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General Introduction






General Introduction

Potato

Potato Solanum tuberosunssp. tuberosum belongs to theSolanaceaefamily
together with other domesticated species suchmaatty capsicum, eggplant, tobacco
and petunia. BittersweetS( dulcamara and black nightshadeS( nigrum are
common Solanumspecies belonging to the European flora. Potat davariable
ploidy level ranging from 2x to 6x where the cudtigd potato is an auto-tetraploid
(4x). The origin of potato cultivation is situatéd the area of lake Titicaca, in the
Andes region of South America. There, the dometstisaof wild potato plants first
started. Soon after the invasion of Peru by Sparisiguistadores in the 1500's, the
potato was introduced to Europe (Salaman 1949 fattyt//www.potato2008.org/en).
Potatoes were first cultivated in 1573 in Spainfemgrown in London by 1597 and
reached France and the Netherlands soon after.

Nowadays, according to FAOSTAT, potato productior2007 reached 320 million
tons worldwide. This implies a™place in the world food production after wheat,
corn and rice. With an increasing production grogitice the 1990’s the production
in Asia, Africa and Latin America exceeds the prtthn of potatoes in the
developed countries (Figurel). China is at the nmrtiee leading potato producer of
the world. The Netherlands occupies tfepface with a harvest of 7.2 million tons in
2007. Approximately 155,000 hectare (about 25 %)thed arable land in the
Netherlands is planted with potatoes. Seed potadostarch potato represents 20 and
30% of the yield, respectively. The remaining 5084for consumption, including
ware potato, French fries and crisps in The Netimeld (20%) and abroad (30%). The
Dutch consume on average 90 kg of potatoes per tacapier year
(http://faostat.fao.org/ and http://www.potato2@dg/en).
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World potato production, 1991-2007

1991 1592 1993 1984 1985 1096 1957 199E 19SS 3000 2001 MO0 NG M4 MOS 2006 20T
m Developed countriem Developing countries
1991 1993 1995 1997 1999 2001 2003 2005 2007

Countries million tonnes

Developed 183.13 199.31 177.47 174.63 165.93 166.94 160.97 9.995 155.56
Developing 84.86 101.95 108.50 128.72 135.15 145.92 152.11 .1260 165.15
WORLD 257.25 301.27 285.97 303.36 301.08 312.86 313.09 0.132 320.71

Figure 1: World potato production
(source: http://www.potato2008.org/en/world/index.html)

The increasing popularity of potato globally is sotprising. With high productions
per hectare, a high vitamin C content and highituptoteins, it makes an excellent
staple food.

Diseases

Numerous pathogens can infect potato, resulting more than a hundred different
diseases. These diseases are caused by bacterip, fiomycetes, viruses and
nematodes. Fortunately most of the diseases hayelaral importance, but a few
diseases make a global impact. Late blight and teaeadiseases are most dominant.
Late blight, caused by the oomyc&hytophthora infestané@Mont.) de Bary, is still
the number one threat to potato production. Inrl,&hytophthoraeven means plant
destroyer. It is the classic example of how devegjaa crop disease can be. In 1845
it was introduced in Belgium by a shipment of sgedatoes from America. The
disease spread quickly and in 1845-1847, durind-tite Blight epidemics, over one
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million people died in Ireland and over 2 millionsh migrated, in a period that has
become known as The Irish Potato Famine. The dat@stby late blight was
exacerbated by the monoculture of potato in Irelarm make matters worse for us
now, in the late 1970’s, a new mating type (A2) egmed that was probably
introduced in Europe by a shipment of potatoes fieaxico (Fryet al. 1993). As a
consequenc®. infestanscan now reproduce sexually as well. As a resutheiotic
recombination between genotypes with different leinge factors this significantly
contributes to the ability to overcome individuakistance genes and combinations
thereof.

The consequences of the disease on yield loss iffieultd to estimate. The
International Potato Centre (CIP) estimated damniagageveloping countries due to
late blight at an average production loss of 15%s Translates into a total production
loss of approximately $2.75 billion assuming a @rper kg common to developing
countries (Anonymous, 1997). In the Netherlandscthsds of controlling late blight is
estimated at 115.5 million euro’s (Haverkettal. 2008).

The dispersal oPhytophthora infestanis mainly done by wind. Managing the threat
of late blight involves prevention of early infemti sources by means of sanitation,
monitoring disease outbreak and early warning systdt is of utmost importance
that an early infection is treated with fungicides cymoxanil and metalaxyl. In
organic farming no pesticides are allowed. To lowhe risk of yield losses, one
strategy is to use early maturing potato plantsthien Netherlands, when infection
eventually occurs, the late blight infected foliagast be burned before 1000 leaves
per 20 M are infected. Late blight has developed resistageénst certain chemicals,
such as metalaxyl (Davidsa al. 1983). The environmental impact of fungicides is
mainly on groundwater, but the overall toxicitynmich lower than of herbicides and
insecticides. The aim of the “Meerjarenplan Gewasbherming” was to reduce
fungicide use in The Netherlands with 36 % oveOa/éar period between 1990 and
2000. However, potato cultivation still relies hiywn application of fungicides,
also because of an increased aggressiveness ofblaget. The aim of the
“Meerjarenplan Gewasbescherming” was therefore met; fungicide use in The
Netherlands had even increased sligttityp://iwww.gewasbescherming.nl/evaluatie.pdf)
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The second important potato disease is caused imatndes. Most important in
Europe are two species of potato cyst nematodebllBIbbodera rostochiensiand
G. pallida Potato cyst nematodes are estimated to cause lpiedes of up to 10 %
worldwide (Oerkeet al. 1994). Other nematode species that can infectqesgaare
the root-knot nematodes (RKN)Méloidogyne spp.), the lesion nematodes
(Pratylenchusspp.), potato rot nematod®itylenchus destructdy sting nematode
(Belonolaimus longicaudatysnd the stubby-root nematodéxafatrichodorusspp.
andTrichodorusspp.). Management of nematode pests involves ynamb rotation,
use of nematicides and resistant potato specieatl\Nall nematicides are acutely
toxic for wildlife and to man. Chemical control nématodes in the Netherlands has
been drastically reduced because of governmentslégn in reducing soil
disinfectants. Due to the “Meerjarenplan Gewasbasoimg” and the “Regulering
Grondontsmettingsmiddelen”, the use of soil sapitadisinfectants was reduced
with 88% (http://www.gewasbescherming.nl/evaluatié)

R-gene mediated resistance

Disease resistance gend¥genes) play a role in the defence of a plant again
pathogens (Dangl and Jones 2001). The plant-pathintgraction is governed by the
pathogendAvr-genes and the corresponding plRmenes. This model of interaction
was termed the gene-for-gene model by Flor (Flaf1)18Vhen the elicitor coded by
the Avr-gene and the protein encoded by Ragene recognise each other and interact,
a defence process will be initiated. Rgene mediated defence against late blight as
well as against nematodes the interaction will biowed by signal transduction
pathways that lead to a hypersensitive responsd.(HiRe hypersensitive response
leads to cell death which includes the death opttbogen, and might be observed as
a small localised necrotic spot that develops i@ filant. An effective HR will
obstruct growth oP. infestansand thereby blocks further infection of neighbagri
cells and ultimately the rest of the plant. In neda—plant interactions a successful
HR has a similar effect, and the development of fireding cell on which the
nematode feeds will not occur or will be stoppealysing the nematode to starve and
die.
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History of deployment of R-genes in potato

The value of genetic resistance as mediateB-ggnes was recognised long before its
characterisation by Flor (1971). Breeders have essfolly deployedR-genes for
almost any pathogen in almost any crop specieirgdrom the first half of the 70
century. Various attempts have been made to int®date blight and nematode
resistance into potato, where some examples are swumcessful than others. The
first disease resistance purposefully introducedutiivars was probably against the
fungus Synchitrium endobioticunthe causal agent of wart disease. Also origigatin
from the Andes, this fungus emerged in Europe @&létle 18 century. First in the
UK where it was found in 1876, from where it spréadhe rest of Europe, arriving in
The Netherlands in 1915 (Baayehal. 2006). Within the existing breeding pool of
cultivars a Mendelian factor was discovered thas webnogenically transmitted and
was sufficient for resistance against wart dis€haagerfeldet al. 1994). This led to
disease management strategies which included ptiohilof susceptible cultivars. In
the 1940’s however, wart's appeared on formerlystast cultivars, demonstrating
that new pathotypes are circulating in Europe, pireanpted the need to incorporate
additional resistance genes. In due course thée dhequency of resistance to wart
disease race 1 has reached such a high levelythay of the currently released
cultivars have this resistance (even unintended).

When late blight became a problem in the middlethe 19" century, different
solutions were proposed. The first solution wasi@ntical one: Bordeaux mixture, a
mixture of lime with a solution of copper sulphaféhe alternative solution was
conceived in the 1900’s, after R.N. Salaman hadiobt a few tubers from a wild
potato species from Kew botanical gardens in Emglam which disease resistance
againstP. infestansvas discovered. The wild potato species lateretirout to bes.
demissumand proved almost, but not completely resistaninfection (Salaman
1910).ElevenR-genes R1-R11) introgressed frons. demissurwere later identified
(Black et al. 1953; Eideet al. 1959; Malcolmson 1969; Malcolmson and Black 1966),
and were deployed in potato cultivars reachingntfagket in the 1950’s and 1960’s.
However, unfortunately enough, soon after the thimtion of these resistant potato
cultivars the pathogen demonstrated its abilitghhange virulence patterns, resulting
in new races that could overcome edemissurderivedR-genes. This was a great
disappointment and the trustiRagenes was lost. For a long time, breeding efflants
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R-gene resistance againBt infestanswas at a stand still. In addition, cheap and
effective synthetic pesticides became availabldifying the incentive for resistance
breeding. Alternative breeding strategies were emecl, concentrated on breeding
for the so-called “field resistance” or “horizontaésistance”, a resistance not
mediated byR-genes (Coloret al 1995; Landecet al 1995; Turkensteen 1993).
While this strategy has been successful in sewsogd — pathogen interactions, this
strategy did not provide any improvement in lateghtl resistance, unless it was
associated with an undesirably late maturity. lase®l environmental awareness of
the public has recognised the harmful effects atipigles. After an intermission of
about 40 years, the focus in breeding is bacR-@ene mediated resistance to control
late blight (Allefset al.2005). In 2006 and 2007 two new potato cultivarduca and
Bionica, entered the market containing the latghiliresistance gen&pi-blb2
originating fromS. bulbocastanurfrassenlijst).

