have exploited the finding
that Nicotiana benthamian& susceptible t®. infestangBecktell et al. 2006), to develop a
transient complementation assay fergenes that confer resistance agaiRstinfestans
(Rietman et al. in preparation).

Here we present an example of how we used the afbeseribed approaches/techniques to
clone two functionally equivalerR genes fromS. venturij a species with its origin in the

Andean region of South America.
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RESULTS

Genetic basis and spectrum of late blight resistancS. venturii.

To determine the genetic basis of late blight tasse inS. venturii(vnt), 14 vnt accessions
were screened in detached leaf assays (DLA) wihPthinfestangsolate IPO-C. Resistant
genotypes selected from the vnt accessions CGN1810& GN18000 were used to generate
the mapping populations 7698 and 7663 respectivailowing DLA’s with 52 F1 progeny
plants of population 7698, 30 were scored as adisind 22 as susceptible, suggesting the
presence of a single domin&gene Rpi-vntl.). Of the 60 F1 progeny plants screened from
population 7663, 24 were scored as resistant anés36usceptible, suggesting that also
vnt365-1 contained a single domindligene Rp-vntl.3. Resistance genes were named in
agreement with the concurrent work of Foster e(2009) who identified in th&. venturii
accessions CGN18108, CGN18279 and CGN18000 thregesdominantR genes,Rpi-
vntl.1 Rpi-vntl.2andRpi-vntl.3respectively.

The resistance spectra Rpi-vntl.land Rpi-vntl.3were analyzed by challenging them with
several isolates of different complexity and aggiremess (Table 1). Both genes were only

overcome by strain EC1, suggesting that they di@eame resistance spectrum.
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Table 1. Description ofPhytophthora infestangsolates used to determine the specifiafy
Rpi-vntl.1andRpi-vntl.3

Isolate ID Country of Origin Isolation year Race Rpi-vntl.1andRpi-vnt1.3
phenotypes
90128 Geldrop, The 1990 1.3.4.7.(8) Resistant
Netherlands
H30P04 The Netherlands unknown 7 Resistant
IPO-C Belgium 1982 1.2.3.4.6.7.10.11 Resistant
USA618 Toluca Valley, unknown 1.2.3.6.7.11 Resistant
Mexico
VK98014 Veenkolonien, The 1998 1.2.4.11 Resistant
Netherlands
IPO-428-2 The Netherlands 1992 1.3.4.7.8.10.11 Resistan
NL00228 The Netherlands 2000 1.2.4 Resistant
Katshaar Katshaar, The Unknown 1.3.4.7.10.11 Resistant
Netherlands
F95573 Flevoland, The 1995 1.3.4.7.10.11 Resistant
Netherlands
89148-09 The Netherlands 1989 0 Resistant
EC1 Ecuador Unknown 3.4.7.11 Susceptible

Mapping of Rpi-vntl.1 and Rpi-vnt1.3 to chromos@me

In an attempt to develop markers linked_pi-vntl.1landRpi-vntl.3 we carried out a bulked
segregant analysis (BSA) in combination with NB$fiting in both mapping populations.
This led to the identification of nine bulk specifnarkers foRpi-vntl.1lin 7698 and eight for
Rpi-vntl1.3in 7663. On the full offspring, only two resistamlk specific fragments, one
generated with the NBSR2sal primer-enzyme combination and the other with NB&®&II,
cosegregated with resistance in both initial 7698 &663 populations of 52 and 60 F1
progeny plants, respectively. These fragments wegeefore cloned and sequenced. When
subjected to a BLAST analysis, both sequences duoné to be highly similar to th&m-2
gene on chromosom@ of tomato (Lanfermeijer et al. 2003). The cloneBS®2Rsal and
NBS3Haelll fragments were 350 and 115 bp in size and shad8egP@8and 80.3% DNA
sequence identity witim-Z, suggesting thaRpi-vntl.1and Rpi-vntl.3were Tm-Z related
and thus could lie on chromosorfieGenetic linkage of the NBS fragments to tgenes
under study was verified by developing fragmentcgmeSCAR markers in th&pi-vntl.1
and Rpi-vntl.3mapping populations. In this way, the NBS3 derivedrker NBS3b was

26



mapped relative to the chromosor@ederived markers TG35, TG551, TG186, CT183 or
T1421 (Figure 1). Linkage of TG35 and TG186, and%@nd TG551, t&kpi-vntl.landRpi-
vntl.3 respectively, indicated that both genes wereaddgerived from similar regions on
chromosomé (Figure 1). These findings were in line with tlesult of concurrent work of
Foster et al. (2009), who followed a map-basediop@mpproach to clonBpi-vntl.1 Rpi-
vntl.2andRpi-vntl.3genes.

In order to develop flanking markers to screen rgdaoffspring for recombinant events,
markers linked to TG35 or TG551 were selected f&wtanaceae Genomics Network (SGN)
and screened in both populations. Despite low sewélpolymorphism, EST based markers
U276927 and U270442 have been developed and mdppedpulations 7698 and 7663,
respectively (Table 2a and Figure 1). U276927 cdaddmapped 2cM north d®pi-vntl.1
whereas U270442 was mapped 3.5cM southRpf-vnt1l.3 Subsequently, recombinant
offspring was identified using 500 individuals obgulation 7698 and 1005 individuals of
population 7663, using the flanking markers U27692VG186 and NBS3B / U270442,
respectively. This resulted in the mapping Rypi-vntl.1and Rpi-vntl.3within a genetic
intervals of 4cM and 3.7cM, respectively (Figure 1)

Rpi-vntl. 1 Rpi-vntl.3 Figure 1. Genetic linkage

e IX i X maps of chromosom® of

[ the Rpi-vntl.1(a) andRpi-
—— L276927 (9500} vntl1.3(b) loci mapped in the
L0 eM populations 7698 and 7663
respectively. Numbers on
0.2 eM —— NBS3B (4/1005) the left side indicate genetic
[ NESIB(1300) BacM T TGS @ogs) distances (cM). Relative
=1~ #pi-vntl.] =T~ Kpi-vmtl.3 {7635 positions of mapped loci are
- indicated by horizontal
ke o &7 lines. The letter n represents
the size of each population.

=1 TG35 (4/500)

6 e

== LI270442 (I651005)

== TGI8G6 { 19500)

n=300 n=1003
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Table 2A. Markers used to maRpi-vntl.landRpi-vnt1.3

Marker Primer orientation Primer sequence Annedaiémgperature Enzyme
NBS3B F ccttcctcatcctcacatttag 65 a.s.
R gcatgccaactattgaaacaac
TG35 F cacggagactaagattcagg 60 Hhal / Xapl (c)
R taaaggtgatgctgatgggg
TG551 F ccagaccaccaagtggttctc 58 Taql (c)
R aactttcagatatgctctgcag
TG186 F aacggtgtacgagattttac 58 Hphl (c)
R acctacatagatgaacctcc
U270442 F ggatattatcttgcaacatctcg 55 Xapl (r)
R cttctgatggtatgcatgagaac
U276927 F gcattagcgcaattggaatccc 58 Hphl (c)
R ggagagcattagtacaggcgtc

a.s.: allele specific
(c) coupling phase

(r) repulsing phase
Tm-Z based allele mining

In view of the expected high DNA sequence homolbgiweenRpi-vntl.1, Rpi-vntl.and
Tm-Z, we adopted a homology based allele mining styateglone the former two genes.
The first step was to design degenerated primergrjpiorating the putative start and stop
codons of candidatdm-Z gene homologsTM2GH). Based on an alignment of all the
available potato and tomato deriv&cth-Z-like sequences in public sequence databases, we
designed primers ATG-Tm2F and TGA-Tm2R (Table 2wever, no amplicons of the
expected size were generated when this primer asttested on the parental genotypes of
both mapping populations. As the ATG-Tm2F prime/quece was present in the
cosegregating NBS profiling derived marker sequentteee new reverse primers (REV-A, -
B and -C) were designed 100bp upstream of thealnitGA-Tm2R primer site, in a region
that was conserved in all the aligribah-Z-like sequences. When combined with either ATG-
Tm2F or NBS3BF, a single amplicon of approximalkb was specifically amplified from
the resistant parental genotypes only, i.e., vidi/®@ZJand vnt365-1. These fragments were
cloned into the pGEfT Easy vector and approximately 96 individual esrfrom each
genotype were sequenced using a primer walk syrafdgthe obtained sequences shared 75-
80% similarity toTm-Z. A total of 5 different classes could be distirgigd within the
vnt7014-9 derived sequences whereas the vnt365+Yedesequences fell into only 3
different classes. These different classes weresegputently named NBS3B-like or non-

NBS3B-like based on the degree of homology to tB&BB sequence .
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Table 2B. Primers used for various experiments as desciibdds manuscript

Marker Primer orientation Primer sequence Annealing Experiments
temperature
NBS-GSP1 F tccaaatattgtcgagttggg Touch down Genwaiking
NBS-GSP2 F gctttggtgcagacatgatgc Touch down Genwaiking
REV-A R ggttgtcgaagtaacgtgcac 55 Tm2based allele mining
REV-B R tgcacggatgatgtcagtatgec 55 Tm2based allele mining
REV-C R caacttgaagttttgcatattc 55 Tm2based allele mining
ATG-Tm2F F atggctgaaattcttctcacagc 55 Tm2based allele mining
TAA-8bisR R ttatagtacctgtgatattctcaac 55 Tm2based allele mining
ATG2-Tm2F F atgaattattgtgtttacaagacttg 55 Tm2based allele mining
TGA-TM2R R tgatattctcaactttgcaagc 55 Tm2based allele mining
GSP1-5race R gaacactcaaattgatgacagacatgcc 67 ¥ RAC
GSP2-5race R cccaaaccgggcatgccaactattg 67 5'RACE

In order to retrieve the missing C-terminal partled amplifiedTm2GH’s a 3’-genome walk
was performed using primers NBS-GSP1 and NBS-G3RbPI€ 2), which were designed
approximately 100bp upstream of the REV-A, -B ari@l primers, in order to generate an
overlap of 100bp between the cloned NBS3B-like segas and clones generated with the
genome walk. Three amplicons of ~200bp were obdafream vnt7014-9 and a single one of
~1kb from vnt365-1. Following cloning, sequencingdalignment to the clonem2aGH's,

all four clones seemed to fit to cloien2Z5H-vnt8b, as the overlapping 100bp were an exact
match. To be able to subsequently amplify full-ngm25H’s from theRpi-vntl.landRpi-
vntl.3loci we designed a novel reverse primer (TAA-8bRalle 2) based on the alignment
of the full-lengthTm2GH-vnt8b sequence with tHEm-Z sequence from tomato (Figure 2).
As the original TGA stop codon was not presenhmtm25H-vnt8b sequence we included
the next in-frame stop-codon (TAA) which was siaghi 2bp downstream.

Full-length amplification of Tm2Z5H’s from vnt7014-9 and vnt365-1 was subsequently
pursued with high fidelity?fu Turbo polymerase using primers ATG-Tm2F and TAA-8bR
Amplicons of ~2.6kb were cloned into the pGEM Easy vector and sequenced. Three
different types of clones were obtained from vn##@1 one of which harbored an ORF of the
expected sizeT(mZGH-vntlb). All the clones obtained from vnt365-1revédentical to each

other and contained the expected ORF. Clone&x5Hvnt1l.9 was chosen together with
TmZGH-vntlb for further genetic analysis.
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Tmz2<

NBS38
Fragment G\W 1
— Fragment G\W 2

GGAACGGCTTAAAAAGCTGAGTAAATGA
GGAACGGCTTGCAAAGTTGAGAATAT
GGAACGGCTTGCAAAGTTGAGAATATCACAGGTACTATAAATAATTA

Figure 2. Alignment of theTmZ ORF with two PCR fragments obtained with a Gendaking kit (GW1 and
GW?2). The stop codons of tHenZ gene andRpi-vntl.1 / vntl.2ire presented in blue and red respectively.

Before targeting m2ZGH-vntlb andTm2GH-vnt1.9 for complementation analysis, we needed
to confirm that the selectéefim2GH’s indeed mapped to thHepi-vntl.land Rpi-vntl.3loci.
When tested as SCAR markers in the initial mappiogulations, both markers cosegregated
with resistance. Upon amplification with ATG-Tm2Fda TAA-8bisR in the set of
recombinants which defined thHepi-vntl.1and Rpi-vntl.3loci, amplicons of the expected
size were indeed only generated from late blighistant recombinants, confirming that both
TmZGA’s were indeed good candidates Rpi-vntl.1and Rpi-vntl.3.However, there were
resistant recombinants, two in tRpi-vntl.1mapping population and one in tRpi-vnt1.3
mapping population, which did not give the exped®R product, suggesting that both loci
could in fact harbor a tandem of two functioRajenes.

Transient complementation using Agrobacterium TiemsTransformation Assays (ATTA )

in Nicotiana benthamiana

To investigate whetheMm2a5H-vntlb andTm2ZGH-vnt1.9 were functionaR genes, we
inserted them into a Gateway® binary expressionovan between the regulatory elements
of theRpi-blb3gene(Lokossou et al. 2009N. benthamiandeaves were then infiltrated with
A. tumefaciensulturescontaining the relevant clones. Two days posttmatilon the leaves
were challenged witP. infestansn a detached leaf assay. Two different isolatesewsed,
EC1 and IPO-C, which show a differential respomsi-vntl.1landRpi-vnt1l.3 Both genes
confer resistance to IPO-C but allow for a compatibteraction in the case of EC1. Three
independent transient complementation assays veered out in triplicate with both isolates.

For each replicate, leaf numbers 4, 5 and 6 whentotg from the bottom of the plant, were
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agro-infiltrated and subsequently challenged viAthinfestans At six days post inoculation
with IPO-C, leaves transiently expressimignZGH-vntlb or Tm2ZGH-vntl.9 displayed an
infection efficiency between 40-60% (Figure 3a @hdThe resistant control plants transiently
expressing the functiond@pi-stol gene (Vleeshouwers et al., 2008) showed a sigmfic
lower infection efficiency ranging between 10-20980-90% of the challenged leaves
showed an HR response). In contrast, leaves expgesispiGH-a, a non-functional paralogue
of Rpi-abpt(Lokossou et al. 2009) were fully susceptible (Fegg@a and b). In case of EC1,
all agro-infiltrated leaves were susceptible exdeptthose infiltrated withRpi-stol which
confers resistance to EC1 (Figure 3a and c). THatematched with the resistance spectrum
of Rpi-vntl.1 and Rpi-vntl.3 suggesting thalTm2GH-vntlb and Tm2a5H-vnt1l.9 indeed

represente®pi-vntl.landRpi-vntl.3respectively.
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3C 1- Detached leaf assay responses of infiltrated N. benthamiana leaves
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Figure 3. Transient complementation assays Nicotiana benthamianaA. Typical detached leaf assay
responses oN. benthamiandeaves infiltrated with eithefTm2aGH-vntlh TmZ5H-vntl.9 Rpi-stol (resistant
control) or abptGH-a (susceptible control). The top row shows tesponse to IPO-complex (non-virulent
isolate) whereas the bottom row shows the resptn&&1 (virulent isolate)Rpi-stolgives resistance to both
isolates as expected. Pictures were taken 6 dasmuzulationB. andC. Quantification of infection efficiency
(see Materials and Methods) in the transient compigation assay as illustrated in Am2GH-vntlb and
Tm2A5H-vntl.9showed a higher infection efficiency, ranging frdfhto 60%, than the resistant contRyi-stol
construct during an incompatible interaction witOl Complex isolate.
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Complementation analysis through stable transforomabf cv. Desiree

To confirm the results obtained with the transisamplementation assayshh benthamiana,
the binary Gateway constructs harbourimg2Z5H-vntlb andfm2aGH-vnt1.9 were transferred
to the susceptible potato cultivar Desiree throAaghobacteriunmediated transformation. As
resistant control we also transformed cv. Desirath wonstruct pSLJ21152, a binary
construct harbouring a 4.3 kb fragment carrying ghative Rpi-vnt1l.1promoter, ORF and
terminator sequence (Foster et al. 2009). Printanystormants harbouring the transgenes of
interest were tested for resistancePtoinfestanan detached leaf assays. Surprisingly, only
the genetic construct harbouring the 4.3R¢l-vntl.1fragment was able to complement the
susceptible phenotype; eight out of nine primaapsformants were resistant. All twenty two
TmZGH-vntlb and seventeeMm2GH-vntl.9 containing primary transformants were
susceptible t®. infestans

Alignment of the TmZ5GH-vntlb andTm2GH-vntl.9sequences to the 4.3 KRpi-vntl.1l
fragment revealed the presence of an additional ATB& codon 99 nt upstream from the start
codon that was used as basis for the PCR basde milring experiments exploitin§mZ
homology. This finding, together with the negatoamplementation results obtained with the
TmZGH -vntlb andTm2GH-vntl.9and the positive complementation result with 4.3Rb-
vntl.1fragment suggest that the 5’ most upstream stadicoepresents the actual start of the
functionalRpi-vntl.landRpi-vntl.3genes.

Transient complementation assays using extendeb aflining products

In an attempt to PCR-amplify the putatively fulkiggh Rpi-vntl.1landRpi-vntl.3genes from
vnt7014-9 vnt365-1, respectively, genomic DNA ofttbgenotypes was subjected to long
range PCR using the primers ATG2-Tm2F and TAA-8@Rb{e 2b). Amplicons of the
expected size were cloned into the pGEMEasy vector and sequenced. Clones obtained
from vnt7014-9 were all the same and identicah® ¢orresponding sequence in pSLJ21152
(Foster et al. 2009). Clones obtained from vnt36&ete also all identical but contained an
insertion of 42 nt in the 5’extended region compaiethose obtained from vnt7014-9. Both
sequences were subsequently inserted into the @g®Winary expression vector in between
the regulatory elements of tipi-blb3gene(Lokossou et al. 2009) and targeted for transient
complementation analysis M. benthamianatogether with the originafm2GH-vntlb and
Tm2GH-vntl.9 constructs and pSLJ21152. Both full-length geneswshl comparable
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infection efficiency to the 4.3 kb genomic cloneli@miring theRpi-vntl.1gene (10-30% of
the challenged leaves showed typical symptoms tef lidight), whereas the shorter gene
constructs again displayed significantly highereation efficiency (65-75% of infected
leaves), indicating that the full-length amplicodsrived from vnt7014-9 and vnt365-1
represenRpi-vntl.landRpi-vntl.3 respectively (Figure 4a, b and c).
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Figure 4. Functional comparison of the N-terminal part of thencated and full lengtRpi-vntl.1and Rpi-
vntl.3 gene constructs.A. Transient complementation assaysNitotiana benthamianawere repeated to
compare infection efficiency of the full length chdate geneIm2GH-vntl.1FL andTm2ZGH-vnt1.3FL with the
truncated onesTm2ZGH-vntlb andTm2GH-vntl.9. The construct pSLJ21152, harbouring Zkkt.fragment
carrying the putativ®pi-vntl.1promoter, ORF and terminator sequence was usegsesant control. The non-
functional resistance gerabptRGH-a was chosen as susceptible control. CandigienesTm2GH-vntl.1FL
and Tm2GH-vntl.3FL show an infection efficiency as low #® resistant control (construct pSLJ21152)
whereas the truncated candidate genes show a hitfeetion efficiency.B andC. Quantification of infection
efficiency (see Materials and Methods) in the tiamiscomplementation assay as illustrated inTA2GH-
vntl.1FL (full length ofRpi-vntl.1candidate gene) andm2ZGH-vntl.3FL (full length ofRpi-vntl.3candidate
gene) showed similar level of infection as thestasit control, pSLJ21152 (4.3kb fragment carryimg putative
Rpi-vntl.1promoter, ORF and terminator sequence ).

Complementation analysis through stable transforomabf cv. Desiree with the full length
PCR products

To confirm the results obtained with the secondhdient complementation assays Nn
benthamiana,the binary Gateway constructs harbouring the faligth candidate genes
TmZ5H-vntl.1FL andTm2ZGH-vnt1l.3FL were transferred to the susceptibleaf@otultivar
Desiree througlgrobacteriummediated transformation. Primary transformantddaring
the transgenes of interest were tested for resistayP. infestansn detached leaf assays. As
expected, both construct were able to complememtstisceptible phenotype (Figure 5).
Thirteen out of fithteen and fourteen out of twempiymary transformants witifmasH-
vntl.1FL andTmZGH-vntl.3FL respectively were resistant. This resohfirmed the results
observed in the transient assay. Therefore theedld®CR product¥m2ZGH-vntl.1FL and
TmZGH-vntl.3FL were demonstrated to Rpi-vntl.landRpi-vntl.3respectively.

36



Figure 5. Genetic complementation of cv. Desiree using faligth versions oRpi-vntl.1and Rpi-vntl.3
(Tm2ZGH-vntl.1FL andTm2GH-vntl.3FL, respectively). cv. Bintje, cv. Desirdean2GH-vntlb andTm2GH-
vntl.9 were used as susceptible controls and pSl5®214.3kb fragment carrying the putatiRpi-vntl.1
promoter, ORF and terminator sequences) as resixtatrol. Primary transformants were challengeth WpO-
Complex (non-virulent isolate) and scored six dagst inoculationTm2GH-vnt1.1FL primary transformant -16
and Tm2GH-vnt1.3FL primary transformant -15 were choseiiltstrate DLA results. As expected cv. Bintje,
cv. Desiree,Tm2GH-vntlb andTm2aGH-vntl.9 showed late blight symptoms whereas p$132 and the full
length primary transformants were fully resistantRO-Complex.

Gene structure of Rpi-vntl.1 and Rpi-vnt1.3

The 5-terminal structure oRpi-vntl.1and Rpi-vntl.3was determined by comparing the
genomic sequences with cDNA fragments generatesl bgpid amplification of cDNA ends
(RACE). For Rpi-vntl.1 and Rpi-vntl.3 genes RACE identified 5° cDNA fragments
comprising 5’ untranslated regions of 83 and 43lenttes (nt) respectively. The open
reading frames oRpi-vntl.1landRpi-vntl.3encode predicted peptides of 891 and 905 amino
acids, respectively. In addition to the 14 aminwl &gsertion in the N-terminal region of Rpi-
vntl.3, only two other amino acids differ betwegn-Rtl.1 and Rpi-vntl.3. At position 548
and 753, Rpi-vntl.1 harbours an asparagine andiaegresidue whereas the corresponding
residues in Rpi-vntl.3 are tyrosine and lysine,peesvely (Figure 6). However, the
substituted residues have the same characterigtgggaragine and tyrosine belong to the
group of hydrophobic residues whereas arginine lgside are positively charged residues.
The protein sequences of both genes harbor sesenagkerved motifs of the CC-NBS-LRR
class of Rproteins (Figure 6). A coiled-coil (CC) domain ixated in the N-terminal parts of
the proteins between amino acids 1 and 183 forvRfi-1 and between 1 and 198 for Rpi-
vntl.3. In the first 183 or 198 residues 2 pairspotative heptad motifs composed of
hydrophobic residues could be recognized in Rplkvntand Rpi-vntl.3 sequences
respectively. A NBS-ARC (nucleotide-binding sitepoatosis,R gene products, CED-4)
domain could be recognized in the amino acid dirb&tween residues 183 or 198 and 472 or
486 respectively (P-loop, Kinase-2, GLPL(Van deeZ&in 1998). The C terminal partRpi-
vntl.1 and Rpi-vntl.3comprises a series of 15 LRR motifs of irregulere sthat can be

aligned according to the consensus sequence Lxxbaxtl xxC/N/Sx(X)LxxLPxx (where x
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is any amino acid;(McHale et al. 2006). A PROSITRalgsis (Hofmann et al. 1999)
identified 4 N-glycosylation sites, 7 Casein kindisphosphorylation sites, 10 protein kinase
C phosphorylation sites, 6 N-myristoylation sitesld cAMP- and cGMP-dependent protein
kinase phosphorylation site.

At the protein level, Rpi-vntl.1 and Rpi-vntl.3 sha@3% amino acid sequence identity with
Tm-2. Interestingly, the lowest percentage of similavitas found in the LRR domain where
Rpi-vntl.1 and Rpi-vnt1.3 share 62% amino acid eaqe identity with Tm-2 In contrast,
the coiled-coil and NB-ARC domains of Rpi-vntl.1piRnt1.3 share 86.5% amino acid

sequence identity with the corresponding regiorisnf?.
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Figure 6. Alignment of Rpi-vntl.1, Rpi-vnt1.3 and Tni-protein sequences. In the CC domain four putative
heptad motifs and the conserved motif EDVDID arelarfined in bold or in italic respectively. Consedv
motifs within the NBS-ARC domain are underlinedtalic. Residues in bold represent the differerfoetsveen
Rpi-vntl.landRpi-vnt1.3in the LRR domain.
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Mapping of Tm2GH in the ultra dense genetic mapobéto

As previously described, two groupsTah25H were found based on the degree of homology
to the NBS3B sequence: NBS3B-like and non-NBS3B:likhe Rpi-vntl.1and Rpi-vntl.3
candidate geneBm2a5H-vntlb andTm2aGH-vntl.9, respectively, were from the NBS3B-like
group and segregated with resistance. In an attéangetermine the chromosomal positions
of other Tm2Z5H belonging to the non-NBS3B-like sequences grawp,used the primers
ATG-Tm2-F combined with REV-C to developm2GH specific markers in the diploid
reference mapping population SHXRH, which was nesly used to generate the ultra dense
genetic map of potato (Isidore and van 2003; varetial. 2006). Following digestion of the
PCR amplicons derived from SH, RH and 5 F1 progplayts, with different restriction
enzymes, we identified four enzymes to generate £Atarkers that segregated from RH
(Cfr131, Hinlll, Alul and Hhal) and one that segregated from SHpyF10I\). Subsequent
mapping of these markers in the complete SHxRH mgppopulation positioned them at the
bottom of chromosome 9, a region of the chromostiratis similar to the late bliglR gene
Rpi-mcqgl(Figure 7a and b) (Lanfermeijer et al. 2003; Shvet al. 2006; Smilde et al. 2005;
Trognitz and Trognitz 2005). The mapped fragmshired between 85 and 90% homology
(DNA level) with Rpi-vnt1.1 Rpi-vntl.3and Tm-Z revealing the presence of a thifchZ-

like cluster at the distal end of the long arm of theomosome9. Alignment of mapped
fragments shows that they all cluster withZGHs in a different group thaRpi-vntl.1and
Rpi-vntl.3ThereforeRpi-mcqlis likely to be arm2GH as well.
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Figure 7. Relative genetic positions adim2GH in potato and tomat#. Schematidinkage maps of potato and
tomato showing five resistance gene clustéBs.Ultra Dense potato genetic map of chromos@mivided in
BINs from the parents SH and RH. The thick vertlzats show the location Gm2GHs belonging to the non-
NBS3B-like group in the genome of SH and RH. Thealiend of the long arm of the chromosad®iecom SH
and RH harbour§m2ZGHs in BINs 78-82 and BINs 77-81, respectively. sThegion coincides with the late
blight resistant locRpi-mcqlandPh-3from potato and tomato, respectively.
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DISCUSSION

Here we report on the cloning of two putativelyeld late blightR genesRpi-vntl.landRpi-
vntl.3from the wild potato speci€s venturij using a candidate gene allele mining approach.
The candidate gene family was identified throughS\Bofiling (Van der Linden et al. 2004)
in combination with a BSA approach. Sequences oS Marker bands genetically linked to
the resistance phenotypes suggested that the tggges were located in an area of the potato
genome that harboure® gene homologues that were highly homologous to ttmeato
mosaic virus resistance (ToMV) gefien-Z from tomato, which resides on the long arm of
chromosome9 (Ganal et al. 1989; Young et al. 1988). Putatiemamic location oRpi-
vntl.1and Rpi-vntl.3allowed for the targeted selection of chromosdrepecific markers
(e.g. TG35 and/or TG551) to align both linkage g®to potato and tomato chromosothe
Subsequently, all publicly availabEm-Z homologous sequences were aligned to design a
set of primers with which we could PCR-amplify diuely full-length gene candidates from
relevant resistant genotypes. Candidate genesvidratgenetically closely linked to tfeloci

of interest were cloned in between the promoter nchinator sequences of the recently
cloned Rpi-blb3 gene (Lokossou et al. 2009) and targeted for comggation analyses,
either throughAgrobacteriumTransient Transformation Assays (ATTA) M benthamiana

or by stableAgrobacteriummediated transformation of the susceptible potatoDesiree.
Results of transient assays carried out with titeiriruncated amplicons iN. benthamiana
using the appropriate differential isolates, sutggbthat we had indeed cloned two functional
R genes. However, transgenic Desiree plants transfbmwith the same gene constructs were
fully susceptible tdP. infestanswhereas those transformed with a 4.3 kb genoragnient,
which was subcloned by Foster and co-workers fradA@ clone that spanned tiRpi-vntl.1
locus (Foster et al. 2009), displayed the expexasitance spectrum. Alignment of the initial
truncated amplicon sequences to those of the fumatigenomic fragment revealed the
presence of an additional in frame ATG start cog®mt upstream of the start codon that was
initially used as basis for the PCR-based allel@imgi experiments, suggesting that the
functional Rpi-vntl.1 protein had an extended NwWieus of 33 amino acids compared to
Tm-22. Subsequent analysis of the full-leng®#pi-vntl.1and Rpi-vntl.3genes from the
relevant parental genotypes revealed Ryaitvntl.3contained an additional 42 nt insertion in
the 5’ extended region, comparedRgpi-vntl.1 Both full length versions dRpi-vntl.1land

Rpi-vntl.3 were shown to confer resistance using transiedt stable complementation

42



assays. Although the 5’ truncated versionsRpi-vntl.1and Rpi-vntl.3were not able to
confer resistance when expressed as stable traesgigrey were able to induce significant
levels of resistance when expressed transienthATiHA experiments. We speculate that
absence of the N-termini of the R proteins may beymensated by the relatively high
expression inherent to ATTA experiments. Rpi-vndnt Rpi-vnt1.3 belong to the CC-NBS-
LRR class of plant Roroteins. The CC domain, typically containing two raore alpha
helices, which interact to form a super coil stwef is involved in protein-protein
interactions (Liu et al. 2006). In the case of Btens, it seems that the CC domain is
involved in downstream signaling rather than irogeation (Van der Biezen 2002; Warren et
al. 1999). Alignment of several R protein sequencesently lead to the identification of a
conserved EDVID motif among CC-NBS-LRR proteinsislimotif was shown to be required
for interaction between the CC domain and NBS-ARCRR domain (Rairdan et al. 2008).
Moreover, this interaction is dependent on a wyigket P-loop motif (Moffett et al. 2002a). A
model, proposed by Takken and co-workers (200@)gessts that the CC domain plays a role
as an interactive platform for downstream signapagners. Upon binding of ATP to the NB
domain, a conformational change occurs in the C@ailo, which releases the LRR’s
signaling potential. Although the CC domain playsok in downstream signaling, it cannot
trigger the HR response on its own. Another modeppsed by Moffett and coworkers
(2002), suggests that the CC domain may bind teffector molecule, which is released upon
conformational changes within the R protein leadmthe activation of downstream partners.
The N-termini of Rpi-vntl.1 an Rpi-vntl.3 harbopdtative alpha helices that could interact
to form two dimers. The first helice is presenttire additional 99nt upstream of the start
codon that corresponds to the start codofim{Z gene. The truncated versions of Rpi-vnt1.1
and Rpi-vntl.3 lack this first helice, thereby ddxizing a possible interaction of the CC
domain with the NB or LRR domain leading to lesBcedint downstream signaling. Over
expression of the truncated protein may override tlegative effect of destabilized
intramolecular interactions and thus only have miaffects on the triggering of the HR
response upon pathogen attack. This is in line pigvious findings that over expression of
functionalR genes, e.gRx RPM1andRPS2 using the 35S promoter, can lead to cell death
responses even in the absence of the pathogerm@ktlet al. 2004; Tao et al. 2000).
Complementation analysis of candid&egenes is usually done by stable transformation of
susceptible potato cultivars. This approach is toonasuming, requiring several months to
confirm the function of the candidate genes. Inecakan allele mining approach, one can

expect to identify many paralogous candidate rasisgenes, which calls for a quick and
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efficient complementation assay. Previous studegsonted that resistance observed Mn
benthamianato P. infestanswas mediated by the recognition of the elicitootpin INF1
(Kamoun et al. 1998). A transgeric infestandine, engineered to silence INF1 (West et al.
1999), was shown to be virulent dh benthamianaHowever, recent screens with a diverse
set ofP. infestangsolates showed that most isolates are in fa@ t&binfectN. benthamiana
(Rietman et al., in preparation). Previous studiesysed on potat®hytophthoragene-for-
gene interactions, showed that co-infiltration ofjcate avirulenceAyr) andR genes inN.
benthamianaleaves leads to the triggering of an HR respongécdy for incompatible
interactions (Bos et al. 2006), indicating thatthé necessary. infestansesistance signaling
components are present M1 benthamianaWe have exploited these findings develop a
transient complementation assay for late bliBhgenes using ATTA in combination with
detached leaf assays. Despite the successful uge dfansient assay in the cloning of the
functional Rpi-blb1 orthologsRpi-stoland Rpi-ptal (Vleeshouwers et al. 2008), the results
obtained with the truncate@pi-vntl.1and Rpi-vntl.3genes indicate that one needs to be
careful with the interpretation of the results, ahdt stable transformation of a susceptible
potato variety remains the ultimate functional gssfaa gene.

Chromosome$® of tomato and potato seem to be hot spots fosteesie as sever®l genes,
conferring resistance to a broad range of pathqgares located on this chromosome. In
tomato, in addition t&m-Z, four otherR geneshave been mapped on chromosdn&w5at
the distal end of the long arm, conferring resis¢ato tomato spotted wilt virus (Spassova et
al. 2001),VelandVe2conferring resistance tderticillium dahliae(Simko et al. 2004), and
Frl conferring resistance tGlavibacter michiganensissp michiganensigVakalounakis et
al. 1997). Interestingly, in tomato three major @Tior resistance t®. infestanhave been
described, one of whiclPh3,is located at the distal end of the long arm oboibosome9)
(Chunwongse and Black 2002). In potdta;Phy a potato gene for hypersensitive resistance
to potato virus X (Tommiska et al. 1998c), the lalight R genesRpi-mcql(Smilde et al.
2005) andRpi-phul(Sliwka et al. 2006) reside on chromosofen the current study we
mappedTm2A5Hs at the distal end of the long arm of chromos@me region that coincides
with the Rpi-mcqgllocus (Figure 6), suggesting that these two gemedikely beTm2a5Hs.
Rpi-phulis also likely to beTm2Z5Hs as it was mapped in the region harbofimy2GH
clusters. In addition to the above describ&dci, several QTLs have also been described on
chromosome of potato, that confer foliage resistancePtoinfestangPin9a), resistance to

the root cyst nematod8lobodera pallida(Gpa6, and tuber and leaf resistanceBwinia
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carotovorasspatroseptica(Eca9A (Gebhardt and Valkonen 2001). To what extem2GH

are also involved in quantitative resistance reshainclear.

Alignment of the Rpi-vntl.1 and Rpi-vnt1.3 protaseguences to those of the currently cloned
genesR1, R3a, Rpi-blbl, Rpi-blb@nd Rpi-blb3 (Ballvora et al. 2002; Huang et al. 2005);
Lokossou et al. 2009), revealed very little homgltmthose genes, although all belong to the
CC-NBS-LRR class of plarnR genes. This is the first time th@maGHs are shown to be
involved in late blight resistance. Alignment oktprotein sequences of the chromosd@ne
derivedR genes Tm-Z, Sw5a, Sw5bVel andVed, suggest the presence of three distinct
gene familiesTmz21ike, Swblike, and Ve like. Thé/e genes are located on the short arm of
chromosomé® whereas th&w5genes are located at the distal end of the lomg(Rigure 6).
Tm-Z and the cloned and/or mappRgi genes reside at thr@en2GH clusters that are spread
across the long arm of chromosofhé-igure 6), suggesting thatn25H is the pre-dominant
gene family on this chromosome arm. The overall tlogy between the identifie@m2aGHs
ranges between 74% to 99.8% amino acid identitggssting that they have a common
origin and that they have arisen through gene dafxin events. Gene duplication and
sequence exchange between RGHs are major mechathamshapeR gene diversity in
plants (Kuang et al. 2004; Meyers et al. 1999; Miotore and Meyers 1998). Comparison of
the protein sequence dm-Z with those ofRpi-vntl.1and Rpi-vntl.3revealed a higher
homology within the CC and NB-ARC domains (86.5%grt the LRR domain (62%), which
is in line with the fact that they confer resistario completely different pathogens, ToMV
and P. infestans respectively, and that the LRR domain primaritefmines recognition
specificity and is thus subject to diversifyingesglon (Ellis et al. 2000). The functions of the
CC and NBS domains, on the other hand, are likeelyet more conserved, encompassing the
fine tuning of intra-molecular interactions (Moffeét al. 2002) and the regulation of
downstream signaling (Van der Biezen 2002; Warteal.999; Belkhadir et al., 2004).