Early work on resistance breeding against nemate@ssconcentrated on the yellow
potato cyst nematod&. rostochiensis Breeders succeeded in producing potato
cultivars resistant t@. rostochiensispredominantly by incorporating thél gene
from S. tuberosunssp. andigenaCPC 1673 (Ellenby 1952; Huijsman 1957; Ross
1979). Released in 1966, Maris Piper was the difst long row of varieties with the
H1 gene. Nowadays, the allele frequencyHdfis so high thaH1 resistance gene is
present in almost all cultivars. In contrast to fhedemissuniR-genes against late
blight, theH1 resistance has proven to be durable up till now

Breeding for resistance again&. pallida was more difficult because of the
guantitative inheritance (initially perceived aslyg®nic) of G. pallida resistance.
Large effect QTL have been introgressed from wilstapp species such &S.
andigenaand S. vernei Much later molecular marker techniques alloweeé th
identification of the genes involved. The resistamenesH3, Grpl and Gpab for
example have been identified as the major sourteS. gallida resistance in the
current potato gene pooH3 originates fromS. andigenumCPC2802 and was
mapped in clone 12601abl (Bradshetwal. 1998).Gpab probably originates frors.
vernei CPC2487 / 2488 and was mapped in dihaploid 3704t@ined from the
tetraploidy progenitor clone AM 78-3704, a tetrapltiybrid of S. tuberosunmand
several wild speciesGrpl might also originate frons. verneiand was mapped in
dihaploid 3778-16 obtained from the tetraploid poidpr clone AM 78-3778. These
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progenitors have resulted in approximately 20 @$w 78-3704) and %5. pallida
resistant cultivars (using AM 78-3778). THES gene is deployed in twelve British
and Irish cultivars. On the other hand tBe pallida resistant progenitor clone VTN
62-33-3 derived frons. verneiCPC2487 / 2488 is ancestral to more than one ledndr
cultivars. This brief overview on deployment ofistgnce genes shows that the few
genes that have been characterised geneticallytaagged with DNA markers are
represented in a minority of the resistant culsyavhereas the vast majority of tGe
pallida resistant cultivars represent germplasm (i.e. VGAN33-3) of which the
underlying genes have not been analysed.

The prevalence of the various nematode speciesndepen disease management
systems. The application of nematicides reduceldirdgeiction for all soil organisms
equally, but the widespread application of the gene has caused a shift fram
rostochiensigo G. pallida Likewise the introduction of resistance agai@stpallida
will most probably cause a shift from PCN to RKN.

The potato pedigree databasetid://www.plantbreeding.wur.nl/potatopedigyds a
very useful resource to provide insight in well disnd under exploited sources of
resistance. Once identified as a valuable sourcesi$tance, potato breeders have
widely used resistant material. The prominent useild species is also illustrated by
the study of Love (1999), where of 44 prominenttm@merican cultivars, 34 (77%)
had an exotic background.

Breeding at the diploid level

The widespread use of valuable resistance genedessribed in the previous
paragraph is limited to a few widely used sourced eomprises half a century of
breeding activity. The few sources and the longtieguirement are explained by the
difficulty to remove undesirable traits from wildomor species. Introgression
breeding for resistance can be accelerated by éebniques: pre-breeding at the
diploid level and the use of DNA markers. Furtherepothese two tools are
interconnected: at the diploid level the power dfAmarkers can be fully exploited,
in contrast to the tetraploid level, where linkageepulsion cannot be detected €ti
al. 1998).
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Breeding at the diploid level requires efficientthwds of ploidy manipulation via
unreduced gametes and prickle pollinations. Braegdih the diploid level has a
number of advantages (Hutten 1994). The most okvamlvantage is the crossability
of diploid breeding lines with diploid sources efkistance, which cannot be crossed
with tetraploids directly. Another advantage is there efficient selection against
undesirable traits at the diploid level. Finallyttze diploid level the power of genetic
analysis can be used in its full potential and digdx drag can be removed by
searching specific recombination events flankirgRkRyenes.

Pyramiding resistance genes

It is evident that resistance genes are an impottai in the battle against plant
diseases and an alternative for pesticide use.tAdflgesistance genes are already
being used in agriculture and an increasing nurabebeing identified. But there are
a couple of drawbacks in resistance gene use.\Firsbst resistance genes give
partial levels of resistance, not absolute immuriyd secondly, resistances frd®a
genes can break down. The lack of durability of Shelemissuntate blightR-genes
was quite a disillusionment.

Pyramiding (major)R-genes can be a solution to improve on both thelley
resistance and on durability (Nelson 1972). Aldwr@ader spectrum of resistance can
be achieved. Pyramiding is the accumulationR)fdenes into a single genotype or
cultivar and can be done using magenes, defeateB-genes, different alleles of
one gene, or the same alleles (allele-dosage).

A rather limited number of studies have reported pymamiding of R-genes in
different plant-pathosystems. The reason probab#yngo that genotyping the
pyramiding population needs reliable molecular meskhat are not always at hand.
The studies that do exist have varying outcomesstMtudies showed a higher level
of resistance. Barlogt al. (2007) showed an improvement in resistance agearsal
cyst nematodes in wheat when pyramiding resistgeoesCreX andCreY. Several
groups have reported on the pyramiding of bactddiigiht resistance genes in rice
and observed higher resistance levels and obtaidddionally, a broader spectrum
of resistance (Huangt al. 1997; Singhet al. 2001; Yoshimuraet al. 1995; Zhanget
al. 2006). The study of Sharmet al (2004) however, did not show improved

10
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resistance when pyramidirRygenes. In this study, marker-assisted pyramidinte
brown planthopper resistance gemgslandBph2on rice chromosom#2 resulted
in a resistance level of the pyramided line eqe@rtlto that of theBphlsingle
introgression line.

Markers for Marker Assisted Breeding

For breeding companies to breed for introgressaiistsuch as resistance genes, a
selection has to be done. Since the developmeBtN& marker technology in the
1980’s an important alternative for selection wdikease tests has become possible.
Molecular markers can be used as selection tools emn thus shorten the
development of new cultivars (Ribaut and Hoisingi®®8). DNA markers can have
a couple of advantages over disease testing (Pelemd Rouppe van der Voort
2003). Genotyping with DNA markers can increaseiabdlity, since the
environmental effect is taken away from the sebtectiGenotyping with DNA
markers can increase efficiency, since it can beedat the seedling stage. And
finally, DNA markers can reduce costs. In high-tigbput cases, the costs of PCR
screening a large quantity of seedlings will beagles than phenotyping them in a
disease test. Breeding with the aid of molecularkera is termed Marker Assisted
Breeding (MAB)

A range of molecular markers have been developbdy Thake use of the naturally
occurring polymorphisms in the plants’ DNA. Moleaumarkers rely on differences
in size of DNA-restriction fragments, in primer ding sites or in the number of
repetitive di-, tri- or tetranucleotide units. Ratdevelopments use DNA
hybridisation of target DNA with immobilised oligaoleotide sequences on a solid
support. Polymorphisms are recognised as diffeakrtybridisation of different
fluorescently labelled DNA samples, or absolute ridibation signal strength.
However, to be suitable for MAB, the marker shobkl low in cost, easy-to-use,
robust, reproducible and specific for the desirad.t

The first molecular markers used in plant breediege Restriction Fragment Length
Polymorphisms (RFLPs) (Botsteiet al. 1980). RFLPs are detected by the use of
restriction enzymes that cut genomic DNA molecuatespecific nucleotide sequences
(restriction sites). When differences in sequermm®/een individuals exist, digestion

11
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with restriction enzymes will yield variable-sizeNB fragments. But the RFLP assay
is time consuming, labour intensive, and expengivenaterial use (Powelkkt al,
1996). AFLP marker technology (Vost al. 1995) is reproducible and has the
advantage of potentially yielding over 50 markees mun. AFLP markers are used in
many genetic studies in potato. But like with RFifarkers, for use in MAB the
technical overhead of AFLP markers is too costliZRPmarkers like Sequence
Characterised Amplified Region (SCAR) markers andea@ed Amplified
Polymorphic Sequence (CAPS) markers are low in, cobust and convenient in use.
For the development of these types of markers pseguence knowledge is
necessary. SCAR markers make use of polymorphisrtigeiprimer sites resulting in
an absence or presence of an amplified band, differences in fragment length of
amplified alleles. CAPS markers have a digestiep safter PCR amplification,
making use of a restriction site polymorphism. Ammple of a CAPS marker is
shown in Figure 2.

1kb+

BERESER R R SR S R R S

- 1050 bp
- 800 bp

- 250 bp

Figure 2: A photographic image of the results of a CAPS enadble to
discriminate between resistant (R) and susceptible (S) gesotyp

Objectives and outline of this thesis

This thesis deals with resistance against late hblignd nematodes. Besides
identifying genes, the effectiveness of pyramidiifferent genes was assessed.

Chapter 2: A locus involved in late blight resistanderived frons. microdontumis
characterised. Data of a field assay were analysea quantitative as well as a

12
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gualitative genetic manner. QTL analysis identif@d@TL on chromosomé after
correction of the resistance data for plant maturk qualitative genetic analysis
resulted in the positioning of this locus on therstarm of chromosomé. A position
which coincides with a conservéthytophthoraR-gene cluster includingR2, Ry.jie,

Rei-bibs@Nd Rei-appt

Chapter3: The resistance gene characterised int€h2pRsi.mcq10riginating froms.
microdontumis combined withRpi.he, Originating fromS. berthaultii,in a segregating
diploid S. tuberosumpopulation. Individual genotypes from this segregat
population were classified into four groups by nseahflanking molecular markers.
The groups were formed based on: carryingRagene, with onlyReimean With only
Reiver, @nd a group with the pyramidd®bincq1 and Reine. The levels of resistance
between the groups were compared in a field exginm 2007. The group witRe;.
med1 Showed a significant delay to reach 50% infectibithe leaf area of three days.
The group withReiner Showed a delay of three weeks. The resistancd ievihe
pyramid group suggested an additive higher effe&p0ncq1 With Rpi.per.

Chapter 4: A resistance 8. pallida Rookmaker (Pa3), originating from the wild
SolanumspeciesS. tarijensewas identified by QTL analysis. One major QTL,
GpaXlw explained 81.3 % of the phenotypic variance in disease tesGpaXl,
mapped to the long arm of chromosofirie Another minor QTL explained 5.3 % of
the phenotypic variance and mapped to the long affrrchromosomed. Clones
containing both QTL showed no lower cyst countsithbbnes with onlyGpaXla:.
After Mendelising the phenotypic dat&paXl,,, could be more precisely mapped
near markers GP163 and FEN427 thus anchdsipgXl,, to a region with a known
R-gene cluster containing virus and nematode registgenes.

Resistance againBeloidogyne haplariginating from wild species of tuber-bearing
potatoes is almost always non-absolute. In Chaptéwas tested if pyramiding of
two resistance gend®nr and Run.cnd Will result in a better, or even an absolute
level of resistanceRuniar and Run.cnd, introgressed from the wild tuber bearing
potato specie§. tarijenseandS. chacoenseere combined in a segregating diploid
S. tuberosunpopulation. With the aid of AFLP markers, individigenotypes from
this segregating population were classified intar fgroups, carrying n&-gene, with
only Runhar, With only Run.cndd, and a group with the pyramid@hn or and Run.cndA.

13
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The pyramiding population was subsequently tested disease assay with thve
hapla population “Bovensmilde”. The egg masses formedhmnroot systems were
counted and compared between the groups carrying-gene, only ondR-gene or
bothR-genes.

In the final chapter, the General Discussion, gwults of the preceding chapters are

evaluated and the practical implications as welthesfundamental lessons we have
learned will be discussed.

14
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Phytophthora infestans, causing a delay in infection, maps on
potato chromosomed in a cluster of NBS-LRR genes
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TheRyi.mcarlocus delays late blight infection

Abstract

The distinction between field resistance and rasist based oR-genes has been
proven valid for many plant pathogen interactiorfsis distinction does not seem to
be valid for the interaction between potato ane lalight. In this study a locus
involved in late blight resistance, derived fr@nmicrodontumprovides additional
evidence for this lack of distinction. The resisanis associated with a
hypersensitive response and results in a delagfettion of about 1-2 weeks. Both
a gquantitative as well as a qualitative geneticrapgh were used, based on data
from a field assay. QTL analysis identified a QTi.@hromosomd after correction

of the resistance data for plant maturity. A gadie genetic analysis resulted in the
positioning of this locus on the short arm of chom@me4 in between AFLP
marker pCTmACG_310 and CAPS markers TG339 and TO70®8s position
coincides with a conservdeéhytophthoraR-gene cluster which includd?2, Ry.jie,
Reibibs aNd Rei.appe This implies thatReimear iS the fifth R-gene of this NBS-LRR
cluster. The implications of our results &gene based and field resistance are
discussed.

Additional keywords: late blight, linkage mappingptato, R-gene, Solanum
microdontum

Introduction

The disease late blight, caused by the oomycetegahPhytophthora infestanis

a serious worldwide threat to potato cropping. hdeo to reduce the damaging
effects fromPhytophthora the use of genetically resistant plants is a Gty
viable approach for disease management (Strang&eotti2005). Eleven resistance
genes originating from the wild speci®@sdemissurhave been discovered in the last
century: R1, R2, R3, R4 by Blaéi al. (1953), R5 and R6 by Eids al (1959), R7,
R8 and R9 by Malcolmson and Black (1966) and R16 Rdl by Malcolmson
(1969). All these resistance genes offer race-fipdtypersensitive resistance but
have been proven not to be durable (MalcolmsonBiack 1966).

17
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To look for new sources of resistance that couldemially be more durable,
researchers have turned to other wild potato spebasidesS. demissumThe
resistance genBpi.ner from S. berthaultimapped on chromosonmi® (Ewing et al.
2000; Rauschegt al. 2006).Rpi..e; proved to be a ne®-gene after testing with a set
of Phytophthorastrains capable to identify each of tRegenesR1-R11 Four R-
genes have been identified in the wild potato s®8i bulbocastanumThe RB
locus has been mapped on chromos8nby Naesst al. (2000). One allele of this
locus has been cloned by Soegal (2003) and another allel&p;,; by van der
Vossenet al (2003). Another gene that was cloned frBmbulbocastanumwasRe;.
b2 , located on chromosom@ (van der Vosseret al. 2005). These two genes,
RB/Rsi.0b1 and Reipinz have tentatively been described as ‘broad spectesimstance
genes’. This new terminology may imply that a largamber of elicitors is being
recognized, or may just indicate the current absesfca single compatible race.
Finally, two race-specific resistance gemgyinz and Rei.appt have been mapped to
chromosomel (Parket al.2005a; Parlet al. 2005b).

Besides the dominanR-gene based resistance conferring the hypersensitiv
response (HR), the so called field-resistance mwkn This type of resistance is
race-non-specific, quantitative and consideredahggenically inherited. It has been
assumed that this type of resistance is more deirdiainR-gene based resistance.
Race-non-specific foliage resistance is currenifjeéntiated in either maturity
corrected resistance (Bormagahal. 2004), or maturity associated resistance as was
shown by Toxopeus (1958), Van Eck and Jacobsen6jl®llins et al (1999),
Oberhagemanet al (1999), Costanzo (2005) and Viskaral. (2005). The general
importance of a locus near marker GP21 on chromesbnnvolved in both
maturity and maturity related resistance was regty Simko (2002).

In addition toS. bulbocastanurandS. berthaultij the late blight resistance offered
by S. microdonturhas been used in commercial potato breeding duhaglast
decade, although little is known about its inheri& Resistance derived fros
microdontum genotype MCD167 (accession BGRC 24981 / CGN205943
initially been studied using AUDPC data from adig¢tial (Sandbrinket al. 2000).
Their analysis of the quantitative inheritance loik tresistance embarked on two
assumptions: (1) that tif#& microdonturmesistance was polygenic and (2) conferred
race-non-specific resistance. Sandbrigtkal (2000) identified a major QTL on
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chromosome4 explaining 40% of the phenotypic variation, andot®TLs on
chromosomeb. An additional major QTL was identified in the samstudy in
genotype MCD 178 (accession BGRC 24981 / CGN209igpgninet al (2005)
have also described a field resistance derived ffomicrodontunfBGRC 27353 /
CGN20640), but the linkage group containing theyd@TL could not be assigned
to a specific potato chromosome. Lastly, it is knothat the foliage resistance
observed irs. microdontunBGRC 18302 (CGN21342) is also effective in theetub
(Parket al.2005d)

In this paper we describe the genetic and phenogpélysis of late blight resistance
derived fromS. microdontumOur plant material represents a different acoessi
than the accessions described by Sandbrink andjBisoThe accession used in this
study is also used in commercial breeding programgshe Netherlands and
consistently displays a 1-2 week delay in infectiorthe field (unpublished data).
Furthermore we have mapped our locus on chromosbared narrowed down its
position to a conserveldhytophthoraR-gene cluster which includd®2, R;.jie, Rpi.
bib3 @NARpi_appt

Materials & Methods

Plant Material

A diploid interspecific mapping population RH94-0{6=224) was created with a
cross between RH90-038-21 and RH88-025-50. Thegpesliof RH94-076 is
presented in Figure 1. Because of the susceptibkk-bross parents and the
agronomical selection in the BC1 offspring, thisB@apping population should be
regarded as essentially a suscepthléuberosungenetic background with less than
12.5 %S. microdontunintrogression. Th&. microdontunaccession BGRC 18302
(CGN21342) was collected by Hjerting, during a Banéxpedition (HPR 0293) in
1965/66 to Argentina.
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SH 82-48-167 X MCD 18302-34

RH87-383-24 X SH 76-128-1857
RH90-038-21 X RH88-025-50
RH94-076

Figure 1: Pedigree of th&. microdontunderived mapping population “RH94-
076", derived from accession BGRC 18302, backcrossed wahbeptible
diploid S. tuberosunalones.

In vitro assay

371 newly sown genotypes of RH94-076 were testedrnn vitro assay as
described by Huangt al (2005) withPhytophthora infestansolate 90128 (race 1,
3, 4, 6, 7,8, 10, 11) provided by Dr. F. Goveraparatory of Phytopathology,
Wageningen University, The Netherlands. Symptomewecorded at 3, 4, 5, 6 and
7 days after infection. Sporulation or large scakcrosis was interpreted as
susceptible. A hypersensitive response (HR) or tdckymptoms was interpreted as
resistant. The susceptible cultivar Bintje andRhg&p,: containing resistant genotype
707TG11-1 (Parlet al.2005a) were used as control plants.

Detached leaf assay

Leaves collected from greenhouse plants of 96 gpestof RH94-076 were tested
in four replications with a detached leaf assaye@ghouwer®t al. 1999). Parents
RH90-038-21 and RH88-025-50 were included as cbpiients. Complex isolate
90128 (race 1, 3, 4, 6, 7, 8, 10, 11) was use@terchine leaf resistance. Inoculation
was performed as described in Vleeshouwetsal (1999) except that the
concentration of the inoculum was adjusted to B3zbospores/ml.

Field-test 2001

The field test was performed in 2001 on 224 geregypf RH94-076. The location
of the field was the Meenthoeve, in the area neagé&kingen, NL, on sandy soil.
Tubers were planted at the™6f May 2001. Experimental design was a randomized
block design. Four tubers per genotype were planied four plants per genotype
were treated as one experimental unit. Inoculati@s performed with a spore
suspension of a compldx infestangsolate IPO-82001 (race 1, 2, 3, 4, 5, 6, 7, 10,
11; provided by W. Flier, Plant Research Internald as described by
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Vleeshouwert al (1999) on the M July. Because of a lack of infection the field
was re-inoculated with the same isolate ofi daly. Infection levels were scored 12

times, every other day, over a period of 3.5 wesek¢he average leaf area covered
by lesions (as a percentage of the total leaf ar®akervation time points are

indicated as days post infection (dpi) taking”" 1July as day zero. Values of

rAUDPC were calculated as described in Fry (1978).