The rapid break down of the first introgressegi genes fromS. demissunpreviously
stimulated breeders to reconsider their breedinglsgand subsequently, efforts towards
improving late blight resistance were focused arraasing partial resistance by using race-
nonspecific sources of resistance. However, unoleg day conditions, breeders using this
strategy have achieved little progress. The majaweback being the correlation between
foliage resistance and late foliage maturity. Weentheless anticipate that breeding for late
blight resistance in potato, aiming at substartiaontributing to disease management,
requires, by one way or another, the deploymemRRmfgenes. As more and moRpi genes
are identified and cloned, the chances increadenth@Rpi genes reside at known and well-
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characterized loci, enabling the use of comparageeomics, and thus the development of
efficient allele mining strategies. Moreover ongpipotato and tomato genome sequencing
projects by international consortia are providinfcamplete) survey of the distribution Bf
gene clusters in thBolanaceaegnabling even faster cloning &pi genes. Challenges that
remain are how to predi&pi gene durability and how to introduce durable coratiams of
Rpi genes into existing and future varieties in the inedlscient and sustainable manner. We
believe that knowledge of effector diversity magyde clues about the putative durability of
Rpi genes (Birch et al., 2008; Vleeshouwers et al. 200Be recent discovery of a common
RXLR motif in oomycete Avr effector proteins (Biratt al. 2006; Rehmany et al. 2005)
promises to accelerate the discovery and functiohatacterization of late bligiRpi genes
and ofP. infestansAvr genesand thus the engineering of durable late blighistast potato
varieties in the future. Efficient stacking Rpi genes from one or several species is essential,
but in practice this will enlarge the linkage d@gblems considerably. Their introduction by
genetic modification (GM) is a much more efficievdy to improve resistance in one step and
in a short period. It can even be applied to exgstiarieties with a long history of safe use.
Currently, Rpi genes of natural origin derived from sexually catiifge species, so called
cisgenes (Schouten et al. 2006) can be introdused) umarker-free transformation systems
(Vetten et al. 2003) leading to cisgenic plantshvatly the gene(s) of interest and without
linkage drag (Jacobsen and Schouten 2007). It @spin environmental benefit and will

therefore hopefully meet the consumer acceptance.
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MATERIALS AND METHODS
Plant material

Accessions ofS. venturiiwere provided by the Centre of Genetic Resour€&SN) in
Wageningen, The Netherlands. Following screenintp Wi infestans resistant genotypes,
vnt367-1 and vnt367-1, from accessions CGN18108G@N18000, respectively, were used
to generate inter or intra-specific mapping poparet. TheRpi-vntl.1mapping population
7698 was generated by crossing [vnt7014-9 (reg)staumt367-1 (resistant) x vnt366-
8(susceptible)) x nrs735-2(susceptible)]. TR@i-vntl.3 mapping population 7663 was
generated by crossing the resistant plant [vnt38ésistant) x nrs735-2(susceptible)]. The
genes observed in CGN18108 and CGN18000 (initailed Rpi-okal and Rpi-nrsl,
respectively, unpublished results) were named dlfterspeciesS. okadaeand S. neorossi
DNA fingerprinting of a wide range of wildolanumspecies however showed that the
genebank accessions CGN18108 and CGN18000 clusteited other accessions db.
venturii (Jacobs et al. 2008). Morphological inspectiontted CGN18108 and CGN18000
accessions confirmed that the lab®lookadaendS. neorossshould indeed be replaced with
the labelS. venturii Furthermore, all available genebank accessionS.obkadaeand S.
neorossiwere susceptible and did not amplify a PCR proetit our Rpi-vntl.1/1.3pecific

primers (manuscript in preparation, Pel et al.).

Disease assays and Agroinfiltration

Detached leaf assays (DLA) on tl@olanumspecies were carried out as described by
Vleeshouwerst al (1999). Leaves were inoculated with 10u! dropteftsnoculum (5x16
zoospores/ml) on the under side and incubated°& idy 6 days in a climate chamber with a
photoperiod of 16h/8h day/night. At 6 days postiration, leaves showing sporulation were
scored as susceptible whereas leaves showing noteyra or necrotic lesions were scored as
resistant.

AgrobacteriumTransient Transformation Assays (ATTA) were parfed inN. benthamiana
followed by DLA’s using appropriatd®. infestansisolates. Four week old plants were
infiltrated with a solution ofAgrobacterium tumefaciersgrain COR308 (Hamilton and Frary
1996), harboring putativdR gene candidates. Agro-infiltration of the lower esidf N.

benthamiandeaves was carried according to (Van der Hooral.e2000), using a Odg of
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0.1. Two days post infiltration, a DLA was perfominas mentioned above. The phenotyping
was done between 4 and 7 days post inoculation.

In ATTA assays, for each construct tested, threwds of three differenN. benthamiana
plants were infiltrated with eithefmZ5H-vntlb (truncatedRpi-vntl.1 candidate gene),
TmZGH-vntl.9 (truncatedRpi-vntl.3 candidate geneRpi-stol (resistant control) oabpt
RGH-a (non-functional resistance gene). Assays wemeated three times. Infection
efficiency was quantified by scoring 36 inoculatgpots for each infiltrated constructs (three
times one plant with three infiltrated leaves harity each 4 inoculated spots).

Marker development

Candidate gene markers were developed through NBfimg as described by Van der
Linden et al (2004). Templates were generated by restrictigestion of genomic DNA

using the restriction enzymeédsel Haelll, Alul, Rsal or Taql. Adapters were ligated to

restriction fragments. PCR fragments were generbiedadioactive-labeled primers (nbsl,
nbs2, nbs3, nbs5a6 or nbs9) designed on consenredinls of the NBS domain (P-loop,
Kinase-2 and GLPL motifs ;(Calenge 2005; Syed aackigsen 2006). Additional markers
from appropriate chromosomal positions were sefedtem the Solanaceae Genomics
Network (SGN) database and subsequently develagedpoblymorphic markers in each of

the relevant mapping populations.
PCR amplification of candidate R genes

Long range PCR with Tag-polymeraseRfu Turbo polymerase in a 50ul reaction-mixture
was prepared containing 50ng of gDNA, 1ul of thevlrd primer (10uM), 1ul of the reverse
primer (10uM), 0.8ul dNTPs (5mM each), 5ul 10X leuffs units of Tag-polymerase (Perkin
Elmer) or 1ul ofPfu Turbo (Invitrogen). The following PCR program wased: 94°C for 3
mins, 94°C for 30 sec, 55°C for 30 sec, 72°C famids, 72°C for 5 mins during 29 cycles.

Genome walking

Marker sequences were extended by cloning flankENA fragments with the ClonTech
Genome Walker kit according to the manufactureristructions using a blunt adapter,
comprising the complementary sequences
5'GTAATACGACTCACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGA and
5'PO,-TCCAGCCC and the adapter specific primers AP1
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(TAATACGACTCACTATAGGGC) and AP2 (5’ACTATAGGGCACGCGGGT). A
simultaneous restriction-ligation was performeddwked by two rounds of PCR. A 50ul
restriction-ligation (RL) mixture was prepared aning 250ng of genomic DNA, 5 units of
blunt cutting enzymeBsh1236] Alul, Dpnl, Haelll, Rsal Hincll, Dral, Scal Hpal or Ssp),

1ul genome walker adapter (25uM), 10mM ATP, 10ubXfRL buffer, 1 unit of T4 DNA
ligase (Invitrogen 1U/ul). The digestion mix wasubated at 37°C for 3 hours. Samples were
diluted 50 times prior to PCR. For the first PCRd, a 20ul reaction-mixture was prepared
containing 5ul of diluted RL DNA, 0.6ul specificriward primer 1 (10uM), 0.6ul AP1
(10uM), 0.8ul ANTPs (5mM each), 2ul 10X buffer (RerElmer), 5 unitsTaqg polymerase
(Perkin Elmer). The first PCR was performed using following cycle program: 30-sec at
94°C as denaturation step, 30-sec at 56°C as angesiép and 60-sec at 72°C as extension
step. 35cycles were performed. A second PCR ubiegdame conditions as the first one was
performed using specific primer 2 and AP2 and Si8Mtimes diluted product from the first
PCR. 5ul of the second PCR product was checkedebn(1§6 agarose) and the largest
amplicons were cloned into the pGEN Easy Vector from Promega and sequenced.

Gateway® cloning of candidate R genes into a bireyression vector

The Gateway® cloning technique was used accordintpé manufacturer’s instructions to
efficiently clone candidate genes together with rappate promoter and terminator
sequences into the binary Gateway® vector pKGW-MGWplasmid pKGW the gateway
cassette was exchanged against a multiple gatewssette amplified from pDESTr4r3
resulting in pKGW-MGW. In this study we used themoter and terminator dRpi-blb3

(Lokossou et al. 2009) which were cloned into tlee®ay® pDONR vectors pPDONRP4P1R
and pDONRP2RP3, respectively, generating pENTR-BIb&hd pENTR-BIb3T. PCR
amplicons generated witRfu Turbo polymerase were cloned into pDONR221 genwayati
PENTR-RGH clones, and subsequently cloned togethitdr the Rpi-blb3 promoter and

terminator fragments into pKGW - MGW using the nplé Gateway® cloning Kkit

(Invitrogen). The pENTR clones were made by cagyout a BP-Reaction Il overnight

(http://www.untergasser.com/lab/protocols/bp gateweaction ii vl 0.shtrpl DH5a

competent cells (Invitrogen) were transformed bgthshock with 5ul of the BP Reaction Il
mixture. Cells were selected on LB medium contgra®mg/ml of Kanamycine. Colonies
were checked for the presence of the relevanttgdsr colony PCR. DNA of appropriate
PENTR clones was extracted frolh coli and used to perform a multiple Gateway® LR

cloning reaction to generate the final binary espien clones (pVNT1 and pNRS1)
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(http://www.untergasser.com/lab/protocols/Ir mukipjateway reaction vl 0.shymDH5a

competent cells (Invitrogen) were transformed bath&hock with 5ul of the LR reaction
mixture. Cells were selected on LB medium contgnimOOmg/ml of spectinomycine.
Colonies were checked by PCR for the presenceeotdinrect inserts. Positive colonies were
grown overnight in LB medium supplemented with 1@0mi of spectinomycine to extract
the final expression vector. The final expressi@ttor was transferred tAgrobacterium
tumefaciensstrain COR308 through electropration. Coloniesevgelected on LB medium
supplemented with 100mg/ml of spectinomycine andrh®/ml of tetracycline overnight at
30°C.

Stable transformation

Binary vectors carryinglm2aGH-vntlb, Tm2GH-vnt1.9,pSLJ21152, Tm2a5H-vnt1l.1FL or
TmZGH-vntl.3FL were used for Agrobacterium mediatehsformation in strain COR308.
Internodia with a size of 2-5 mm were cut from exy$ of cv Desiree and transferred to R3B
medium plates containing two sterile filter papdise next day internodia were incubated for
5-10 mins in the bacteria solution, dried and tiemed back to R3B plates and placed at
24°C with a light period of 16h. Two days latertermodia were transferred to selective
medium containing kanamycine (100 mg/l), zeatinengd/l), claforan (200 mg/l) and
vancomycine (200 mg/l). Every two weeks internodiare transferred to fresh selective
medium. Green shoots emerging from calli were reieceand transferred to MS30 medium
supplemented with kanamycine (100 mg/l) to regeregukantlets.

5’ Rapid Amplification of cDNA Ends

The GeneRacéf Kit from Invitrogen was used according to the mautidirer's instructions
to determine the 5’ terminal structureRybi-vntl.landRpi-vnt1l.3.Two gene specific primers
(GSP1-5race and GSP2-5race, Table 2b) were desigmdform a nested PCR using cDNA
template from relevant parental genotypes and ¢gemis plants and High Fidelity Platinum®
TaqDNA Polymerase (HT Biotechnology Ltd). PCR produsere cloned into the pGEM

T Easy Vector (Promega) and sequenced.

Sequencing

Cloned fragments or PCR products generated eititbrvagpolymerase (Perkin Elmer) or

Pfu Turbo polymerase (Invitrogen) were sequenced dswel 10ul sequencing reaction
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mixtures were made using 5ul of PCR product or &@nglasmid, 3ul of buffer, 1ul of DETT
(Amersham) and 1ul of forward or reverse primere HCR program used was 25 cycles of
94°C for 20sec, 50°C for 15sec, 60°C for 1min. Ebhquences were generated on ABI
3730XL sequencers.

Mapping of Tm2GHs in the ultra dense genetic nfgmtato

The Ultra Dense genetic map of potato (http://wwangbreeding.wur.nl/potatomap), which
was previously made with a mapping population csiimgd of 130 F1 progeny derived from a
cross between the diploid potato genotypes SH838®{SH) and RH89-039-16 (RH)
(Rouppe van der Voort J. N. A. M. 1997) was usechép TmZGHs. Genomic DNA from the
parents (SH and RH) were PCR amplified using thwgns ATG-Tm2-F and Rev-C (Table
2). Amplification products were digested with redton enzymes to detect polymorphisms
between the parents. Aub-population of 50 F1 individuals was subseqyeatialysed
through PCR amplification and appropriate reswittdigestion. 20ul PCR reaction-mixtures
contained 50ng of genomic DNA, 1ul of the forwandner (10uM), 1ul of the reverse
primer (10pM), 0.8ul dNTPs (5mM each), 5ul 10X leuffand 5 units ofaq polymerase
(Perkin Elmer). The following PCR program was us@d°C for 3mins, 94°C for 30 sec,
55°C for 30 sec, 72°C for 4mins, 72°C for 5Sminsinigi29 cycles. 5ul of PCR product was
digested at the required temperature for 3 houth e appropriate restriction enzymes.
Segregating polymorphisms were mapped in the dirase potato map, relative to 10.000
AFLP markers.
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CHAPTER 3

late blight

Rpi-vnt1.1, a Tm-2? homologue fromSolanum venturii confers resistance to potato
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Expression vectors carryigpi-vntl.] Rpi-vntl.2andRpi-vntl.3genes
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ABSTRACT

Despite the efforts of breeders and the extensseeofi fungicide control measures, late blight
still remains a major threat to potato cultivatisorldwide. The introduction of genetic
resistance into cultivated potato is consideredlaable method to achieve durable resistance
to late blight. Here we report the identificationdacloning of Rpi-vntl.1 a previously
uncharacterised late blight resistance gene ff@tanum venturiiThe gene was identified by

a classical genetic and physical mapping approadheacodes a CC-NB-LRR protein with
high similarity to Tm-Z from S. lycopersicumwhich confers resistance agaifEvmato
mosaic virus(ToMV). Transgenic potato and tomato plants cagyRpi-vntl.1lwere shown

to be resistant t&hytophthora infestan€f 11 P. infestandsolates tested only isolate EC1
from Ecuador was able to overcoRgi-vntl.land cause disease on the inoculated plants.
Alleles of Rpi-vntl.1(Rpi-vntl.2and Rpi-vntl.3 which differed by only a few nucleotides
were found in other late blight resistant accessiofS. venturii The late blight resistance
geneRpi-phulfrom S. phureja(Sliwka et al. 2006) is shown here to be identicalRioi-
vntl.1,suggesting either that this strong resistance pasédeen maintained since a common
ancestor, due to selection pressure for blighstasce, or that genetic exchange betwgen

venturiiandS. phurejahas occurred at some time.
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INTRODUCTION

Potato Solanum tuberosum.) is the fourth most important crop and the mogtortant non-
cereal food crop in the world (Lang 2001). The md&jmtic factor which limits potato crop
yields is late blight caused by the oomycete pathdghytophthora infestangMont.) de
Bary. Famous as the cause of the Great Irish P&ataine of the mid 1®Century (Large
1940), this devastating disease can result in cetmdbss of crop yield unless effective
control measures are appligtiviezynski and Zimnoch-Guzowska 2001). Fungicide treatment
is currently the most common method for controlliage blight. However, sprays can be
required every four days during severe epidemidsthe high cost of fungicide application is
a major burden to growers, especially in develomaogntries. Moreover, because fungicide
application can impact on health and the enviroriptbe use of many chemicals is becoming
restricted. In addition, the pathogen evolves dyielkd insensitivity/tolerance to commonly
used fungicides can arise (Day and Shattock 199@pd®in 1997). Therefore, the
introduction of genetic resistance into cultivafgatato is considered a valuable method to
achieve durable resistance to late blight.

Two main types of resistance to late blight havenbagescribed in potato, field resistance and
resistanceR) gene-mediated resistani@maerus and Umaerus 1994). Field resistance (also
referred to as general or quantitative resistarc&equently attributed to major quantitative
trait loci (QTL) and a few minor QTLs and generahgsults in partial resistance. Field
resistance is considered by some to be more duthbte resistance conferred by sin§le
genes (Turkensteen 1993). However, partial resistas also strongly correlated with
maturity type and thus makes resistance breedinge rdificult (Wastie 1991). Also the
genetic positions of QTLs often correspond to regiof R gene clusters (Gebhardt and
Valkonen 2001; Grube et al. 2000) raising the pmisi that field resistance is due to the
action of multiple weakR genes, which are also susceptible to defeat byetlwving
pathogen. Specific resistance is based on majorrdonR genes. In early breeding programs
during the first half of the 2DCentury, 11R genes R1-R11) were identified inS. demissum

a wild species originating from Mexico. Ti®& demissurgenes R1, R3 and R10 have been
heavily relied on for blight resistance in majoedding programmes within Europe since
their introgression. As a result, the genes introgressed fro®. demissunto cultivated
potatoes have been overcome as new pathogen staoilge that are virulent on the
previously resistant hosts (Fry and Goodwin 199%aerus and Umaerus 1994; Wastie

1991). This ability ofP. infestango rapidly overcomer genes limits the durability of any
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singleR gene. Although some of tl® demissurgenes such as R5, R8 and R9 have not been
utilised in European cultivars, isolateskafinfestansvhich overcome these genes are known,
albeit rare. However, it is possible that by depigymultiple R genes as a mixture in an
otherwise genetically uniform crop, the abilityRfinfestango overcome these genes may be
impaired (Jones 2001; Pink and Puddephat 1999).

Recent efforts to identify late blight resistancvér focused on majdR genes conferring
broad-spectrum resistance derived from diverse @othnumspecies. Besid8. demissum
other wild Solanumspecies such &. acauleS. chacoenses. berthaultij S. brevidensS.
bulbocastanumS. microdontumS. sparsipilumS. spegazziniiS., stoloniferumS. sucrense

S. toralapanumS. verneandS. verrucosunhave been reported as new sources for resistance
to late blight (reviewed by Hawkes (1990) and Js{2K00).

Much progress has been made in the identificatiwegping and cloning dR genes against
late blight. Of theS. demissum BenesR3 R6 andR7 have been mapped to a complex locus
on chromosome Xl (El-Kharbotly et al. 1994, 1996yadg et al. 2004). Th&3 locus
transpired to contain 2 distinct closely linked ggR3aand R3b(Huang et al. 2004, 2005).
R5, R8, R9, R1GndR11appear to be allelic versions of tR&locus (Huang 2005) although
R10is reported to behave more like a QTL than a dontiRegene (Bradshaw et al. 2006a).
R1 has been mapped to chromosome V (El-Kharbotly.e1394; Leonards-Schippers et al.
1992) andR2 to chromosome IV (Li et al. 1998). Of the$®] and R3a have been cloned
(Ballvora et al. 2002; Huang et al. 2005). Of tmsistancesdentified in wild Solanum
species, threR genesRB/Rpi-blbl, Rpi-blb2andRpi-blb3from S. bulbocastanurhave been
mapped to chromosomes VI, VI and IV, respectivi@hark et al. 2005a; Van der Vossen et
al. 2003, 2005).Rpi-abpt probably from S. bulbocastanumhas been localized on
chromosome IV (Park et al. 2005&pil from S pinnatisectunon chromosome VIl (Kuhl et
al. 2001),Rpi-mcgl(formerly Rpi-moc) from S. mochiquensgmilde et al. 2005) andpi-
phulfrom S. phurejaon chromosome IX${iwka et al. 2006) have also been identified. Thus
far Rpi-blbl (RB) and Rpi-blb2 are the only late blighR genes reported to have been
successfully cloned from wil8olanumspecies (Song et al. 2003; Van der Vossen et 8B,20
2005).

Here we report the identification and cloning o tthromosome DRpi geneRpi-vntl.1l a
previously uncharacterised late blight resistaneeegfromS. venturij an Argentinean wild
species with an endosperm balance number (EBN) Dfhi@ gene was identified by a classical

genetic and physical mapping approach and encod€C-&NB-LRR protein with high
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similarity to Tm-Z from S. lycopersicungformerly Lycopersicon esculentymvhich confers

resistance againgomato mosaic viruSToMV).
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RESULTS

Variation for resistance to P. infestans in CGN egsions

Accessions 08. venturiandS. okadaavere obtained from the Centre for Genetics Ressurce
in Wageningen, the Netherlands (CGN). Bhesenturilaccessions were originally listed &s
okadaein the CGN database but have recently been reHotmbased on work using AFLP
markers to study the validity of species labelSatanum section Petota (Jacobs 2008; Jacobs
et al 2008). Species classification of accessioINTCE279 is at present unclear as conflicting
positions in the species dendrogram were obtaioethis accession (Jacobs 2008). Screening
of the accessions using. infestansisolates 98.170.3 and 90128 in detached leaf assays
showed phenotypic variation for resistance in folithe S. venturiiaccessionsS. okadae
accession CGN18129 and the unclassified accesssmMil8279. Resistance was evident as a
complete lack of sporulation on leaf tissue wheedsnsive mycelial growth was evident on
leaves of sensitive individuals from 5-6 days postulation. Sensitive leaves often turned
completely black by seven days post inoculationiAdlividuals tested from the remaining
accessions were sensitive to isolates 90128 adid @8, despite CGN data indicating that at

least three of these accessions were moderaterpresistant t®. infestans

Development of S. venturii mapping populations

Resistant individuals from five of th&. venturiiaccessions were crossed with sensitive
individuals from either the same or different aso@ss (Table 2). In each of the crosses,
resistance td°. infestanssegregated 1:1 in the resulting progeny indicatime presence of

potentially fiveRpi genes in the resistant heterozygous parents (Rable

Table 2. Crosses withirs. venturiiand late blight resistant (R) and sensitive (Syesgants in their progenies

Population Population parents Segregating progehy Rpigene identified
Female Male R S
Svnt014 A618, CGN18108, R A613, CGN18108, S 26 24 Rpi-vntl.1
Svnt012 AB22, CGN18279, S A618, CGN18108, R 18 23 Rpi-vntl.1
Svnt013 A624, CGN18279, R A613, CGN18108, S 18 25 Rpi-vnt1.2
Svnt040 AB06, CGN17998, R AB28, CGN18279, S 25 23 Rpi-vnt1.3
Svnt241 D986, BGRC08237, R B419, Svnt012, S 24 26 Rpi-vnt1.4
Svnt184 D403, CGN17999, R D401, CGN17999, S 24 21 Rpi-vntl.5

®Plant identifier number followed by its accessiamier and reaction . infestansnoculation: CGN Centre for Genetic Resourcehian t
Netherlands; BGRC, Braunschweig Genetic Resoureese€

®Number of plants showing resistant (R) or sensifB)ephenotypes
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Mapping Rpi genes in S. venturii

Bulked segregant analysis (BSA; Michelmore et &91) was carried out on DNA pools
comprising DNA from each of 10 resistant and susbkpprogeny from the populations
Svnt014 Rpi-vntl.), Svnt013 Rpi-vntl.2 and Svnt040Rpi-vntl.3 to find AFLP markers
linked to these resistance loci. A total of 72 mintombinations were tested for each
population and potentially linked markers were aoméd by checking for co-segregation of
the marker with the resistance gene in the indaddarogeny that made up the bulks. A
number of linked AFLP markers were placed on Rm@-vntl.1, Rpi-vntl.2nd Rpi-vnt1.3
linkage maps (Fig. 1), including SvntM2.9IRgi-vntl.)}, Svntl3M5.17, P12M44 103,
P13M42_228 and P17M33_47Rdi-vntl.2 and M6.44 Rpi-vntl.3. Of these, SvntM2.9L (6
cM from Rpi-vntl.}, Svntl3M5.17 (6.5 cM fronRpi-vntl.3 and M6.44 (23 cM fronRpi-

vntl.3 were successfully converted into PCR-based msrker

Stm1051
TG254 +—rP12m44_103 40 cM -—{ Stm3012
4— stmoo10
9.5cM 14.0 cM 8.0 cM
SvntM2.9L 1T M6.44
T | c2_At2g29210 19.0 cM %
2.25 cM Rl ARgRalsy +— c2 At3g63190
+4— c2 Atago2sso Tl Svnt13M5.17 58 cM
| 4— c2 Atago2680
_lem G551 sgom | | V276927 5.0 cM
T ’ TG551 0d TG551
4 Te35 N )
20 M Rpi-vnt1.1 0.7 cM - 1.2¢cM TG35
+— 16186 P T B T Rpnted
S — T 2.1¢cM T4z
12.5 cM —_—
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24— T1190 4— TG429
100eM b o P13M42 228
’ 4— P17M33 472
4— T6591A
Svnt014 Svnt013 Svnt040
n=50 n=139 n=238

Figure. 1. Genetic linkage maps fdRpi-vntl.1, Rpi-vntl.2nd Rpi-vntl.3on chromosome IX ofSolanum
venturii. Marker names and genetic distance in cM are @&tditon the left and right of each map, respegtivel
For each map, the number of individuals on whighrttapping is based is given by n.

The Rpi-vntl.1marker SvntM2.9L was also found to be polymorphig Alul digestion)

betweenS. lycopersicunfformerly Lycopersicon esculentyrhe) andS. pennellii(formerly
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L. pennellij Lp), the parents of the Le/Lp introgression li&shed and Zamir 1994).
Screening of the individual introgression lines)(#howed that this marker was located in IL
9.2, indicating that the marker could be on eitdu@n of chromosome IX. The polymorphism
was not present in IL 9.1, which overlaps IL 9.bsantially, suggesting that the marker was
situated proximal to the centromere on either clumwme arm. Further evidence for the
location of theRpi-vntlocus on chromosome IX came from the finding th@ymorphisms in
three chromosome IX SSR markers (Stm0010, Stm HEILStm 3012; (Milbourne et al.
1998)) were linked t&pi-vntl.3(Fig. 1).

Additional chromosome IX markers were developedibgigning PCR primers from known
chromosome IX RFLP marker sequences within the Sfabdbase, sequencing the PCR
products amplified from both resistant and sensiparental DNA and identifying SNPs that
could be used to develop cleaved amplified polyrargequence (CAPS) markers (Table 3).
In this way, Rpi-vntl.1was mapped to a 6.0 cM region of chromosome IXjmdtdd by
markers C2_At4g02680 and TG18Bpi-vntl.2and Rpi-vntl.3also mapped to the same
location asRpi-vntl.1(Fig. 1). Although the markers TG551, TG35, T14€2, At3g63190
and C2_At4g02680 are bridging markers between thpsnof at least two of thepi genes,
the SNPs present between the parents of the respguipulations were not identical (as
illustrated by the restriction enzymes used to aétiee polymorphisms, Table 3), suggesting
that each of the genes resides on a distinct hggdofThe markers TG551, TG35 and T1421
were also found to be polymorphic in tRpi-vntl.4and Rpi-vntl.5populations. However,
the SNPs present in the markers were identicdidee of theRpi-vntl.1lhaplotype and thus
we assumed that the haplotype preser@.imenturiiaccessions BGRC08237 and CGN17999
was identical to that of CGN18108 from whiRlpi-vnt1.1lis derived.
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Table 3.PCR based markers used for mappingpifvntl.1 Rpi-vntl.2andRpi-vnt1.3

Type of markér

Marker Primer sequence (5’-3’) Tm (°C) Rpi-vntl.1l Rpi-vnt1.2 Rpi-vntl1.3
vntNBSHae f: cttactttcccttcctcatcctcac 60 as as Maelll
r: tgaagtcatcttccagaccgatg
vntlLong f: agttatacaccctacattctactcg 60 as as as
r: ctttgaaaagaggcttcatactccc
vntlORF f: gggctcgagecgaaataccagctaacaadagatg 60 as as as
I ggcggatcctagtacctgtgatattctcaactttge
TG254 f: agtgcaccaagggtgtgac 60
r: aagtgcatgcctgtaatggc
At2g38025 f: atgggcgctgcatgtttcgtg 55 Tsp509 [R]
r: acacctttgttgaaagccatccc
Stm1051 f: tccecttggceattttettctee 55 SSR
r: titagggtggggtgagattgg
Stm3012 f: caactcaaaccagaaggcaaa 55 SSR
r: gagaaatgggcacaaaaaaca
Stm0010 f: tccttatatggagcaagca 50 SSR [R]
r: ccagtagataagtcatccca
M6.44 f: attgaaagaatacacaaacatc 55 Dde
r: attcatgttcagatcgtitac
At3g63190 f: ttggtgcagccgtatgacaaatcc 55 EcaRlI Tsp509
r: tccatcattatttggcgtcatacc
SvntM2.9L f: acaaacctatgttagcctcccacac 60 Dde
r: ggcatcaagccaatgtcgtaaag
At2929210 f: agcaggacactcgattctctaataagc 55 Nca
r: tgcactaagtagtaatgcccaaagctc
Svntl3M5.17 f: ctgaggtgcagccaataac 55 as
r: ccagtgagaaacagcttctc
u276927 f: gatgggcaacgatgttgttg 60 Hpy188
r: gcattagtacagcgtcttggc
At4902680 f: gtgaagaaggtctacagaaagcag 55 Msd Nhe
r: gggcattaatgtagcaatcagc
TG551 f: catatcctggaggtgttatgaatgc 60 Mwol Tad Tad
r: aactttcagatatgctctgcagtgg
TG35 f: cacggagactaagattcagg 55 Hhal Alul Tsp509
r: taaaggtgatgctgatgggg
T1421 f: catcaattgatgcctttggacc 60 Bsill Rsd
r: ctgcatcagcttcttcctetge
TG186 f: aatcgtgcagtttcagcataagcg 60 Dral [R]
r: tgcttccagttccgtgggattc
TG429 f: catatggtgacgcctacag 55 Msd
r: ggagacattgtcacaagg
T1190 f: gttcgcgttctegttactgg 55 as
r: gttgcatggttgacatcagg
TG591A f: ctgcaaatctactcgtgcaag 60 as
r: ctcgtggattgagaaatccc
26619F f: gtatgtttgagttagtcttcc 55 Hinfl

r: tataataggtgttcttgggg

63



26619R f: aaggtgttgggagtttttag 55 Hindlll Hindlll
r: tatcttcctcattttggtge

185L21R f: gattgagacaatgctagtcc 55 Bsill Rsd
r: agaagcagtcaatagtgattg
148P20R f: aagattctttttcctccttag 58 HpyCH4IV

r: aaagatgaagtagagttttgg

? Restriction enzymes indicate that marker is a CAR®er, as indicates allele-specific markers,ifidjcates that marker is linked in
repulsion phase, SSR indicates that marker is plgisequence repeat marker, blank indicates teahtirker was either not polymorphic or
not tested for tha®pigene.

® Bold type indicateXhd site included in 5’ region for cloning purposes

° Bold type indicate8anH| site included in 5’ region for cloning purposes

Concurrent work by Pel et al (2009) used NBS-pirgjil(Van der Linden et al. 2004) to
identify a candidate NBS marker (NBS3a) with honggidto the ToMV R gene Tm-Z
(Lanfermeijer et al. 2003) which was closely linkedRpi-vntl.1in a population derived
from the sameS. venturiiaccession (CGN18108). From the sequence of thikenave
designed allele-specific PCR primers (vntNBSHae;H/&ble 3) and showed that this marker
(vntNBSHae) co-segregated wipi-vntl.landRpi-vntl.2and mapped 1.2 cM distal Rpi-
vntl.3(Fig. 1).

BAC library screening and contig construction

TheS. venturiiplant K39 which was used to construct the BACdIlgris a transheterozygote
carrying both Rpi-vntl.1 originally from the resistant parent plant A618 gg@gsion
CGN18108), andRpi-vntl.2from the resistant plant A624 (accession CGN182Tag S.
venturii K39 BAC library consisted of 105,216 clones stoned274 x 384-well microtiter
plates. Insert size ranged from 60 to 165 Kb withagerage of 103.5 Kb, based on pulsed-
field gel analysis oNotl digested DNA from randomly selected clones. Thplbid genome
size ofS. venturiiis estimated to be about 1,000 Mb, therefore itharly was predicted to
represent a coverage of ~11 genome equivalents.

PCR markers TG551, TG35 and vntNBSHae linkeRpovntl.landRpi-vntl.2were used to
screen thé&. venturiiK39 BAC library. BAC clones identified using theserkers were end
sequenced and a contig was constructed using a @AICPCR strategy (Fig. 2). Marker
vntNBSHae is an allele-specific marker linked tothbdpi-vntl.1 and Rpi-vntl.2 and
consequently it was not possible to assign hapéotgpthe BAC clones identified using this
marker However, using many of the BAC-end markers, andGA®S markers TG551 and

TG35, BAC clones from th&pi-vntl.1land Rpi-vntl.2haplotypes can be distinguished by
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restriction digestion (Table 3). Two of the clorfeam the K39 library (K39 _272N11 with
Rpi-vntl.2haplotype and K39_256M23 witRpi-vntl.1lhaplotype) had BAC-end sequences
which were highly similar to each other and to TeMV R geneTm-Z (Lanfermeijer et al.
2003) and were identical to the vntNBSHae marker.

As a parallel contig construction approach, BAChet® containing sequences homologous to
the vntNBSHae marker were identified by hybridisatiof the vntNBSHae probe to the
pooled BAC DNA (274 pools of 384 clones each). Aatmf 67 pools were identified as
containing BAC clones with homologous sequencesn€d from the positive pools were
double-spotted at high density onto nylon membraares hybridised with the vntNBSHae
probe to identify individual BAC clones from the gds. A total of 85 BAC clones were
identified. DNA from identified BACs was subjecténl BAC SNaPshot fingerprinting (Luo
et al. 2003), along with an additional 10 seleatkhes which were positive for the TG551
and/or TG35 markers. Analysis of the SNaPshot fingeting patterns using FPC v4.7
(Soderlund et al. 2000) showed that the BAC cloimesied 9 distinct contigs containing
between 1 to 22 clones. From the contigs generateel,contig contained the BAC clones
identified both by PCR-based screening using timkell markers TG551, TG35 and
vntNBSHae and also by hybridisation using the vriii#ae marker as a probe (Fig. 2).
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Figure. 2. High resolution genetic mapping and physical magmhRpi-vntl.1land Rpi-vnt1l.2using the K39
BAC library. Diagram shows the alignment of BAC més from both th&pi-vntl.1landRpi-vntl.2haplotypes
around the marker vntNBSHae which co-segregatels resistance. BAC clone 148P20 was identified using
markers TG551 and TG35; clones 185L21, 256M23, 26&hd 272N11 were identified using marker
vntNBSHae as an allele-specific PCR marker and adsa hybridisation probe; clones 227L5, 200K22 40186
were identified using the BAC end markers 266198 ad8P20R; clone 260L20 was identified using theCBA
end marker 26619F. Open bars represent BAC clomas theRpi-vntl.lhaplotype, black bars represent BAC
clones from theRpi-vntl.2haplotype. The black arrow within BAC clone 266l@strates the position dRpi-
vntl.1 Vertical dotted lines indicate the positions drkers linked to resistance. Genetic distancegiasn in

cM and the numbers in brackets represent the nuofescombinants between markers. Markers SvntM2.9L
TG186 and T1421 are included to aid orientatiothefphysical map with the genetic map in Figure 1.
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High resolution mapping and cloning of Rpi-vntIRpj-vntl.2 and Rpi-vntl.3

PCR Primers were designed from BAC end sequenaksised to amplify products from the
parental genotypes &pi-vntl.landRpi-vntl.2.PCR products were sequenced and analysed
for the presence of SNPs that allowed use of th® P&ducts as CAPS markers in the
respective populations. Sixty recombinants betwbenclosest flanking markers SvntM2.9L
and TG186 were selected from the toRpi-vntl.1population of 1213 individuals and
successfully converted BAC-end markers were usexbistruct a higher resolution genetic
map forRpi-vntl.1.Similarly, 46 recombinants (between TG551 and T)4&im theRpi-
vntl.2 population of 1706 individuals were used to carddtra higher resolutioRpi-vntl.2
genetic map. The positions of these markers intioglaao marker vntNBSHae which co-
segregates with boRpi-vntl.landRpi-vntl.2are shown in Fig. 2.