Maturity type was scored on a fungicide proteciettifexperiment in the 3week
of August on an ordinal scale ranging from 2 (graad vigorous; late to very late)
to 6 (yellowing and plant is sagging) to 10 (deasty early plant types).

Classification of foliage infection values into rastant / susceptible phenotypes
Field test observations from 2001 were convertetd ia tentative phenotypic
classification of descendants with or without resise factors, taking the
observations at 7-13 dpi. This classification udezlpopulation mean as threshold.
Offspring with infection lower or higher than thegulation mean were classified as
resistant or susceptible, respectively.

DNA extraction

Genomic DNA of the individuals of mapping populati®RH94-076 and parents
RH90-038-21 and RH88-025-50 was isolated from ydeaf) material as described
by Van der Beelet al (1992). Tissue was ground with steel balls usingetsch
machine (Retsch Inc., Haan, Germany) in the STHEebafk described, with volumes
adapted to 2 ml deep 96-wells Costar plates (Cgririn., Corning, NY, U.S.A.).

AFLP analysis

AFLP™ analysis was performed according to \&sal (1995). Twelve primer
combinations were used: E+AAC/M+CAC, E+AAC/M+CAG+EAC/M+CCA,
E+AAC/M+CTG, E+AAT/M+CGA, E+ACA/M+CAA, E+ACA/M+CAC,
E+ACA/M+CCT, E+ACA/M+CGT, E+AGA/M+CTC, E+ATG/M+CAG,
E+ATG/M+CTC. AFLP fragments were visualized on aditive gels and scored
visually for absence or presence. AFLP marker names composed of the
restriction enzyme combination followed by the thigelective nucleotides of the
primers followed by the migration on gel relativethe 10-base ladder (Sequamark,
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Research Genetics). Marker names with sizes irhseof nucleotides refer to
markers mapped before in reference populationg:{(ilwivw.dpw.wau.nl/pv/
aflp/catalog.htnand http://potatodbase.dpw.wau.nl/UHDdata.html)esenhreference
markers can be used to assign linkage groups @mgahromosomes. The other
markers are unique for this material.

Map construction

With JoinMap (van Ooijen and Voorrips 2001) 210 AFimarkers were assigned to
linkage groups using a LOD threshold of 5.0 forugiog. In a second version of the
map 32 SSR markers were included for confirmatibohsomosome identity. The
entire map is composed of 12 maternal and 12 paltéimkage groups, with 26
markers remaining unassigned. Details on the mapnaap construction will be
published elsewhere (Werigt al, manuscript in preparatian)The tentative
classification of late blight resistance phenotyp#sscribed aboveyas used as
marker data of thBp; meq1l0cus and included in map construction.

Bulked Segregant Analysis

Bulked Segregant Analysis (Michelmomt al. 1991) was applied to identify
additional markers in the proximity of the locusatved in resistance, with the aim
to further saturate the genetic map. Four bulkewemposed as follows: Br and Bs
each containing eight non-recombinant genotype$ witresistant or susceptible
phenotype respectively, and two additional bulks; B1=5) and Bsc (n=8) were
composed to narrow down the target window on chsom®e4, using descendants
with cross-over events between markers flankingltieces involved in resistance.
The cross-over events were inferred between AFLExenst eAGAMCTC_155 and
eATGmMCAG_187.2 with a distal position, as knownnfr@mur marker catalogue.
Bulks were analysed with 256 Pstl+NN/Msel+ANN arb 2Pstl+NN/Msel+CNN
primer combinations. Fluorescently labelled AFLBRgiments were visualized on a
denaturing polyacrylamide gel using a NEN® Globditien IR2 DNA Analyzer
(LI-COR® Biosciences, Lincoln, NE). AFLP primer cbmations usingPst/Msd
template were used, because the chromosomal distribof Pst/Msd compares
favourably to EcoRI/Msd derived AFLP markers. The majority of
EcoRI/Msd derived AFLPs cluster in centromeric regions heven by Van Ot
al. (2006).
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Excision of AFLP fragments

Pst primer Pstl+GT was radioactively labelled witfP. AFLP was performed
according to (Voset al. 1995). AFLP bands of marker pGTmACG _310 of 8
samples: 2 x RH90-038-21, 2 x R88-250-50 + 4 susdepindividuals were
excised from gel and dissolved in fDwater. Supernatant was re-amplified with
P+0 and M+A primers and purified with a G50 colurbefore sequencing.
pGTmMACG_310 sequence was Blastn on URiw.ncbi.nl.nih.gov/BLAST.

CAPS markers

Further anchoring of the resistance locus was getievith chromosomd specific
markers TG339, CT229 and T0703. PCR primers westgded using sequence
information from SOL Genomics Networkwww.sgn.cornell.edu with Primer3
software (Rozen and Skaletsky 2000). PCR-productsewdigested with 27
restriction enzymes to identify polymorphic sitébe potato version of TG339 was
developed using GenBank accession number X873diium tuberosummRNA
for 14-3-3 protein) obtained with Blastn using theginal tomato TG339 RFLP
sequence. The TG339 primers are F.GCTGAACGCTATGAGBAG /
R:TGAGGTTATCACGCAGAAGTTG. The CAPS polymorphism wabtained by
digestion with Mnll. Marker CT229 was amplified with primers
FTTGTGAGTGGTGAACTACGGGC / R:CGGCAATGGTTATGGGAACEark
et al (2005b), and displayed a CAPS polymorphism ugiestriction enzyme
HpyCH4IV. The sequence of tomato COS marker TO703 weasl for conversion
into a CAPS marker. Primers for the TO0703 marker e ar
(F:CCAGTAAGAACAAGCCGATT |/ R:ATCACCAATTACGCGATCTA). A
polymorphism was obtained upon restriction vBimel390I.

Chromosome4 map construction

The marker order of maternal linkage grotiincluding the added AFLP markers
from BSA and CAPS markers TG339, CT229 and T0703 veamassessed with
RECORD (van Ot al. 2005a) and visually inspected by graphical genintyphe
raw data in MS-Excel using the conditional formragtof cells conditional to marker
genotype and linkage phase. Marker pairs withowicals recombination events
were placed at the same map position. This aveiggestive marker orders without
clear data support. Final map length of the linkggeup includingRe; mcq1 reflects
the sum of adjacent recombination frequencies (S1293)
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QTL analysis

QTL analysis was performed with MapQTL 5 (van Onij2004) using a linkage
map of 1179.2 cM (maternal plus paternal map length initial search for QTLs
was performed with Kruskal-Wallis as no assumptiohsormality were made. For
interval mapping purposes the average leaf arearedvby lesions (%) per
observation and per genotype was converted to dedrg the variance-stabilising
angular transformation (angle whose sine is theasguoot of the percentage of
foliage infection).

Results

In vitro and detached leaf assay

Because of its efficiency and previous succes$esntvitro late blight resistance
assay (Huangt al. 2005) was used to classify 371 seedlings of mappopulation
RH94-076. The susceptible control Bintje sporulatdtbr 3 days. The resistant
control 707TG11-1 showed a hypersensitive respgh®) and no sporulation.
Most of the genotypes of RH94-076 were sporulatifithin 7 days. 128 genotypes
sporulated without a HR. 186 genotypes showed &kvieeomplete HR before
sporulation. Twelve genotypes showed no symptonteeaend of the observation
period and 45 genotypes gave a HR and no spomljatio those 57 could be
considered as resistant. These results indicatad dbme form of resistance is
present. Based on these observations unambiguassifatation of seedlings as
resistant or susceptible was impossible. The mmgtortant problem is that no
apparent Mendelian segregation ratio could be fifietht preventing a Bulked
Segregant Analysis approach. For these reasonsaeequled with a detached leaf
assay.

In the detached leaf assay, tBe microdontunderived BC1, parent RH90-038-21
was resistant showing HR and tH& tuberosumparent RH88-025-50 was
susceptible. However, clones of the mapping pomrashowed inconsistent
phenotypes where sometimes only one or two leawsobthe four leaves per
genotype were infected and showed sporulation, edserthe other ones were
without symptoms. When the entire detached leafyasgas repeated, again with
four leaves per genotype, the newly obtained resudorly correlated with the first
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assay. The phenotypic differences observed amomeg ptlogeny displayed a
continuous distribution and could not be differatdd in a resistant or susceptible
class. The resistance derived fr@n microdonturmappeared to be quantitative in
nature, which could be much better evaluated uaifigld experiment. In summary,
the value of thén vitro assay and the detached leaf assay is limitedpalydallows

to conclude that these tests require plant mateithl strong effectR-gene(s), as
shown before (Huanet al, 2005; Vleeshouwerst al 1999).

Quantitative genetic analysis of disease resistana@d plant maturity

The mapping population, consisting of 224 cloneas wvaluated for the level of
resistance in a field test in 2001. Observationged from 7 dpi until 29 dpi. When
rAUDPC was used as trait value in Kruskal-Wallisdd QTL detection, three QTL
peaks were identified near markers eATGmMCAG_235 ¢htomosome4),
eACAMCAC 19 and Sti032 (both at chromosoBevith K*-values of 78, 28 and
24 respectively. When percentage of infected faliaga given day was used as trait
value, higher K*-values were obtained, with QTL k®at the same three markers.

The most prominent QTL was identified by any of timarkers along maternal
chromosomel. AFLP marker eATCmCAG_235 identified this QTL ispective of
observation time during the whole time range oféRkperiment. The percentage of
infected foliage at 9-11 dpi was the most inforwvatirait value, showing the highest
K*-values (K* = 90-91) at AFLP-marker eATGmMCAG_23At these days (9-11
dpi) all associations between the trait value amel inarkers of chromosomée
reached significance levels g < 0.0001, except for the most distal marker
eATGmMCAG_187f < 0.005). Figure 2 illustrates the position of Kreiskal-Wallis
identified QTL peak at 11 dpi. With interval mapgiasing the angular transformed
data, the explained variance was 50.3% at a LOBR4opfindicating a QTL with a
large effect, located on chromosome From 13 dpi the test statistic lowered
gradually from K*86 at 13 dpi to K*31 at 29 dpi @of observation). At 29 dpi the
QTL-effect resulted in an explained variance of 3% at a LOD of 2.88.
Observations later than 11 dpi did not offer thenegpower to detect this QTL,
because at later observations an increasingly rlapget of the population was
completely infected.
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Figure 2:Kruskal-Wallis curve showing the QTL peak at the positain
marker eATGmMCAG_235 on chromosos@f S. microdontum parer(BC1)
RH90-038-21, marking a locus with a major effect on percerdépaf area
infected byP. infestans

Two other QTLs involved in percentage foliage iniee were found, namely on
chromosome5 of the maternal and the paternal map. The QTL aatemal
chromosome5 of RH90-038-21 had significanp (< 0.0001) association with 2
AFLP markers and Sti032 marker with a K* value @fiticreasing gradually to the
highest value K*32 at 25 dpi. With interval mappitige QTL increases gradually to
the highest value of LOD 8.85 with an explainediarace of 16.2% at 25 dpi. The
QTL on paternal chromosome of RH88-025-50 had significanip (< 0.0001)
association with 3 AFLP markers and SSR markers S8 and Sti032. From 7
dpi the K* value of 19 increased gradually to thghlest K* 39 value at the final
observation date. With interval mapping this QThalees the highest LOD 6.36 at
27 dpi (11.6%)

When observations for maturity type were used ai$ walue in MapQTL two K*
peaks were observed near markers eACAMCAC_19 (Bt)and Sti032 (K* = 41)
on paternal and maternal linkage grdijpespectively. Because on female and male
chromosomeb, the QTLs involved in percentage infected foliage maturity type
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coincided, we proceeded with QTL analysis using umiigt corrected resistance
(MCR) (Bormannet al. 2004; Viskeret al. 2004). This trait value represents late
blight resistance compensated for the effect ofunigt and was obtained by
subtracting maturity values from percentage foliagection, leaving the residuals.
MapQTL analysis using the residuals (MCR) resuitethe detection of the same
QTL on chromosomé with equal significance, but the QTLs on chromoedn
were no longer detected ¢ 0.05).

In conclusion, among the initial three QTLs, we ulgetl that the large effect QTL
near marker eATGmMCAG_235 on chromosofnef the resistant parent is a major
effect QTL involved inPhytophthoraresistance. The smaller effect QTLs, both
residing on chromosome of either the susceptible and resistant pareet,rLs
involved in plant maturity, and affect late blightection indirectly.

Qualitative genetic analysis of resistance

Besides quantitative trait analysis an attempt weasle to categorise offspring
clones in a resistant and susceptible class. Theadé progress curves of each
offspring genotype are shown in Figure 3. This figauggests that the most clear-
cut classification can be made at 11 dpi.

g

=
sespoagf

-
(=]

dpi
Figure 3: Late blight disease progress curve in percentadgefairea infected

across 23 days post infection (dpi) of 244 offspring etoafS. microdontum
BC2 population RH94-076.
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The distribution at 11 dpi is presented in FiguréAt11 dpi the susceptible group
had an average foliage infection of 64% while thsigtant group was on average
7% attacked. On the last day of observation (29, dphe susceptible group was
100% infected and the resistant group had an agefaltgage infection of 88%,
using the tentative classification of the offspraigll dpi. The 11 dpi classification
resulted in a segregation of 150 resistant andusdeptible genotypes, which is a
significant deviation from a 1:1 ratix{ = 25.8;p<0.0001). Linkage analysis with
this locus representing late blight resistance @lanth the molecular markers,
resulted in the construction of a linkage grouphvetiocus nameRe; mcq1 (Figure 5).
The mapping results é&¥-imcq1allowed to validate the qualitative genetic anialys
late blight resistance, because the expected aesistgenotype, based on flanking
markers, could be compared with the observed plpaobased on tentative
classification. Only 3 false resistant phenotypdenes 59, 187, 232) and 7 false
susceptible phenotypes (clones 20, 21, 84, 135,284 276) among 224 offspring
classifications were identified (Figure 4). All tfese false resistant or susceptible
classifications belonged to genotypes without remoation event in linkage group
4, thus could not interfere with the position Bfime: On the short arm of
chromosomet. With 13 dpi, three additional resistant plantgev@correctly scored
as susceptible, and one susceptible plant wasrgaityr scored as resistant.
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Figure 4: Histogram showing the frequency distributibpercentage leaf area
infected by late blight at 11 days post infection, the ofadien date which
gives the most clear-cut division between resistance and sudligpfithe
arrow indicates the cut-off value (the average population iofect 11 dpi
(25.7 %)). Genotypes to the left of the arrow were diassias resistant,
genotypes to the right were classified as susceptible. Bldgk q: present
according to flanking markers, white Rpimcq1 NOt present according to
flanking markers.

Based on the absence or presend&-afi.q:in the offspring, the two average disease
progress curves could be calculated. These averages clearly differ in slope. At
50% loss of leaf tissue the infection rates werke . (withoutRpi.me) and 5.1 %
(with Rei-mcqy) increase of foliage infection per day. The averdifference in time to
reach the level of 50% leaf infection was 11.3 dagsveen genotypes withoRg;.
med1 COMpared to genotypes Wil mcqz:

Anchoring of Rpi.meq1 @nd saturation of the chromosomet linkage map

(Figure 5)

The identity of the linkage group comprising the lQANd/0r Rpi.mcq1 lOCUS was first
indicated by several AFLP markers which were knostmomosome4 specific
markers kittp://potatodbase.dpw.wau.nl/UHDdata.htnrhis was confirmed when
RFLP marker TG339, converted into a CAPS markempad six recombination
events (2.8 cM) beloWRei.mcq1 (towards the centromere) as is shown in Figure 5.
Bulked Segregant Analysis with 256 primer combioradi of Pstl+NN/Msel+ANN
resulted in five bulk specific bands of which twene false positive bands, two
markers pCTmAGC_378.0 and pCTmACG_90 mapped in logugphase and
marker pCTmACG_310, in repulsion phase, showed teterosegregation with
Reimcar The second BSA with 256 primer combinations RéN#AVsel+CNN did
not result in additional markers.
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Figure 5:Rpimcgr Maps on chromosomé to a known cluster of resistance
genes and NBS-LRR resistance gene candidates. A. Genetic map of
chromosome4 of the maternal resistant parent RH90-038-21 showirg th
location of Reimcgz CEN = centromere location. B: Genetic map of a part of
chromosome4 with the location ofRsi,ps (Park et al. 2005b). C: High
resolution map of the chromosorenterval distal toRp;,nz With the genetic
position of CAPS marker AF411807L and AF411807R baseith@BAC end
sequences, and thrBegene homologs (RGH1-3) of tomato BAC AF4011807.
AFLP marker pGTmACG_310 from this study was identified BAC
AF411807 near the position of AF411807R.

Tomato COS marker TO703, converted into a CAPS eramkapped at the same
position as TG339. Tomato RFLP marker CT229, cardeinto a CAPS CT229,
mapped nine recombination events (4.2 cM) dist&pf..q.. By the addition of this
marker, marker pGTmACG_310 did no longer co-lo@alidth Rpi mcq; @ genotype
which previously was thought to have a singletorngy proved to be a true
recombinant, with the recombination between mapk&f mACG_310 anRpi.mcqz
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AFLP marker pGTmACG_310 was excised from gel, saged and a Blastn search
resulted in strong homology to tomato BAC AF41189@n der Hoeveret al.
2002), which was assigned to chromosahaod tomato between markers CT229 and
TG370 (Tanksleyet al. 1992). The sequence of marker pGTmACG_310 was
aligned with vector NTI to position 95735-95837BAC AF411807 which is close

to the R- end of this 95845 bp long BAC sequence

The segregation pattern based on the classificatsomy 11 dpi, positioneBpi mcq1
proximal of marker pGTmMACG_310 on the graphical ajgpe map, with one
recombination event between marker pGTmMACG_310 Ringq: at a distance of
0.5 cM. Rsi.mcqr Was positioned at a distance of nine recombinatizents (4.2 cM)
distal to the flanking markers T0703 and TG3B8.mcq1appeared to be located on
the short arm of chromosom& Centromere location was inferred from the
clustering ofEcoRI/Msd markers around the centromere (Patkal. 2007; van Os
et al.2006), and from tomato and AFLP anchor markers.

Validation of CAPS markers

CAPS markers TG339, CT229 and T0703 were teste® .fanicrodontunspecific
polymorphism in a range of germplasm (n=96) conipgi©NA of S. tuberosum, S.
berthaultii, S. microdontum, S. bulbocastanuma8Bjense, S. fendleri, S. hougassi,
and S. vernei None of the marker alleles were exclusively d@iit for Rei.mcqz
Neither were these markers specific for wild gemspt and absent in cultivated
potato. Therefore these markers in combination$ whese restriction enzymes,
which work well for this mapping population, cantre used for marker assisted
breeding in a wider range of germplasm.

Discussion

In this paper a range #hytophthoraassays has been used that are usually not
applied in combination on the same material. Altfiothein vitro and detached leaf
assays did not contribute to the localisatiofRef..q1, the joint results allowed us to
characterise the phenotype i1 @s a locus involved in late blight resistance,
and to evaluate our results in relation to curreatlels on late blight resistance.
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Thein vitro assay resulted in inconclusive data, because aidste genotypes of
the S. microdontummapping population were sporulating within 7 daafser
showing a weak HR. With the detached leaf assayed of the mapping population
showed inconsistent phenotypes. These results atadic that some form of
resistance should be present in this material abgualitative genetic interpretation
of the in thein vitro and detached leaf assays was not obvious. Foaatitptive
interpretation, data were subsequently collectedinfia field assay. When using
rAUDPC and percentage foliage infection as traitigs, three QTLs were detected.
One major QTL associated with resistance was ldcatechromosomd. The two
other QTLs were detected on the maternal and mdtelimkage groups
corresponding to potato chromosorbe However, when the trait values were
corrected for maturity, QTLs on chromosofme&ould no longer be detected. This
indicates that the QTLs of chromosoBerere involved in plant maturity.