Marker analysis indicated th&pi-vntl.1lwas located within a genetic interval of 0.33 cM
delimited by the CAPS marker TG35 and the BAC enarker 185L21R (Fig. 2). By
reference to the physical map constructed from RG&R SNaPshot fingerprinting analysis of
BAC clones from the K39 library (Fig. Bpi-vntl.lwas predicted to be present on a physical
region covered by the BAC clones K39 _148P20, K3812@nd K39 185121 (Fig. 2). Low
stringency Southern blotting of these clones reagtdlhat a single fragment homologous to
the vntNBSHae marker was present in both K39 _2&6t9K39_185L21 indicating that there
was potentially a single CC-NB-LRR gene locatedhe overlap region between these two
clones. BAC clones K39 26619 and K39 148P20 werpiessgced and one candidate ORF
was identified forRpi-vntl.1on K39 _26619. No candidatR genes were present on BAC
clone K39_148P20.

Interestingly, 2 individuals from the pre-selectBgi-vntl.1recombinants were resistant
despite genotyping results suggesting that theyldhioe susceptible. The mapping data for
these two genotypes suggests that there may beamdseclosely-linkedR gene located
proximal to marker TG35.

High resolution mapping indicated th@pi-vntl.2was located within a genetic interval of
0.12 cM delimited by the BAC-end markers 26619F a488L21R (Fig. 2). By reference to
the physical map constructed from PCR and fingetioig analysis of BAC clones from the
K39 library Rpi-vntl.2was therefore predicted to be present on the sdiysigal region as
that identified forRpi-vntl.1 However, other than the BAC clone K39_272N11, end of
which contained a partifim-Z homologue which was identical to the correspondewjon

in Rpi-vntl.1 clones from thékpi-vntl.2haplotype which covered the same physical region
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as Rpi-vntl.1could not be identified within the library (Fig..2)s an alternative approach,
primers designed to amplify the compl&pi-vnt1l.10RF (vntlORF-F/R; Table 3) were used
to genotype the 5 recombinant individuals betweankers TG551 and T1421 from tRgpi-
vntl.2population. The resulting PCR product co-segreguaiiial resistance in the 3 resistant
individuals from these recombinants. The PCR pcocamplified from plant A624, the
resistant parent plant of thipi-vntl.2population was cloned into pGEM-T Easy (Promega)
and sequenced.

As Rpi-vntl.3alsomapped to the same genetic locatiorRasvntl.1land Rpi-vntl.2 rather
than initiate high-resolution mapping, the PCR misndesigned again&pi-vntl.1were
employed to amplifyRpi-vntl.3candidates. The resulting PCR products were clontx
pGEM-T Easy (Promega) and sequenced. To confirm tina sequenced PCR product
corresponded t&pi-vntl.3,seven recombinants between markers TG35 and THg1l1)
were assessed by PCR. The candidate PCR producomssamplified from the resistant

recombinants.
Analysis of Rpi-vntl.1 and Rpi-vntl.2 and Rpi-\&t1.

TheRpi-vntl.10RF is 2673 bp long and translates into a prategquence of 891 amino acids
with a calculated molecular weight of 102 kDa anglaof 8.05. TheRpi-vntl.2 ORF
comprises 2715 bp and translates into a proteinese of 905 amino acids with a calculated
molecular weight of 103.6 kDa and a pl of 8.16. Skquence dRrpi-vntl.2differs fromRpi-
vntl.1 by an insertion of 42 nucleotides in the 5 endtloé gene (Fig. 3). The resulting
additional 14 amino acids present in the correspgniegion of Rpi-vntl.2 do not affect any
of the predicted coiled coil domains. There areo @ssingle nucleotide polymorphisms
(SNPs) betweemrpi-vntl.1land Rpi-vnt1l.2 A1501T, T1767C and G2117A (Fig. 3)hese
nucleotide differences result in two amino acidfedd#nces between Rpi-vntl.1 and Rpi-
vntl.2 (Fig. 3). The difference at position 50hkighe end of the NB-ARC domain, just prior
to the LRR region and results in the change of spamgine in Rpi-vntl.1 to a tyrosine in
Rpi-vntl.2. This amino acid change does not affaty of the characterised NB-ARC
domains. At position 706, within thé"d.RR, an arginine in Rpi-vntl.1 becomes a lysine in
Rpi-vntl.2; both of these residues are positivélgrged polar amino acids and hence this can
be considered a synonymous change.

The Rpi-vntl.1 proteins contain all the featurearahteristic of the coiled coil-nucleotide

binding region-leucine rich repeat (CC-NB-LRR)-&ax resistance proteins. Within the first
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215 (229 for Rpi-vntl.2) amino acids of the N-tamalipart of the protein were 4 regions each
with 3 predicted heptad repeat motifs typical oflem coil domains (Fig. 3). All NB-ARC
domains (van der Biezen and Jones 1998) are prasémt amino acid sequence from 216-
505 (230-519 in Rpi-vntl.2). Following the NB-AR®rdain is a region comprising of a
series of 15 irregular LRR motifs that could begaéd according to the consensus sequence
LXXLXXLXXLXLXXC/N/Sx(X)LxxLPxx (where L can be L,,IM, V, Y or F and x is any amino
acid; McHale et al. 2006).

Rpi-vntl.1and Rpi-vntl.2share 80.9% and 79.7%, identity, respectivelyhWin-Z at the
nucleic acid level. At the amino acid level, thranslates to 72.1% and 71.1% identity,
respectively. As expected, given its role in reabgn specificity, the percentage of similarity
was lowest in the LRR domain wheRpi-vntl.1/1.2and Tm-Z share only 57.5% similarity.
In contrast, the sequence similarity across théedaioil and NB-ARC domains oRpi-
vntl.1/1.2andTm-Z is 81.8% and 79.7%; notably, within the conserstlethains of the NB-
ARC region,Tm-Z andRpi-vntl.1lare identical.

The primers vntllong-F and vntllong-R (Table 3) evarsed to amplifyRpi-vntl.1
homologous sequences from the parental materialaicong Rpi-vntl.3 Resulting PCR
products were cloned into pGEM-T and sequenced.s€qeences obtained were identical to
Rpi-vntl.2with the exception of a single SNP in the 5’ itiger region, relative t&kpi-vntl.1
which resulted in a phenylalanine to serine amuid aubstitution (Fig. 3)
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Rpi -vnt 1.1 MNYCVYKTWAVDS- - ------------ YFPFLI LTFRKKKFNEKLKEMAEI LLTAVI NKS : 46
Rpi-vnt1l.2 ............. NTKANSTSFLSFFS. . . ... : 60
Rpi-vnt1.3 ............. NTKANSTSFLSSFS. . . ... e : 60
TIR- 2 mmm e e S..... : 13
Rpi -vnt 1. 106
Rpi -vnt 1. 1120
Rpi -vnt 1. 1120
Tne- 2 73
Rpi -vnt 1. 166
Rpi -vnt 1. 1180
Rpi -vnt 1. 1180
Tne-2 1133
Rpi -vnt 1. 1226
Rpi -vnt 1. 1240
Rpi -vnt 1. 1240
Tne-2 1193
Rpi -vnt 1. 286
Rpi -vnt 1. 1300
Rpi -vnt 1. : 300
Tne- 2 1253
Rpi -vnt 1. 346
Rpi -vnt 1. : 360
Rpi -vnt 1. : 360
Tne- 2 1313
Rpi -vnt 1. 1 EKSFELFTKKI FNFVNDN- WANASPDLVNI GRCI VERCGgi pl ai vvt agM.RARGRTEH : 405
Rpi-vnt1l.2 .................. e e e 1419
Rpi-vnt1.3 .................. e e e 1419
Tme-2 DDN.S............. N.G.................. E.... :373
Rpi -vnt1. 1 AWNRVLESMAHKI QDGCGKVLALSYNDLPI ALr pcf | yf gl YPEDHEI RAFDLTNMA AE : 465
Rpi - VNt . 2 1479
RpI - VNt . 3 1479
Tme-2 G.V....A............ S 1433
Rpi -vnt 1.1 KLI VVNTGNGREAESLADDVLNDLVSRNLI QVAKRTYDGRI SSCRI HDLLHSLCVDLAKE : 525
RDI-VNE L. 2 1539
RO -VNE L. 3 1539
Tne- 2 F...S..R...D..E............ Lo.... Noo 1493
O e TR D e
Rpi -vnt 1. 1 SNFFHTEHNAFGDPSNVARVRRI TFYSDDNAMNEFFHLNPKPMKLRSLFCFTKDRCI FSQ : 585
Rpi-vnt1l.2 ........ Y 1599
Rpi-vnt1.3 ........ Y 1599
Tme-2 AD.... G...L........ N-V.I...RS...LE...V....A .PS...H:552
B I I e P i I P
Rpi -vnt 1. 1 MAHLNFKLLQVLVWWMSQKGYQHVTFPKKI GNVSCLRYVRLEGAI RVKLPNSI VKLKCLE : 645
RDI-VNE L. 2 1 659
RO -VNE L. 3 1 659
Tne- 2 JYFD. L LHTL L SFQAY..I.S.F...T....L....NCG........ TR.. :612
-------------- D R G RR
Rpi -vnt1.1 TLDI FHSSSK- LPFGVWESKI LRHLCY- - - - - - TEECYCVSFASPFCRI MPPNNLQTLMWV : 698
Rpi-VNE L. 2 ot 1712
Rpi-VNE L. 3 e 1712
Tne-2 L DRRLIQR.S ... H..... RDYGQACNS. FSI. SFY. NI YSLH. . .. ... .. 1672
--------- b e L T 1
Rpi -vnt 1. 1 VDDKFCEPRLLHRLI NLRTLCI MDVSGSTI KI LSALSPVPRALEVLKLRFFKNTSEQ NL : 758
Rpi-vntl.2 ... Koo 1772
Rpi-vntdl.3 .. Koo 1772
Tne- 2 1P Fo oo KGLG.N.V.M.IF .. LK ...... S.SSDP....K :732
-------------------- b e
Rpi -vnt1.1 SSHPNI VELGLVGFSAM.LNI EAFPPNLVKLNLVGLMWDGHLLAVLKKLPKLRI LI LLWC : 818
Rpi - VNt . 2 1832
Rpi - VNt . 3 1832
Tne-2 .. Y. H AK.H NVNRT. A . SCS. . . .. I..TLAYFS. .RYl ... .. TF. ... K KMFIL. 1792
--------- D L -2
Rpi -vnt 1. 1 RHDAEKMDLSGDS- - - - FPQLEVLY!I EDAQGL SEVTCVDDVBMPKLKKLFLVQGPNI SPI : 874
Rpi-vnt1.2 ............. e e e e e 1888
Rpi-vnt1.3 ............. e e e e e 1888
Tne- 2 Voo L. TG ---FHC : 848
Rpi-vnt1.1 SLRVSERLAKLRI SQVL : 891
Rpi-vntl.2 ................. 1905
Rpi-vntl.3 ................. 1905
Tne-2 RISL....K .SK---- :861

Figure. 3. Alignment of the deduced
protein sequences &pi-vntl.1, Rpi-
vntl.2, Rpi-vntl.3 and Tm-Z
(AAQ10736). The complete amino
acid sequence of Rpi-vntl.1 is shown
and dots indicate identical residues in
the other two proteins. Where residues
from Rpi-vntl.2 and Tm2 differ
from Rpi-vntl.1, the residues in these
proteins are given. Amino acid
differences between Rpi-vntl.1, Rpi-
vntl.2 and Rpi-vntl.3 are indicated in
bold type. Predicted coiled coil
domains are underlined and the first
and fourth hydrophobic residues of
each heptad repeat are double-
underlined. Conserved motifs within
the NB-ARC domain are indicated in
lower case italics. Putative leucine-
rich repeats (LRRs) are indicated
above the sequence line.
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It was not possible to amplify full-lengtRpi-vntl.1 paralogues from the susceptile
venturii parent A613. This observation, together with thet that the vntNBSHae marker
could only be amplified from resistant genotypesldde taken to suggest that, at least in the
susceptible parent used in this study, the susdepphenotype is caused by an absence of
Rpi-vntl.1rather than a non-functional copy. An alternatesplanation could be that the
insertion of a transposable element into the sudxdepallele has rendered it recalcitrant to
PCR amplification or that sequence at the sitesnagavhich primers were designed is

sufficiently different so as to prevent succesafubplification.

Complementation analysis

Potato cultivar Desiree was transformed with plasp$LJ21152 which containétpi-vntl.1
under the control of its native promoter and tewton. A total of 37S. tuberosurav. Desiree
plants capable of growth on kanamycin were seleage@utativeRpi-vntl.1ltransformants.
Following transfer to the glasshouse, leaves frdnplants were excised and used in a
detached leaf assay with infestangsolates 90128 and BPC2006 3928A (super blight) to
determine whether the transgene conferred blighstance (Fig. 4). Of the 29 transformants
tested, 24 were confirmed as being resistant athichadi show any signs of blight infection.
Some plants exhibited signs of a hypersensitivearese localised to the inoculation site. The
remaining 5 plants were susceptible to both isslatés was the control (non-transformed
Desiree). The phenotype of the transgenic plantelated exactly with amplification of the
Rpi-vnt1l.10RF by PCR; all plants from whidRpi-vnt1.1could be amplified were confirmed
as resistant. Detached leaves of selected trarcstipes of potato cv. Desiree carryifpi-
vntl.1lwere inoculated with a range Bf infestangsolates to determine the range of isolates
against whichRpi-vntl.1lconfers resistance (Table 4). Of the 11 isolatstetk only isolate
EC1 from Ecuador was able to overcompi-vntl.land cause disease on the inoculated
plants. The resistant parent from whi&pi-vntl.1was isolated was also shown to be
susceptible to isolate EC1, demonstrating thasgeificity ofRpi-vntl.1lwas retained in the
transgenic plants and that the resistance phenatgsenot due to constitutive activation of
defence pathways by the transgene.

Transgenic tomato cv. Moneymaker plants carryRgi-vntl.1 were also shown to be
resistant td°. infestanssolate 90128 (Fig. 4).
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Figure. 4. Rpi-vntl.1confers resistance to
P. infestans upon transformation into
susceptible potato and tomato cultivars.
Detached leaves from plants of (A.
tuberosumcv. Desiree containing (top) or
lacking (bottom) Rpi-vntl.1 and (B) S.
lycopersicumcv. Moneymaker containing
(top) or lacking (bottomRpi-vntl.1were
inoculated at 5-6 points with 10 droplets

of zoospore suspensions &f infestans
isolate 90128 and incubated at A®& 16 h
light/8 h dark. Photographs were taken 6
days post inoculation.

Rpi-vntl.1 is also present in S. venturii access@BN18000 and co-segregates with
resistance in plants containing Rpi-phul

We identified aRpigene in a segregating population derived from etaas individual of the
Solanumaccession CGN18000 which also showed close linkag@een the identified gene
(originally namedRpi-nrsl) and marker TG551 and co-segregated with marker BSthae,
indicating that it was located in the same regisrRpi-vntl.1(data not shown)The same
genetic location for this gene was also determibgdPel at al (manuscript submitted).
Although listed in the CGN collection & neorossiiAFLP fingerprinting work showed that
accession CGN18000 clustered with accessionS. ofenturiiand notS. neorossi{Jacobs
2008; Jacobs et al 2008). Sequencing of a PCR praamplified using primers that amplify
full-length Rpi-vntl.1from resistant CGN18000 material showed that aesecpiidentical to
Rpi-vntl.3(i.e. with a single SNP in the 5’ region comparethvirpi-vnt1.3 was present in
this material and co-segregated with resistancghan CGN1800 mapping population.
Resistant CGN18000 material also showed the saspomee to the panel &f. infestans
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isolates as didRpi-vntl.1.Interestingly, genotypes from the CGN180Q®@pping population
were identified which were found not to cont&pi-vntl.3by PCR yet were resistant in
detached leaf assays, suggesting the presenceegbad, linked gene reflecting the situation
with Rpi-vnt1.1.

Rpi-phulfrom S. phurejawas also reported to map to this regiStiwka et al. 2006). The
Rpi-vntl.1 marker vntNBSHae-F/R co-segregated with resistanca population of 148
diploid S. tuberosunplants segregating fd&rpi-phul.Full-lengthRpi-vntl.1paralogues were
amplified from DNA of 3 resistant genotypes conitagrRpi-phul In each case, a single PCR
product was obtained and sequencing showed tlus tdentical tdRpi-vntl.1 Resistant plant
material containindRpi-phulwas also shown to be resistant to Fhenfestangsolates used
in this study, with the exception of EC1.
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DISCUSSION

Despite the efforts of breeders and the extensseeofi fungicide control measures, late blight
still remains a major threat to potato cultivatimorldwide. The spread of new isolates,
including the A2 mating type, from Mexico to Eurofsfem 1984 onwards (Goodwin 1997)
has resulted in a European late blight populatibrckvis capable of sexual reproduction and
consequently has the potential for strains of thh@gen to evolve and overcorRegenes
present within current cultivated potato germplasvhich were introgressed fronS.
demissunin the 1930s (Black et al. 1953; Malcolmson andcBl&966). Consequently there
is a need to source ndRwygenes and extend the repertoire available. ThehSsuterican wild
Solanumspecies are a valuable sourceRoflenes which have potentially novel recognition
specificities and thus may prove to be valuabldstgothe fight against late blight (Bradshaw
and Ramsay 2005). Here we have identified, mappeédcloned such a gene fr@nventurii
and shown that this gene can be used to transistaace to the susceptible cultivar Desiree.
Rpi-vntl.1was cloned using a genetic mapping and positicialing approach. Bulked
segregant analysis (Michelmore et al. 1991) togethieh AFLP (Vos et al. 1995) were
proven to be a powerful combination of tools foficéntly mappingRpi-vntl.1and Rpi-
vntl.2.In addition, the tomato introgression lines (Eshad Zamir 1994) were invaluable in
allowing the rapid location of the chromosomal poss of these genes as was found
previously for Rpi-mcql(Smilde et al. 2005)Rpi-vntl.1lis located on the long arm of
chromosome 1X and shows highest similarityTim-Z from S. peruvianunwhich confers
resistance against ToMV and is located in a cergramposition on the long arm of
chromosome IX (Lanfermeijer et al. 2003).

Both Rpi-vntl.1and Tm-Z belong to the largest family oR genes which contain a
characteristic coiled coil (CC) domain in additimnthe canonical NB-ARC and leucine-rich
repeat (LRR) domain. The majority Bfgenes cloned from potato are members of this CC-
NB-LRR family and allRpigenes cloned thus far are of this class. A membgreoT IR-NB-
LRR family of R genes (characterised by the presence of a tolléuddn 1 receptor (TIR)
domain) has been shown to be responsible for aesistagainst the nemato@dobodera
rostochiensisn potato (Paal et al. 2004) but whether or not imers of the TIR-NB-LRR
family, confer resistance agairiatinfestangemains to be seen.

Mapping results from 2 recombinants within tR@i-vntl.1locus indicated that a second
closely-linked Rpi gene may be located proximal Bpi-vntl.lin S. venturiiaccession

CGN18108. This gene also confers resistance adairiafestangsolate 90128, but whether
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this gene has exactly the same spectrum of redogrgpecificity aRpi-vntl.lremains to be
seen. It was not possible to amplify either thekeavntNBSHae or the full lengtRpi-vntl.1
ORF from these genotypes which suggests that the igesomewhat different ®pi-vntl.lat
the sequence level. Mapping using populations ddrivom these genotypes is required to
investigate this gene further.

Although no otheR genes were found within the 185 kb that comprigesl BAC clones
sequenced during the search Rpi-vntl.1 the presence of another closely-linkedene or
cluster of R genes would not be unprecedented. All of B@ genes cloned to date are
members of complex loci comprised®fene clusters. In the caseRyi-blbl, Rpi-blb2, R1
and R3a, the otherR genes present in the clusters did not necessaviffec late blight
resistance, although this possibility could notriked out (Ballvora et al. 2002; Huang et al.
2005; Song et al. 2003; van der Vossen et al. 20085). HoweverR2, Rpi-blb3and Rpi-
abpt (all of which confer resistance against a differgmectrum of races @f. infestany are
found together in a single complex locus on chranmus IV (Park et al. 2005a).

Although no paralogues are found in the immediateiy of Rpi-vntl.1,chromosome IX
harbours a number &fm-Z paralogues; in addition t®pi-vntl.1 a contig of BAC clones
generated by SNaPshot fingerprinting of BACs frdme K39 BAC library also contains
paralogous sequences and maps to a region onstiaé pirt of chromosome IX, in the region
of marker TG591B (which is itself @m-Z homologue). This contig contains an estimated 3
or 4Rpi-vntl.1paralogues according to Southern blotting resdkisa( not shownRpi-mcql,
which has recently been shown to b&ma-Z homologue with high similarity t&®pi-vnt1.1
also maps to this locus (Z. Chunpublished data Thus it appears that there is a family of
Rpi-vnt1.1Tm-Z paralogues distributed along the length of the larmg of chromosome IX.
Additionally, screening of th8. venturiiBAC library revealed the presence of at leasth@iot
contigs containing paralogues. The location ofeh@s the genetic map is currently unknown.
A number of other resistance genes against pedtpathogens of potato and tomato are also
found on chromosome IX.Gm, a gene which confers resistance against potats \Wiu
(Marczewski et al. 2006) has recently been mapped tegion similar to that occupied by
Rpi-vntl.1but it is presently not sufficiently mapped to detme whether it occupies the
same locus irS. gourlayj the donor oflGm. Proximal toRpi-vntl.1land the aforementioned
Tm-Z areFrl which confers resistance agaifstsarium oxysporurfi sp. radicis-lycopersici

in tomato (Vakalounakis et al. 1997) awe@l which confers resistance againarticillium
dahliaein both potato and tomato (Kawchuk et al. 2001st&8litoRpi-vntl.lare Sw-5which

confers resistance againgmato spotted wilt viruTSWYV, (Brommonschenkel et al. 2000;
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Brommonschenkel and Tanksley 199R)x conferring resistance againBbtato virus X
(Tommiska et al. 1998) 5. phureja and a QTL for resistance against the nematode
Globodera pallidan potato designate@pa6(Van der Voort et al. 2000Rpi-mcqgl(formerly
Rpi-mocl Smilde et al. 2005) lies distal tBpi-vntl.1at the end of the short arm of
chromosome IX, in a similar region to that whidlg-1, conferring resistance teotato virus
Potato virus (PVY) has also been mapped (Szajko et al. 2008).

The late blight resistance gerRpi-phul (Sliwka et al. 2006) was mapped within a
segregating diploid mapping population derived fraommplex Solanum hybrids of S.
tuberosumwith other wild species, including late blight sint clones 08. phurejaandS.
stenotomumThis geneis shown here to be identical Rpi-vntl.1 Genotyping shows that
Rpi-vntl.1co-segregates with resistance in segregating pyoged the nucleotide sequence
of an ORF amplified using thBpi-vntl.1specific primers is identical tBpi-vntl.1.This
level of conservation is surprising although receeports that highly conserved and
putatively functionaRpi-blb1homologues have been foundSnstoloniferum, S. polytrichon
andS. papita(Vleeshouwers et al. 2008; Wang et al. 2008) asd &l S. verrucosungLiu
2006) suggest that soni®pi genes belong to ancient loci that are conserveaur the
selection pressure imposed LY. infestans,or that genetic exchange (presumably
infrequently) can occur betwe&volanumspecies. The fact th&pi-vntl.land Rpi-phulare
identical suggests that the divergence event #thttd the two species is relatively recent.
This sequence conservation could also be a regutheo fact that no otheRpi-vntl.1
paralogues are found within the immediate vicinitfy Rpi-vntl.1 thereby reducing the
opportunity for sequence exchange which is thotglabntribute to the evolution & genes
and appears to have been the mechanism by vidpchlblarose by recombination between
two paraloguesRGA1l-blbandRGAS3-bl) that reside in the same locus (van der Vossah et
2003).

The studies of Jacobs (2008) were not able to msaigpecies label to the accession
CGN18279 due to it occupying conflicting positionghin species dendrograms. However,
the presence of aRpi gene almost identical t@pi-vntl.1land the ability of plants from this
accession to cross easily with venturiiaccessions indicate that it is most likely that
CGN18279 is &. venturiiaccession.

It was not possible to identify a BAC clone contagnRpi-vntl.2 This may simply be due to
the distribution of BAC clones in the library orntay be that neighbouring sequences in the
Rpi-vntl.2haplotype cause instabilities within the BAC vectbat do not allow it to be

propagated iic. coli. Due to the lack of a genomic cloneRyi-vnt1l.2we have not been able
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to demonstrate that this gene confers resistarmiest®. infestanss we have forRpi-vntl.1
However, a number of lines of evidence lead usosiydate thaRpi-vntl.2is responsible for
the resistant phenotype of accession CGN18279thEirmapping data presents conclusive
evidence thaRpi-vntl.2resides in the same genetic locationRgs-vntl.1.Secondly, the
resistance proteins differ by only an insertioridfamino acids within the CC domain and a
further 2 amino acids substitutions within the rardar of the protein; given that only one of
these residues is in the LRR region which gov&mgene specificity (Parniske et al. 1997),
and that the substitution is synonymous with resfmephysical properties, we expect that this
gene is also functional and provides late bliglsistance with the same specificity Rpi-
vntl.1 We also show here th&pi-vnt1l.3 the amino acid sequence of which differs from
Rpi-vntl.2 at a single amino acid residue, maps to an iddntegion in the resistans.
venturii accession CGN18000. Pel et al (2009) have showrobyAgrobacteriuramediated
transient assay iNicotiana benthamianand stable transformation of potato cultivar Desire
that this gene is functional and confers resistaaganst the same spectrumPRafinfestans
isolates as dodRpi-vntl.1.

For a resistance gene to be of use in controlbibg blight, it should be demonstrated that the
resistance has an element of durability. Althoughoannot determine durability of tiRgpi-
vntl.1gene until it is deployed widely, information fraests against a wide range of isolates
in Poland have shown that between 1999-2008, omtyisolate (identified in 2008) capable
of overcomingRpi-phulwas found (Jadwig&liwka, unpublished data). ImportantliRpi-
vntl.1 confers resistance against an aggressive isold®@ZB06 3928A) of genotype 13
known colloquially as superblight which is prevaléhroughout the UK and is capable of
overcoming the durable resistance present in theneercially valuable Stirling cultivar and
which has been mapped to a QTL at the R2 locuhmnwsome V.

To introduce Rpi genes into cultivated varieties requires immendertsf by breeders.
Potatoes are highly heterozygous out-breeding epeaud introgression of genes from wild
Solanumrelatives would require recurrent backcrosses éoctlitivated parent which would
result in inbreeding depression due to the selfihighe recurrent parent (Bradshaw and
Ramsay 2005). Although this can be avoided by udiffgrent parents for the backcrossing,
this would result in the loss of important agronorand nutritional traits that had taken time
and effort to select for. The use of genetic madiion technologies to transfer sindgdgi
genes into cultivated varieties with combinatiodraits that have taken considerable time
and financial resources to develop is therefomactivve. Recently transgenic crops containing

the RB (Rpi-blbl) gene fromS. bulbocastanumvere shown to be highly resistant o
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infestansand had no negative effects on tuber size or yielticating that the expression of
Rpi transgenes does not have a fitness cost or caudesitaible physiological traits
(Halterman et al. 2008). We propose that the usgeofetically uniform lines containing
mixtures ofR genes or, alternatively, mixtures of lines contagnsingleR genes isolated

from novel Solanumspecies is viable strategy for improving the resise of current

cultivated potato varieties and may provide a mdansnsure that valuabR genes are not

broken
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MATERIALS AND METHODS

Solanum growing conditions

Seed ofSolanumaccessions (Table 1) was obtained from the Centr&énetics Resources
in Wageningen, the Netherlands (CGN). Seed wasstiréterilised in 70 % ethanol for 1
minute, disinfected with 1.5 % hypochlorite for Snotes, rinsed 3 times in sterile distilled
water and placed on solid MS (Murashige and Skooggium (2 % agarose) containing 3 %
sucrose for germination. Germinated seedlings wmarsferred to glasshouse facilities and
treated regularly with fungicides and pesticidesctmtrol thrips, aphids, spider mites,
powdery mildew and early bligh&(ternaria solan).

Phytophthora infestans strains, inoculation andhegenicity scoring

P. infestangsolate 98.170.3 (race 1.3.4.10.11; Smilde e2@05) was provided by Dr David
Shaw at Bangor University, UK. Isolates 90128, I&daplex, IPO-0 and EC1 (Table 4)
were provided by Dr Edwin van der Vossen at Plaesdarch International, Wageningen,
The Netherlands. The BPC2006 3928A (superbliglofptse was provided by Dr Paul Birch,
SCRI, Dundee, UK and is an isolate currently vintilen a large number of commercially
grown potato cultivars in the UK and Europe. IsetaMP324 $liwka et al. 2006), MP717,
MP778, MP674, MP622, MP618 and MP650 were obtafred IHAR, Poland.

78



Table 1.Reaction tcPhytophthora infestansf Solanum okadae@ndS. venturiiaccessions used in this study

Accessiof Specied Reference data Fine screenir’
Phenotype Source R MR MS S
CGN17998 S. venturii Very resistant CGN 2 7
CGN17999 S. venturii Resistant CGN 3 7
CGN18108 S. venturii Very resistant CGN 8 3
CGN18109 S. venturii Very resistant CGN 10
CGN22703 S.venturii Very sensitive CGN 4 1 4
CGN18269 S. venturii Sensitive CGN 10
CGN18279 Unclassified Very resistant CGN 4 5
CGN18129 S. okadae Sensitive CGN 2 2 6
CGN20599 S. okadae Sensitive CGN 10
CGN18157 S. okadae M oderately CGN 10
resistant
CGN22709 S. okadae Very sensitive CGN
BGRC27158 S, okadaé M oderately CGN 1
resistant

’CGN, Centre for Genetic Resources in the Netheslghttp://www.cgn.wageningen-ur.nl); BGRC, Braunsely Genetic Resources
Center

bSpecies designation according to Jacobs (2

‘Was not included in the study of Jacobs (2008)c@emiginal classification given.
Blight resistance phenotype according to CGN data.

“Number of plants showing resistant (R) or sens Bephenotype

Table 4. Response of transgenic potato plants contaiftpgvntl.lagainst a range . infestangsolates

Isol ate Country of Origin Race Rpi-vnt 1 Iphenotype
90128 The Netherlands 1.3.4.7.8.9.10.11 Resistant
IPO-0 Unknown unknown Resistant
IPO-Complex Belgium 1.2.3.4.6.7.10.11 Resistant
BPC2006 3928A United Kingdom unknown Resistant
(superblight)

Hica United Kingdom unknown Resistant
MP717 Poland 1.2.3.4.5.6.7.9.10.11 Resistant
MP778 Poland 1.3.4.5.6.7.9.10.11 Resistant
MP674 Poland 1.2.3.4.5.6.7.10.11 Resistant
MP622 Poland 1.3.4.7.8.10.11 Resistant
MP650 Poland 1.2.3.45.7.8.10.11 Resistant

EC1 Ecuador 2.4.10.11 Susceptible

The isolates were maintained afC8n Rye B agar (Caten and Jinks 1968). Fresh sg@ara
were produced in a two-weekly cycle by sub-cultgrio fresh plates. Periodically, the ability
of isolates to infect host material was confirmeddetached leaves of a suitable, sensitive
plant. Mature, fresh sporangia were harvested dffedays growth on Rye B medium by
flooding the plate with sterile deionised water @tidwing the harvested spore suspension to
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stand for 20 minutes in a fresh Petri dish. Aftais ttime most sporangia are stuck to the
plastic surfaces of the dish. Water from the oagisuspension was replaced by fresh cold
water, the sporangia re-suspended and incubatéd@ftor 1 to 4 hours to induce zoospore
release.

A detached leaf assay was used to screen for aesesttoP. infestans(modified from
(Vleeshouwers et al. 1999). Two leaves per planevdetached, and placed onto moistened
tissue paper in a 25 cm x 25 cm assay plate (NRochester, NY; 6 genotypes/plate). Leaves
were inoculated with 10 pl droplets of a zoospauspension (50,000 zoospores il
Inoculated leaves were incubated for 7 to 12 daykeucontrolled environmental conditions
(16°C; 16 h light/8 h dark cycle) before scoring phgpes. Plants with leaves showing
sporulating lesions were scored as susceptiblentplavith leaves showing no visible
symptoms or limited necrosis in the absence of ildpbon were scored as resistant. For
unclear phenotypes, at least three independentuletans were carried out. For clear
phenotypes (either both leaves resistant or botisiteee), two independent rounds of

inoculations were considered sufficient.

DNA isolation and sequencing

DNA was isolated from plant material using the pooi of Park et al. (2005b). BAC clone
DNA was isolated using the Qiagen Midi Prep Kitd@en, Hilden, Germany). BAC ends and
PCR products were sequenced using the ABI PRISMBig (v. 3.1) Terminator Cycle

Sequencing Ready Reaction kit (PE Applied Biosys)eatcording to the manufacturer’s

instructions.

AFLP and SSR analysis and PCR-based mapping

AFLP was performed essentially as described in Td®et al. (1995) and Vos et al. (1995)
on Pst/Msd-digested template DNA using a pre-amplificatiaepswith Psi+0 andMsd+1
primers and a selective amplification step usisj+2 and Msd+3 primers. Informative
AFLP bands were cut from the gel and rehydrate@iEn(10 mM Tris-HCI pH 8.0, 0.1 mM
EDTA). The gel slices were then transferred toHrég, crushed and the debris removed by
centrifugation at 140009 for 1 min. For cloning, L&Ffragments were first re-amplified by
PCR using 2 ul of the supernatant and the sameesias for the original amplification and

cloned into pGEM-T Easy (Promega, Madison, Wisc.).
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SSR PCR reactions were done in 25 ul reaction veduoontaining 20 mM Tris-HCI (pH
8.4), 50 mM KCI, 2.5 mM MgGl 0.4 mM each of dCTP, dTTP and dGTP, 0.012 mM non-
labelled dATP, 370 kBq([-**P)]JdATP (Amersham Biosciences, Bucks., UK), 0.4 jpf
each primer, 1 Uraq DNA polymerase (Invitrogen, Carlsbad, CA) and I template
DNA. Thermal cycling conditions consisted of artiadidenaturation step at 94 °C for 4 min,
followed by a primer annealing step (either 50 1G5 °C depending upon the primer pair
used; see Table 3) for 2 min and an extensionatég °C for 90s. Subsequent cycles were as
follows: 29 cycles of 94 °C for 1 min, primer anhieg@ temperature for 2 min, 72 °C for 90s,
followed by a final extension step of 72 °C for fnmAmplification products were denatured
by the addition of an equal amount of stop solu{is % formamide containing bromophenol
blue and xylene cyanol) and heated to 98 °C fomiif. Two to five microlitres of the
reaction were run on 6 % denaturing polyacrylangelks containing 6 M urea at 100 W for 2-
4 hours. Gels were dried and exposed to X-ray &gnfior AFLP reactions.