The rAUDPC is currently the most accepted traitigato assess resistance levels. In
this study however, the best trait value for QTlalgsis proved not to be the
rAUDPC but percentage foliage infection at 9-11. dpie latter method showed the
highest association in K*-values in QTL analysifieTexplanation for the lower
power of rAUDPC as trait value in QTL identificati@an be the effect of inclusion
of too late and thus indiscriminative observatiamshin the highly informative
observation at the beginning.

The best approach to localise hereditary factovselver, is not QTL analysis at all,
but Mendelian classification. Classification of flodiage infection values resulted in
accurate localisation d®si.mcq1 ON chromosomd. At this genetic position only 10
false positives/ false negatives were inferred gisivarkers flankingRpi.mcq1 among
224 offspring. Timing is important, because theewbations at 7-11 dpi - the early
start of infection - resulted in a reliable clagsifion. When later time points were
used, additional genotypes resulted in misclasgiio (based on the flanking
markers) as resistant or susceptible. Classifinatiesults in a single genetic
position, whereas the QTL peak (Sandbritkal. 2000) occupies a much larger
genetic interval. It can not be excluded that #sstance QTL on chromosomdy
Sandbrinket al. (2000) is identical to the locus mapped in thigdg, although a
different accession, BGRC 24981, was used.
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Marker saturatiowith BSA resulted in the identification of markeBpmACG_310
at a distance of 0.4 cM &ri.mcq: The DNA sequence of this marker showed strong
homology to a part of tomato BAC AF411807, whichdhaeen identified in a
previous study (Parkt al. 2005a). Parlet al identified the same BAC-clone with
AFLP marker pATMAGA 307 which was tightly linked (<1 cM) to another late
blight resistance gerf@i.app:0n chromosomd. On this BAC-clone three NBS-LRR
genes were identified with high homology to AFLPrkeat pATMAGA_307 which
also has an NBS-LRR sequence. Currently, three mesistance gend®2 R2-like
and Reipnz have been mapped along wiRpiapp: in this chromosometl R-gene
cluster (Liet al. 1998; Parlket al. 2005a; Parlet al. 2005b; Parlet al. 2005c). Our
data indicate tha®si.mcq1iS identified as the fifth member of thisgene cluster.

Strong indication that Rpi.mei1 belongs to the family of NBS-LRR genes

In our view, the mapping dRei.mcqr iN @ well knownR-gene cluster of NBS-LRR
genes is the most fascinating result of this stldyeoretically, we cannot exclude
that the gene underlying th&;mcq1 lOocus does not belong to the family of NBS-
LRR genes. But other projects in our lab (persammahmunication Edwin van der
Vossen) suggest a limited genetic and physical sizé¢he region on potato
chromosomel, comprising the series of NBS-LRR genes underlyim@Rsi.pins, R2
R2-like and Rei.anp: lOCi. Thus it appears that it is more plausibleaitcept the
hypothesis thaRei mcq1 iS @ member of an allelic seriesRfgenes, than to expect an
entirely different kind of gene, although suppagtinformation is required to arrive
at a final conclusion.

Embarking from the hypothesis thBimcq1iS an NBS-LRR gene we should now
discuss the phenotypic effects observedRan..q: in comparison with the effects
associated with NBS-LRR bas@&dgenes involved in late blight resistance. To this
end we first need to give an overview of the défgrmodels of the potato — late
blight interaction, as they have appeared in thensiic literature (see Table 1).

33



Chapter 2

Table 1: Overview of various models used in literature to desthhe potato —
late blight interaction in qualitative and quantitative genetims.

Model Genes Literature reference
R-gene based resistance
(where often monogeniR-gene based resistance is implied)

1. Non-durable race specific R1-R11 (Black et al. 1953; Eideet al.

resistance 1959; Malcolmson 1969;
Malcolmson and Black 1966)

2. Broad spectrum resistance RB, Rei-ib1 (Song et al. 2003; van der

(race non-specific resistance) Vossenet al.2003)

3. Residual resistance R1, R1Q R11 (Stewartet al.2003)

QTL based resistance
(where often a polygenic and n&gene based resistance is implied)

4. Field resistance iR-gene (Colonet al 1995; Landeet al

free cultivars 1995; Turkensteen 1993)

5. QTLs involved in Various QTLs (Collinset al. 1999; Leonards-

resistance Schipperset al. 1994;

(with or without correction Oberhagemanat al. 1999);

for plant maturity) (Bormannet al.2004; Viskeret
al. 2003)

Different models of potato — late blight interactim

The most intriguing distinction between late bligbsistance models is based®n
gene based and ndhgene based resistance. This distinction is of @nym
importance, because in genefgene based resistance is assumed to be race-
specific and not durable, whereas rigene based resistance should be durable,
race-non-specific, and thus valuable (van der Pl48k8). TheR-gene based
resistance is based on monogenic factors. The@ssstance model in Table 1 “non-
durable race specific resistance” refers to $helemissunderivedR-genes which
were soon defeated once cultivars were grown gefascale. Although lumped in
one model, there are differences between the sftddhesdr-genes. SomB-genes

are known as stronger effe®X, R3 or weaker effecR-genes R10. Furthermore,
although defeateds. demissurR-genes such aR2 still offer protection in certain
growing areas (Pilatt al.2005) which might be explained by a proportioref
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P. infestangopulation participating in the epidemic carryihg &virulence factor to
R2. Although increased deployment of cultivars wiR2 is unlikely to make a
lasting contribution to late-blight control.

The second resistance model “broad spectrum resista refers to S.
bulbocastanumderived resistance (Sorey al. 2003; van der Vosseet al. 2003;
van der Vossemt al. 2005). Because this resistance is based on tlad N&5-LRR
type R-gene, we assume that broad spectrum only indithéesurrent absence of a
compatible race. There is no reason to assumettiratlurability of these newly
deployedR-genes would differ from the durability experiendedthe 28" century
with S. demissunderived resistance. Therefore, we anticipate that I and 2°
model are not essentially different.

The third model “residual resistance” refers to tatribution of defeateR-genes
to the quantitative level of field resistance (Dueé al. 2003; Pedersen and Leath
1988; Stewartet al. 2003). A classical example of a residual effectlefeatedR-
genes has been presented for vardasthomonasesistance genes in rice (&i al.
1999). This term should not be confused with theZootal resistance observed
after vertical resistance has been defeated (vafPldek 1968). Here, the residual
effect is ascribed to the defeat€dgene itself (Durelet al. 2003). Therefore,
residual resistance should not be regarded asferatit model but an asset of the
normalR-genes belonging to the first model.

The fourth model “field resistance Rrgene free cultivars” was historically pursued
in response to the lack of duralf®egenes. Using old potato cultivars, Colenal
(1995) observed that current resistance ratingseleded well with ratings given
between 1929 and 1954. This suggests that old@otdtivars, free fronR-genes,
offer a stable and heritable source for resistaAttaough Colonet al (1995) have
noticed the correlation between plant maturity date blight resistance, they
suggested the presence of durable resistanceg actaddition to the maturity effect
(Toxopeus 1958). The stability of resistance Rbytophthora infestansn old
cultivars withoutR-genes (Coloret al. 1995; van der Plank 1971) resulted in a new
breeding strategy as promoted by Turkensteen (1888)Landecet al (1995).
However, stable field resistance as perceived hy dr Plank and Coloet al in
old potato cultivars, is to our opinion nothing tibie effect of plant maturity, and
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perhaps the residual effect of indigen@isuberosum enes. This view was also
strongly advocated by Allefst al (2005).

The fifth model “QTLs involved in resistance” igoresented by a number of studies
that were among the first to fully exploit the nmmiéar genetic tools and QTL
analysis. These studies embarked in general omgkemptions, that resistance is
phenotypically quantitative, race-non-specific guubsibly polygenically inherited.
The choice of the plant material in these studias largely influenced by the desire
not to re-identifyR-genes, but loci involved in partial, field or heoital resistance.
The major QTLs identified by the studies of LeomaBthipperset al (1994),
Collins et al (1999) and Oberhagemaret al. (1999) were always on potato
chromosomé and coincided with a QTL for maturity type. In apinion the major
QTL involved in resistance are essentially the samehe loci involved in field
resistance of the fourth model (van Eck and Jacold€96). Current methods of
data analysis include maturity as co-variable dui@TL analysis. Alternatively,
resistance data are corrected for plant maturitgtnity corrected resistance,
MCR), hence leaving the residual variance as trailue (Bormannet al. 2004;
Visker et al. 2003). In view of our remarks on the fallacy dldi resistance ifr-
gene free material, we assume that MCR is causegtibgs that belong to the NBS-
LRR family.

Sifting through these views on the potato — latghtlinteraction, we construe that
in essence, resistance is determined by two faotdss plant maturity andR-genes
that belong to the NBS-LRR family. The latter factan be subdivided in stronger
and weaker effecR-genes, broad spectrum and race speé&igenes, brokerr-
genes with larger or smaller residual effects, Hvertheless, all these classes are
to be ascribed to NBS-LRR genes and the underlgiigjtor — receptor model
(Allefs et al. 2005; Kamouret al.1999).