Conventional PCRs were done in[1[ul reaction volumes containing 20 mM Tris-HCI (pH
8.4), 50 mM KCI, 1.5 mM MgGCGl| 200 uM each dNTP, 0.4 uM of each primer, 0.544
polymerase and 10-100 ng template DNA. Thermalirgatonditions typically consisted of
an initial denaturation step of 94 °C for 2 minldated by 35 cycles of 94 °C for 15 s, primer
annealing temperature (Table 3) for 30 s, 72 °C fomin per kb of amplified product
followed by a final extension step of 72 °C for hin. For sequencing, primers and dNTPs
were removed from PCR products by incubation with® pI* Exonuclease | and 0.1 Uhl
SAP at 37 °C for 30 min followed by incubation &t ® for 20 min to denature the enzymes.
Long rang PCR reactions were done using Phusiorh Higlelity DNA polymerase
(Finnzymes Oy, Finland) according to the manufaatarprotocol.

Construction of a S. venturii BAC library contaigiRpi-vnt1l.1 and Rpi-vnt1.2

TheS. venturiiplant K39 which was used to construct the BACdIlgris a transheterozygote
carrying both Rpi-vntl.1 originally from the resistant parent plant A618 ggssion
CGN18108), andRpi-vntl.2from the resistant plant A624 (accession CGN18279)

Plant material was grown on Murashige and Skoog)(iM&dium without sucrose vitro and
young leaf tissue was harvested and stored atC80Twenty grams of frozen leaf tissue was
used to prepare DNA plugs containing high-moleculaight (HMW) DNA using a method
slightly modified from Liu and Whittier (1994) ar@halhoub et al. (2004). The DNA plugs

were prepared in 0.7 % inCert agarose (Biozym, @lde, Germany), washed in lysis buffer
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solution (1 % sodium lauryl sarcosine, 0.2 mg/mbtpinase K and 3.8 mg/ml sodium
diethyldithiocarbamate dissolved in 0.5 M EDTA, Bt5) and stored at 4 °C in 0.5 M EDTA
until required. The stored plugs were soaked inblier, chopped into small pieces and
partially digested with 5 units dflindlll for 1 hour to generate DNA fragments of a size
range 50-300 kb.

Triple size selection was used to improve the armk uniformity of the inserts as described in
Chalhoub et al. (2004). The first size selectiors warformed on 1 % Seakem LE agarose
(Biozym, Oldendorf, Germany) using clamped homogeseelectric field (CHEF) pulsed
field gel electrophoresis (Bio-Rad, Hercules, USA)-40 seconds, 120°, 16 hours and 200 V
in 0.25x TBE buffer directly followed by the secostte selection in the same gel at 4-5
seconds, 120°, 6 hours and 180 V in the same bufgarose gel slices containing partially
digested DNA between 100 and 200 Kb were excisdddanded into two. For the third size
selection, the excised gel slices were separatelyon 1 % Sea Plaque GTG Low-melting
point agarose (Biozym, Oldendorf, Germany) at 3€ebonds, 120°, 14 hours and 180 V.
Size-selected DNA fragments were excised from #leagd stored at 4 °C in 0.5 M EDTA
(pH 8). DNA was recovered in 40l 1x TAE buffer by electro-elution using a Bio-Rad
Electro-elution system (Bio-Rad, Hercules, USA).

The total eluted DNA was ligated in a 1Q0 reaction with 10 ng pIndigoBAC-5 vector
(EpiCentre Biotechnologies, Madison, USA) and 800TW DNA ligase (New England
Biolabs, Ipswich, USA). The ligation was dialyseghanst 0.5 x TE buffer for 3 hours using
Millipore membrane (Millipore, Billerica, USA). Tke microliters of dialysed ligation was
used to transform DHI10 electrocompetent cells (Invitrogen, Paisley, UKy b
electroporation. The BAC library was picked into42384-well microtiter plates (Genetix
Ltd., Dorset, UK).

Transformation of S. tuberosum cv. Desiree with\Rypl.1

A 4.3kb fragment carrying thRepi-vntl.1lpromoter, open reading frame (ORF) and terminator
was amplified by PCR using the primers vntllongal antllong-R (Table 3) from the BAC
clone K39 26619. This fragment was cloned into pGEMasy (Promega) and sequenced to
confirm no mistakes had been introduced during PT#R resulting plasmid was digested
with EcoRI and the fragment containing the original genenet into theEcoRI site of
pBinl19. The resulting plasmid was named pSLJ21P&&@smid pSLJ21152 was introduced

into Agrobacterium tumefaciersdrain AGL1.
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Transformation of potato cultivar Desiree was earout as described in Kumar et al. (1996).
Transformation of tomato cv. Moneymaker was caroedl as described in (Fillatti et al.
1987). Transgenic plants capable of growth on kamamwere weaned out of tissue culture
into sterile peat blocks before being transplaniedhe glasshouse. PCR using primers
vntlORF-F and vntlORF-R, which amplify the full4gh Rpi-vntl.10RF (Table 3) was
used to determine whether the kanamycin-resistéartg also harboured thepi-vntl.1

transgene.
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CHAPTER 4

The potato late blight resistance alleleRpi-vntl.1, Rpi-vnt1.2 and Rpi-vnt1.3 from
S. venturii are not widely spread acrosssolanum sectionPetota and have evolved
most probably by lllegitimate recombination

Pel M. A., Jacobsen E., Van der Vos$eA.G, Visser R. G. Fand Van Eck H. J.
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ABSTRACT

The Rpi-vntl.1 Rpi-vntl.2andRpi-vntl.3alleles located on chromosor@®f the potato wild
speciesSolanum venturibelong to the Coiled Coil Nucleotide Binding Slteucine Rich
Repeat (CC-NBS-LRR) class of plaRtgenes. A collection containing 200 wifsblanum
species with 5 genotypes each was screeRpdvntl alleles were found its. venturij as
expectedS. mochiquensandS. weberbaueriRpi-vnttlike homologs sharing between 80%-
97% homology were cloned from 13 wild species bgilog to the Tuberosaserie 16.
Subsequent alignment &pi-vnttlike homolog OPL753-8 witlirpi-vntlalleles revealed the
presence of illegitimate recombination (IR) sigmatusuggesting that two successive deletion
events might have occurred in the CC domain. Medewie analysis of a Neighbor Joining
tree, based on AFLP marker data (Jacobs 2008) &ibrthe accessions carryirfgpi-vntl
alleles orRpi-vnttlike homologs, showed th&pi-vntl.1 Rpi-vntl.2and Rpi-vntl.3alleles
were monophyletic. Signatures of illegitimate rebimation and the monophyletic
grouping of Rpi-vntl alleles relative to potato accessions suggested Rpiavntl.1 Rpi-
vntl.2andRpi-vntl.3may have evolved. A first IR might have occurredweenOPL753-8

like homologs to generatepi-vntl.2which might have served as template for a secénd |
generating Rpi-vntl.1 SubsequentlyRpi-vntl.3 diverged from Rpi-vntl.2 by one non
synonymous nucleotide substitution. A novel latghil resistance gene that was narfgi-
vnt2 was identified inS. venturii Rpi-vnt2 confers resistance to the only virulent strain to

Rpi-vntl
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INTRODUCTION

Late blight disease, caused by the oomydetgtophthora infestands one of the most
devastating diseases on potato. Resistandehigophthora infestangnitially detected in
Solanum demissymvas considered as the main resistance sourcek(Bled Gallegly 1957;
Malcolmson and Black 1966) as at least 11 spetdgiR1-R1) have been identified. A
comprehensive survey of wild tuber bearBglanunmspecies revealed that the geadanum
harbors a wealth of late blight resistance sourBeseralR-genes for late blight resistance
have been clonedR1 (chromosomé) andR3a(chromosomd.l) from S. demissur(Ballvora

et al. 2002; Huang et al. 200Rpi-blb1, Rpi-blb2and Rpi-blb3from S. bulbocastanuron
chromosomes, 6 and4, respectively (Naess et al. 2000; Van der Vossal. €003, 2005;
Lokossou et al. 2009Rpi-vntl.1 Rpi-vntl.2andRpi-vnt1l.3from S. venturiion chromosome
9 (Foster et al. 2009; Pel et al. 2009), functidm@hologs oRpi-blb1 Rpi-stolandRpi-ptal
(Vleeshouwers et al. 2008R2 R2like and Rpi-abpton chromosomel (Lokossou et al.
2009). All these resistance genes belong to theNBS-LRR or Lz-NBS-LRR subfamily.

The NBS-LRR gene family is the most abundant impépecies. It was estimated that at least
200 different NBS-LRR genes are present in Arabstiopepresenting up to 1% of its genome
(Meyers et al. 1999). Characterization of 1B9loci from the Columbia ecotype of
Arabidopsis showed that NBS-LRR were often organized as etasir singletons (Meyers et
al. 2003). The NBS-LRR gene family has been sulddiyiinto two subfamilies based on
motifs located in the N terminal. One subfamily esdor a TIR (Toll-Interleukin receptor-
like region) sharing homology to thlrosophila Tolland mammaliamnterleukin-1lreceptors
(Qureshi et al. 1999). The second subfamily codes fcoiled-coils (CC) structure near the N
terminal which is sometimes in the form of a leecmpper (Lz) (Baker et al. 1997; Lupas
1996; Pan et al. 2001; Pan et al. 2000).

Plants must evolve novBgene specificity in order to counteract the higte rof evolution of
the so called effectors from the pathogen side.e@enmecombination between alleles or
related sequences contributes to genetic variagimong R-gene clusters. Recombination
events by equal crossing over leads to domain swaje protein whereas unequal crossing
over changes the number of genes present in tiséecl(Leister 2004). Modification of the
length of the open reading frame appears to be alsmajor contributor toR-gene
diversification. Dixon and co-workers (1998) remalion deletion/expansion events involving
individual LRR repeats in théf-5 gene. Wicker and Yahiaoui (2007) demonstratetisheh

deletion/expansion was due to illegitimate recoratiom (IR) occurring between stretches of
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1-10 base pairs. This asymmetric pairing followgdsbquence exchange can result in either
duplications or deletions. Such events generatsigRature or short repeat motifs that serve
as template for recombination. Tracking IR signattan be used to stu®ygene lineage.
Recently, theSolanumsectionPetotawas subject to reclassification based on AFLP erark
and cpDNA including 1000 accessions (Jacobs e2@08). A classification in 16 groups,
based on genetic similarities, was achieved exjplgimore variation than the old species
classification. Furthermore, mis- and over-clasatibn was identified leading to change the
nomenclature of accessions carryiRgi-vntl.1 Rpi-vntl.2and Rpi-vntl.3alleles (Foster et
al. 2009; Pel et al 2009). Within secti®etota hybridization was shown to have played a
significant role in the origin of certain taxa (das 2008). Along with hybridization,
polyploidization is also regarded as a major evemgfenerate new taxa (Hawkes 1990).
Allele mining studies enable to identify wild spesior cultivars, with the same or different
alleles of a giverR-gene. From a breeding standpoint, the main airatoy out such a
survey, is to avoid redundant breeding efforts seléct for the most crossable wild species
harboring the R-gene of interest. However, distantly related wisghecies like S.
bulbocastanumcannot be hybridized directly withS. tuberosumcultivars. For instance,
Hermen et al. (1973) usésl acaule(2n=4x) andS. phureja(2n=2x) as bridging species
Wang et al. (2008) studied the frequencRrpi-Blblor RB within 47 species representing 13
series. Highly conservedpi-Blb1homologues were indentified $i stoloniferun{Rpi-sto2,

S. papita(Rpi-ptal andS. polytrichon(Rpi-pltl) which are tetraploid species that belong to
the serie 18 ongipadicellata(Hawkes 1990) and can be crossed v@thtuberosumThis
offers the possibility to transfer late blight #ance genes into cultivars by introgression.
From a more scientific standpoint, allele miningds to identification of functional and non-
functional homologs revealing the allelic diversdl a specificR-gene and thus helping to
understandr-gene evolution. Based on the high homology betwgrblbl, Rpi-stol Rpi-
ptal and Rpi-pltl, a similar cluster organization and previous cgtogic studies (Hawkes
1990),S. bulbocastanummay be the wild ancestor 8f stoloniferunfWang et al. 2008).

Here we report on the allele mining study of théapmlate blight resistance alleRpi-vntl1.1
Rpi-vntl.2andRpi-vntl.3within Petotasection. This study aimed to determine whethgr an
other wild species carrielpi-vntlalleles, the allelic frequency and diversity oé ttormer
three resistance genes and whetheventuriihad some otheR loci for late blight resistance.
Subsequent cloning &pi-vnttlike homologs is expected to give insights onefelution of

Rpi-vntlalleles.
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RESULTS

Screening of wild species

The wild potato species collection within the Cenfier BioSystems Genomics (CBSG),
containing one thousand accessions which are egutesented by five genotypes, was
screened using two specific primer pair (A andB)jth primer pairs allowed amplification of
PCR products frorRpi-vntlalleles. Subsequent alignmentRyi-vntlalleles withTmZ gene
showed that the start codonRpi-vntlalleles was 100bp upstream the on@mf” gene (Pel
et al., 2009). The primer pair A, located in the IR of TmZ gene was expected to be more
stringent forTmZ-like homologs than the primer B designed on theseoved start codon of
TmZ gene.

Upon PCR using primer pair B, accessions from 1l wpecies $. weberbaueyiS.
mochiquense S. venturij S. orophilum S. stenotomumS. okadae S. neorossji S.
raphanifolium S. multidissectumS. vernei S. phureja S. sucrense S. microdontum
gigantophyllum S. tarijenseand S. oplocengeallowed the amplification of a PCR product
with the expected size of 2.6kb. Only 8 accessimmfthe previous set allowed the
amplification of a PCR product with the expectedesof 2.7kb using primer pair AS(
weberbaueriS. mochiquense. venturii S. orophilum S. stenotomun®. multidissectuns,
microdontum gigantophyllun®. tarijenseand S. oplocenge After cloning and sequencing,

these accessions could be divided into two groups.

The first group (1) contained accessions frf8nmventuriiandS. weberbauercarrying either
Rpi-vntl.1 Rpi-vntl.2or Rpi-vntl.3 10 out of 14, 1 out of 4 and 1 out of 4 accessiof S.
venturii, S. weberbauer@andS. mochiquenseespectively were found to carry one of the three
Rpi-vntl alleles. As shown in Table Rpi-vntl.1was found in 5 accessions (CGN18108,
CPC7129, CGN 18109 GLKS32794 and CGN22783);vntl.2in 1 accession (CGN18129)
and Rpi-vntl.3 in 4 accessions (CGN18000, CGN17998, CGN17999 86d508).
Interestingly, a fourth allele was detected in #Hwessions CGN22703, GLKS32794 and
CGN17999. This allele shared 99.9% homology \Wftvntl.land contained an insertion of
4 nucleotides (TTCC) at position 436bp leading tivaane shift. This non-functional allele
based on predicted translation, named “TTCC”, wasgnt in combination with eith&pi-
vntl.1lor Rpi-vntl.3 One late blight resistant genotype (969-2) fro®N22703 was found to
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carry only the non-functional TTCC allele. This ukssuggested the presence of a different

late blight resistance gene(s) tiRpi-vntlalleles.
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Specie accession accession| accession| accession| Taxonomic | CBSG phenotype CBSG Rpi-vntl Homology with | Homology with Homology with Homology with Primer Genbank
CGN BGRC CPC GLKS clustet (90128 strain) genotype alleles Rpi-vnt1.1 TmZ Rpi-vnt1.1 Tm2* pairs number
(%, DNA level) | (%, DNA level) | (%, protein level) | (%, protein level)
S. venturii 18108 3 R 367-1 Rpi-vntl.1 100 81.7 100 73.1 A+B FJ423044
7129 3 R 283-1 Rpi-vntl.1 100 81.7 100 73.1
18109 3 R 366-1 Rpi-vntl.1 100 82.7 100 73.1
32794 3 R 250-3 Rpi-vntl.1 100 83.7 100 73.1
22703 3 R 969-3 Rpi-vntl.1 100 84.7 100 73.1
22703 3 R 969-5 Rpi-vntl.1 100 81.7 100 73.1
18279% nd R 741-1 Rpi-vntl1.2 98.3 80.5 98.2 72 FJ423045
18279% nd R 741-2 Rpi-vntl.2 98.3 80.5 98.2 72
18000 3 R 365-1 Rpi-vnt1.3 98.3 80.5 98.2 72 FJ423046
961508 3 R 896-2/-3/-4 Rpi-vntl.3 98.3 80.5 98.2 72
17998 3 R 368-1 Rpi-vntl.3 98.3 80.5 98.2 72
32794 3 R 250-2 Rpi-vntl.1 - 100/99.9 81.7/84.6 100/n.a. 73.1/n.a. FJ423044
ttcc allele GU386358
22703 3 R 969-1 Rpi-vntl.1 - 100/99.9 81.7/84.6 100/n.a. 73.1/n.a.
ttcc allele
22703 3 R 969-4 Rpi-vntl.1 - 100/99.9 81.7/84.6 100/n.a. 73.1/n.a.
ttcc allele
17999 3 R 740-1 Rpi-vnt1.3 - 100/99.9 81.7/84.6 100/n.a. 72/n.a.
ttcc allele
22703 3 R 969-2 ttcc allele 99.9 84.6 - - GU386358
S. weberbaueri 159.1 5 R 253-2/-4| Rpi-vntl.1 100 81.7 100 73.1 A+B FJ423044
6032 5 R 300-2 /-3 - 86.3 85.3 74 67 B GU338341
18262 10 R 933-1 - 95 84.4 88.6 75.6 B GU338343
18262 10 S 933-2 - 90.2 84.2 - - B GU338344
S. mochiguense 2319% nd R 186-1 Rpi-vntl.1 100 81.7 100 73.1 A+B FJ423044
S. okadae 22709 15 QR 745-1 - 95.2 84.6 88.8 75.5 B GU3383
27158 15 QR 742-2 - 89.2 85.2 74.7 73.3 GU33833
20599 15 QR 970-3 - 86 85 70.9 72.7 GU338335
20599 15 QR 970-4 - 89.3 85.3 74.9 73.4 GU38833
S. neorossii 18280 16 S 735-1 - 94.8 84.2 - - B GU338331
16 QR 735-4 91.6 84.2 - - GU338332
S. orophilum 5301 10 R 196-1 - 95.0 79.0 - - A+ GU338319
5301 10 S 196-2 - 92.6 79.1 - - GU338320
S. stenotonufn 18161 i S 829-2 - 92.4 79.1 - - A+ B GU338321
18161 - R 829-3 - 92.9 79.5 - - GU338328
S. raphanifolium 644 1 R 209-1 - 95.3 84.3 - - B GU338338
S. oplocense 21352 16 R 750-4 - 92.9 79.5 88.4 75.4 A+ GRRL7
21319 16 R 753-1 - 92.9 79.5 88.4 75.4 GU338318
S. multidissectum| 17685 10 S 726-2 - 92.0 78.6 - - A+ GU338313
17685 10 R 727-4 1 - 92.6 79.3 - - A+ GU33831
17685 10 R 727-4 2 - 95.7 80.0 - - A+ GU33831
17840 10 S 731-2 - 91.8 84.4 - - B GU338329
17840 10 R 731-3 - 92.4 79.0 - - A+ GU338316
21344 10 S 722-1 - 92.1 84.8 - - B GU338328
S. phureja 7909 - RQ 772-4 - 92.8 84.5 - - B GU33833F
S. tarijense 18198 14 R 855-5 - 94.9 80.1 - - A+ GU338325
18107 14 R 868-1 - 94.8 80.0 - - GU338326
S. sucrense 20631 16 R 845-2 - 80.7 84.4 - - B GU338339
S. microdontum 18083 4 R 362-4 - 97 80.5 88.4 75.3 B GU338312
gigantophyllum
S. vernei 18111 9 R 898-2 - 92.1 84.1 - - [ K:] GU3383217




Table 1. List of accessions of wild potato species in whrghi-vntlalleles orRpi-vnttlike homologs were identified using two specifitnper pairs. Both primer pairs (A
and B) contained the same reverse primer desigmé¢keostop codon d®pi-vntlalleles combined with two different forward prireeone designed on the start codoRpf-
vntl alleles (primer pair A) and the other one on theserved start codon ®mZ gene (primer pair B). Accessions highlighted ifdbwere initially classified aS. okadae
or S. neorossiand recently reclassified &s venturii(Jacobs et al., 2008).

! = Based on Jacobs et al., 2008
2= not included in the phylogenetic study (Jacdts.e2008)

$ = Accession removed from phylogenetic analysig, muconflicting positions in dendrogram (Jacobal e22008)
nd = non determined
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Differences at the nucleic level can discriminaggweenRpi-vntl.1 Rpi-vntl.2 Rpi-vntl.3
and the non functional allele (Figure Bpi-vntl.2and Rpi-vntl.3have an insertion of 42
nucleotides (nt) at the position 36bp. Within timsertion,Rpi-vntl.2carries a thymidine (T)
whereasRpi-vntl.3has a cytosine (C) at position 74bp. This SNPstedas a phenylalanine
(F) or a serine (S) fdrpi-vntl.2andRpi-vntl.3respectively. In the LRR domain, three SNPs
are present at 1646bp, 1912bp and 2202bp in twdic@tions: A/T/G or T/C/A forRpi-
vntl.1 or Rpi-vntl.21.3 respectively. Only the SNPs at the positions 16468 2202 bp
generate different amino acids (a.a) which haveilaimchemical characteristics. As
previously mentioned, the non functional TTCC allélas an insertion of four nucleotides,

cctt, at position 436bp and a guanosine (G) attijpnsi88.

188 436 1646 1912 2202
A T A
| ! . ! » ttcc allele
A T G .
1 ! 1 | » Rpi-vntl.1
| ] I I I v
N R
T T c A .
. A | ! I » Rpi-vntl.2
L) I I I I v
F Y K
c T cC A '
| : : : : » Rpi-vntl.3
S Y K

Figure 1. Scheme highlighting the SNPs and amino acidemiffces between the non functional altede, Rpi-
vntl.] Rpi-vntl.2andRpi-vntl.3 SNPs are located on each gene and amino acetetiffes under each gene.
The non functionattcc allele has a frame shit due to the insertion of foucleotides (TTCC)Rpi-vntl.2and
Rpi-vntl.3have an insertion of 42 nucleotide in the 5'enchoh synonymous SNP in this insertion allows to
discriminate them.

The second (2) group contained accessions, f@mweberbaueri S. orophilum S.
stenotomum S. okadag S. neorossji S. raphanifolium S. multidissectumsS. vernei S.
phureja S. sucrenseS. microdontum gigantophyllun$. tarijenseandS. oplocensecarrying
Rpi-vnttlike homologs sharing between 80.7-97% homologyab(@ 1). Subsequent
alignment using Clustal W showed that all Rei-vnttlike sequences andpi-vntlalleles
clustered together where@amZ andRpi-mcqlcandidates 1 and 2 (Patent WO2009013468)
belonged to a different clade (Figure 2a). Thisitesemonstrated that the primer pairs A and
B were specific tdrpi-vntlR-gene clusterRpi-vnttlike homologs detected using the primer

pair A were identical to those detected using thiengr B within accessions fronS.
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weberbaueri S. venturii S. orophilum S. stenotomuyrS. multidissectumS. microdontum
gigantophyllumsS. tarijenseandS. oplocense

After sequence analysis, open reading frames (ORi#R)an homology between 70.9 and
88.8% at the protein level were found in 6 accessioomS. microdontum gigantophyllym
S. weberbauetriS. oplocenseS. okadaeandS. neorossiilnterestingly, only proteins fror8.
weberbauer(WBR933-1) and. oplocens€OPL753-8/0OPL750-4, identical proteins) had the
same LRR repeats determined in the Rpi-vntl pretgel et al. 2009).

2a-

i MRST35-1.2e0
MRST35-4.2eq
[WEIHQSS-E.seq
DEATA5-1 seg
i DPLTE0-4.5eq
DPLTS3-1.5e4
- MLTV31-2 52
MLTT22-1.584
STHA29-2 zeq
STHA29-3 5eq
SCRE45-2 580
1 ORF196-1. 580
ORF196-2 seq
MLTT26-2 senq
MLTY31-3.5enq
4 WHRI33-1 5eq
- MLTT27-4_1.5eq
- RAP209-1 sen
_IWERSDD—E.seq
WEBR3AN0-3.5eq
_|‘JEF{845—2.59[:|
WRMEYE-2 580
Rpi-wntl 2. seq
Rpi-wntl . 3.seq
Rpi-wntl 1 seq
TARBEE-1 560
TARB55-5 560
MLTT2T-4_2.seq
— PHUTT2-4 5eq
Rpi-mcgl candidate 1.seq
Rpi-mcgl candidate 2.5eq
Tm2.seq
hib1.senq
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Figure 2. a- Tree based on a Clustal W alignmentRgfi-vntl alleles,Rpi-vnttlike homologs,TmZ and Rpi-
mcqglcandidates 1 and 2 usiRpi-blblas an outer. The letter codes OKA, NRS, WBR, SERY, ORP, MLT,
RAP, VRN, GIG, TAR and PHU stand f&. okadae, S. neorossii, S. weberbau#risucrenseS. stenotomum
S. orophilum S. multidissectun®. raphanifoliumS. verneiS. microdontum gigantophyllyr8. tarijenseandsS.
phureja respectively.b- Taxonomic Neighbour Joining tree, based on AFLR dpenerated by Jacobs et al.,
2008, of the genotypes carryifitpi-vnttlike homologs,Rpi-vntlalleles andRpi-vnt2gene. The presence of
Rpi-vntl.1 Rpi-vntl.2 Rpi-vntl.3 Rpi-vnt2andRpi-vnttlike coding homologs is indicated. A first illegitate
recombination (IR1) might have occurred betw€#PL753-8like homologs generatinBpi-vntl.2 Rpi-vntl.1
andRpi-vntl.3might have evolved froRpi-vntl.2by a second IR (IR2) and one non synonymous ntidkeo

substitution respectively.

97



R-gene evolution

Both OPL753-8 and WRB933-1 had their start codotha@tsame position as tAenZ gene.
However, only OPL753-8 allowed a PCR amplificatisith both primer pairs A and B
providing sequence information of its 5’UTR. Sulset alignment oRpi-vntlalleles with

S. oplocens€OPL753-8) nucleic sequence revealed that a deleti an insertion occurred in
the 5’end upstream the position of thenZ gene start codon (Figure 3). As previously
describedRpi-vntl.2andRpi-vntl.3have an insertion of 42 nucleotide (nt) at theitpos 44
which was not present Rpi-vntl.1 In the same region, OPL753-8 had an extra ilnsedf

21 nt. Close examination of this region revealextds of illegitimate recombination (IR)
signatures. According to Wicker et al. (2007), IBems to occur between short 1-8 bp
stretches of homology leading to a duplication @etion event. Blast analysis of the inserted
or deleted sequence showed no homology with theofése sequences. This result suggested
that a deletion might have occurred rather thangichtion event.

We could hypothesize that a first illegitimate netmnation might have occurred between
Rpi-vnttlike homologs highly similar to OPL753-8 genergtiRpi-vnt1l.2 IR signatures
could be identified as CTT i®©OPL753-8and Rpi-vntl.2genes (Figure 3). The only SNP
found betweerRpi-vntl.2andRpi-vntl.3was precisely located in one of the IR signatdre a
position 75bp with sequence CTC instead of CTTsT3NP suggested th&pi-vntl.2might
have evolved prior td&Rpi-vntl.3 A second IR might have occurred betwégpi-vntl.2or
Rpi-vntl.3 genes to generatBpi-vntl.1 Stretches of 4nt (CTCT) were identified as IR
signatures at positions 32 and 78nt (Figure 3).
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Figure 3. Scheme, adapted from Wicker et al., 2007, showlmgillegitimate recombination mechanism

from which Rpi-vntl alleles might have evolvedPL1753-8was chosen as template to illustrate the
mechanism. A first IR might have occurred betweeliT Giomologous sites (italic bold) generatiRgpi-
vntl.2andRpi-vntl.3 Then a second IR might have occurred between Ch@fiologous sites (italic bold)

generatingRpi-vntl.1 SNPs betwee®PL1753-8and Rpi-vntlalleles are in bold. The start codon of each

gene is underlined and bold.
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Interestingly, the first putative IR previously dabed with CCT as IR signature motif might
also have occurred iRpi-vnttlike homologs. For instance, some of them hadlatide of
21nt (TAR855-5, TAR868-1 and GIG362-4) at the sgogition aRpi-vntl.2andRpi-vntl.3
(supplementary data S1). Moreover, two other pegaliR leading to a deletion of 35nt and
116nt with GGTG and TTG motifs as IR signaturesenidentified inRpi-vnklike homologs
from S. stenotomurandS. weberbaueniespectively (supplementary data S1).

A Neighbor Joining (NJ) tree of accessions cagytime functional alleles an@pi-vntktlike
homologs (Figure 2b), based on AFLP data (Jacohk,&008), showed th&pi-vntl.1 Rpi-
vntl.2andRpi-vntl.3were partially monophyletic. This lack of monopiyt grouping was
due to oneS. weberbaueraccession (WBR253-2/4) arl mochiquensaccession (186-1)
carrying theRpi-vntl.1gene. Surprisingly, WBR253-2/4 did not clusterhwihe otherS.
weberbaueriaccessions in the study of Jacobs et al. (2008).SI mochiquensaccession
(186-1) was not included due to conflicting posigoin dendrogram. Jacobs et al. (2008)
removed it also from the phylogenetic. A second tie& was constructed using several
resistant and susceptible genotypes per accesktbe wild species carryingpi-vntlalleles

or Rpi-vnttlike homologs (supplementary data S2). WBR253u8telred in the same clade as
S. venturiiwhereas WBR253-4 was found with some otheweberbaueraccessions further
away. This observation suggested that indeed, WBR2% might be an interspecific hybrid
betweenS. weberbaueriand S. venturii ThereforeRpi-vntl alleles were most probably
monophyletic withinS. venturii accessions. Moreover they seemed to be fixed Her t
accession CGN181089.

Another late blight resistance locus in S. ventiRpi-vnt2

As previously mentioned, a resistant genotype @p68om CGN22703 was found to carry
only the non functional allele TTCC. The genoty®-2 was further phenotyped using nine
different Phytophthora infestangsolates to determine its resistance spectrum I€Tah.
Although a more narrow resistance spectrum fRpiavntl.] Rpi-vntl.2andRpi-vntl.3was
determined, the genotype 969-2, showed to betaesio EC1 which is the onR. infestans
strain able to overconfepi-vntl.1 Rpi-vntl.2andRpi-vntl.3 All the accessions @&. venturii
previously checked for the presenceRpii-vntlalleles were challenged with EC1. The figure
2b shows the accessions carrying resistance tosE@ih. The population 7756 containing 95

F1 individuals was phenotyped with EC1 to checkdbgregation of the resistance. A ratio
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1:1 (47 resistant, 7 questionable and 41 susceptiths observed. This result show that the

resistance to ECL1 is conferred by a single domiRaggne and that was namB@i-vnt2

Species Accession Genotypq IPO C| H30Pp4 90128 8914B-09 02MD| VKI8014| USA618| Katshaaf EC1
18008 367-1 R R R R R R R R S
S. venturii 969.2 R R R R S S S S R
22703 969.4 R R R R R R R R S
" 735.1 S S S S S S S S S
S. neorossii
18280 735.4 S S S S S S S S S
?
S. okadae ? 742.2 S S S S S S S S S
20599 970.4 S R R R S R S S S
cv. Bintje / / S S S S S S S S S
cv. Desiree::Rpi-vntl.1 / / R R R R R R R R S

Table 2. Phenotyping results of genotypes which were furth@estigated for late blight resistance. The
genotype (367-1, CGN18008) from whigpi-vntl.1was originally cloned and a primary transformahRpi-
vntl.1lin cv. Desiree background were used as resistamtrals and cv. Bintje as susceptible control. R:
resistant. S: susceptible.

Late blight resistance in S. okadae and S. nearossi

Previous taxonomic work clustered accessions fforakadagS. neorossiandS. venturiiin
three different groups (Hawkes 1990). Based on &pR[@xnd AFLP marker analysis to
construct a backbone phylogeny, Jacobs et al (208&)rated also three distinct cladesSor
okadae S. neorossiandS. venturiibut identified misclassification of accessionsae=n the
three wild species. The CGN accessions 18108, 1810998, 17999, 22703 and 18269
initially classified asS. okadaeand the CGN accession 18000 fr@nneorossiwere shown

to belong to the clade &. venturii Therefore they were reclassified &sventurii(Table 1).
The remaining CGN accessions, 962076, 962078, 18%/09, 18129, 20599 and 17599,
18051, CPC6047, 18280 which were not clusteredhat venturiiclade were shown to be
true S. okadaeand S. neorossiiaccessions respectively (Jacobs 2008). As preyious
mentioned true accessions ®f okadaeandS. neorossiallowed the amplification of a PCR
product. Following cloning and sequencing, oRlpi-vnttlike homologs sharing between
87.5 and 96.4 homology witRpi-vntl alleles were found (Tablel). Seedlings from the
genotypes harboring the$pi-vnttlike homologs (735-1, 735-4, 742-2 and 970-4) were
further phenotyped using a set ofPbiytophthora infestanssolates in DLA. The original
resistant genotype from whidRpi-vntl.1was cloned and a primary transformantRyi-
vntl.lin cv. Desireebackground, were used as resistant controls anditje as susceptible
control. Table 2 shows the resistance spectrune&oh genotype tested. As expected, both
resistant controls showed to be resistant to aligblates tested except to EC1. Bintje had

a high level of sporulation for all the isolatesheTgenotype 970-4 was resistant to four
isolates out of nine (H30P04, 90128, 89148-09 aK®8014) whereas the genotypes 742-2
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(S. okadagand 735-1/4 (both fror®. neorossji were fully susceptible to the nine isolates
used. These phenotyping results suggested thateteetedRpi-vnttlike homologs in the
genotypes 742-2 and 735-1/4 were not involvedtm Iidight resistance.

In order to characterize the resistance observetiangenotypes 970-4, a cross was made
between 970-4 (CGN20599 fror8. okadag and 735-2 (susceptible genotype frdin
neorossi). The segregation of the resistance was analyge®LA using three isolates
(90128, H30P04 and VK98014). A ratio of 1:1 (remidt: susceptible) was determined using
90128 whereas H30P04 showed a 1:3 ratio. Surphysitius population was fully susceptible
to VK98014. Most of the resistant individuals shaweg necrosis spots of 3-10 mm without
sporulation. These results suggest that the resistabserved in the genotype 970-4 could be
due to the pyramiding of several resistance QTLschvas undone in the segregating
population. No correlation could be determined leetw resistant individuals to different
isolates. Therefore, no single strong dominantstasce genes could be identified in the

genotype 970-4.
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DISCUSSION

The screening of a large collection of potato veéfeecies, using specific primer pairsRpi-
vntl alleles, showed that only two other wild specteésweberbauerand S. mochiquense
carried one of the three functional allelBgi-vnt1l.1 Many Rpi-vnttlike homologs, sharing
between 80.7-97% homology witRpi-vntl alleles, were present in 13 wild species.
According to Jacobs et al (2008), these 13 wildcsebelong to different phylogenetic
clades.S. oplocens@andS. sucrenselustered in clade 1. orophilum S. weberbauerand

S. multidissectumn clade 10,S. raphanifoliumin clade 1,S. verneiin clade 9, S
microdontum gigantophyllunm clade 4S. okadaen clade 15S. neorossiin clade 16 ané.
tarijensein clade 14. Three wild speci€s, stenotomurandS. phurejawere not included in
the study of Jacobs et al. 2008. According to HaA#®990), these 13 wild species belong to
the serie 16 namet@uberosaeither in the wild or cultivated species subsectibhis result
suggested thaRpi-vntl alleles were not widely spread acr@&slanumsectionPetotaand
might have more recently evolved in comparisontt@oancienRk-genes likeRpi-blb1l (Van
der Vossen et al. 2003; Wang et al. 2008).