Evaluation of Rpime: iN relation to current models of potato — late blght
interaction

Having described: (1) the phenotypic effectsRefncq: in different assays, (2) the
gquantitative and qualitative genetic analysis af thsistance, and (3) its genetic
position in anR-gene cluster on potato chromosofeve now wish to evaluatey;.
med1iN relation to the models of the potato — latgluliinteraction described above.
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Our quantitative genetic analysis &imcq1 resulted in explaining 50% of the
phenotypic variance. This suggests partial resistaas described in ouf"4nd %'
model, but our phenotypic observations disagreé wié commonly held views on
partial resistance. By definition, partial resigt@anresults in a reduced epidemic
built-up of the pathogen, notwithstanding a susbégtnon-hypersensitive infection
type (Parlevliet and van Ommeren 1975). Partidbtasce, due to genes with small
effects is thought not to be based on receptoit@licecognition (McDonald and
Linde 2002). The effect oRpimcar IS associated with an HR, followed by
sporulation. The HR is not in accordance with te@rdtion of partial resistance, but
fits closer with observations described by Vieestens et al (2000) where the
guantitative nature d®. infestangesistance is explained by differences in timihg o
HR induction and differences in percentage of céitplaying HR after infection,
possibly due to inadequate or delayed recognitibeligitors by weak-effecR-
genes. Their histological studies also indicatedt tht the cellular level, the
difference between compatible and incompatiblerattiions was quantitative rather
than qualitative in nature. This may result in pttgpes which have been described
by terms such as: restricted lesion, a restrictgdsporulating lesion, a spreading
and sporulating lesion. In particular the secoretaf Vleeshouwerst al. (2000)
demonstrates that HR is observed during all forfrgotato — late blight interaction
(susceptible, R-gene based and non-host resistahisgice HR and successful
infection are not a paradox.

Our S. microdontunderived BC2 mapping population was susceptibkaénn vitro
assay, susceptible in the detached leaf assay lwwled a delayed infection in a
field assay. Thén vitro assay is known to be very efficient, but also vegprous
and will only allow the identification oR-genes with strong effects, i.e. which
always show full resistance to aviruldpt infestansisolates (Huanget al. 2005).
Likewise the detached leaf assay is also more Maitbor R-genes with strong
effects (Vleeshouwerset al. 1999). From this perspectivéRpimca1 Should be
considered as am-gene with a weak effect. The phenotype R 1 thus
resembles the incompatible reaction of SiedemissundifferentialsR10andR11
(Huanget al.2005), supporting our conclusion th&.mcq1 may belong to the family
of NBS-LRR genes.
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We have never observed any race-specific intemadto Rpimcq: The 1-2 week
delay in infection in the field has been observemsistently in material from
various back-cross generations, and irrespectitheofate blight races (unpublished
results). The material is also used by commeraiaéders, who annually confirm
the consistent effect of delay of infection agaireidomly blown-inP. infestans
isolates. ThereforeRei.mcq1 Cannot be regarded as a brokemene (¥ model).
Neither carRpi.mcq1 b€ regarded as a gene involved in residual rmiete(%’d model),
because from a historical perspective Bgncq1 locus never conferred complete
resistance (was never unbroken), and all racemaiily sporulate (there is no
distinction between compatible and incompatibleegic

This effect results in the conclusion thHR4....q1 combines two features. It is both a
weak resistance gene, as well as a broad spectace (on-specific) resistance

gene. The value of a wedkgene in economic terms is nevertheless considzrabl
When infection is delayed for one week in orgaratafo cultivation, at a biomass

production of 1 ton per hectare per day, the ecanealue of such a delay exceeds
€1000,- per hectare.

For decades, it has been advocated that breedingufable late blight resistance
should require the screening of potato germplagnthi® absence d®-genes. These
non-durableR-genes only blurred the view on the level of p§rtiace-non-specific,
field resistance. To our opinion this is a flawégtegy and may have unnecessarily
removedR-genes from the potato gene pool. Moreover, it igaothe possible
residual effect of brokeR-genes, as was demonstrated by Steetzat (2003). The
Rri.mcar g€Ne described in this paper indicates that paesistance could well bie-
gene based. We conclude that NBS-LRR-genes, soe®iimblack and white, but
also in many shades of gray, all posses valuedading for late blight resistance.

This example ofRpimcqr illustrates the unwarranted relation between ptygr®
experimental approach and scientific model. Norphlis phenotypic differences
should not necessarily be addressed by a quawntitgéinetic approach. Quantitative
genetic studies should not necessarily result ih€dnd excluddr-genes from the
hypothesis tested. In our opinion, the distinctioat R-gene based resistance should
always give absolute resistance and partial rewistés always mediated by QTLs
should be re-evaluated.
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Pyramiding of late blight resistance genes

Abstract

Despite efforts to control late blight in potatd®s introducingR-genes from wild
species into cultivated potato, there are stilloswns regarding the durability and
level of resistance. PyramidiriRrgenes can be a solution to increase both dunabilit
and level of resistance. In this study, two resista genesRpimcdr and Reiper
introgressed from the wild tuber bearing potatocgseSolanum microdonturandS.
berthaulti were combined in a segregating diplof#l tuberosumpopulation.
Individual genotypes from this segregation popaolativere classified into four
groups, carrying n&®-gene, with onlyRpi.mca With only Reiner, and a group with the
pyramidedRpi.mcq1 aNd Reiper By means of flanking molecular markers. The lewdls
resistance between the groups were compared ield dxperiment in 2007. The
group withRei.mca1 Showed a significant delay to reach 50% infectibthe leaf area
of three days. The group wifRiner Showed a delay of three weeks. The resistance
level in the pyramid group suggested an additifecefof Rpi.mcqr With Rpiper- This
suggests that potato breeding can benefit from aunmdp individual R-genes,
irrespective of the weak effect Bfimcq10r the strong effect dRpiper.

Additional keywords: late blight, potatd&-gene,Solanum microdontumSolanum
berthaultii, stacking.

Introduction

Late blight, caused b¥hytophthora infestands a ruthless disease causing great
losses in potato yield. One of the solutions hasnbthe use of chemicals. The
International Potato Centre (CIP) estimates thatgl billion dollar per year is spent
on fungicides to control late blight in the US, &pe and developing countries
(http://gilb.cip.cgiar.org/what-is-late-blight/ecomic-impact/social-impact-and-
economic-importance-of-late-blight/). The loss inielg is nevertheless still
considerable, and in addition, the environmentessffrom the use of fungicides. In
the 1900's, the first successful breeding efforeyevundertaken to raise resistance
levels of potato varieties by hybridization withldvpotatoes (Salaman 1910). Eleven
R-genes R1-R1)), introgressed frons. demissumwere the first ones to be used in
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potato cultivars. But unfortunately soon after timtroduction of many potato
cultivars withS. demissum Benes in the 1950’'s and 1960’s, the resistanceegrov
not to be durable. For a period of time, the prawgistrategy to achieve a durable
solution againstP. infestanswas thought to be the use of horizontal (race-non-
specific) resistance instead Rfgenes in potato breeding (Colehal. 1995; Landeo
et al. 1995; Turkensteen 1993; Chapter 2). Potato gerstghowing a hypersensitive
response tdPhytophthoraraces were discarded, because the non-duiigienes
would only blur the view on the level of horizontakistance. Breeding for late blight
resistance would requirdr*gene free” germplasm (Turkensteen 1993). Thidesiya
has not provided any improvement , mostly becadsth® inevitable correlation
between resistance and late maturity (Simko 20B@)thermore, it might be a valid
assumption that residual effects of defed®egenes could be a factor in horizontal
resistance (Stewasdt al. 2003; Chapter 2). These days the focus is bacR-gane
mediated resistance (Alleft al. 2005). Since the discovery of tise demissun®-
genes, a wide range of wigblanumspecies have been identified as potential sources
for more R-genes, e.g. species in the Dutch-German potatection (Ross and
Baerecke 1951; Van Soextal. 1984). Eventually, the resistance geRgs.; from S.
berthaultii (Ewing et al 2000),Rsi mcqa1from S. microdontunfChapter 2) and fouRr-
genes fronB. bulbocastanunRB/Rei.pi1, Rei-vinz, Rei-bibs @Nd Rei.anpt (Parket al. 2005a;
Parket al.2005b; Songpet al.2003; van der Vossegt al.2003; van der Vossegt al.
2005) have been characterised. Currently, thRggnes are being deployed in
breeding programs and onBef,n2) iS present in the commercial potato varieties
“Toluca” and “Bionica” after more than 40 yearstrdditional crossing and breeding
efforts (Hermsen 1966However, not all of thdR-genes render absolute levels of
resistance in the practical field situation. Woiseghe expected durability of these
newly identifiedR-genes, as there is no reason to assume a longaility of the
new R-genes than oR1-R1], especially since these nd¥genes have to oppose
faster evolution rates d?. infestanswith the introduction of the A2 mating type in
the 1980'’s.

Pyramiding (major)R-genes can be one solution to improve on both dityabnd
level of resistance (Nelson 1972). Pyramiding & dlscumulation ofR)-genes into a
single genotype or cultivar and can be achievedgusiajor R-genes, defeateB-
genes, different alleles of one gene, or the sdhales (allele-dosage). Although the
potato cultivars such as Pentland Dell (1961) asdoE (1982) demonstrate that
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breeders were involved in pyramiding a long time,aa surprisingly limited number
of scientific reports have been published quantiythe effects of pyramideRlgenes
in different plant-pathosystems. Barlat al (2007) showed a higher level of
resistance against cereal cyst nematodes in wheeat wyramiding resistance genes
CreX andCreY. Several groups have reported on the pyramidinaaterial blight
resistance genes in rice and observed higher amsist levels and obtained
additionally, a broader spectrum of resistance (tduet al. 1997; Singhet al. 2001,
Yoshimuraet al.1995; Zhanget al. 2006). When pyramiding multiple QTLs involved
in resistance against barley stripe rust, Richar@s@l (2006) reported higher levels
of resistance as achieved with individual QTLs. V¢hs most studies show an
additive effect of pyramiding tw®-genes, the study of Sharraaal (2004) did not.
Marker-assisted pyramiding of the brown planthoppesistance geneBphl and
Bph2 on rice chromosomé@2 resulted in a resistance level of the pyramidee i
equivalent to that of thBphZlsingle introgression line.

Slightly different are the examples of studies lom ¢ffect of allele-dosage. Toxopeus
(1957) observed no addition&l. infestansresistance in dupleR; or triplex Rs
genotypes compared to simpl&s genotypes. Likewise, no effect of allele dosage
was observed in a study witd;, an R-gene againstlobodera rostochiensis
potato, where numbers of developed cysts were eqnabenotypes containing
simplex or multiplex copies of the,; gene (Brodie and Plaisted 1992).