The use of two primers pairs, based on the statbre® ofRpi-vntlalleles (primer A) and
TmZ gene (primer B), enabled to detect full length amohcatedRpi-vnttlike homologs
respectively. Most of the accessions allowed a P@Ruct with both primers A and B but
few of them did not, suggesting that their 5’UTRsedgsified preventing the primer A from
annealing. The only ORFs found had their start nodbthe same position hasnZ gene
suggesting that ORF starting 100bp upstream Rievntl alleles may be rather unique.
Subsequent alignment of OPL753Rpf-vnttlike homolog fromS. oplocengewith Rpi-vntl
alleles gave insight onto the plausible evolutibéiRpi-vntlalleles. In their 5’UTRS, putative
illegitimate recombination (IR) signatures (Wicketr al., 2007) were identified in the CC
domain ofRpi-vntlalleles suggesting that they might have evolveouh two successive IR
events leading to deletions. These deletions clthrthe position of the start codon
approximately 100bp upstream the conserven” gene start codon. The extension of the
ORF may be considered as a major diversificatioenewas the coiled coil (CC) domain of
Rpi-vntlalleles evolved four alpha helices with the fose located upstream the conserved
TmZ gene start codon. This first alpha helix is reegito trigger HR (Pel et al. 2009).
Wicker and co-workers demonstrated that IR was siranly involved in size variation of the
LRR domain ofPm3genes following duplication events in wheat. IRgjhtialso have taken

place in the CC domain and influenced the positibthe start codon as shown in this study.
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More Rpi-vnttlike homologs had the same deletions in their ]RdTor even larger deletion
in their LRR domains. It suggested that illegitimaecombination could be a significant
mechanism involved iRpi-vnttlike homolog diversification.

A neighbor Joining (NJ) tree based on AFLP datadfs et al., 2008) from all ti& venturii
accessions showed thRipi-vntl.2 and Rpi-vntl.3were monophyletic whereaRpi-vntl.1
lacked monophyletic grouping. This was due to aression fromS. weberbauercarrying
Rpi-vntl.1which did not cluster in the same clade Sasventuriiaccession carryingrpi-
vntl.1l As it did not cluster either with the oth®r weberbaueraccessions, we hypothesized
that it might be an interspecific hybrid betwegnweberbauerandS. venturiifrom which
Rpi-vntl.1was introgressed. Signatures of illegitimate relmioiaion and the monophyletic
grouping of Rpi-vntl alleles relative to potato accessions suggested Rpiantl.1 Rpi-
vntl.2 and Rpi-vntl.3could have evolved. Indeed, a first IR (IR1) miglatve occurred to
generateRpi-vntl.2which might have served as template for a sec&@R2) generating
Rpi-vntl.1 SubsequentlyRpi-vntl.3 diverged fromRpi-vntl.2 by one non synonymous
nucleotide substitution.

The Rpi-vnttlike homologsOPL753-8 encoding the same LRR repeat®Rkpsvntl alleles
was considered the most plausible template foru&e In contrast, this hypothesis was in
opposition with the place of OPL753-8 accessiontha dendrogram. Indeed OPL753-8
accession did not cluster together whventuriiaccessions. This observation might suggest
that the most plausible ancestorRyi-vntlalleles diverged so much that none of the primers
used in this study would produce a PCR product.nTB®L753-8 might be considered a
plausible candidate to illustrate IR event buta@lausible accession ancestor.

Kuang et al. (2004) studied haplotype diversityhat RGC2 cluster in cultivated lettuce and
wild relatives. They clearly showed two types of ®&genes. Type | genes evolve quickly
and have frequent sequence exchange due to chistenictures. Type Il genes are more
conserved and appear to have a very low recombmé&gquencyRpi-vntl.1 Rpi-vntl.2and
Rpi-vntl.3 had 3 SNPs in the LRR domain. Only two SNPs werse synonymous but
generated amino acids with the similar chemicalrattaristics. This observation together
with the same resistance spectrumRgfi-vntl.1 Rpi-vntl.2and Rpi-vntl.3suggested that
their LRR domains might be under purifying selectas described by Kuang et al. (2004) for
the type Il genes. TheRpi-vntlalleles may belong to the type Il gene.

The allele mining study oRpi-vntl.1 Rpi-vntl.2 and Rpi-vnt1.3within accessions 08.

venturii, revealed the presence of another resistant lwbigh was name&pi-vnt2
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The finding that a particular wild species evolwsyeral functionaRpi genes was observed
in S. demissumarrying eleverR-genes R1-R11) and inS. bulbocastanumn which threeR-
genes,Rpi-blbl, Rpi-blb2 and Rpi-blb3 were cloned from the chromosom&s6 and 4
respectively (Van der Vossen et al.2003, 2005; kska et al. 2009Rpi-vnt2was not found
to be monophyletic lik&kpi-vntlalleles. Upon selection pressure, accessionsiograybroad
resistance gene, for instanBpi-vntlalleles, might have been selected to the detrimoént
Rpi-vnt2 conferring a more narrow resistance spectrunwduld be quite interesting in
proceeding with the cloning and allele mining stuafy Rpi-vnt2 to unveil late blight
resistance evolution i8. venturii

As previously mentioned, in the phylogeny studydoasn cpDNA (Jacobs 2008), some
accessions of the wild speci8s okadaeandS. neorossiwere found to be misclassified and
thus reclassified aS. venturii All the accessions reclassified &sventuriicarried eitheRpi-
vntl.l Rpi-vntl.2or Rpi-vntl.3 Accessions confirmed & okadaeor S. neorossidid not
harborRpi-vntlalleles nor strong resistance to late blight. &lele mining study and further
phenotyping strengthened the reclassification ofesaccessions.

Chromosomé of tomato and potato seem to be a hot spot fasteese because seveRil
genes, conferring resistance to a broad range thibgans are located on this chromosome
(Gebhardt and Valkonen 2001). For instance, theg larm of chromosom® of potato
harbours resistance genes to three differentesuBVY, PVX and PVM (Marczewski et al.
2006; Sato et al. 2006; Tommiska et al. 1998) amdgonferring resistance tBlobodera
pallida andErwinia carotovora(Gebhardt and Valkonen 2001; Rouppe van der Veod.
2000). In the same region, there are at leasffm@like clusters Rpi-vnt1.11.2/1.3 andRpi-
mcqglgenes) involved in late blight resistance locatecchromosom®. To what extenTm-
2-like genes from potato are involved in quantitetqualitative resistance against different
pathogens thaPR. infestands unknown. A broad allele mining analysis Tah-2like genes
(Tm-Z, Rpi-vnt1.11.2/1.3 and Rpi-mcql gene) would provide information ofm-2like
genes diversity and insight inBbgene evolution on the long arm of chromosd&hé potato.
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MATERIALS AND METHODS

Plant materials

We used the same plant material from gebolenunsectionPetotaas described in Jacobs et
al. (2008). In total, 196 different taxa were soesk At least 5 accessions from each available
species and 5 individual plants per accession weed.

Following screening withP. infestans resistant genotype o0ka970-4 from accession
CGN20599 was used to make an inter-specific mappapylation. The mapping population
3066 was generated by crossing [0ka970-4 (resjs@@N20599) x nrs735-2(susceptible,
CGN18280)]. The mapping population 7756 generatgdciossing [(vnt283-1 (resistant,
CGN22703) x vnt368-6 (susceptible, CGN18109)] wsesduto map resistance to EC1 strain

in S. venturii

PCR

Two primer pairs (A and B) containing the same rs@grimer designed on the stop codon of
Rpi-vntl alleles (stop-vntl-rev: ttatagtacctgtgatattctcamey combined with two different
forward primers: one designed on the start codonRpf-vntl alleles (start-vntl-for:
atgaattattgtgtttacaagacttg, from pair A) and tHeeobne on the start codon Bf-Z gene
(start-tm2-for: atggctgaaattcttctcacage, from [@irRpi-vntlalleles andim-Z gene share a
homology of 75% at the nucleic level (Pel et al020Foster et al. 2009; Lanfermeijer et al.
2003). The gene encoding the elongation factorpheaalefla, AB061263) was used as
positive  control €fla Forward: attggaaacggatatgctcca andfla reverse:
tccttacctgaacgcectgtca). PCR using specific primarspA, B andefla with Pfu Turbo
polymerase in 50ul reaction-mixture was preparedtaining 50ng of gDNA, 1ul of the
forward primer (10uM), 1ul of the reverse prime@M), 0.8ul dNTPs (5mM each), 5ul
10X buffer, 1ul ofPfu Turbo (Invitrogen). The following PCR program wased: 94°C for 3
mins, 94°C for 30 sec, 55°C for 30 sec, 72°C faonids, 72°C for 5 mins during 29 cycles.

Completed PCR reaction were run in 1% agarose gel.

Sequencing

Cloned fragments, in pGEMT Easy Vector from Promega, or PCR products geéeeénaith
Pfu Turbo polymerase (Invitrogen) were sequenced dswesl 10ul sequencing reaction
mixtures were made using 5ul of PCR product or &ngjasmid, 3ul of buffer, 1ul of DETT
(Amersham) and 1ul of forward or reverse primere HCR program used was 25 cycles of
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94°C for 20sec, 50°C for 15sec, 60°C for 1min. Ebquences were generated on ABI
3730XL sequencers.

Disease assay
Detached leaf assays (DLA) on accessions wereedaaut as described by Vleeshouwers

(Vleeshouwers et al. 1999). Leaves were inoculatiéd 10u! droplets of inoculum (5x10

zoospores/ml) on the abaxial side and incubatd®&® for 6 days in a climate chamber with
a photoperiod of 16h/8h day/night. At 6 days posiculation, leaves showing sporulation
were scored as susceptible whereas leaves showirgymptoms or necrotic lesions were

scored as resistant.

Trees construction
Taxonomic NJ trees were constructed according toadd Li (1979) using the software
Treeconw (version 1.3b) based on AFLP marker dieadbs et al., 2008). Nucleic sequences

were aligned with Megalign using Clustal W algomitiDNAstar version 6).
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Figure S1.Alignment of Rpi-vnt1.1 Rpi-vntl.2 Rpi-vnt1.3 TmZ and Rpi-vnttlike homologs amplified with
both primer pairs (A and B). a- 5'region depictitige same deletion a@&pi-vntl.2and Rpi-vnt1l.3 The same
putative IR signatures (motif CTT) are shown indodb- Region of the LRR domain depicting a deletior
115nt with putative IR signatures (motif TTG). cadeof the LRR domain depicting a deletion of 35rthw
putative IR signatures (motif GGTG).

a_
OPL753-8 ATGAATTATTGTGT TTACAAGACT TGG- CCGT TGACTCCAACACCTAAAGCAAATAGTACATCTTTCTTATCCTTTTACCAATAATCGATCATCTTTTTCCCTTACTTTCGC
STNB829- 2 ATGAATTATTGTGTTTACAAGACTTGG- CCGTTGACTCCAACACCTAAAGCAAATAGTGCATCTTTCCTATCC- TTTACCAATAATTGATCATCTTTTTCTCTTACTTTCCC
STN829- 3 ATGAATTATTGTGT TTACAAGACT TGG- CCGT TGACTCCAACACCTAAAGCAAATAGTGCATCTTTCCTATCC- TTTACCAATAATTGATCATCTTTTTCTCTTACTTTCCC
M.T724-4_2 ATGAATTATTGTGTTTACAAGACTTGG- CCGTTGAATCCAACACCTAAAGCAAATAGTACATCTTTCTTATCCTTTTACCAATAATTGTTCATCTTTTTCTCTTACTTTCCC
M.T726-2 ATGAATTATTGTGTTTACAAGACTTTG- CCGT TGAATCCAACACCTAAAGCAAATAGTACATCTTTCTTATCCTTTTACCAATAATTGTTCATCTTTTTCTCTTACTTTCCC
M.T727-4_1 ATGAATTATTGTGTTTACAAGACTTGG- CCGTTGACTCCAACACCTAAAGCAAATAGTGCATCTCTCTTATCCTTTTACCAATAATCGATCATCTTTTTCCCTTACTTTCCC
M.T731-2 ATGAATTATTGTGT TTACAAGACT TGG- CCGT TGAATCCAACACCTAAAGCAAATAGTACATCTTTCTTATCCTTTTACCAATAATTGTTCATCTTTTTCTCTTACTTTCCC
ORP196- 1 ATGAATTATTGTGTTTACAAGACTTGG- CCGTTGACTCCAACACCTAAAGCAAATAGTGCTTCTTTCTTATCCTTTTACCAATAATTGATCATCTTTTTCTCTTACTTTCCC
ORP196- 2 ATGAATTATTGTGT TTACAAGACT TGG- CCGT TGACTCCAACACCTAAAGCAAATAGTGCTTCTTTCTTATCCTTTTACCAATAATTGATCATCTTTTTCTCTTACTTTCCC
TARB55- 5 ATGAATTATTGTGI TTACAAGACT TGGGCCGT TGACTCCAACAC- TAAAGCAAATAGTACATCTTTCTTATCCTT--- - - - - === - - - - - - - TTTCTCTTACTTTCCC
TAR868- 1 ATGAATTATTGTGT TTACAAGACT TGGGCCGT TGACTCCAACAC- TAAAGCAAATAGTACATCTTTCTTATCCTT-- - - - === mm e e e o - - TTTCTCTTACTTTCCC
G &B62-4 ATGAATTATTGTGT TTACAAGACT TGGGCTGI TGACTCCAACA- CTAAAGCAAATAGTACATCTTTCTTATCCTT--- - - == === - - - - - - - - TTTCTCTTACTTTCCC
Rpi -vnt 1.2 ATGAATTATTGTGT TTACAAGACT TGGGCCGT TGACTCTAACA- CTAAAGCAAATAGTACATCTTTCTTATCCTT-- - - - === m - m e e e o - - TTTCTCTTACTTTCCC
Rpi-vnt1.3 ATGAATTATTGTGI TTACAAGACT TGGGCCGT TGACTCTAACA- CTAAAGCAAATAGTACATCTTTCTTATCCTG - - - - - === - - - - - - - - TTTCTCTTACTTTCCC

b-

Rpl -vnt 1. 2 GCGTTCGAGGT TCTGAAGCTCAGATTTTTCAAGAACACGAGT GAGCAAATAAACT TGTCGT CCCAT CCAAATAT TGT CGAGT TGGGT TTGGT TGGT TTCTCAGCAAT GCTCT TGAACATTCAAGCAT
Rpi -vnt 1. 3 GOGTTGGAGGT TCTGAAGCT CAGATTTTTCAAGAACACGAGT GAGCAAATAAACT TGTCGT COCAT CCAAAT AT T GT CGAGT TGGGT TTGGT TGGT TTCTCAGCAAT GCTCT TGAACATTGAAGCAT
STN829-2  GOGTTGGAGGT TCTGAAGCT CAGATTTTTCAAGAACACGAGT GAGCAAATAAACT TGT CGTCCCATCCAAATATTGT CGAGT TGGGT TTGT TTGGT TTCTCAGCAATGCTCTTGAACATTGAAGCAT
STN829-3  GOGTTGGAGGT TCTGAAGCT CAGATTTTTCAAGAACACGAGT GAGCAAATAAACT TGT CGT CCCAT CCAAATATTGT CGAGT TGGGT TTGT TTGGT TTCTCAGCAAT GCTCT TGAACATTGAAGCAT
G G362-4  GCGTTGGAGGT TCTGAAGCT CAGATTTTTCAAGAACAAGAGT GAGCAAATAAACT TGTCGT CCCATCCAAATATTGT CGAGT TGGGT TTGT TTGGT TTCTCAGCAATGCTCT TGAACATTGAAGCAT
TAR855-5  GOGTTAGAGGT TCTGAAGCTCCGATTTTTCAAGAACACAAGT GAGCAAATAAACT TGT CGT CCCAT CCAAATATTGT CAAGT TGGGT TTGCT TTGT TTCTCAACAGT GCTCT TGAACATTGAAGCAT
TAR868-1  GOGTTAGAGGT TCTGAAGCTCCGATTTTTCAAGAACACAAGT GAGCAAATAAACT TGT CGT CCCAT CCAAATATTGT CAAGT TGGGT TTGCTTTGT TTCTCAACAGT GCTCT TGAACATTGAAGCAT
M.T726-2  GOGTTGGAGGT TCTGAAGCT CAGATTTTTCAAGAACACGAGT GAGCAAATAAACT TGT CGT CGCAT CCAAATAT T GT CGAGT TGGGT TTGT TTGGT TTCTCAGCAAT GCTGT TGAACAT TGAAGCAT
M.T727-4_1 GCGTTGGAGGT TCTGAAGCTCAGATTTTTCAAGAACACGAGT GAGAAAATAAATT TGTCGT CCCAT CCAAATATTGT CGAGT TGSGT TTGT TTGGT TTCTCAGCAATGCTCT TGAACATTGAAGCAT
M.T727-4_2 GCGTTGGAGGT TCTGAAGCTCAGATTTTTCAAGAACACGAGT GAGCAAATAAACT TGTCGT CGCAT CCAAATATTGT CGAGT TGSGT TTGT TTGGT TTCTCAGCAAT GCTGT TGAACATTGAAGCAT
M.T731-3  GCGTTGGAGGT TCTGAAGCTCAGATTTTTCAAGAACACGAGT GAGCAAATAAACT TGTCGT CGCAT CCAAATATTGT CGAGT TGSGT TTGT TTGGT TTCTCAGCAAT GCTGT TGAACATTGAAGCAT
OPL7553-8 GCGTTGGAGGT TCTGAAGCT CAGATTTTTCAAGAACACGAGT GAGCAAATAAACT TGTCGT CCCATCCAAATATTGT CGAGT TGGGT TTGT TTGGT TTCTCAGCAATGCTCT TGAACATTGAAGCAT
WBR933-1  GCGTTGGAGGT TCTGAAGCT CAGATTTTTCAAGAACACGAGT GAGCAAATAAACT TGTCGT CGCAT CCAAATATTGT CGAGT TGGGT TTGT TTGGT TTCTCAGCAAT GCTGT TGAACATTGAAGCAT
WBR933-2  GOGTTGGAGGT TCTGAAGCTCAGATTTTTCAAGAACACGAGT GAGCAAATAAATTTGT CGT CCCAT CCAAATATTGT CGAGT TGGGT TTGT TTGG: TTCTCAGCAAT GCTCTTGAACATTGAAGCAT

T 1L B ' 1 e S AAGCAT
T ' 1 AAGCAT
C_

OPL753-8 GCTTAGGT GCAGACAT GAT GCAGAAAAAAT GGATCT CTCTGGTGATAGCTTTCCGCAA
Rpi -vnt 1.2 GCTTTGGTGCAGACATGAT GCAGAAAAAAT GGATCTCTCTGGTGATAGCT TTCCGCAA
Rpi -vnt 1.3  GCTTTGGTGCAGACATGAT GCAGAAAAAAT GGATCTCTCTGGTGATAGCT TTCCGCAA
ORP196- 1 GCTTAGGT GCAGACAT GAT GCAGAAAAAAT GGATCTCTCTGGTGATAGCTTTCTGCAA
ORP196- 2 GCTTAGGTGCAGACAT GATGCAGAAAAAAT GGATCTCTCTGGTGATAGCTTTCTGCAA
G &362-4 GCTTAGGTGCAGACAT GATGCAGAAAAAAT GGATCTCTCTGGTGATAGCTTTCCGCAA
M.T726-2 GCTTAGGTGCAGCCAT GATGCAGAAAAAAT GGATCTCTCTGGTGATAGCTTTCCGCAA
M.T727-4_1 GCTTAGGTGCAGACATGATGCAGAAAAAAT GGATCTCTCTGGTGATAGCTTTCCGCAA
M.T727-4_2 GCTTAGGTGCAGCCATGATGCAGAAAAAAT GGATCTCTCTGGTGATAGCTTTCCGCAA
M.T731-3 GCTTAGGT GCAGCCAT GATGCAGAAAAAAT GGATCT CTCTGGTGATAGCTTTCCGCAA
WBRO33- 1 GCTTAGGTGCAGCCAT GATGCAGAAAAAAT GGATCTCTCTGGTGATAGCTTTCCGCAA
WBR933- 1 GCTTAGGT GCAGACAT GGT GCAGAAAAAAT GGATCT CTCTGGTGATAGCTTTCCGCAA
WBR300- 1 GCTTATGTGCAGACAT GATGCAGAAAAAAT GGATCTCTCTGGTGATAGCTTTCCGCAA
WBR300- 2 GCTTATGT GCAGACAT GAT GCAGAAAAAAT GGATCT CTCTGGTGATAGCTTTCCGCAA
STN829- 2 CCTTAGGTG - - === -=-=-cmcmcmcmmceccca e e ATAGCTTTCCGCAA
STN829- 3 CGCTTAGGTG == === === -cmcmcmmmmcccccca e e ATAGCTTTCCGCAA
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Figure S2.Neighbour Joining tree, based on AFLP data geeéray Jacobs et al., 2008, of all accessions from
species in whiclRpi-vnttlike homologs oRpi-vntlalleles were detected.
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virulent on plants expressingRpi-vnt1.1, Rpi-vntl.2 and Rpi-vnt1.3
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ABSTRACT

Late blight caused byhytophthora infestanss the most damaging disease on potato.
Resistance to late blight is conditioned by resistaR) gene recognizing effector proteins
secreted byP. infestansand translocated into the host cell. Identificatimf Avr-vntl, the
cognate avirulence gene &pi-vntl.1 Rpi-vntl.2 and Rpi-vntl3, was achieved by an
efficient and high throughput functional screenofga genome-wide set of expressed RXLR
effectors ofP. infestansn resistant wild potato species. Genomic studiesved thatAvr-
vntlwas located in a gene-sparse region at a singles im the reference genome T30-4. Four
Avr-vntl alleles, sharing a sequence identity between 99.7% and 95.4-100% at the
nucleic and protein levels respectively, were mifredh 9 P. infestangsolates. One of the
four alleles had an early stop codon leading touacated protein and the three others
encoded full length proteins of 153 amino acids.c®ence of specific variants in
P. infestansstrains was not related to avirulence phenotypesRpi-vntl plants. At the
transcriptional level however, navr-vntl mRNA was detected in the virulent strain EC1.
Therefore, we conclude that the silencingAofr-vntl led to virulence orRpi-vntl.1 Rpi-

vntl.2andRpi-vntl.3plants.
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INTRODUCTION

The plant pathogeRhytophthora infestanis the causal agent of late blight, one of thetmos
devastating diseases on the potato dropnfestandelongs to the Oomycetes, which form a
diverse group of fungus-like eukaryotic microorgans. Since the notorious Irish famine in
1840, a consequence of potato late blight, breesieasched for resistance sources within
cultivars and wild potato species. In the 19509npsing monogenic resistance gene#1to
infestans(Rpi, R1-R11) were identified in the Mexican speci8s demissumjut a few years
after their introgression, they were overcome Riyinfestans(Black and Gallegly 1957;
Malcolmson and Black 1966). By now, sevdradi-genes are cloned and characterized. Two
of them,R1 andR3awere found inS. demissunon chromosom® and 11 (Ballvora et al.
2002; Huang et al. 2004, 2005). From another MexgJ@eciesS. bulbocastanurRpi-blbl,
Rpi-blb2andRpi-blb3were cloned and mapped on chromos@&ytzand4, respectively (Van
der Vossen et al. 2003, 2005; Lokossou et al. 26@@ig et al. 2003). In the meanwhile, a
comprehensive survey of resistancePtoinfestansrevealed a wealth of resistance genes in
wild Solanumspecies sectioPetotg also from South American origin. Fro& venturij
three alleles ofRpi-vntl were recently cloned, i.Rpi-vntl.1 Rpi-vntl.2 and Rpi-vnt1.3
(Foster et al. 2009; Pel et al. 200Rpi-vntlalleles were shown to BemZ-like, sharing 75%
homology at the nucleic acid level, and mappedmoermosomed. Compared to Rpi-vntl.1,
Rpi-vntl.2 and Rpi-vntl.3 harbor a 14 amino acala.] indel in the N-terminal region of the
protein and two different a.a. in the LRR domaine@ynonymous SNP in the N terminal can
distinguish betweeRRpi-vntl.2andRpi-vnt1.3 So far, despite these differenc&gi-vntl.1
Rpi-vntl.2andRpi-vntl.3genes exhibit the same resistance spectrum,RndfestanEC1

is the only strain found to overcor®pi-vntl(Pel et al. 2009).

All cloned Rpi genes belong to the CC-NB-LRR famResistancé€R) genes can be grouped
in three main classes: Nucleotide Binding Site lmeicRich Repeat (NBS-LRR), LRR
Receptor Like Kinase (LRR-RLK) and LRR Receptord.iRrotein (LRR-RLP). The NBS-
LRR class is among the most abundant in all plpaties (Meyers et al. 2003, 199B)gene
based resistance to any plant pathogen was corateptlito make a model known as gene-
for-gene interaction (Flor 1971). When matching rdlence (Avr) and ResistancgR)
proteins are present in the pathogen and the pkspectively, a resistance response is
triggered resulting in a hyper-sensitive respor$)(causing necrosis and cell death at the
infection site (Dangl et al. 1996). If one of thesEmponents is missing the plant-pathogen
interaction will not result in a cell death respens
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Recently, variousAvr genes fromP. infestanswere identified following different cloning
strategies. For instancAyr3awas cloned by association genetics and was showave an
avirulence activity by transient co-expression wiBa in a heterologousNicotiana
benthamianasystem (Armstrong 2005). The identificationffrl andAvr2 was achieved by
classical map-based cloning . infestans(Francine Govers, personal communication;
Morales et al., unpublished results; Lokossou .€e2@09).Avr4 was identified using a cDNA-
AFLP based strategy (Guo et al. 2006) prior todloming of its correspondinB-gene R4
(Van Poppel et al. 2008Avr-blb1 and Avr-blb2 (Oh et al. 2009; Vleeshouwers et al. 2008)
were identified using an effector-genomics (effeatoics) approach, namely activity screens
with a large collection of candidate effectors. igterization of identified\vr genes showed
how P. infestansevolved to avoid recognition using various mechkars such as deletion,
frame shift and non synonymous point mutations.ikstance Avrl is absent in the virulent
strains on potato genotypes carrying thHel genes (Francine Govers, personal
communication). The ‘virulent’ allele d&vr4 has a frame shift leading to a truncated protein
which is no longer recognized by til gene (Van Poppel et al. 2008). Non-synonymous
point mutations affectingr-gene based recognition were identified betwéen3aavr3a
Avr-blb1/avr-blbland Avr-blb2avr-blb2 (Armstrong 2005; Bos et al. 2009; Oh et al. 2009).
There are no reports of down-regulation Afr genes at the transcriptional level in
P. infestanghus far. However, recent studies showed thastrgotional differences o&vrla
andAvr3a amongP. sojaestrains cause changes in virulence (Dong et &92Qutob et al.
2009). Moreover, loss ddvrlb-1transcription has been reported in strains thavaulent on
soybean plants carryingpslb(Shan et al. 2004). Loss of elicitin transcriptiona virulent
isolate ofP. parasiticaled to virulence on tobacco plants (Kamoun et18093). Changes
observed in the avirulence phenotypes of séthgtophthorastrains could be explained by
epigenetic changes. Abu-El Samen et al. and Rutttkdt al. (2003 and 1985 respectively)
observed changes from avirulence to virulence arelwersa within two generations of single
zoospore lines dP. sojaeandP. infestansrespectively.

A common feature of all identifiedvr genes in Oomycetes is that they contain a N-teaimin
RXLR motif (Rehmany et al. 2005; Tyler et al. 200&his latter motif was shown to be
involved in the translocation of the effectors ihtst cells (Birch et al. 2006; Dou et al. 2008;
Whisson et al. 2007). The genomesPofsojaeand P. ramorumrevealed that the RXLR
effectors family were abundant and evolved rapmgiyerating over 370 members for each
species (Jiang et al. 2008).Mninfestansthe genome sequence revealed that RXLR effectors

genes are located in Gene Sparse Regions (GSRgrewimey can be subject to
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diversification via duplication, recombination ooipt mutation (Haas et al. 2009). Known
Avr genes oP. infestansare all RXLR effectors that are induced at 2 dayst inoculation, a
stage that is critical to establish infection. Tisisgggests that RXLR genes that are up
regulated during the early phases of in planta groepresent goodvr gene candidates.

In this study, we apply an effectoromics strategyidentify Avr-vntl. We composed a
genome-wide set of expressed RXLR effectors from tecently availableP. infestans
genome sequence and transiently express this satgef candidate effectors in the resistant
wild potato and monitor for occurrence of cell dedtVe identified one RXLR effector as
Avr-vntl whose interaction wittRpi-vntl alleles Rpi-vntl.]l Rpi-vntl.2 and Rpi-vnt1.3
results in a hypersensitive response (HR). Studysabccurrence withifP. infestansstrains
showed thafvr-vntlis silenced in the virulent strain EC1.
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RESULTS

Identification of Avr-vntl

To construct a library of, candidatevr genes, we selected over 2B0 infestansputative
RXLR effectors predicted from strain T30-4, whictasvused for genome sequencing and
annotation (Haas et al., 2009). RXLR cDNA'’s strognglpregultated at 2-3 days post
inoculation (dpi) of potato leaves were among tifiecéors selected for cloning. In T30-4, 79
effectors were shown to be up regulated (Haas .et2@8D9) at 2dpi, however with less
stringent criteria are applied, the set of up-rated effectors is expanded to ~130. In
addition, RXLR effectors showing expression polyptosm with the aggressive isolate
3928A (Blue 13) (Sophien Kamoun, personal commuiung were added to the set. Since
both T30-4 and 3928A are avirulent on plants cagyRpi-vntl.1(Pel et al. 2009, and
unpublished data), the correspondildgr gene is expected to be present in this selection o
effectors.

Effector sequences were obtained from Rtngytophthora infestandatabase (Broad.mit.edu;

http://www.broadinstitute.org/annotation/genomeftopthora infestans/MultiHome.htjnl

and their sequences were trimmed of signal peptiliégsrwards sequences were synthesized
and cloned into thA&grobacterium tumefaciernsnary expression vector pMDC32.

To identify Avr-vntl, three leaves of 3 plants fro& venturiiwere infiltrated with a subset of
150 effectors and scored for necrosis 2-4 days pastulation (dpi), an empty pMDC32
vector was included as negative control and the-R&a co-infiltration (Mix 1:1) was
included as positive control. The majority of pirtateffectors did not show any responses but
one effector, PITG_16294, was showing severe egtldresponses at 2 days post infiltration.
Also infiltration of R3dAvr3aresulted in a cell death response whereas irfdtvaof empty
pMDC32 alone did not give any response as expected.

Figure 1 shows that a cell death response was\a@dasan infiltrated spots with PITG_16294
specifically in vnt283-1 (numerical values are prased in Table S1). An independent
repeated experiment confirmed that PITG_16294 &palty induced cell death in vnt283-1.
This indicates that PITG_16294 is a strong candifiatAvr-vntl

To check whether cell death response to the iafétt effector co-segregates with the
resistant phenotype conferred Bpi-vntl.1 97 F1 offspring plants of the population 7756,
which segregates fdRpi-vntl.1gene, were infiltrated with PITG_16294. Figurend &able

S2 show that 46 out of 97 F1 infiltrated individeialere found to give cell death response co-

117



segregating with thékpi-vntl.1gene in a 1:1 ratio at the phenotypic level. Asiie
controls,R3dAvr3a and Rpi-vnt1.IPITG_16294 were also infiltrated. The latter oeeved
as positive control for the F1 progeny plants IlagkiheRpi-vntl.1gene. Therefore, cell death
response is expected to be present in resistantsaedeptible F1 progeny wheRpi-
vntl.YPITG_16294 combination is co-infiltrated and oniy resistant F1 progeny when
PITG_16294 is infiltrated alone. Upon infiltratiaxf Rpi-vntl.1and Avr3a alone, no cell
death response was observed. Surprisingly, theiy®siontrolR3dAvr3a did not perform
well as little cell death responses were obserliredontrast, almost all the spots co-infiltrated
with Rpi-vnt1.1PITG_16294 generated clear cell death responstsestingly, resistant F1
offsprings infiltrated with PITG_16294 depicted allcdeath response at 2 dpi whereas
susceptible F1 individuals co-infiltrated wifRpi-vntl.IPITG_16294 showed a cell death
response at 3-4 dpi. The 97 F1 offsprings wereestiip PCR analysis to check for the
presence oRpi-vntl.lusing specific primers. All the resistant offsgsnshowing cell death
response upon PITG_16294 infiltration generated é¢kpected PCR product which was
absent in the susceptible parent and offspringemFthese data we concluded that
PITG_16294 iiAvr-vntl

Agro-infiltration assay D.LA&. FCR F1 population

Ll ]

b
i

PING Joaed PITG Joaed Rpiwall Avria Avr3a Fhenotype Fpi-vntd alleles
vatdEi1 R Fpromntl 1 Rpatent
o parent
VOt36s-6 s e
e Rpivnfl ] 46407

F1-30

156

a3 fa.
F1.59 51497

Vat741.1 R Fpi-ynf].2

Vnt365-1 E Rpivnfl 2

“RTEE
2 M55 U
S NEa

L

118



Figure 1. Transient expression of PITG_16294 in the wild potspeciesS. venturii(vnt). PITG_16294 was
identified to cause a hypersensitive response (WR@n infiltrated in the resistant (R) genotype @32
carrying Rpi-vntl.1 The F1 population (vnt283-1 x vnt368-6 susceptit$) containing 97 individuals was
infiltrated with PITG_16294 alone arRpi-vntl.1 PITG_16294R3dAvr3a Rpi-vntl.1 PITG_16294 andRpi-
vntl.] Avr3a were used as positive and negative controls réispgc The F1 individuals -30 and -89 are
representative of the phenotypes observed on aesistnd susceptible F1 progenies, respectively.nUpo
PITG_16294 infiltration 46 out of 97 were founddive an HR co-segregating with tRgpi-vntl.1gene in a 1:1
ratio at the phenotypic and molecular level. “n.atands for noRpi-vntl alleles present. Infiltration of
PITG_16294 on the genotypes vnt741-1 and vnt36&rlying Rpi-vntl.2andRpi-vntl.3 respectively, triggered

a HR showing that PITG_16294 is recognized by theeRpi-vntlalleles. Numerical values are presented in
Table S1.

Avr-vntl characterization

Blastn analysis of PITG_16294 on the genome  ofP. infestans
(http://www.broadinstitute.org/annotation/genomefplprthora_infestans gave two hits,
namely PITG_22547 and PITG_18880, which are botiotated as RXLR-EER effectors.
PITG_16294 and PITG_22547 have only two synonyn®NR differences (position 321 and
327bp) whereas PITG_18880 shares only 73.8% igeatitihe nucleotide level. PITG_16294,
PITG_22547 and PITG_18880 form a small family aatext as Tribe RXLR fam96 by Haas
et al. (2009) and are located in the supercontidS {154223-154684), 1.3922 (1355-1777)
and 1.86 (103029-103493) respectively (Figure 2).d&termine whether PITG_16294 and
PITG_22547 are two haplotypes that were not codldphiring the genome assembly, their 5’

regions were aligned. As PITG_22547 lacks sequérfoemation in its 3’end, no 3’ UTR
was available. Only 1354bp upstream the start caddTG_22547 was aligned because of
the short length of the super contig 3922. Intargly, the 5° UTR regions of PITG_16294
and PITG_22547 showed 99.4% homology. In contréBGP18880 shares 50% with the 5’
UTR regions of PITG 16294 and PITG_22547. This ltesirongly suggests that
PITG_16294 and PITG_22547 are haplotypes. Ther&orevntlis likely to be located to a
single heterozygous locus in the reference stra@m4.

Microarray studies of RXLR-EER effector expressiaring infection showed that
PITG_16294 and PITG_22547 were induced at 2dpi ed®ePITG_18880 was not induced
(Figure 2).
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PITG_16294 Gene Sparse Region (GSR) Expression in potato
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Figure 2. Genome environment and gene expression of #weentlcandidate RXLR genes A). PITG_16294,
PITG-22547 and PITG_18880 genes belong to the R¥énitly 96 and are locate to a gene sparse regi@RjG

in theP. infestansT30-4 genome. B). There is differential inductiarthe effector family 96. PITG_16294 and
PITG_22547, almost identical paralogs, are indwate2idays post infection whereas PITG_18880 is not.

The 5’-terminal structure of\vr-vntl was determined by comparing the genomic sequence
with cDNA fragments generated by 5’ rapid amplifioa of cDNA ends (RACE) from strain
90128. RACE identified 5' cDNA fragments comprisibguntranslated region of 74bp. The
conserved sequence surrounding the oomycete tipisical start  site
GCTCATTYBNNNWTTY (Kamoun 2003) was partially idefiid in the genomic sequence
of PITG_16294 and PITG_22547 and retrieved from3hBRACE fragments. The first five
nucleotides, GCTCA were found at position -66bpe Tifanslational start codon ar-vntl
(ACCATG) matches with the consensus sequence iiiigenby (Kamoun 2003). The open
reading frames oAvr-vntl encode predicted peptides of 153 amino acids avibrterminal
region comprising a predicted signal peptide (SE)iwthe first 23 amino acids (a.a.) and a
typical RXLR-EER motif between 48 and 63 a.a. (Fegu2 and S1). Subsequent analysis of
the protein sequences of PITG_16294, PITG_22547 Riné_18880 did not reveal any
conserved motifs previously characterized sucthasdbmains W, L or Y at the C-terminal

region (Jiang et al. 2008) suggesting tAat-vntl belong to a distinct class of RXLR
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effectors. The protein sequence A¥r-vntl was further analyzed to determine secondary
structure. In total 4x helices ranging from 5 to 20 a.a. are predictethéenC-terminal region

of Avr-vntl whereas PITG 18880 depict 6 putative helices (Figure S1,
http://www.sbg.bio.ic.ac.uk/phyyelt suggests that Avr-vntl and PITG_18880 hav&edint

conformation and may have different virulence tésge

An expressed ortholog of Avr-vntl in P. mirabiRsnAvr-vntljs under positive selection

By comparative genomics and transcriptomics, watitled an ortholog oP. infestansAvr-
vntl in the closely related speci® mirabilis (Sophien Kamoun personal communication.
PmAvr-vntlencodes a protein of 135 amino acids that exlailaistinct C-terminal region
with 13 polymorphic amino acids (Figure S2). Sigmes of selection in the C-terminus
domain of RXLR effectors genes at the intraspeddicel have been reported by Win et al.
(2007). In this study we estimated the signaturesetection at the interspecific level by
comparing orthologs RXLR effector genes. We detketehigh ratio of non-synonymous to
synonymous substitutiordN/dS of 2.43 at the C-terminus domain, suggestihg-vntl is

under positive selection iA. mirabilis.

Avr-vntl allele mining

In order to determine whethéwvr-vntl has more than the two alleles present in the strain
T30-4, genomic DNA from . infestansstrains was PCR amplified with primers designed
after the signal peptide and on the stop codon.ti#dl strains generated the expected PCR
product of 393bp. Subsequent cloning and sequerrevmgaled the presence of four alleles
(Figure 3). PITG_16294, now named allelel, was woatyieved in T30-4, the donor of the
genome sequence. PITG_22547 was not found backetwthe second allele retrieved
from T30-4 contains the synonymous SNP at posi®2h but not the synonymous SNPs at
position 327. A third allele depicts 6 non synonym&NPs sharing 95.4% homology at the
protein level with the alleles 1 and 2. Then therfio allele has a stop codon due to a SNP at
position 112bp leading to a truncated protein. Hiisle 4 was only found in strain IPO-0, in
combination with allele 3. In this set of testedinfestansstrains, allele 2 and 3 were found
the most abundantly present, whereas allele 1 aradedrelatively rare. Generally, the
P. infestans strains carry one or two alleles, possibly refter the diploid state, however
strain USA618 is carrying three different alleldsAar-vntl Perhaps USA618 is triploid for
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the Avr-vntl locus; as triploidy inP. infestanshas been reported (Carter et al. 1999).
Surprisingly, the only strain overcomifRpi-vntlalleles, EC1, has the fully coding allele 2.
Therefore EC1 cannot be distinguished from aviruisolate 90128 for genetic variation of

Avr-vntlalleles.

EC3364 | UK7818 88069 IPOC 90128 EC1 T30-4 USA618 IPOO

Allele 1 (PITG_16294) [3] . .

Allele3 | + + + + - - R + +

[ [ 1 I
Aleted [ ] TTT [ I T

|

Allele2 | | | - - + + + + + +
|
|

Figure 3. Avr-vntlalleles identified irP. infestansstrains: EC3364, UK7818, 88069, IPO C, 90128, EX3D-
4, USA618 and IPO-QAvr-vntl was PCR amplified with a primer pair designed after signal peptide (grey
box) and in the stop codon. Four alleles were ifledtcarrying synonymous SNP (blue bar), non symoous
SNP (green bar) and a stop codon (red bar). Theepee or absence of each allele in stuBicmhfestanstrains
is represented by &” or “=", respectively.

Avr-vntl is transcriptionally silenced in the Rpit¥-virulent strain EC1

To test whether allele 2 is expressed during irdacteaves frontv. Bintjewere inoculated
with zoospore suspensions of EC1 or 90128 and samat 2, 3, 4 and 5 days post
inoculation. Qualitative RT-PCR showed tiAvr-vntlallele 2 was expressed in 90128 at
all time points with a peak in expression at dayndine with microarray data (Figure 2), and
which is typical for P. infestansAvr genes. Interestingly, expression Afr-vntl was
completely silenced in EC1 (Figure 4).

Subsequent sequence analysis of the promoter regigkvr-vntl from 90128, H30P04,
USA618, UK7818, 88069, IPO-0, IPO-C, EC3364 and ESDhins did not reveal any
polymorphism (deletion/insertion or SNPs) that discriminating between avirulent and
virulent strains (Table S3). This result suggelsé the loss of expression Afrr-vntlin EC1

may be due to a transcriptional repressor speaifieC1 or may have an epigenetic nature.

90128 EC1
2 3 4 5 2 3 4 5 - 4
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Figure 4. Qualitative expression analysis BiAvr-vntlwas conducted on the strains 90128 (avirulent) @l
(virulent) both carrying allele 2. Challenged lesnfeom cv.Bintje were sampled at 2, 3, 4 and 5 days post
inoculation (dpi). The elongation factor 2-alpl&Z a) was used as endogenous control. A siiigleoli colony
carryingPiAvr-vntlin thepMDC32vector was used as positive control.

Avr-vntlrecognizes the three Rpi-vntl alleles

In order to check whether PITG_16294 can also éndd¢R with the other two alleles &fpi-
vntl, a set of resistant and susceptible genotypes f&mventurij S. neorossji S.
mochiquenseand S. weberbaueripreviously characterized by Pel et al. (Submjitedas
infiltrated. The outcome of the infiltrations isgsented in Figure 1 and Table 1. The three
Rpi-vntlalleles Rpi-vntl.1 Rpi-vntl.2and Rpi-vntl.3 are recognized by PITG_16294 and
show a clear hypersensitive response. Thereforeonelude that PITG_16294 is the cognate
Avr-vntl for all three Rpi-vntl alleles. Upon co-infiltration oRpi-vntl.1 and Avr-vnt],
relatively low HR percentages were observed foresgenotypes, such as vnt969-2, vnt365-
1, vnt365-4 and nrs735-2. These genotypes mighbaatluctant to transient agroinfiltration
with the strain AGL1. Moreover, also with tR8dAvr3apositive control, low percentages of
cell death were observed.

Truncated versions of Rpi-vntl.2 and Rpi-vntl.3t@ires by having an indel of 33 amino
acids in their N-terminal region do not confer ldleght resistance. To study whether the
entire CC domain of Rpi-vntl is required to triggetl death withAvr-vntl, transformants in
cv. Desiree background carrying full-length or tated Rpi-vntl.1 and Rpi-vntl.3 were
infiltrated with Avr-vntl As expected, infiltrated genomic fragment of £.3kom a BAC
clone carryingRpi-vntl.1land full-length transformants withvr-vntlshowed HR but not the
truncated version dRpi-vntl.land Rpi-vntl.3 All transformants in cv. Desiree background
show a high level of HR (75-100%) and 63-96% tohbsitive controls oRpi-vntl.1/ Avr-
vntl and R3a/Avr3a respectively. TR3g Avr3a andpmdc32vector controls, a background
was observed upon infiltration of alone for theng@rmants tested, which could be explained
by the shape of the transformants presenting somstiyellowish or curled leaves. In
summary, the results of this experiment demonstretethe entire CC domain is critical to

trigger HR.
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Infiltrated genotypes Rpi-wntl  Rpi-vatl  Ayrnt1  Rpi-vntl R3a Avr3a R3a pmdc32
alleles Avr-vntl Awr3a

vnt366-1 11
vnt367-1 11
vnt969-4 11
vnt969-1 n.a.
vnt969-2 na.
vnt367-4 n.a.
vnt250-2 11
wbr253-1 11
Wild species mcq186-1 11
mcq186-2 n.a.
mcq186-4 n.a.
vnt741-1 12
vnt896-4 13
vnt896-2 13
vnt365-1 13
vnt365-4 n.a.
nrs735-2 n.a.
BAC clone Rpi-vntl.1_1 1.1
BAC clone Rpi-vntl.1_3 1.1
BAC clone Rpi-vntl.1_4 1.1
full length Rpi-vntl.1_15* 1.1
. full length Rpi-vntl.1_16* 11
Tracr:/s.fgren;;':gzs n full length Rpi-vnt1.3_7* 1.3
background full length Rpi-vnt1.3_8* 1.3
truncated Rpi-vntl.1_2* n.a.
truncated Rpi-vntl.1_4* na.
truncated Rpi-vntl.3_7* n.a.
truncated Rpi-vntl.3_8* n.a.
Desiree n.a.

*: regulatory elements dpi-blb3 gene (Lokossou et al. 2009)
n.a.: no functionaRpi-vntl allele

Table 1 Scores of infiltrated genotypes fradg venturii(vnt), S. weberbauerfwbr), S. mochiquenséncq), S.
neorossii (nrs) and genetic transformants in cv Desiree @pamknd. For each condition a percentage of
hypersensitive response (HR) was calculated andeshin dark grey (80-100%), grey (60-79%), paley dB9-
30%) or white (0-29%). Co infiltration witiRpi-vntZAvr-vntl and R3dAvr3a served as positive control.
Genotypes from whicRpi-vntl.1 Rpi-vntl.2andRpi-vntl.3were originally cloned are presented in bold @el
al. 2009; Foster et al. 2009).
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DISCUSSION

An efficient and high throughput functional screeniof a genome-wide set of expressed
RXLR effectors ofP. infestansn resistant wild potato species has led to teatification of
Avr-vntl, the cognate avirulence gene Rpi-vntl.1l Rpi-vntl.2and Rpi-vnt1l.3 Genomic
studies showed thavr-vntlis located in a Gene-Sparse Region at a singleslac the
reference genome T30-4. Folwr-vntlalleles, sharing a homology between 97.7-99.7% and
95.4-100% at the nucleic and protein levels respelgt were mined from 1. infestans
isolates. One of the four alleles had an early stmjon leading to a truncated protein and the
three others encoded full length proteins of 153nanacids. At the genomic DNA level,
virulent and avirulent strains could not be diseniated. At the transcriptional level however,
evidently no mRNA was detected in the virulentistiaC1, and we conclude that silencing of
Avr-vntlled to virulence oRpi-vntl.1 Rpi-vntl.2andRpivntl.3plants.

Silencing of Avr genes has thus far not been reportedPfoinfestans but there are some
reports from other Oomycetes and other plant pa&hegloss or variation of effector gene
transcription has been reported as a mechanisraitovgulence inP. sojae Avrl-b-1, Avrla
and Avr3a (Shan et al, 2004, Qutob et al, 2009, Dong et08P2 A virulentP. sojaestrain
showed loss ofAvrlb-1 expression and was able to escape recognitidRpisiLbin soybean
(Shan et al. 2004). Upon genetic complementatiaggcand locusivrlb-2 was found to be
involved in the accumulation ofAvrlb-1 mRNA. The fact that the 5’UTR and promoter
region ofAvr-vntlhave few SNPs which seem not to be correlated avittulence properties
suggests that a silencing mechanism such as posctiptional gene silencing (PTGS) may
be involved. PTGS occurs after transcription byrddimg double stranded RNA (dsRNA).
Small RNAs (19-25 nucleotide-long) hybridizing teeir target creating double stranded
RNA (dsRNA) which is going to be processed towatdgradation by several enzymes such
as Dicer enzyme and RISCs complex (Voinnet 2008yef&l studies reported on the role of
PTGS in plant-microbe interactions (reviewed bynfwt 2008) from the plant or pathogen
side to activate or suppress plant defense respéctiThe next step would be to determine
whether the silencing oAvr-vntlin EC1 strain is due to PTGS. The most straighifod
approach would be to carry out a differential sareEsmall RNA libraries from avirulent and
virulent strains. The role and significance of PTiB 8. infestangemain to be investigated.
The efficiency of the identification oAvr-vntl effector in P. infestansresides in the
availability of sequence and expression data f@partoire of 563 predicted RXLR effectors.

We also used the described RXLR families to charast two otherAvr-vntl variants that
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clustered with PITG_16294 in the same family (RX&RB6) (Haas et al. 2009. infestans
RXLR effector candidates were screened based andhkpression patterns as described by
Haas et al 200RiAvr genes are typically up-regulated at the earlyestdgnfection in potato
(2-3 days post inoculation, dpi). At this phaseytla@e expected to play a major role in
reprogramming plant cells, such as Avr3a whichnigived in the suppression of PAMP
related cell death (Bos, 2006), and therefore wstytate that selecting for highly expressed
RxRL effectors significantly enriches the effeatotlection forAvr genes.

Another aspect that rendered the effector genomgigsoach successful is attributed to the
choice of the functional expression testing syst@mSolanumplants andP. infestans
effectors. In contrast to former strategies, urad@ng classical and laborious map-based
cloning or cDNA-AFLP marker development (Van deelet al. 2001; Armstrong 2005; Van
Poppel et al. 2009), high throughput screeninganidedateAvr genes in wild potato species
provides broader perspectives. Although the mod@htpNicotiana benthamianas most
commonly used foin plantafunctionalR-/Avr- expression systems, in our case, infiltration of
N. benthamiandeaves withRpi-vntl.1gene under its native regulatory elements resutted
patchy and yellowish phenotype (data not shown)alaid background upon co-infiltration
of Rpi-vntl.land candidate effectors, we chose to infiltratgld resistantSolanumgenotype
naturally expressin&pi-vnt1l.1 Our observations showed that depending orRtgene used,
N. benthamianas not always the most suitable background=dAvr- interaction studies and
also wild Solanumplants can serve for this goal. Instead of foaysim one particular
Avr/Rpt gene interaction, high throughput screening afdadate Avr genes in wild potato
species enables to study multiple interactionsiwighgiven late blight resistant genotype. For
example, it was shown th&3a does not solely interact witAvr3a but also with distinct
homologues fronPhytophthora sojaéWin et al. 2007). More recentl{2 was shown to be
recognized by a variety of RXLR effectors with shaequence homology (Rietman and
Champouret in preparation).

Little is known about the intrinsic function of Auvlence proteins and how they can affect
plant innate immunity, although insights are gagnifRor example, (Bos 2006) showed that
Avr3a could suppress program cell death (PCD) #énigd by the INF1 elicitin protein
characterized as a microbe-associated moleculeerpdMAMP) (NUrnberger et al. 2004). A
similar inhibition has been recreated by its horgak inP. sojae, Avrlbwhich is able to
block BAX-induced cell death (Dou 2008). Moreovanother homologue iR. sojag Avhlb

is able to induce R3a-dependent cell death (Wial.e2007). We stress that for agricultural

exploitation ofRpi-vntl, a thorough understanding of its virulence funci®of high priority.
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Therefore, the extensive study of the repertoird® oinfestanseffectors focused on their
intrinsic functions and genomic dynamics will letwl better understand the. infestans
Potato interaction.
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Materials and Methods

Plant material
All the genotypes from wild species used in thiglgtare listed in Table S4. The intraspecific
population 7756%. venturi) was made by crossing the resistant genotype 28T 7129)
with the susceptible genotype 368-6 (CGN 17998).

Disease assays
Detached leaf assays (DLA) on tl@olanumspecies were carried out as described by
Vleeshouwerst al (1999). Leaves were inoculated with 10u! dropteftsnoculum (5x16
zoospores/ml) on the under side and incubated°& idy 6 days in a climate chamber with a
photoperiod of 16h/8h day/night. At 6 days postiration, leaves showing sporulation were
scored as susceptible whereas leaves showing noteyra or necrotic lesions were scored as

resistant. Th®. infestanstrains used are listed in Table S5.

Agroinfiltration
Agro-infiltration of RXLR effectors was carried oat wild potato species by infiltrating the
lower side of plant of four weeks old. Agro-infdtion was prepared according to Van der
Hoorn (2000) usingAgrobacteriumtumefacienscultures with an OBy of 0.3. Infiltrated

leaves were scored four days post Agro-infiltration

Gateway® cloning of RXLR effector into a binarpression vector
A set of 150 RXLR effectors up regulated at 2-3gd@pst inoculation was synthesized at
Genscript. Each effector was obtained in PUC57 orect
(http://www.genscript.com/vector/SD1176-pUC57_ plasniiNA.html) and lyophilised.

Once resuspended with water, a Gateway® LR clonwas performed according to

http://botservl.uzh.ch/home/grossnik/curtisvectoléix 2.htmlhttp://www.untergasser.de/lab

[protocols/Ir_classic_gateway reaction_ii_vl O0htnDH50 competent cells (Invitrogen)

were transformed by heat shock with 5ul of the ERction mixture. Cells were selected on
LB medium containing 50mg/ml of Kanamycine. Colenwere checked by PCR for the
presence of the correct inserts. Positive colonwese grown overnight in LB medium

supplemented with 50mg/ml of Kanamycine to extthaet final expression vector. The final

expression vector was transferred Agrobacterium tumefacienstrain AGLO1 through
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electropration. Colonies were selected on LB medisapplemented with 50ug/ml of

Kanamycine and 75 ug/ml chloramfenicol overnigh®@&C.

5’ Rapid Amplification of cDNA Ends
The GeneRacéf Kit from Invitrogen was used according to the mautidirer's instructions
to determine the 5’ terminal structure A¥r-vntlfrom the strains 90128, PIC 99189, IPO-0
and T30-4. A gene specific primer (GSP1-5race Taplevas designed to perform a nested
PCR using cDNA template from relevant parental ¢gygves and transgenic plants and High
Fidelity Platinum® Tag DNA Polymerase (HT Biotechnology Ltd). PCR produetsre
cloned into the pGEfAT Easy Vector (Promega) and sequenced.

RNA extraction
For RNA extraction, leaf tissue samples (challenged unchallenged) were collected,
immediately frozen in liquid nitrogen, and then kap-80°C. Total RNA was extracted using
the RNeasy plant mini kit (Qiagen, Valencia, CAj|lg of total RNA for each sample was
treated with RNase-free DNase (Invitrogen) in auwoé reaction of 15ul (1.5ul reaction

buffer, 1.5ul DNase enzyme, RNase free water).

RT-PCR
Qualitative RT-PCR was performed with two stepse Tinst strand cDNA was synthesized
using 1ug of total RNA (Biorad). Qualitative RT-PCMth Taqg-polymerase in a 20ul
reaction-mixture was prepared with 1l of cDNA, Hilthe forward primer (10uM), 1l of
the reverse primer (10uM), 1ul dNTPs (5mM each)l 20X buffer, 5 units of Tag-
polymerase (Perkin Elmer). The following PCR pragnaas used: 94°C for 3 mins, 94°C for
30 sec, 55°C for 30 sec, 72°C for 30 sec, duringy2®es, 72°C for 5 mins.

Sequencing
Cloned fragments in pGEMT Easy Vector from Promega were sequenced asafsilaOpl
sequencing reaction mixtures were made using S5RIGR product or 5ng of plasmid, 3ul of
buffer, 1ul of DETT (Amersham) and 1ul of forward reverse primer. The PCR program
used was 25 cycles of 94°C for 20sec, 50°C ford 33@°C for 1min. The sequences were

generated on ABI 3730XL sequencers.

Primer pairs
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All the primer pairs used in this study are listed able S5.

Positive Selection
To calculate the signatures of selection, we predu phylip alignment in amino acid of the
C-terminus domain in CodonAlign version 2.0. Wereated the ratio of non-synonymous

vS. synonymous substitutions dN/dS from the phglignment using the yn00 algorithm of
PAML version 3.14 (Yang and Nielsen 2000).
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Figure S1.Alignment ofAvr-vntlalleles: PITG_16294 (allele 1), alleles 2, 3, A,® 22547 and PITG_18880.

Predicted signal peptide is presented in italie, ¢tbnserved RXLR-EER motif in bold and predictedielices
underlined ittp://www.sbg.bio.ic.ac.uk/phyye

PITG 16294 allele 1 MRVYAAFVVALVSLLATNSAVEAVT TPTKLAKLTAPEFTDNENRQ-RRLLRKQEGAELGDEERT STQNLGNSLMRVE SKE
allele 2 - mm oo i i s -

3

4

allele

————————————————————————————————————————————— o D
allele 4 @ @ —-mmmmm e i e s R R
PITG 22547 e e e e et a e e T T T N,
PITG:18880 LT MUMLL. . AS. .. TA...D.. v w MSTDLIE.RQ.DGV.F. .N...... D....I.IK.I..F.XK.T....
PITG 16294 allele 1 ATRKYYLDLFKRADFTANLPKLAKKGGPDRLNDALKKLERKAGISEEKFAELKGALRAKYRADDWYRIVGKLDPTRA
=
allele 3 ciiiiei e Evevin i Neov et it eansansns Newewenns
allele 4 @@ mommm e
PITG 22547 i i e e e aaa e T T T T T
PITG718880 REK.H. . NK..Q..IES...N....... N...... O KT e, OLK..ES..KG.SKE.F.KF..... V..

Figure S2.Alignment of an expressed ortholog Afr-vntl gene inP. mirabilis PmAvr-vnt1(Pm16294 and
Avr-vntl (Pi16294. A high ratio of non-synonymous to synonymous gtipstitutionsdN/dS of 2.43 at the C-
terminus domain suggests thaatr-vntlis under positive selection . mirabilis Amino acids under positive
selection are indicated with a double dgt (

C-terminus

Pi Avr-vntl  TSTQNLGNSLMRVFSKEATRKYYLDLFKRADFTANL PKL AKKGGPDRL NDAL KKLRKAG SEEKFAEL KGAAAKYADDWYRI YGKLDPI RA
PmAvr -vnt 1 VBl QNL GNHMPRMFSKEATRKY YL NL FKRADFTENL PKL AEKGGPNRL NDAL KKL RKAGT SEEKL AEL ERAAAKYADDWYRI YGKLDPI RA

LR R R R R s T

Pi/Pm => dN dS = 2. 4307
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Table S1.Table showing PITG_16294 infiltration scores on genotypes: vnt283-1, vnt368-6, 7756 F1 30,
7756 F1 89, vnt741-1 and vnt365-1. We infiltrathcee leaves per plant. This experiment was donggusio
biological replicates. Co-infiltratiorR3aAvr3a and Rpi-vntl.1PITG_16294 were used as positive control
whereas infiltration oAvr3a andRpi-vntl.lalone served as negative controls. For each dondit percentage
of cell death response was calculated. and shadeark grey (80-100%), grey (60-79%), pale grey36%) or

white (0-29%).

Agro-infiltration (4 dpi)

Genotype Rpi-vntl Rpi- vntl.1 R3a
alleles R} ' i-
PITG. 16294 PITG_16294 Rpi- vntl.1  Avr3a Avr3a
vnt283-1 11 1.39 0 583
vnt368-6 n.a. 0 0 0
7756 F1 30 1.1 0 0 4.17
7757 F1 89 n.a. 0 0 8.33
wnt741.1 1.2 13 13 [Se
vnt365.1 1.3 0 0 15

n.a.: no functionaRpi-vntl allele
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Table S2.Detached leaf assay (D.L.A.)aAdr-vntlinfiltration scores on the population 7756 (remistvnt283-

1 x susceptible vnt368-6). D.L.A. was performedceviusing the strains PIC 99183 and EC1 (avirulewt a
virulent on Rpi-vntl.1lrespectively). The EC1 resistant phenotype segjregavith a 1:1 ratio is due to the
presence oRpi-vnt2(Pel et al. 2010 submitted). Only the F1 plantsBéwed a phenotypic conflict (*). Three
leaves from each F1 individual were infiltratedr Bach condition a percentage of hypersensitiveorese (HR)
was calculated. Co infiltration witRpi-vntYAvr-vntlandR3aAvr3aserved as positive control. The population
7756 was PCR amplified to check the presendepifvntl.lusingefla gene as PCR control for genomic DNA

quality.
F1 PCR amplification D.L.A. (6 dpi) Agro-infiltratiod dpi)
ndviduals Rpefia| EC1 Picooiss  RPVMLL  piavvnn RPUavza R Rpigene
29 - + R S 0 0 0 8.33
96 - + R S 4 0 0 4.17
19 - + R S 0 0 0 0.00
32 - + R S 0 0 0 0.00
33 - + R S 0 0 0 8.33
38 - - R S 54.17
45 - + R S 0 0 0 0.00
50 - + R S 0 0 0 0.00
56 - + R S 0 0 0.00
57 - + R S 0 0 33.33
59 - + R S 0 0 0 4.17
64 - + R S 33 33 4 66.67
88 - + R S 4 0 0 1.67
89 - + R S 0 0 0 8.33
99 - + R S 0 0 0 0.00
9 - + R S 0 0 0 0.00
24 - + R S 0 0 0 4.17
51 - + R S 17 0 0 29.17
54 - @ R S 0 0 0 0.00
60 - + R S 0 0 0 4.17
84 - + R S 0 0 8 8.33
4 - + R S 4 4 0 8.33
16 - + R S 0 0 0 0.00
35 - + R S 8 0 0 4.17
46 - - R S 0 0 0 0.00
62 - @ R S 0 0 0 41.67
78 - + R S 0 0 0 4.17
90 - + R S 0 0 0 0.00
93 - + R S 0 0 0 0.00
91 - + R S 0 0 0 0.00
70 - + S S 0 0 0 4.17
21 - + S S 0 0 0 0.00
18 - + S S 0 0 4 0.00
20 - + S S 0 4 0 0.00
23 - + S S 0 0 0 4.17
25 - + S S 0 0 0 50.00
26 - + S S 0 4 0 8.33
34* - + S S 0 4 0 0.00
39 - + S S 0 33 42 33.33
40 - + S S 0 0 0 0.00
43 - + S S 0 0 0 0.00
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63
66
68
69
75
80
81
92
98
37
48

22
36
42
65
71
86
100

41
85
12
13
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47

95
61
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33.33
0.00
0.00
8.33
4.17
0.00
0.00
0.00
4.17
0.00
8.33
4.17
8.33
0.00
0.00
8.33
0.00
0.00
0.00
4.17
0.00
0.00
0.00
4.17
4.17
0.00
0.00
0.00
12.50
0.00
0.00
12.50
0.00
0.00
4.17
0.00
0.00
8.33
4.17
0.00
4.17
4.17
0.00
0.00
0.00
0.00
0.00
0.00
0.00
41.67
0.00
4.17
0.00
8.33

Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vnt1.1
Rpi-vnt1.1
Rpi-vntl1.1
Rpi-vnt1.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vnt1.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1
Rpi-vntl.1



76 + + S R 0 0 4.17 Rpi-vntl.1

79 + + S R 0 0 4.17 Rpi-vntl.1
283-1 + + R R 0 0 0 Rpi-vntl.1
368-6 - + S S 0 0 0

*: conflicting phenotype
(+): faint PCR product
R: resistant

S: susceptible
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Table S3.Polymorphisms identified within the 1.3 kb promotegion of Avr-vntl cloned from 88069, EC1, EC33BB0P04, IPO C, T30-4 and USA618 strains. A binary
(0-1) system was used to encode SNPs. Only nomdeaahl promoter sequences from a given strain asepted. “ins” and “del” stand for insertion andetien of few base
pairs respectively.

Polymorphisms

Clones 01 01 01 01 01 01 01 0-1 01 01 01 01 0101 01 01 ©01 01 01 o01 01 01 01 01 01 10-01 01 01 01 01

AG G-A CT TA CT T-C T-A insdel C-T AC T-C AT del-G AT TG CT T-A GT GA AC GT CA GC TGTA CT AT Gdel AG GT C-T

88069_10
88069 9
EC1_23
EC1 24

EC3364_14
EC3364 15
H30P04_1
H30P04_2
H30P04_3
H30P04 4
IPOC_5
IPOC_6
IPOC 7
T-30-4_1
T-30-4 2

USA618_31
USA618_33

USAG18_34
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Table S4.List of the plant material (genotypes and acces$iared in this study.

Solanum Specie Genotype* CGN Accessjon CPC AamregsiGLKS Accession
S. weberbaueri | wbr253-1 159.1
S. mochiquensel mcql86-1 2319

mcqgl86-2 2319

mcql186-4 2319
S. venturii vnt367-1 18108

vnt367-4 18108

vnt365-1 18000

vnt365-4 18000

vnt969-1 22703

vnt969-2 22703

vnt969-4 22703

vnt250-2 32794

vnt741-1 18279

vnt896-2 961508

vnt896-4 961508

vnt366-1 18109

vnt366-8 18109

vnt283-1 7129

vnt368-6 17998
S. neorossii nrs735-2 18280

* Genotype number from the Centre for BioSystemedagics (CBSG) (Jacobs 2008).
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Table S5.List of theP. infestangsolates used in disease assays and allele mafiAgr-vntl

Isolate ID

Country of Origin Obtained from Isolatigear | Virulence profile|
90128 Geldrop, The Netherlands  Govers, PhytopatiydlfdUR 1990 1.3.4.7.(8)
IPO-C Belgium Kessel, PRI, WUR 1982 1.2.3.4.6.7110
PIC 99189 Metepec, Mexico Kessel, PRI, WUR 1999 .51728.10.11
USA618 Toluca Valley, Mexico Fry, Cornell, USA n.d. 1.2.3.6.7.10.11
88069 The Netherlands Govers, Phytopathology WUR 8819 1.3.4.7
EC3364 Ecuador Govers, Phytopathology WUR 2004 anatlable
T30-4* The Netherlands Govers, Phytopathology WUR o date 7
UK7818 United Kingdom Govers, Phytopathology WUR 789 not available
PIC 99183 Metepec, Mexico Kessel, PRI, WUR 1999 .41537.8.10.11
EC1 Ecuador Birch, SCRI, Scotland n.d. 1.3.4.710.1
IPO-0 The Netherlands Kessel, PRI, WUR n.d. 0
* Laboratory progeny
Table S6.List of primers used in this study.
Gene Primer orientatior Primer sequence| Anneatinperature(°®C)  Genbank access
) Forward gtaacgaccccgaccaadtt )
PiAvr-vntl -SP 60 not available
Reverse tcaagctctaataggatcaagc
) Forward ctactgcatgtagaacaacatc )
PiAvr-vntl promoter 55 not available
Reverse caagcgacgctgacgatic
Forward cgaagttgacggctcct
PiAvr-vntl Q-PCR gaagigacdg 9 60 not available
Reverse ggctcgcttgaacaaatcp
Forward gtcattgccacctacttc
ef2a 60 Torto et al. 2002
Reverse catcatcttgtcctcage
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CHAPTER 6

Expression levels of Resistance/Avirulence gene rohing pair are involved in
tuber blight resistance inSolanum tuberosum

Pel, M. A., Hutten R. C. B., Jacobsen E.,. Van der VosseA. ., Govers F., Visser R. G.
F.and Van Eck H. J.
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Transient expression @fvr-2 gene in tuber tissue from a stable transformaptessingRpi-blb3gene
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ABSTRACT

Little is known about the genetic mechanisms gawngrtuber late blight resistance. Previous
studies focused on analyzing the correlation betwkediar and tuber resistance in wild
species and cultivars at the phenotypic level. @sirtransgenic approach foRrgenesRpi-
blb3, R33 R1 andRpi-vntl.1were studied in the cultivar (cv) Desiree backgibdor tuber
resistanceR1is known to confer both foliage and tuber resistaandR3ais foliage specific
(Oberhagemann et al. 1999; Park et al. 2005). Werdemonstrate that co-expression of the
matching R-/Avr- genes in tuber slices can trigger a HypersemsitResponse (HR).
Phenotypic and molecular analysis of three setsanisformants foRpi-blb3 R3aandRpi-
vntl.1l and transcriptional analysis of the correspondifigctor genesAvr2, Avr3aandAvr-
vntlrespectively) during leaf and tuber infection shdwieat the expression level of a given
R-gene in combination with the expression level led tatching effector gene determines
tuber late blight resistance. This indicates tmabptimal stoichiometry between R- and Avr-
proteins is necessary to efficiently trigger a s&sice response in the tuber. These results
demonstrate that foliar and tuber late blight tesise are controlled by the same genes.
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INTRODUCTION

The potato plantSolanum tuberosunibelonging to th&olanaceadamily, was introduced in
Europe by Spanish colonialists in the 16th cent8igce that time, it spread around the globe
and became one of the most important crops in thidwlIts economic value resides in its
tubers used for human consumption and starch depveducts. A potato tuber is formed
from an underground stem called stolon. It is casgar of different types of tissues. The
potato skin or periderm is made up of three tydesetls: the phellem (cork), the phellogen
(cork cambium) and the phelloderm. The periderrmfor barrier at the surface of the tuber
that protects it from infection and dehydration [@i2002).

Late blight disease caused by the oomyéttgtophthora infestandgs the most damaging
disease for the potato crdp. infestangs able to infect all parts of the plant includilegves,
stems, inflorescences and tubers. Although mostarel focuses on late blight foliar
resistance, few studies were conducted to investiydber resistance. For instance, vascular
regions of potato stems and tubers were found sdmeficantly more resistant . infestans
than the other organs of the plant (Kassim etl&l76). In the late nineties, Pathak (1987)
observed spots in tubers which were similar in apgece to the hypersensitive response
(HR), located in the outermost 20-30 cell layerstlod cortex. More than one cell was
involved in this type of necrosis. He also hypoibed that tuber resistance could be
attributed to three major components of the tutier:periderm, the cortex cell layers and the
medulla.

Previously others who studied the inheritance bétuate blight resistance tried to determine
which genetic mechanisms control foliar and tuldaghb resistance and what the overlap is.
All these studies were conducted on tubers obtamwed cultivars, progenitors clones or wild
species. A first group of studies pointed at tlmeredation between foliage and tuber
resistance (Wastie et al. 1987). Moreover, Stewtidl. (1992, 1994) showed that indeed
foliage and tuber resistance were correlated imaicercultivars like Stirling. Quantitative
tuber blight resistance was identified by Bradshetwal. (2006) on chromosome of a
dihaploid potato cloneSolanum tuberosum subsp tuberokuf second group of studies
have reported on distinct genetic mechanisms clintyofoliar and tuber blight resistance
(Flier et al. 2001; Liu and Halterman 2009; Nyamia et al. 2008). Interestingly, Park et al.
(2005) showed that differences observed betwedivard for tuber blight resistance may be
due to the intrinsic specificity of a given resigta R) gene.R3aandRpi-abptare shown to

be foliage specific only whereas otliegenes such @1 andRpi-phul are foliage and tuber
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specific (Park et al. 2005; Sliwka et al. 2006).lléti and Bradeen (San Diego 2005)
investigated the specificity of theB gene, also known &@2pi-blbl (Van der Vossen et al.
2003), to see whether it could confer tuber restdaor not. ThdRB gene was found to be
constitutively expressed in leaf and tuber but emefd only foliar resistance. To date, Ro
genes are known which confer only tuber resistance.

So far, expression of late blighit genes was only analyzed in leaf tissue and nabers.
Recently, high transcript levels of tHeRB gene were demonstrated to correspond to an
enhanced resistance level in leaf tissue (Bradeah 2009; Kramer et al. 2009). Brugmans et
al. (2008) performed NBS profiling using cDNA froeaf, stem and root showing different
R-gene expression patterns between tissues anddretnaividuals within a particular tissue.
Several expression studies Bninfestanggenes were conducted during leaf infection (Birch
and Whisson 2001; Tian et al. 2006). Genome widgyais in various tissues, also in
infected leaf tissue were reported by Judelson. d2@08) and Haas et al. (2009). The latter
gives a special focus on genes encoding a RXLRfmibtis a common feature of all
identified Avr genes in Oomycetes located in their N-termini (Rahy et al. 2005; Tyler et
al. 2006). This latter motif was shown to be invamlvin the translocation of the effectors into
host cells (Birch et al. 2006; Dou et al. 2008; ¥¢oin et al. 2007). The genomedsPofsojae
andP. ramorumrevealed that the RXLR effectors family were aburidand evolved rapidly
generating over 370 members for each species (&iaalg 2008). IrP. infestansthe genome
sequence revealed that RXLR effectors genes asgelddn Gene Sparse Regions (GSRS),
where they can be subject to diversification viplohation, recombination or point mutation
(Haas et al. 2009). Known Avr geneshifinfestansare all RXLR effectors that are induced
at 2 days post inoculation, a stage that is ctitwastablish infection. Knowing the different
cellular environments between leaf and tulfer,infestansgenes may depict a different
expression pattern in leaf and tuber tissues.

R-gene based resistance to any plant pathogen wagginialized to make a model known as
gene-for-gene interaction (Flor 1971). When matghivirulence(Avr) and ResistanciR)
proteins are present in the pathogen and the pkspectively, a resistance response is
triggered resulting in a hyper-sensitive resport$)(causing necrosis and cell death at the
infection site (Dangl et al. 1996). If one of thesemponents is missing the plant-pathogen
interaction will not result in a cell death resperB. infestansAvr-genes expression may be
influenced by the type of plant tissues. All ther's andR's that are studied here belong to
the RXLR and NBS-LRR families respectively.
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To better understand the mechanisms underlyingr tobgstance three hypotheses were
tested. ) The first one was to determine whether a hypeitea response (HR) could be
triggered, as soon as a pair of matchigvr genes was stably and transiently expressed in
tuber tissue, respectively. To do soAagrobacterium tumefacien&ansient Assay (ATTA) in
transgenic tubers carrying eithel, R3g Rpi-blb3or Rpi-vntl.1(Ballvora et al. 2002; Huang
et al. 2005; Lokossou et al. 2009; van der Vossawifc 2003) was developed. Presence of
true HR would show that all the components requirettigger HR are present in tuber as
well as in leaf. 2) The second hypothesis was to check whetheRtgene expression level
in tuber tissue was decisive for late blight tutesistance. A panel of transformants Ryi-
blb3, R3a and Rpi-vntl.1was made to monitoR-gene expression level and determine
whether their expression levels in tuber tissuecareelated with late blight resistance and
susceptibility. 8) The third hypothesis was to determine whetherpghatogen'sAvr-gene
expression level in infected tuber tissue was dexi®r late blight tuber resistance.

We here report that the same genes control folrad tber resistance. Moreover the

expression ratio of a giveRrgene/effector pair is determinant for tuber ldtght resistance

RESULTS
Transient expression of an R-gene/Avr-gene in potat

Primary transformants carryingl, Rpi-blb3 R3aor Rpi-vntl.1lin cv. Desireebackground,
showing clear foliar and tuber resistance and esgimg the transgene in tuber tissue were
chosen to perform ATTAS in tuber. In an attemptrigger a Hypersensitive Response (HR)
in tubersas the result of the co-expression of correspongaigs ofR-geneAvr-gene, tubers
from transgenic plants carryinR1, Blb3, R3a or Rpi-vntl.1 were infiltrated with the
corresponding AvirulenceAgr) gene Avrl, Avr2, Avr3aandAvr-vntlrespectively) (Francine
Govers personal communication; Lokossou et al. 280strong et al. 2005; Chapter 5).
After three days post infiltration, necrosis was@tved for all theR-geneAvr gene pairs
tested (Figure 1)R1 tuber slices showed dense necrosis all over tHaciof the infiltrated
slices whereas necrosis observed for tuber slicetaiming Rpi-blb3 R3a and Rpi-vntl.1
were less dense. Tuber slices of Desireewere used as negative control. They did not show
any necrosis, neither due to tAgrobacterium tumefacierstrain AGL1) used for transient
expression nor due to the expression of an effeuftér. infestansalone. Figure 1 shows 10

times magnified microscopic observation of tubées from cv. DesireeR1 infiltrated with
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either Avrl or AGL1 Here we showed thd&-genes were able to recognize their matching
effectors in tuber tissue resulting in necrosisration. In order to confirm that the observed
necrosis is a hypersensitive response (HR), theesgmn pattern of thelISR203Jgene,
known as a molecular marker of a HR (Pontier eR@01) was studied in infiltrated tuber
slices. As shown in Figure 2, the expression oHB&203Jyene was 10, 12, 10.2 and 4 fold
expression up-regulated in untransformed cv. Desigdices once infiltrated with
Agrobacterium tumefaciensarrying a construct expressidgyrl, Avr2, Avr3a or Avr-vntl,
respectivelyHSR203Jgene was even more up regulated in transgenic slices expressing
the matchingR-gene R1, Rpi-blb3 R3a and Rpi-vntl.)} showing 17, 19, 18 and 7.5 fold
expression once infiltrated witAgrobacterium tumefaciensarrying a construct expressing
Avrl, Avr2, Avr3aandAvr-vntl,respectively. These results confirm that the coresgion of

matchingR-/Avr- genes in tuber slices triggers true HR.
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Figure 1. Agrobacteriumtumefacienslransient_Asays (ATTA).a, d, g, j cv. Desiree tuber slices incubated
with empty AGLO1 strainb andc- Rpi-blb3transgenic tuber in cv. Desiree background and tyippbe (WT) cv.
Desiree, respectively, both incubated wir2. e andf- R3atransgenic tuber in cv. Desiree background and WT
cv. Desiree, respectively, both incubated with3a h andi- R1transgenic tuber in cv. Desiree background and
WT cv. Desiree, respectively, both incubated witirl. k and |- Rpi-vntl.1ltransgenic tuber in cv. Desiree
background and WT cv. Desiree, respectively, botlulbated withAvr-vntl m andn- microscopic observation
of tuber slices from cv. DesireR1 and wild type cv. Desiree transiently transforméth Avrl respectively.
Black arrows indicate necrosis observed whegrl is transiently expressed in cv. DesirBé:tubers.
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Figure 2. a, Relative expression level of th#SR203jgene in tuber slices from the transformaRts A03-15
(carryingRpi-blb3, A04-15 (carryingR3g and Vntl1-3 (carryindgrpi-vntl.] infiltrated with Avrl, Avr2, Avr3a
and Avr-vntl respectively was studied by QRT-PCR. Tuber slicesmfuntransformed cv. Desiree separately
infiltrated with Agrobacterium tumefaciensxpressing each effector gene were used as coifissues were
sampled 2 days post infiltration. Expression lewedse normalized witleflo gene. An arbitrary value of 1 was
given to the expression level 6fSR203jgene in non treated tuber tissue (). As Avr-vntl was recently
identified, the expression of th#SR203jgene was studied in a different experiment. Thidaexplain why the
expression levels for all the conditions are lowean those obtained fdR1, Rpi-blb3 and R3a genes. Both
experiments included five tuber slices from twodpdndent experiments for studied condition. A siathd
deviation of 5% was applied to the graphs.

Resistance signaling pathway(s)

To be fully functional R proteins need protein cbi@mes such aRAR] SgtlandHSP90.2
for stabilization and correct folding (Shirasu 20@hirasu and Schulze 2003). Upon effector
recognition, signal transduction is critical toggger HR. In Arabidopsi€SD1 and NDR1
genes were reported to be determinant nodes imskefeathways (Aarts and Metz 1998). To
check whether defense pathways in tuber tissueshmay limiting step for tuber resistance,
we analyzed the expression of the potato homolsigS (tuberosuinstRAR1 stSgtl stESD1
and stNDR1(Pajerowska 2005) and the gertelaP902 (Arabidopsi$ in uninfected leaves
and tubers from cv. Desiree and in leaves and sutiaallenged witl¥. infestanstrain 90128
(Figure 3). The genstEflu was used as an endogenous control to standargpression
levels of stRAR] stSgtl stESD1 stNDR1andatHSP90.2genes. In order to better visualize
differences between studied tissues, an arbitratyevof 1 was given tetRAR] stSgtl
StESD1 stNDR1 and atHSP90.2genes expression levels in tuber tissue. In unahgdd
tissue,stRAR1gene was found to be expressed at the same levedfi and tuber (1.1 fold

expression) whereastSgtlband HSP90.2genes had lower expression levels in leaves as
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compared to tubers (0.8 and 0.5 fold expressiomgnarespectively)stRAR1gene did not
show down regulation in tuber. Under unchallengedddion, sStESD1and stNDR1genes
were higher expressed in leaves than in tubersn{? 4afold expression compared to the
expression level of 1 in the tuber respectivelypwsdver, upon infectionstEDS1 and
stNDR1were much higher expressed in challenged tubeandigsn average 20 and 30 fold
expression, respectively) than in challenged lisaue (on average 4 and 10 fold expression,
respectively) (Figure 4). These results suggestdigaal transduction initiated lyDSE and
NDRZXdependent R proteins may not be affected in ttisewme challenged witR. infestans
These results suggest that tuber blight suscepyibd not caused by a lack of R protein
functionality or reduced signal transduction.

3.5

3.0

25

20

|
15 —
10 0 O 0
05 — —
0.0
EDS1 HSP90.2 NDR1 RAR1
] Leaf tissue [ ] Tuber tissue

Figure 3. Relative expression levels sfRAR1 stStglhstEDS] stNRD1andHSP90.2genes in non challenged
leaf (at 4 and 5 weeks in the greenhouse) and halteaged tuber (at 0 week after tuber harvesvobDesiree)
were studied by QRT-PCR. Expression levels weranatized withefla gene. An arbitrary value of 1 was
given to the tuber samples (*).A standard deviatib6% was applied to the graphs.
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Figure 4. Relative expression levels sfEDS1landstNRD1genes in challenged leaf and tuber with the strain
90128 (at 3, 4, 5 and 6 days post inoculation, afp¢v. Desiree) were studied by QRT-PCR. Exprestiwels
were normalized withefla gene. An arbitrary value of 1 was given to thehallenged tuber samples (*).A
standard deviation of 5% was applied to the graphs.

R-gene expression in leaf and tuber tissues

Compiling previous result showing that a true HR ba triggered in tuber tissue, we test the
second hypothesis investigating whether the tispaeific expression level of a givexgene
may determine tuber blight resistance.

To make a diverse set of transformants carryindp eiferent transgene copy numbers, 20
primary transformants carryinBpi-blb3 R3a or Rpi-vntl.1genes driven by their native
promoter sequence were generated. In these tramesfits the copy number of the transgene
was determined and their resistance/susceptilplitgnotype upon inoculation with five.
infestans strains was analyzed. For thRgenes,Rpi-blb3 R3a or Rpi-vntl.l a set of
transformants was selected based on a clear f@ls&astant phenotype and insertion number
ranging from 1 up to 12. FAR1 only one primary transformant was used. This gang

line, which was kindly provided by Dr. Christianeléhardt carries a single copy insertion of
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the transgene (Ballvora et al. 2002). Tubers frachediverse set were challenged with five
P. infestanstrains (H30P04, 90128, IPO-0, IPO-C and PIC99T8®je S1) and phenotyped
(Figure 5). Interestingly, transformantskypi-blb3carrying more than one insertion (A03-22,
-39, -21-, 42, -16 and -43) display the same rasc spectrum in leaf and tuber. The
transformant A03-38 which carries one insertion wasceptible to the five strains tested.
Transformants oR3ashowed two different resistance spectra when ehgdd with avirulent
isolates such as IPO-0 and PIC99189. For instaaltetransformants were resistant to
P1C99189 whereas those carrying less than threetioss (A03-22 and -3) were susceptible
to IPO-0. Regarding transgenic plants carrying ®pit.1, challenged tubers showed
different phenotypes when compared to each othrea fyiven isolate. The singRl1 primary
transformant showed to be tuber blight resistantP@-0 but susceptible to an avirulent

strain: H30P04. This is in contradiction with tledidr resistance spectrum of tRd gene.

150



cv A03-38 A03-22 A03-39 AO3-21 A03-42 AO03-16 A03-43
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Figure 5. Tuber blight resistance assay: transgenic tubecy iDesiree background carryifpi-blb3(A), R3a

(B) or Rpi-vnt1.1(C) were challenged with the strains H30P04, 901R8-0, IPO-C and PIC 99189. The way
of scoring tuber blight resistance and susceptybil illustrated by challenged wounded transgemigers
carryingRpi-blb3gene. Tuber with brownish to black lesions wer@eag as susceptible whereas intact tuber as
resistant. Three tables show the phenotypic refultthe threeR-gene panels. Insert numbers of the transgene
are shown in bold black under the name of eachstoamant. Challenged tubers were cut at 6 days post
inoculation and incubated for 3 more days in thekddubers from cv. Desiree were used as a susdepti
control.

The differences observed in the resistance speatfiargivenR-gene can be explained at the
molecular level. Therefore the expression levetaxth studiedR gene was determined for all
the transformants in leaf and tuber tissues (Fggeand S1). Comparison é&t-gene
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expression level between leaf and tuber tissue stothatR-gene expression level was
higher in leaf than in tuber for all the transfomts tested except for the singkl
transformant and some Bpi-vntl.1ltransformants.

The transformants carrying one (A03-38) and fiv®3Al2) insertions oRpi-blb3 had the
lowest expression level dRpi-blb3 gene. Interestingly A04-38 and A03-42 were clearly
scored as susceptible and resistant respectivedyn whallenged with a strain that is avirulent
on Rpi-blb3plants (Figure 6). We hypothesized that A03-42 mgyresRpi-blb3just above
the required threshold to trigger an effective s&sice response. The detection sensitivity of
the quantitative RT-PCR might not be sufficientseparate these two transformants at the
molecular level.

In the case oR3atransformants, transformant A04-22 which was st@e susceptible in
tuber tissue to all the strains tested, had thestiR3agene expression level and carried only
one transgene. The transformants A04-3 and AO4aBlahsimilar expression level but A04-3
and A04-21 were found to expanding lesions scoredq@antitative resistant and fully
resistant to IPO-0, respectively. Here again, it wat possible to distinguish between the
transformants A04-3 and A04-21 at the moleculaell@ithough two different phenotypes
were observed. As observed wRipi-blb3 transformants, Q-RT-PCR might not be sensitive
enough to discriminate, at the molecular levelween the transformants A04-3 and A04-21.
It suggests that a minim&3a gene expression level threshold is necessary riéecauber
resistance.

Two out of seven transformants carryiRgi-vntl.1gene had a higher expression in tuber
than in leaf (SF3 and SF7). Interestingly four eiéint resistance spectra were observed when
challenged with five avirulent strains (H30P04, 281 IPO-0, IPO-C and PIC 99189).
Surprisingly, the transformant Vnt1-6 which is stant to the fivé?. infestansstrains tested,
has a lower expression level than Vntl-3 and -#est@s resistant to four strains. The
specific primer used to monitor the expressionRpi-vntl.1were difficult to design. As
previously mentione®pi-vntl.1share a homology of 75% wiffmZ gene and located in one
of the threeTm2like R-gene clusters of the chromosom@Pel et al. 2009). The abundance
of Tm2like homologs renders difficult to design specifiémers toRpi-vntl.1lreaching the
requirements of quantitative expression analysishsas G/C content and absence of
secondary structure in primers. Upon the testing2oprimer pairs, only one primer pair gave
Rpi-vntl.1 specific PCR product. This primer pair was not iglesd following the

requirements for quantitative expression analydi® non optimal quality of the primer pair
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design might explain the lack of correlation betweébe phenotype anBpi-vntl.1gene
expression level.

Compilation of phenotypic and molecular data suggfest Rpi-blb3 and R3a must reach a
certain expression threshold to trigger resistamceuber tissue. Variation of the tuber
resistance spectrum Bf3amight be due to the expression level of the cpording effector.

It suggests that the ratio betweBn and Avr- genes expression may determine tuber late
blight resistance.
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Figure 6. Relative expression levels d®pi-blb3 (A and B), R3a (C and D) and Rpi-vntl.1 (E and F)
transformants in non challenged leaf (4 and 5 wedks$n the greenhouse, pale grey on the graph)anel (at

0 week old after tuber harvest, dark grey on thapky, respectively, were studied by QRT-PCR. The
transformant A03-43 (15 insertions) had a very hégression level, that is why it was not includedhe
graph. The transformant Vntl-1 might be an escapen@ signal was detected. Expression levels were
normalized withefla gene. An arbitrary value of 1 was given to thasfarmants A03-38, A04-22 and Vntl1-6
(*) to better compare the change in gene expresbiEtween leaf or tuber tissue. ComparisonRefene
expression levels between leaf and tuber tisspeesented in Figure S1. A and B- relative. A staddbeviation

of 5% was applied to the graphs.

Effector gene expression in leaf and tuber tissue

During infection proces$?. infestansnay have to adapt its physiology depending onytpe t

of plant tissue by up-regulating or repressingarrsets of genes. We can speculate that
expression of genes encoding effectors might shifferent expression patterns between leaf
and tuber tissues. Changes in the expression patiereffectors might influence the
interaction between a given effector, its virulerteeget and the correspondirRygene.
Therefore the expression Afrl, Avr2, Avr3aandAvr-vntlwas studied in leaves and tubers
from cv. Desireechallenged with foulP. infestansstrains (90128, IPO-0, PIC 99189 and
H30P04). Infected tissues were sampled at 3, 4d56adpi.Avrl, Avr2, Avr3a andAvr-vntl
were gualitatively expressed at all time pointthie leaves and tubers (data not shown). Upon
cloning and sequencing of the RT-PCR productsag wonfirmed that the recessive alleles or
closely related homologs of the/r-genesavrl, avr2 andavr-vntl, did not bias the RT-PCR
signal. Transcripts of\vr3a andavr3a could not be amplified separately, because RT-PCR
products of both alleles were found. QuantitatiiePRCR showed thakvrl, Avr2, Avr3aand

Avr-vntlhave different expression patterns in leaf andrt(ibigure 7).
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Avrl expression level was studied in the strains P& H30P04 (Figure 7a). Overailyrl
was higher expressed in IPO-0 than in H30P04 wlemparing strains and higher expressed
in tuber than in leaf when comparing tissues. Chang expression patterns between IPO-0
and H30P04 do not affect foliar resistance asRhéransformant was fully resistant to both
strains. However, H30P04 showed a compatible aotem on tuber carryin@Rl During
tuber infectionAvrl is on average 3.0 fold more expressed in IPO-€bagared to H30P04.
This result suggests that the expression levéivol affects the resistance response conferred
by theR1gene in tuber.

Avr2 expression level was studied in 90128, IPO-0 aBAR®4 strains (Figure 7b). The same
expression pattern was observed for the strain ®@i2eaf and tuber tissues. In IPO-0 and
H30PO04Avr2 expression is higher in tuber than in leaf (4.8 arb fold expression at 3 days
post inoculation, dpi, respectively). Variations time expression pattern @&vr2 do not
influence the resistance response as all the ttanahts carrying at least 2 insertions were
fully resistant to these three strains (Figure 6).

Avr3aexpression was studied in IPO-0 and PIC 9918stf&igure 7c). Overalvr3awas
higher expressed in tuber than in leaf. Howeveth strains showed different expression
patterns forAvr3a in tuber tissue. For instance, in PIC 9918@3a expression gradually
increased during infection, whereas in IP@w@r3a expression was high in early stages of
infection but decreased afterwards. At 3 dpir3a in IPO-0 was 6.0 fold higher than in
PIC99189. As previously shown, different resistargpectra were observed fdR3a
transformants when challenged with PIC99189 and0R®igure 6). They were all resistant
to PIC99189 whereas transformants carrying less 3hiasertions were susceptible to IPO-0.
Apparently, variation in the expression patterrAef3a affectsR3amediated resistance for a
given transformant.

Avr-vntl expression was studied in 90128, IPO-0, H30P04 ¢91B9 strains (Figure 7d).
Avr-vntlexpression level in the strains IPO-0, H30P04 29189 was higher in tuber than in
leaf whereas the strain 90128 had the same lewetmEssion in both tissues. Due to the lack
of correlation between the phenotype and the egmeslevel of Rpi-vntl.1l it was not
possible to determine whether the expression lefehvr-vntl plays a role inRpi-vntl
mediated resistance.

Expression analysis of genes encoding avirulenc®ifs shows that the expression level of
Avr2 gene influence®Rpi-blb3 mediated resistance whereas the expression Iévali@a

affectsR3amediated resistance.
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Figure 7. Relative expression levels 8firl (A), Avr2 (B), Avr3a(C) andAvr-vntl (D) in challenged leaf and
tuber from cv. Desiree at 3, 4, 5 and 6 dpi weunelisd by QRT-PCR. Expression levels were normalizéd
ef2 a gene. An arbitrary value of 1 was given to the Isamples at 3 dpi from IPO-0 strain (*).A standard
deviation of 5% was applied to the graphs.
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DISCUSSION

For many years, tuber blight resistance was ingatdd at the phenotypic level in cultivars or
progenitor clones. Subsequent cloning Rpi and Avirulence genes combined with a
transgenic approach allows for the first time todgttuber late resistance at the molecular
level.

Although Pathak et al. (1987) observed necrosistuber tissue, the presence of
hypersensitive response (HR) in tuber tissue wasrndearly demonstrated. We showed that
upon transient expression Afrr-genes in tubers carrying the matchRgenes HR could be
triggered. Aarts et al. (1998) identified two résige pathways defined by R protein structure
types (TIR-NB-LRR and CC-NB-LRREDS* andNDRZXdependent respectivelgDS1and

its partnerPADA4 constitute a regulatory platform that is esserfbalbasal resistance. They
were found to be important activators of salicydicid (SA) signaling and also mediate
antagonism between the jasmonic acid (JA) and etiey(ET) defense response pathways
(Wiermer et al. 2005]NDR1was identified by mutational analysesArabidopsisand found

to be required foR gene-mediated resistance wikPS2 RPS5 andRPM1 (Aarts and Metz
1998). Tornero et al. (2002) studi&PP7 resistance pathways by knocking dovMDR1
gene. They identified three phenotypic classes: triing necrosis and free hyphae (Tornero
et al. 2002). The molecular characterization ofdbeerved necrosis in blight resistant tuber
showed that true HR was triggered. It suggeststtte@functionality of defense pathways is
not affected in tuber tissues. BeydBBS-andNDR1-pathways, a recent study on signaling
pathways ofddndlanddnd2 mutants in Arabidopsis suggested the existenceewf defense
pathways (Genger et al. 2008) which remain to Ipboead.

A study on the relationship betwe&memia lactucagdowny mildew) and.actuca sativa
(lettuce) reported on gene-dosage effects to utatetshost-parasite specificity (Crute and
Norwood 1986). Later on, gene dosage effects wetmd to be involved in pathogen
resistance across various crops. For instancecqSsatcal. 2001) demonstrated that a higher
dose ofLr3 genes in wheat was correlated with a higher i@stst level. Loutre et al. (2009)
studied theLr10-mediated leaf rust resistance in tetraploid andap®id wheat showing that
two CC-NB-LRR genesL{10 andRGA2 are required to confer resistance. The ratichef t
expression of botR-genes was hypothesized to be critical for corfwattioning.

Gene dosage effects have been studied only &-gene side and no study has been reported
on the effects of the ratio of gene expression behRR-/Avr- genes. Here we showed for the

Rpi-blb3Avr2 gene pair that the expression level of Rp gene determines resistance. For
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theR3dAvr3agene pair, the ratio of gene expression betviebhvr- genedetermines tuber
resistance. Due to the lack of transformants cagrf®l gene, the characterization Bfl
mediated resistance in tuber tissue could not lme.ddhe phenotypic outcomes of different
RpH/Avr- gene expression ratio’s studied here are illtestran the Figure 8. Although tuber
blight resistance was observed for Rpi-vntl.1ltransformants, no ratio betwe&pi-vntl.1
andAvr-vntlexpression levels could be determined. These diffetypes oRpH/Avr- genes
interaction may reflect the activation of differetgfense pathways whose activation may rely

on different mechanisms.
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Figure 8. Scheme representirR}/Avr- genes expression thresholds determining tuberbight resistance and
susceptibility. Red and green lines stand for tasite and susceptible phenotypes respectiviely Rpi-
blb3/Avr2 interaction in tuber tissue with the strains 90180-0 and H30P04Rpi-blb3 gene must reach a
certain expression threshold in order to triggsistance. This required expression threshold isaffetted by
variation of the expression 8ivr2 gene. Ther®pi-blb3mediated resistance sgene expression dependedq.
R3dAvr3ainteraction in tuber tissue is alfgene expression dependent. However variationeeipression
of Avr3a affect the requiredR3a expression threshold. TherefoR8amediated resistance B- and Avr-
expression genes depende@t. RVAvrl was partially characterized as only one transfotmwas obtained.
Nevertheless, it seems tHat-mediated resistance might be affected by variatibthe expression ofvrl in
tuber tissue.

Breeding for late blight resistance is an imporgodl in potato breeding programs. Breeding
for foliar resistance has received most attentienabse assessment of foliar resistance is
more straightforward than tuber resistance reggrdiisease assays. All the studies
investigating tuber blight resistance, were conediain cultivars or wild species. Here we
studied tuber resistance in the same genetic bagkdr using a transgenic approach to
monitor the expression level Bipi- andAvr- genes. We showed that aRygene could confer
tuber resistance as soon as the requR@dAvr- expression ratio is reached. This ratio can be
achieved by higher copy numbers of the transgemneerdrby its native promoter or by
replacing the native promoter with a stronger prtanaolhe observation of lack of correlation
between foliar and tuber blight resistance in gal$ and wild species from previous studies
(Flier et al. 2001; Liu and Halterman 2009; Nyama et al. 2008) can be explained by a low
expression oR-gene native promoter in tuber tissue. In conti@ggenes defined as foliage
and tuber specific (Park et al. 2005) had suffityehigh expression levels in tubers to trigger
an effective resistance response.

Differences in expression levels between tissuesRegenes, highlight the uniqueness of
each R-gene promoter. Analysis of a set of transformamith transgene copy numbers
ranging from 1 to 12 foRpi-blb3 R3aandRpi-vntl.1 showed no correlation between the
number of transgene insertions and the expredsi of a givenR-gene. Variation of
transgene expression in plants can be explainedifferent factors such as RNA silencing,
position effects at the insertion site, somacloralation and flanking regulatory sequences
(Butaye et al. 2005; Matzke and Matzke 1998).

Tubers have an efficient physical barrier basedadhick periderm preventing a pathogen
from penetrating. For instance, infestands only able to infect tubers via wounds or tuber
eyes once they are out of the ground. Therefore motato developed efficient defense in leaf
which is the most exposed tissue o infestansin natural condition without human
intervention. Natural selection may have favoredorsy R-gene promoters in leaf

undermining tuber tissue specificity.
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Transcriptional analysis o&vrl, Avr2, Avr3a and Avr-vntl during leaf and tuber infection,
revealed that tissues from the plant host may emite the expression patterns of genes
encoding inP. infestans Judelson et al. (2009) studied the metabolic t@iiap of P.
infestansduring growth on leaves, tuber and artificial naednterestingly, genes involved in
gluconeogenesis and amino acids catabolism wereegplated in tuber tissue when
compared to other tissues. This result may be aemprence of the high abundance of glucose
and free amino acids in tuber tissues. To whatnexteaf and tuber tissues, used as substrate,
may affect the transcriptional regulationRfinfestansffector genes is yet to be investigated
at a large scale. Microarray study of the wholagcaiptome ofP. infestansvould certainly
highlight gene families or physiological pathwaykieh are up or down regulated in leaf or
tuber tissues. Beside transcriptional analysisylogical, pathogenicity and virulence studies

would contribute to better characterize tuber itiecbyP. infestans
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MATERIALS AND METHODS

Plant materials
Primary transformants in cv Desiree genetic baakggo carrying different number of
insertion events foRpi-blb3andR3agenes were obtained from Lokossou et al. (2008¢. T
transformant carryindgR1 in cv Desiree genetic background was kindly predicby Dr.
Christian Gebhardt (Max Planck Institute-Colognejl#ra et al. 2002). Those expressing
Rpi-vntl.1in cv Desiree genetic background were previousicdbed by Pel et al. (2009).

Disease assays
Detached leaf assay

Detached leaf assays (DLA) were carried out asriest by Vleeshouwerst al (1999).
Leaves were inoculated with 10 ul droplets of ifoou(5x10 zoospores/ml) on the abaxial
surface and incubated at 15°C for 6 days in a ¢énchamber with a photoperiod of 16h/8h
day/night. At 6 days post inoculation (dpi), leav&@sowing sporulation were scored as
susceptible whereas leaves showing no symptomearotic lesions were scored as resistant.
TheP. infestanstrains used were IPO-0, 90128, H30P04, PIC 99P&9;C (Table S1).

Wounded tuber assay
Tubers were first cleaned with 5% sodium hypockddior 5 mins and then rinsed three times
with tap water. With the tip of a pipette, fivegaied holes of 5 mm in depth were made for
each tuber. 1Ql of inoculum (5x18 zoospores/ml) was applied to the wound. Inoculated
tubers were kept for 6 days at 15°C with 100% hitynid a dark climate chamber. At 6 dpi,

tubers were cut and incubated for 3 more days.

Transient expression of genes encoding RXLR effiectober tissue
Agrobacterium tumefacienransient Assay (ATTA) were performed on tubecesdi from
transgenic and wild type cv. Desiree. Tuber slmfe2-3 min thick were incubated for 15mins
with a solution ofA. tumefacien$AGLO1 strain) carrying amvr gene Avrl, PiAvr2, Avr3a
or PiAvr-vntlcloned in pGRAB vector) or empty strain. Agro-irtiea of tuber slices was
carried out according to the method of (Van der fidaet al. 2000) developed on leaf tissue,
using a Oy of 0.1. Slices were phenotyped 2-4 days post iilecThis assay was repeated

three times.
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RNA extraction
For RNA extraction, tissue samples (leaf and tulmes)e collected, immediately frozen in
liquid nitrogen, and then kept at -80°C. Total RWAs extracted from leaf tissue using the
RNeasy plant mini kit (Qiagen, Valencia, CA) ananfr tuber using TRIZOL reagent
(Invitrogen), and mRNA was purified with a messenB&A kit (Qiagen). 1.5.ug of total
RNA for each sample was treated with RNase-free d@Nivitrogen) in a volume of 14

(1.5 ul reaction buffer, 1.5 DNase enzyme, RNase free water).

RT-PCR / QRT-PCR
Qualitative and quantitative RT-PCR were performeth two steps. The first strand cDNA
was synthesized using 1 pg of total RNA (Biorad)af@ative RT-PCR with Tag-polymerase
in a 20 ul reaction-mixture was prepared with IofitDNA, 1ul of the forward primer (10
UM), 1 pl of the reverse primer (10 uM), 1 pl dNTBsnM each), 2 pl 10X buffer, 5 units of
Tag-polymerase (Perkin Elmer). The following PCRgram was used: 94°C for 3 mins,
94°C for 30 sec, 55°C for 30 sec, 72°C for 30 shajng 29 cycles, 72°C for 5 mins.
Quantitative RT-PCR mix using SYBR green super ifBiorad real time PCR kit) was
performed with 20 times diluted cDNA. The followilRCR program was used: 95°C for 3
mins, 95°C for 15 sec and 60°C for 45 sec du#iigcycles, 95°C for 1 min, 65°C for 1
min and 65°C for 10 sec during 61 cycles (meltingve analysis). Amplifications céf2a
and eflr genes (Table S2) were used as constitutive dsrftvoP. infestansand cv Desiree
respectively (Torto et al., 2002 and Nakane e2@03).

Primers
All primer sequences are listed in the Table SEné@r pairs used in Q-PCR were designed

with Beacon Designer.01 software.

Sequencing
Cloned fragments in pGEMT Easy Vector from Promega, or PCR products geeeraith
Tag-polymerase (Perkin Elmer) were sequenced dewiml 10 pl sequencing reaction
mixtures were made using 5 pl of PCR product ogSohplasmid, 3 pl of buffer, 1ul of
DETT (Amersham) and 1ul of forward or reverse primehe PCR program used was 25
cycles of 94°C for 20 sec, 50°C for 15 sec, 60%Clfoin. The sequences were generated on
ABI 3730XL sequencers.
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Defense related genes
Pajerowska et al. (2005) identified $olanum tuberosuifst) potato homologs of well known
and characterized defense related genes from Avpbist StRAR] stSgtl , stESD1and
stNDR1 The Genbank accession numbers of these potatolbgsand the primer pairs used

to study their expression are shown in Table S2.
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Figure S1 Relative expression levels Bpi-blb3(A), R3a(B), Rpi-vnt1.1(C) andR1 (D) transformants in non
challenged leaf (4-5 weeks old in the greenhousd)taber (at 0 week after tuber harvest). Expreskwels
were normalized witlefla gene.
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Table S1.List of P. infestanstrains used in disease assays.

Table S1. List oP. infestanstrains used in disease assays

Isolate ID Country of Origin Obtained from Isolation year Virulence profile
90128 Geldrop, The Netherlands Govers, PhytopagliydldUR 1990 1.3.4.7.(8)
H30P04* The Netherlands Govers, Phytopathology WUR n.d. 7
IPO-C Belgium Kessel, PRI, WUR 1982 1.2.3.4.6.7110.
PIC 99189 Metepec, Mexico Kessel, PRI, WUR 1999 .51728.10.11
IPO-0 The Netherlands Kessel, PRI, WUR n.d. 0

*: Laboratory progeny

n.d.: not determined

Table S2.List of primers used to performed QRT-PCR analysisaf and tuber tissues.

Gene Primer orientation Primer sequence Anneaéingperature(°C) Genbank accession
R1 Forward gggatcagattaccaaacct 60 AF447489
Reverse tagtgaggatatgtcacgagtg
R3a Forward ccggagtggaagcaatggg 60 AY849382
Reverse cttcaaggtagtgggcagtatgctt
Rpi-blb3 Forward tgtcgctgaaagagatagacc 60 FJ536346
Reverse caccttttgccattggtttag
Rpi-vntl.1 Forward atgaattattgtgtttacaagacttg 58 FJ423044
Reverse cagccatctcctttaatttttc
efla Forward attggaaacggatatgctcca 58-60 AB061263
Reverse tccttacctgaacgcectgtca
Avrl Forward aagaccgacgagttcaag 60 n.a.
Reverse tgatcctccacttaacagc
Avr3a Forward atgtggctgcgttgacggaga 60 AJB93356
Reverse tgagccccaggtgcatcaggta
Avr2 Forward atgcgtctcgcectacatttt 60 n.a.
Reverse aatcctctctettcctcgatc
Avr-vntl Forward cgaagttgacggctcctg 60 n.a.
Reverse ggctcgcttgaacaaatcc
ef2a Forward gtcattgccacctacttc 60 Torto et al. 2002
Reverse catcatcttgtcctcage
StRAR1 Forward atgatggaacgaagcagtg 58 AY615275
Reverse ttggtagcagatggtgttg
stStgl Forward tacgatgtgatgtctacc 58 AY679160
Reverse ttgaggaaggataactgg
StHSP90.2 Forward ccgacaagactaacaacac 58 NM_124985
Reverse gtcagcaaccaagtaagc
StEDS1 Forward tctggtgtctggaatgttg 58 AY679160
Reverse aagaggagcaagcatcatc
StNDR1 Forward gctctctttatctggctaagtc 58 AY615280
Reverse gattggatcttgtggtgttgg
HSR203J Forward gtaatgatagttcggttgataagc 60 AB200918
Reverse ggaagacggagacaataatagc
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GENERAL DISCUSSION

This thesis presents a study conducted in the frad of the EU project FP6 program
BioExploit Food-CT-2005-513959 named BioExploit. eTstudy starts with wild species
germplasm, in particul&Bolanum venturias a source of resistand®denes. ThesB-genes
have been mapped, cloned, characterized and testeahsgenic plants. The study Rpi-
vntl alleles illustrates the different aspects of ahgnof Rpi-vntl alleles and an allele mining
study unveiled the possible evolution of tRigene. It also reports on the identification of its
matching effector gendyr-vntland on a much lesser studied aspect of late higgnstance
which is tuber late blight resistance Bpi-vntl but also of th&kpi-blb3 R3aandR1genes.

Resistance t®hytophthoramfestangRpi) genes in Potato

To date, eighRpigene clusters have been identified and charaetélghromosomd: R2-

like cluster, chromosomé: R1 cluster, chromosomé: Rpi-blb2 cluster (orMi cluster),
chromosome 8: Rpi-blbl cluster, chromosomed: Rpi-vntl and Rpi-mcql clusters,
chromosomd0: Rpi-berland chromosom#&l: R3a/bcluster. In the past decade, several late
blight R-genes were cloned following a classical map batmuing approachRpi-blbl, Rpi-
blb2, Rpi-blb3 R3g R1) (Van der Vossen et al. 2003, 2005; Lokossou.e2@0)9; Huang et
al. 2004; Ballvora et al. 2002). The cloningRybi-vntlalleles was achieved by combining a
PCR based strategy usifign2ahomologous primers and a classical map cloningogmh
(Chapters 2 and 3. Rpi-vntlalleles were mapped in the same cluster a3 th# resistance
gene conferring resistance to Tomato Mosaic Vit@MV) using NBS profiling (Van der
Linden et al. 2004) andutk segregant malysis (BSA). RGA markers linked t@pi-vntl
alleles shared 75% homology at the DNA level WithZ gene. This result highlights the fact
that genomic information from characterizBgene clusters conferring resistance to any
disease, can be efficiently used to localize Regenes. However anchored markers linked to
the R-gene of interest are needed to confirm localiratithe genomic information generated
by the Potato Genome Sequencing project will helghie localization and BAC walking
steps. The DNA fingerprinting technique specifizahrgetingR-genes, NBS profiling, can
easily be customized to target a spediigene cluster. Therefore markers within a gifen
gene cluster can be generated easily for genefipimg In the case d®pi-vntlalleles, long

range PCR primers were designed to clone and sequahtheTm2like homologs. Upon
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sequence analysis and cosegregation, good candjdats, fully coding, were chosen for
complementation analysis.

Classical map based cloning and NBS-homology basetdng are two complementary
strategies providing robust physical mapping anddictate genes respectively. The potato
genome containRprgene (Rsistance t&?hytophthora mfestan¥ clusters on almost all the
chromosomes4( 5, 6, 7, 8, 9, 10 and11). Remarkably, not a singlR-gene has been mapped
on chromosomé& and2, and noRpigene on chromosonig. It seems that the identification
of new R-gene clusters is reaching the end as Regene specificities are indentified in
known clusters. For instance, a resistant accessidhe wild speciess. huancabambense
carries arR-gene mapped on chromosomeRpicmcqlcluster) showing a different resistance
spectrum tharRpi-mcql(unpublished results). In the near future, oRg@genes depicting
new specificities are mapped, the cloning stepkislyl to use a straightforward candidate
gene approach based on previous characteRzgehes from the same cluster.

So far, all the cloned resistance genes ag&nshfestansbelong to the CC/Lz-NB-LRR
family. A more exhaustive survey of TIR-NB-LRR genmay reveal the proportion of CC
relative to TIR within the potato genome.Anabidopsis TIR-NB-LRR genes represent two-
third of NB-LRR genes inArabidopsis Several TIR and CQR-genes from Arabidopsis
(RPP1 RPP2a RPP5 RPS4 and RPS2 RPS5, RPPM1RPP13 RPP7, RPP8genes
respectively) have been characterized well, andfecoresistance to fungal or bacterial
pathogens such aBeronospora parasiticaand Pseudomonas syringa@iolub 2001). In
Arabidopsis it is not apparent that a specifegene family evolved for a specific pathogen.
Would this be the case for Potato? Were the fustassfuR-genes againg?. infestan<CC-
NB-LRR? Positive selection on this latter could éavminished the chances for the TIR-NB-

LRR family to evolve recognition d?. infestansffectors.
Dynamics of R-gene clusters

As mentioned inChapters 2 and3, Rpi-vntlalleles share 75% homology at the nucleotide
level with TmZ gene conferring resistance Tomato Mosaic VirugToMV). In potato the
Tm2like cluster is divided in three sub clusteignzlike, Rpi-vntl alleles andRpi-mcql
gene. It is rather interesting to observe that tpotaay have evolved®-genes conferring
resistance td®. infestansand ToMV from a commoiR-gene ancestor. This illustrates the
potential ofR-gene clusters to generate and to maintain a weéligene analogs (RGAS)

that can evolve towards new pathogen recogniticgffetctors. Within the allele mining study
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of Rpi-vntlalleles, codingimzlike homologs were identified in the late blightsseptible
accessions db. oplocenséChapter 4). Interestingly, thes&ém2like homologs had their start
codon at the same position B®Z gene. In other words, the start codon fréroplocensés
located 100bp downstream of the start codorRpivntl alleles. This first 100bp region
encodes the first of the four alpha helices of@lod Coiled (CC) domain oRpi-vntlalleles
(Chapter 2). These codingd m2like homologs might be functional and confer risise to
other potato pathogens. (Van der Vossen et al.)26l@®ved that a similar locus could carry
R-genes conferring resistance to two completelyedsifit pathogens. Thgpi-blb2 and the
Mi-1 genes conferring resistance R infestansin potato and nematodes in tomato,
respectively, mapped on the chromosofjeshare 82% homology at the protein level.
Therefore it would be worthwhile investigating wihet this vnt-allele fronS. oplocense
shows resistance to TOMV.

R-gene evolution involves several genetic mechantbiatsare nicely reviewed (Leister 2004;
Meyers et al. 2003, 2005) but the question of #te 6fR-gene alleles remains open. Are the
defeatedRpigene alleles going to be extinct in a host popatabecause of its transient
status, or are they becoming very rare until they ra-selected upon re-emergence of the
corresponding avirulence gene? These two phenomeeee defined as *“transient
polymorphism model” and “recycling polymorphism netid(also known as trench warfare)
(Holub 2001; Stahl et al. 1999). Holub et al. (2D8fiated that these two models were not
mutually exclusive and combined them into a new ehodalled “evolved recycling
polymorphism model”. Basically, this latter modebposed that for a giveR-gene, the host
population starts with transient cycles towards/céog alleles as they start diverging. The
recycling step is only achieved with an extensagervoir of diversifiedR-gene. The status of
numerousTm2like homologs, observed iBhapter 2, would suggest that tiEmZ locus has

achieved extensive diversification and is in a ofing step.

Novel strategies to deploy late blight resistageaes in potato breeding

Breeding is a laborious and time consuming proaesgg to stack a specific combination of
beneficial traits for a given crop use and envirentnIn the field of breeding for resistance,
geographical disease occurrence must be considemder to make the best adapted variety
for a given region. Unfortunately, late blight ocswll over the world. AlthougRpigenes
are available, certaiRpigene based strategies may have severe implicatemasding the

durability of the resistance. Indeed, in the laiféief, introgressedRpi-genes fromsS.
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demissumwere easily overcome bk. infestanswithin a few years (Turkensteen 1993).
Disillusion of horizontal resistance revived theéenmest forR-gene based resistance this last
decade. Knowing that a singRptgene can be overcome quickly, two strategies eedetg
deploy simultaneously sever&pigenes to reduce selection pressure Raninfestans
polyculture and stacking oRprgenes. The first strategy is a crop heterogermged
strategy. It could be achieved with a mixture ot amultivar carrying differenR-genes A
theoretical epidemiology study suggested that gemmeterogeneity provides greater disease
suppression over large areas (Garrett and Mund®)1®&search on disease control in rice,
showed that crop heterogeneity was an efficienutewl against the vulnerability of
monocultured crops to disease (Zhu et al. 2000mi¥ture of susceptible and resistant rice
varieties had a greater yield, whereas blast imcidevas significantly less severe than in
monoculture. Polyculture d?-genes implies the introgression of singlgienes and stacking
them to avoid stepping stones. A classical breediethod would be time consuming and
would face linkage drag issues. The most efficenategy to achiev®-gene polyculture
within the same genetic background would be toausansgenic approach. Linkage drag and
breeding efforts are not the only arguments in fafaa transgenic approach to breed for late
blight resistance in potato. One more argumentasiged by the results aThapter 6. The
R-gene expression level determines tuber blightstasce. Improvement of tuber blight
resistance is required to prevent infected tubeserfbeing a disease vector. Transport of
infected seed tubers may mix late blight isolatesnf different parts of the world creating
new isolates via sexual reproduction. That is wiesides crop loss, more efforts are needed
to achieve tuber late blight resistance. Meanwhiew insights into tuber late blight
resistance may help to breed for other potato tdiseases. Within cultivars and wild species,
one copy of a giveR-gene is present and the expression level app¢ared insufficient to
trigger tuber late blight resistance eR8g Rpi-abpt(Park et al. 2005b). Therefore, to reach
the requiredRpigene expression level in tuber tissue, a transgapproach would be the
most efficient solution. This can be achieved eithecopy number or promoter strength.
Although a transgenic approach is attractive frobreeding point of view, it faces a lack of
acceptance among western politicians and much d@pposmong consumer groups and
environmental activists. To counteract politicablathical issues, the concept of cisgenesis
recently emerged. However, recent results on tbbght resistanceGhapter 6) show the
limits of cisgenesis in potato. As mentioned earle®py number or promoter strength which
implies several copies or a different promoter thia@ native promoter of thB-gene of

interest. This is in contradiction with the requments of cisgenesis.
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Once a strategy to breed for late blight resistan@hosen, one must carefully decide which
Rpigenes to deploy. It has to be based on the congpitamties of the resistance spectrum
but also on the type of effectors recognized byRkgenes used. A multi-locus effector is
more difficult to mutate than a single locus eftectTo successfully breed for late blight
resistance, the identification and characterizatb®. infestanseffectors are required. The
identification and cloning of effector recognizegl Rpigenes became more efficient with
plantascreening. Agro-infiltration of late blight resasit genotypes from wild species offers a
high throughput platform to identiffRpi/Avr- gene interactions. The identification and
characterization of both components of a matchRyg-/Avr- genes pair is critical to better
understand and further investigate thetapo-P. infestansinteraction. For instance, the
cloning of Avr-vntl (Chapter 5) opens the perspectives to identify its viruletarget and to
study its intrinsic function. A better understarglinf the function and the “genomic
dynamics” of secreted effectors may lead to idgntife “Achilless heel” of P. infestans
(Birch et al. 2008). Such knowledge could be usedenmgineer artificialRpigene. For
instance, subtle changes in the Rx1 protein intpatsulted in a broader resistance spectrum
to Potato virus X and to the distantly relatd®bplar mosaic virugFarnham and Baulcombe
2006). StudyingP. infestansepidemiology in different regions of the world tdyprovide
useful information regarding whicRpigene must be deployed. MonitoriR) infestans
directly in the field could lead to a bet@cision-support-system (DSS) to control late kligh
by using an efficienRpigene combination and, if necessary, sprayingetitght time of the
year.

Besides single dominaf-gene based resistance, other leads such as kecBsgenes and

non-host resistance R infestangnay contribute to late blight resistance.

Dominant vs. recessive R-genes

Screening for late blight resistance within wildtg@o species is focused on single dominant
Rpigenes. That is why only dominaRpigenes have been mapped and/or cloned so far. One
can wonder whether recessi®pigenes have evolved in potato, and if so, woulthet
worthwhile to proceed further into that directianldreed for late blight resistance. Recessive
resistance genes were first studied in viral patstesn in which almost half of all reportéd
genes show recessive inheritance (Kang et al. 2@0&)ough mostR-genes studied within
bacterial and fungal pathosystems behave as doimiaganes, few recessivg-genes were

identified and cloned such as thHRRS1-R gene conferring resistance tRalstonia
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solanacearumn Arabidopsis thaliangDeslandes et al. 2002), the rice gea® andxal3
conferring resistance tdanthomonas oryzaghu et al. 2006; Ilyer and McCouch 2004) and
the barley genamlo conferring resistance to powdery mildew (Buschgesale 1997).
Interestingly these recessi®genes encode proteins which are not the well knewd
characterized NB-LRR R-proteins. For instane®S1-Rhas a WRKY transcription factor
domain in its C terminusXa5 gene encodes a&FIIA-gamma, a small subunit of the
transcription factotlA andxal3 is a membrane localized protein. A seven-transomane
protein of unknown function is encoded by tinéo gene. Behind recessive resistance genes
lays the concept of loss of compatible interactimtween plant and pathogen to achieve
resistance. The existence of plant genes requioedstdisceptibility §genes) to certain
pathogens was questioned by Eckardt (2002) anahttgaeviewed by Pavan et al. (2009).
Basically a pathogen uses a host target to triggection. In the case of &gene, this host
target can be activated to suppress innate pldehsie or be essential for pathogen growth
(Pavan et al. 2009). So far no recessive resistganes oiS-genes have been identified in
potato. The challenge would be first to identifglsgenes and then exploit them in late blight

resistance breeding along with dominRrgenes.

Non-host resistance to Phytophthora infestans

Non-host resistance is defined by the situation wwa members of a plant species are
resistant to all members of a given pathogen spétleath 1991, Thordal-Christensen 2003).
(Mysore and Ryu 2004) defined two types of non-hiesistance. Type | Non-host resistance
does not produce any visible symptoms, whereas hiersensitive response (HR) is
characteristic for type Il Non-host resistance.afPeet al. 2002) showed that SGT1 was
required for host and Non-host resistance sugggstiat signaling pathways may converge.
Non-host resistance was hypothesized to involvegeition of general effectors, essential for
the pathogen, or multiple effectors by an arsehalncientR-genes (Heath 2000; Huitema et
al. 2003; Staskawicz et al. 1995). Breeding foe lalight resistance focuses on exploiting
host resistance again$t infestansby introgressing single dominam-genes. Previous
introgressions oR-genes fronS. demissurhave not been durable Bs infestansovercame
quickly theseR-genes (Turkensteen 1993). Studies of non-hosttegmwie tdP. infestansnay
unveil new prospects which might lead to enginagalle resistancePhytophthoraspecies
have a high degree of specialization and can ir#dehited range of species (Kamoun et al.

1999a). Therefore a large choice of plant speaes/ailable to study Non-host resistance to
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P. infestansStudy of several plant-pathogen systems sudhraiidopsisPhytophthoraand
Nicotiana Phytophthoraleads to a better understanding of the moleculachanisms
involved in non-host resistance Rhytophthoraspecies. A typical hypersensitive response
(HR) response classified as type Il Non-host rasst (Huitema et al. 2003; Kamoun 2001;
Vleeshouwers et al. 2000) is observed for the EttemP. infestansArabidopsis thaliana
So far only ond’hytophthoraspeciesPhytophthora porriwas reported to infe&rabidopsis
(Roetschi et al. 2001 The non-host resistance observed in the pathggstemNicotiana
Phytophthoraresults in diverse HR phenotypes intensities deijpgnon the plant species. An
extracellular protein of 10-kD, named INF1, indgikiR was extensively studied and
hypothesized to function as an avirulence factanggun et al. 1998)P. infestangsolates
lacking INF1 protein have been reported to infdctbenthamianglants. However the same
strains deficient for INF1 protein were unable tdect N. tobaccoplants (Kamoun et al.
1999b; Kamoun et al. 1997). In an ongoing studyogges fromS. microdontumwere
identified which were responsive to INF1 resultingHR production. The perspective of the
cloning of the INF1 receptor fror®. microdontunmay lead to engineer broad spectrum

resistance t®. infestans.

Potato diseases

Most emphasis is given t8. infestanscausing late blight disease which is world wide th
most devastating disease for potato. Thereforafgignt advances have been achieved in our
understanding of the potaR- infestansinteraction. Nonetheless, several other potato
pathogens causing fungal diseases (early blAjternaria solanj verticillium wilt), bacterial
diseases (white moldRalstonia solanacearunsoft rotting, Pectobacterium astrosepticyim
ring rot, Clavibacter michiganensisphytoplasma), viral diseases (leaf roll and mosai
viruses), cyst nematodesslpboderaspp) and root-knot nematodeslgloidogyninaespp)
diseases are also a problem for potato growers {jer2007; Elphinstone 2007; Fry 2007,
Hamm 2007; Mugniéry 2007; Secor 2007; Valkonen 20Bdngicides are often applied on
the basis of decision-support-system (DSS) whidh wieather forecast and incorporate the
physiological maturity of the crop. Regarding baelediseases, resistant cultivars and
curative chemical control are lacking. Two Europdarctive (EC Directives 93/85/EEC and

98/57/EC) require to test seed and ware potatoesaidicate any contaminated material. In
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contrast,R-genes were identified against potato virus andesgfully used in cultivars such
as theRxgene (Maule et al. 2007) aRy-sto(Song and Schwarzfischer 2008).

Although progress on understanding and controlilisgases on potato has been made, a lot
more remains to be done to set up efficient diseas¢rol strategies excluding fungicides

input, not only forP. infestandut also for other fungal diseases in potato.
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SUMMARY

Late blight (LB), caused by the oomyceRhytophthora infestansis one of the most
devastating diseases on potato. ResistdRcggnes from the wild speci&olanum demissum
have been used by breeders to generate late bdigistant cultivars, but resistance was soon
overcome by the pathogen. A more recent screeriingarge number of wild species has led
to the identification of novel sources of resisgnmany of which are currently being
characterized.R-gene based resistance to any plant pathogen hais tenceptualized
according to a model known as gene-for-gene intieracWhen matching avirulencéyr)

and resistanceR] proteins are produced by the pathogen and thet pkspectively, a
resistance response is triggered resulting in &hgpnsitive response (HR) causing necrosis
and cell death at the infection site. If one ofstneomponents is missing the plant-pathogen
interaction is compatible and will result in contpde of the life cycle of the pathogehhis
thesis describes the cloning and the characterizatiothefresistant alleleRpi-vntl.1 Rpi-
vntl.2 and Rpi-vntl.3 from Solanum venturiiand their counterpartAvr-vntl from
Phytophthora infestansThe Rpi/Avr- genes paiRpi-vntYAvr-vntl along with R3dAvr3a
and Rpi-blIb3Avr2 have been used to study the genetic and molecughanisms behind
tuber blight resistance.

The cloning ofRpi-vntlalleles Rpi-vntl.1 Rpi-vntl.2and Rpi-vntl.3 was achieved by the
combination of long range PCKCltapter 2) and a classical map based cloning strategy
(Chapter 3). The long range PCR made use Tah2 homologous PCR primers, upon
identification of Tm2 sequence homology in associated markers genevatbdan NBS-
targeted fingerprinting techniquBpi-vntlalleles belong to the CC-NBS-LRR class of plant
R genes and encode predicted peptides of 891 andr@it® acids, respectively, which share
75% amino acid (a.a.) identity with the ToMV reaiste protein Tm- from tomato.
Compared taRpi-vntl.l the alleleRpi-vntl.3harbors a 14 amino acid insertion in the N-
terminal region of the protein and two differentiamacids in the LRR domain. Despite these
differencesRpi-vntl.landRpi-vntl.3genes have the same resistance spectrum.

An allele mining study oRpi-vntlalleles acrosSolanumsectionPetota showed that the
three functional alleles were confined with venturii as only two accessions from the
closely related speci€S. weberbauerand S. mochiquensearried Rpi-vntl.1(Chapter 4).
Subsequent alignment &fpi-vnttlike homologs withRpi-vntlalleles revealed the presence
of illegitimate recombination (IR) signatures susfgjgy that two successive deletion events
might have occurred in the CC domain. Meanwhile, ¢bnstruction of a Neighbor Joining
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tree, based on AFLP data from all the accessionyiog Rpi-vntlalleles orRpi-vnttlike
homologs showed th&pi-vntl.1 Rpi-vntl.2andRpi-vntl.3alleles belong to a monophyletic
clade. Signatures of illegitimate recombination @ahd monophyletic grouping dRpi-vntl
alleles suggested ho®pi-vntl.1 Rpi-vntl.2and Rpi-vntl.3could have evolved. Extensive
phenotyping with variou$hytophthoraisolates identified anothdRpi gene inS. venturii
namedRpi-vnt2 complementing th&pi-vntlallelic resistance spectrum. The genetic position
of this second independent locus is not yet idiexakif

The identification of the matching avirulence factoom the pathogenAvr-vntl, was
achieved by using an efficient and high throughgiiector screen of resistant wild potato
species Chapter 5). Avr-vntl encodes a typical RXLR-EER effector which exprassis
induced 2 days post inoculatiovr-vntlis located on a single locus in the referencerstrai
T30-4. Among nine isolates, four alleles were id@d. The virulent strain EC1 carries a
functional coding sequence Afr-vntlbut fails to express the gene.

In Chapter 6, the genetic and molecular mechanisms of tubex kight have been
investigated. Using transgenic cv. Desiree plargssformed withRpi-vntl.]l R3a or Rpi-
blb3 tuber blight resistance could be studied in antidahgenetic background. First, we
demonstrated that transient co-expression of thehmag Avr- genes in these transgenic tuber
slices trigger a hypersensitive responses (HR)wsltpthat the presence and interaction of
both proteins is sufficient to establish tuber bligesistance. Second, phenotypic and
molecular analysis of a panel of transformants Rpi-vntl.] R3a and Rpi-blb3 and
transcriptional analysis of the corresponding effec Avr-vntl, Avr3a and Avr2
respectively) during leaf and tuber infection shdwieat the expression level of a given
gene should equal or exceed the expression levitleofatching effector in order to trigger
an efficient resistance response in the tuber. &fbeg, foliar and tuber late blight resistance
are controlled by similar genetic mechanisms. Taegived lack of phenotypic correlation
between foliage and tuber blight resistance is #ulsly due to the tissue specific expression
level of theRptgene.

In the general discussiq@hapter 7), results from the experimental chapters are dssalif

a broader perspective.
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SAMENVATTING

De aardappelziekte die veroorzaakt wordt door deersehimmelPhytophthora infestanss
een van de meest destructieve plantenziekten. &egehoren weerstand tegen deze ziekte,
gebaseerd op resistentiegen&génen) die hun oorsprong hebben in de wilde bathais
soort Solanum demissuns reeds door plantenveredelaars gebruikt om ppsla@assen te
ontwikkelen die onvatbaar zijn. Helaas is dezestestie na korte tijd al doorbroken, omdat
de schimmel zich kon aanpassen aan deze resistesten. Recent is opnieuw gezocht naar
resistentiegenen. Een grote collectie van wilderteoois getoets en nieuwe bronnen voor
resistentie worden momenteel gekarakteriseerd.tyet resistentie dat gebaseerd isRyp
genen maakt deel uit van het theoretische modelbe&end is als de ‘gen-voor-gen’
hypothese. Dit model stelt dat een reactie optreredien er corresponderende eiwitten van de
avirulentie Avr) and resistentie R) genen gevormd worden door respectievelijk het
pathogeen en de plant. Deze resistentie reactieoplieeedt nadat de corresponderende
eiwitten gelijktijdig aanwezig zijn, resulteert gen overgevoeligheidsreactie die bestaat uit
het afsterven van weefsel door geprogrammeerdeaeldp de plek van de infectie. Indien
een van deze componenten ontbreekt is sprake warcaapatibele interactie tussen de
ziekteverwekker en de plant. De ziekteverwekker Xah dan vermeerderen op de plant en
zijn levenscyclus volbrengenDit proefschrif beschrijft het isoleren en het karakteriseren
van verschillende allelen van een locus betrokkignebistentie. De alleleRpi-vntl.1 Rpi-
vntl.2 and Rpi-vntl.3zijn afkomstig uitSolanum venturien het corresponderende eiwit uit
Phytophthora infestangs heetAvr-vntl De combinaties vaRpi/Avr- genen zoalRpi-
vntl/Avr-vntl alsmede ook de combinatiB8dAvr3a en Rpi-blb3Avr2 zijn gebruikt om de
genetische en moleculaire mechanismen te bestudiéepetrokken zijn bij resistentie van
knolweefsel.

Het isoleren van allelen van h&pi-vntl gen Rpi-vntl.l Rpi-vntl.2 en Rpi-vntl.3 is
mogelijk gebleken door gecombineerd gebruik vaneldang rangePCR Hoofdstuk 2) als
ook de conventionele werkwijze die uitgaat van pklxatsbepaling van het gezochte gen via
genkartering Kloofdstuk 3). De long range PCR werkwijze gebruikte PCR primers die
homologie hadden met h&@m2 resistentiegen. Dit reeds eerder geisoleerdeteatissgen
kwam in beeld toen DNA sequenties van gekoppeld8-Npecifieke merkers in een database
vergeleken werden met bekende genen. De geisol&gdentlallelen behoren tot de CC-
NBS-LRR klasse van plafm genen, en coderen voor eiwitten met een lengte8ganen 905

aminozuren, welke een hoge mate van gelijkenioouert met (75% homologie op basis van
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aminozuren) met het eiwit van het resistentiefenZ uit tomaat tegen het tomaten mozaiek
virus (ToMV). Een vergelijking tussen de verschllie allelerRpi-vntl.1 Rpi-vntl.2enRpi-
vntl.3laat zien dat het tweede en derde allel een irseeivat van 14 aminozuren in de N-
terminale regio van het eiwit. Voorts verschillee thatste twee allelen nog op twee
verschillende aminozuurposities in het LRR domdiiettegenstaande deze verschillen
hebberRpi-vntl.1 Rpi-vntl.2andRpi-vntl.3genen eenzelfde resistentiespectrum.

In hoofdstuk 4 wordt een studie beschreven naar het opdelvennegnandereRpi-vntl
allelen dwars door de heSolanumsectiePetota Hieruit bleek dat de drie functionele allelen
slechts binners. venturii gevonden konden worden, en nog twee accessiedevanuw met
S.venturii verwante wilde soorte8. weberbauer@ndS. mochiquenséNadat vervolgens ook
dezeRpi-vnttachtige homologen uit deze andere soorten opdelijarden met de eerdere
Rpi-vntl allelen, werden aanwijzingen gevonden voor hetreslein van onrechtmatige
overkruising {llegitimate recombination IR). De aangetroffen sporen die op IR duiden,
veronderstellen dat twee keer opeenvolgend eertialdieeft plaatsgevonden in het CC
domein van de gensequentie. Tegelijkertijd is oek dendrogram geconstrueerd met het
Neighbor Joiningalgoritme, gebruik makend van AFLP gegevens vdm atcessies van
wilde soorten dieRpi-vntlallelen of Rpi-vnttachtige homologen bevatten. Uit de topologie
van het dendrogram bleek d&pi-vntl.1 Rpi-vntl.2 and Rpi-vntl.3 allelen tot een
monofyletische groep behoren. De sporen van onreiige overkruising, samen met de
monofyletische positie vaRpi-vntlallelen geven suggestieve aanwijzingen Rpévntl.l
Rpi-vntl.2andRpi-vntl.3zouden kunnen zijn ontstaan. Uitgebreide toetseine®n reeks aan
Phytophthoraisolaten leidde ook nog tot de identificatie vam deeedeRpi gen in S.
venturii, genaamdrpi-vnt2 en een complementair resistentiespectrum vertmonbpzichte
van Rpi-vntl allelen. De positie van dit locus op de genetisckaart van
aardappelchromosomen is vooralsnog niet komenteasaan.

De corresponderende avirulentie factor van hetqgeén,Avr-vntl, kon ook achterhaald
worden Hoofdstuk 5). Hiertoe is een methode met hoge doorloopsnelipelinuikt waarmee
efficiént resistente wilde aardappelsoorten getdetsnen wordenAvr-vntlcodeert voor een
zo kenmerkend RXLR-EER effectoreiwit, waarvan deeygressie op de tweede dag na
infectie toeneemtvr-vntlis gelegen op een enkelvoudige positie in de refegtam T30-4.

In negen andere stammen konden nog vier effeatteallgevonden worden. De virulente
stam ECL1 bevat de functionele coderende DNA segueahAvr-vntl, maar brengt dit gen

echter niet tot expressie.
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In Hoofdstuk 6, worden de genetische en moleculaire mechanis@erknolresistentie tegen
de aardappelziekte onderzocht. Door gebruik te mak@ transgene cv. Desiree planten die
apart getransformeerd werden niepi-vntl.l R3a of Rpi-blb3 kon knolresistentie in
dezelfde genetisch achtergrond worden onderzochtdd eerste plaats kon aangetoond
worden dat tijdelijke co-expressie van de corregeoende Avr- genen een
overgevoeligheidsreactie (HR) oproepen in transderaschijfjes, hetgeen betekent dat de
gelijktijdige aanwezigheid van beide eiwitten emhnteractie adequaat is om knolresistentie
te bereiken. Ten tweede, met de fenotypische ereculdire analyse van een groep
transformanten md®pi-vntl.1 R3aof Rpi-blb3 en de analyse van het transcriptieniveau van
de corresponderende effectors (respectievaljikvntl, Avr3aenAvr2) gedurende de infectie
van blad of knolweefsel, kon worden aangetoonchdaexpressieniveau van een gegeken
gen tenminste gelijk of hoger dient te zijn dan é&gbressieniveau van de corresponderende
effector om een adequate resistentie reactie te efstellingen. Derhalve wordt
geconcludeerd dat resistentie in blad- of knolwalefgereguleerd wordt door eenzelfde
genetisch mechanisme. Het zo vaak gesuggereerdekembvan een correlatie tussen blad-
en knolresistentie is dus alleen het gevolg vansclelien in de weefselspecifieke
expressieniveaus van betrokkepi-genen.

In the algemene discussi@Hoofdstuk 7), worden de resultaten uit de experimentele

hoofdstukken in een breder kader geplaatst.
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RESUME

Le mildiou, engendré pdhytophthora infestan®st 'une des maladies les plus dévastatrices
pour la pomme de terre. Des genes de resistancenaot de I'espece sauva§elanum
demissunont été utilisés par les sélectionneurs afin éercdes cultivars de pomme de terre
résistant au mildiou. Cependant, le pathogénmafestansa rapidement cassé cette resistance.
Une analyse récente d’'un grand nombre d’espécesmgaude pomme de terre a permis
d’identifier de nouvelles sources de résistance squit pour la plus part en train d’étre
étudiées. Résistance & n'importe quel pathogénéebsisr des genes de résistance, a été
conceptualisé en un model connu sous le nhom dene-Beur-Genes » intéraction. Lorsque
les protéines d’avirulence (Avr) et de resistan@g gont produites par le pathogene et la
plante respectivement, une réaction de défensdéettnchée se traduisant par une réaction
hypersensible (HR) caractérisée par une nécrossitaud’infection. Si I'une des deux
protéines est manquante, l'intéraction entre lantplaet le pathogéne est qualifiee de
compatible permettant au pathogene de poursuivreegde d’infection normalement. Cette
these décrit le clonage et la caractérisation tHelesrésistant®pi-vntl.1 Rpi-vntl.2et Rpi-
vntl.3issus deSolanum venturiainsi que le gene d’avirulenée/r-vntlde P. infestansLes
paires de genes de resistance et d’aviruledRpevntYAvr-vntl avec R3dAvr3a et Rpi-
blIb3Avr2 ont été utilisées pour étudier les mécanismestiggmes et moléculaires de la
resistance au mildiou dans les tubercules de laypode terre.

Le clonage des alléles résistaRygi-vntl (Rpi-vntl.1 Rpi-vntl.2et Rpi-vntl.3 a été réalise
en combinant la technique de « Long range PCRhayitre 2) et une approche classique de
clonage positionnelQhapitre 3). L'identification de marqueurs moléculaires ayane forte
homologie avec le géném-Z a permis d'utiliser des amorces homologues au geme®
pour la technique de « Long range PCR ». Les alRjfB-vntlappartiennent & la famille des
génes de résistance CC-NB-LLR chez les plantegébeRpi-vntl.1code pour une protéine
de 891 acides amines tandis que les g&pes/ntl.2et Rpi-vntl.3codent pour des protéines
de 905 acides amines chacun. Ces trois protéirtesnerhomologie de 75% avec la protéine
de résistance Tm?Zonférant la résistance au virus ToMV chez la tem&omparé &pi-
vntl.], les protéines Rpi-vntl.2 et Rpi-vnt1.3 ont urgeition de 14 acides amines dans le N
terminus et deux acides aminés différents dansRIR domaine. Malgré ces différences, les
geneRpi-vntl.1 Rpi-vntl.2etRpi-vntl.3ont le méme spectre de résistance.

L’étude des alléles d@pi-vntla travers la sectioRetotades solanacée a montré que les trois
alléles fonctionnelleRpi-vntl.1 Rpi-vntl.2et Rpi-vntl.3étaient confinés dans I'espege
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venturii. En effet, seulement deux accessions de pommergedrovenant d’especes proches
telle que S. weberbaueriet S. mochiquenseportent l'allele Rpi-vnl.1 (Chapitre 4).
L’alignement de genes homologues aux alléRgs-vntl a révélé la présence de motifs
caractéristiques de recombinaisons illégitimesteCebservation suggere que deux délétions
ont pu survenir successivement dans le domaineec€oiil. La construction d’'un arbre basé
sur la technique « Neighbor Joining » utilisant dewrqueurs moléculaires AFLP provenant
des accessions de pomme de terre portant lessdRplevntl, a montré qu&pi-vntl.1 Rpi-
vntl.2 et Rpi-vntl.3appartiennent chacun & un clade monophylétiquerésence de motifs
caractéristiques de recombinaisons illégitimes atdractére monophylétique des accessions
ayant I'une des trois alleles suggerent comnigitvntl.1 Rpi-vntl.2et Rpi-vntl.3auraient

pu émergeés. De plus, un phénotypage exhaustif dEssions de I'espec venturiiavec
différentes souches dP. infestansa identifi€¢ un autreRpi gene dénommérpi-vnt2
complémentant le spectre de résistance des ttélesateRpi-vntl La position génétique de
Rpi-vnt2n’a pas encore été déterminée.

L’identification du gene d’avirulence d& infestansAvr-vntl, a été réalisée en utilisant une
méthode efficace permettant de tester, directersantdes espéces de pomme de terre
sauvages et résistantesPa infestans un grand nombre de génes codant des effecteurs
(Chapitre 5). Le gene d’avirulencAvr-vntlcode un effecteur ayant un motif caractéristique
de P. infestans le motif RXLR-EER, dont I'expression est induitkeux jours apres
inoculation.Avr-vntlest localisé a un simple locus dans la souchéfédeence T30-4. Parmi
neuf souches, quatre alléles ont été identifiéssdueche virulente EC1 a un alléle fonctionnel
de Av-vntlmais non exprimé pendant I'infection.

Dans leChapitre 6, les mécanismes génétiques et moléculaires désistance au mildiou
dans les tubercules de pomme de terre a été étudiésultivar Désirée a été utilisé pour
générer des plantes génétiquement modifiées asageleRpi-vntl.1 R3aou Rpi-blb3afin
d’avoir le méme background génétique lors de I'étde la résistance dans les tubercules.
Nous avons démontrés que I'expression transita@eegknes d’aviruleno&vr-vntl, Avr3a et
Avr-blb2 dans les tubercules exprimdypi-vntl.1 R3aou Rpi-blb3 déclenchait une réaction
hypersensible (HR), respectivement. L’analyse ptymgue et moléculaire des transformants
portantRpi-vntl.1 R3aou Rpi-blb3 et I'analyse transcriptionelle des genes d’avita@Avr-
vntl, Avr3a et Avr-blb2 pendant I'infection des feuilles et des tubercubesnontré que le
niveau d’expression d’'un gene de résistance doewméitdétre égal ou supérieur a celui du
gene d’avirulence pour déclencher une réactioredistance efficace dans les tubercules. En

conclusion, la résistance au mildiou dans les I&siiét les tubercules est controlée par les
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mémes meécanismes génétiques. Le manque de camédgtire la résistance dans les feuilles
et les tubercules précédemment décrite, est doacdune expression spécifique des génes
résistance dépendant du type de tissus.

Dans la discussion général€h@pitre 7), les résultats des chapitres expérimentaux sont

discutés et mis en perspectives.
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