In this paper we describe a potato field trial iniet the effect of pyramiding twB.
infestans R-genes on late blight resistance is studied. The Rsgenes Rpiper
(chromosomel0) and Rpimcar (chromosome4) used for pyramiding have been
described in literatureReimcq1iS described in Chapter Reipe, Originating froms.
berthaultii, was reported as a ndevgene by Ewinget al (2000) and Rauschet al
(2006). According to information on internet by Dr.Jones, there are tvigenes
located on chromosomelO0 of S. berthaulti named Rpipert and Rpipers
(http://www.ayeaye.tsl.ac.uk/index.php?option=conmtent&task=view&id=98&Ite
mid=59. They are both roughly in the same position asgieviously identifiedrp;.
ber (Ewing et al. 2000; Rauscheet al. 2006).Repiner1 may be the same gene Rsper.
Because we were uncertain if tBe berthaultiiresistance from our accession CGN
17823 / PI265858) was the same locus as the prayiadentified Rpipe, We
confirmed its map position using data from a fielgperiment. The data of this field
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experiment also confirmed that the resistance coadeby Rpipe; is NOt absolute, but
can be described as strong in effect. To studetfeet of pyramiding, it is necessary
that both use@®-genes do not give absolute resistance. From oarepyperience with
Rri.mcaz @NR-gene originating frons. microdontumwe knew that thiR-gene gives a
weak resistance tB. infestandn a field trial (Chapter 2). Since boRigenes don't
give absolute resistance, we deemed them suitablstddying putative quantitative
differences in resistance level when pyramidingéfegenes.

We developed a pyramiding population by crossing tliploid parents that were
both heterozygous for one of tliegenes. In theory, the full-sib offspring can be
divided into four groups, carrying riegene, with onlyReimeq, With only Reiper, and

a group with the pyramideRpsi.ncs1 and Rpipe. The advantage of making one
pyramiding population instead of comparing cultssaith different and combine@-
genes, is that the genetic background of the graupsme population is on average
the same. The four groups cannot be differentiitedate blight assays, unless the
different resistance spectra (if any) of tR@enes can be used. However, because the
genetic position of botR-genesRpiper aNdRpi.mcqr are known, we could make use of
molecular markers flanking tHe-genes. These molecular markers proved an accurate
tool to genotype the pyramiding population and gisgshe genotypes into the four
groups.

Materials & Methods

Plant material and P. infestans resistance assays

Two segregating diploid populations were develofét first population RH97-739
(see Figure 1) was developed to verify the maptiposiof Reiner and to develop
flanking DNA markers. The second population RHO3-4@&ee Figure 2) was
developed to identify four groups of descendantbauit, with either or botR-genes.
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SH 83-81-47 X BER 10063-3

RH88-058-38 X RH87-380-7
RH91-172-2 X 94-2031-01
RH97-739

Figure 1. Pedigree oRpiner mapping population RH97-739 used to develop
flanking markers.

SH 82-48-167 X MCD 18302-34 SH 83-81-47 X BER 10063-3
RH87-t83-24 X SH76-128-1857 RH88-058-38 X RH87?380—7
RHQO-tl38-2‘I X 94-20¢31-U1
RHO§-424

Figure 2: Pedigree of pyramiding population RH03-424 witiainbines none,
either or both th&®-genes fronSolanum microdontumndsS. berthaultii

The first population, which was used to charactetise Rpi.,er gene used in this
experiment was derived fror8. berthaultiigene bank accession CGN 17823 /
P1265858. This gene might differ from tRegene from thes. berthaultigene bank
accession P1473331 (Ewirgd al, 2000 and Rauschet al, 2006). To verify that the
position of bothR-genes Reipers @nd Rpipe) iS identical, a disease assay was
performed with the interspecific mapping populatRr97-739 (Figure 1). Eighty-
eight genotypes were tested in a field experimer2d05, as well as in a detached
leaf assay, whereas the population size for maakatysis was 79 descendants. The
field assay was performeth duplg in a randomised complete block design.
Inoculation took place with a spore suspension cdraplexP. infestangsolate IPO-
82001 (race 1,2,3,4,5,6,7,10,11) as described bgdHouwerst al (1999). Infection
was scored 18 and 25 days after inoculation. Theotgpes could be scored in a
qualitative fashion and were classified as eitksistant when infection was50% of
the average leaf area or susceptible wh&8% of the average leaf area was infected.
The detached leaf assay was performed with leasiéected from greenhouse plants
and were testeth duplo as described by Vleeshouwetal (1999). The cultivar
Bintje and parents RH91-172-2 and 94-2031-01 waentuded as control plants.
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Complex isolates IPO-82001 (race 1,2,3,4,5,6,7100,And IPO-90128 (race
1,3,4,6,7,8,10,11) were used to determine leabtaste. Inoculation was performed
as described in Vleeshouweets al (1999) except that the concentration of the
inoculum was adjusted to 5 x 2l#oospores/ml. In case of discrepancy between field
and detached leaf assay results the field data eemmed most reliable.

The second population, also referred to as thenpgiag population RH03-424
(n=93) descended from a cross betw&pp,q1 donor RH90-038-21, a BC1 @&.
microdontumaccession BGRC 18302 (CGN21342) dRgl,er donor 94-2031-01, a
BCL1 of S. berthaultiiaccession BGRC 10063 (CGN 17823 / P1265858). Hukigpee
of RH03-424 is presented in Figure 2. The resigageneReimeq1 IS located on the
short arm of chromosomé& and gives a delay of infection B infestansFor more
details concerning the resistance gBag..q» We would like to refer to Chapter 2.

In 2007 a field assay was performed on 93 indiMslid pyramiding population
RH03-424. The location of the field was the “Hoger®, in the area near
Wageningen, NL on sandy soil. Experimental desigis @ randomised complete
block design, in two replications. Per replicatidrtubers per genotype were planted.
Astarte, Bildtstar and Eersteling were used asdstats. Tubers were planted at the
17" of April. Inoculation took place on the 2®f June with a spore suspension of a
complex P. infestansisolate IPO-82001 (race 1,2,3,4,5,6,7,10,11) axriteed by
Vleeshouwer®t al (1999). Foliage infection levels were scored ittes during 6.5
weeks. The percentage of diseased leaf area wasdegton a scale comprising 16
classes, corresponding to 0, 1, 2, 5, 10, 20, .,.98095, 99, 100 percent diseased
leaf tissue. The four plants per genotype wereestas one experimental unit.

Maturity type was observed on a fungicide protedteld experiment, on clay soil, in

August of 2006 and 2007. Maturity type was scowrgaroximately 130 days after
planting on an ordinal scale ranging from 2 (graed vigorous; late to very late) to 6
(yellowing and plant is sagging) to 9 (dead; veaylye plant types). Four plants per
genotype were treated as one experimental unitei®asons of 2006 and 2007 were
averaged.

Maturity Corrected Resistance (MCR) was obtainedemsally as described by
Visker et al (2003), where MCR is estimated from the initiasistance value using
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maturity as co-variate. MCR thus represents théeminhce between the observed
resistance value and the resistance value as expegtven its maturity. When
resistance and maturity data from this populatiorirem potato cultivars from the
Dutch National List are plotted in a graph, theresgion slope of their correlation is
approximately -1. This means that one unit gairnthematurity scale is decreasing
late blight resistance with one unit (Visker 2009herefore, MCR values (or
residuals) can be obtained easily by calculatiregroportion of leaf area infected
minus maturity value, where maturity was adjustethe late blight scale (0-100) by
multiplication with a factor 10. To display MCR was in a graph along with
uncorrected resistance, the MCR values were ineceasth a constant value that
equals the average maturity of the population. (MERIiage infection — (maturity
value x 10) + (average maturity x 10)).

Genomic DNA extraction

Genomic DNA was isolated from young leaf materiagrvested from young
greenhouse grown plants, as described by van deedal (1992). Fresh tissue was
ground at room temperature in STE-extraction buffigh steel balls using a Retsch
machine (Retsch Inc., Haan, Germany). All volumiethe DNA extraction procedure
were adapted to 2 ml deep 96-wells Costar platasni{@g Inc., Corning, NY,
U.S.A).

DNA marker assays

The verification and mapping of th&i.,er gene was performed with CAPS markers
CT214 (Rauscheet al. 2006) and TG63 and SCAR marker Q133. TG63F2/R2
primers were newly developed on TG63 DNA sequentea ogenotype ofS.
berthaultii accession BGRC 10063 (CGN 17823 / PI265858) araglifwith
TG63F1/R primers (Rauschet al.2006). Marker Q133, was newly developed using
DNA sequence information (Genbank AF404451) of sifance Gene Analogue
which maps to chromosom#0 of tomato (Panet al. 2001). Genotyping of the
resistance locueimcq1 Was performed with chromosomdespecific CAPS marker
TG339 (Chapter 2). All primers were developed wittimer3 software (Rozen and
Skaletsky 2000). Primers and PCR conditions atedis Table 1. Subsequently, the
flanking molecular markers were tested for usagbiit the parents of the pyramiding
population because it might be possible that polpmiems found in one population
can not be used in other populations. However, nadirkers were usable for

49



Chapter 3

genotyping RH03-424 with the restriction enzymemntified in theRpi.mcq1 OF Rpiper
mapping population. The molecular markers allowedgyramiding population to be
divided into 4 groups: (1) witholwR-genes, (2) withRpi.mcq1 present, (3) withReiper
present, and (4) containing bd&genesRpi.mcart Reiver Pyramided.

Table 1: Overview of the markers, primers and PCR conditised in this

study.
Marker  Primersequences 53’ Annealing temperature RE Digestion
and extension time
CT214 F: AACGCGAAAGAGTGCTGATAG Tm 60 °C, 60 sec Ddd

R2: CCCGCTGCCTATGGAGAG T

TG63 F2: TCCAATTGCCAGACGAA Tm 55 °C, 75 sec Bmel390I
R2: GAGAAGGCCCTTGTAAGTTT

TG339 F:GCTGAACGCTATGAGGAGATG Tm 56 °C, 90 sec Mnll
R:TGAGGTTATCACGCAGAAGTTG

Q133 F: TCATCTCCTCAAAGAATCAAG Tm 50 °C, 30 sec
R2: ATCTCCCCATTGACAACCAA

Linkage map construction of Rp;.per

The marker order of chromosorti® specific markers Q133, TG63, CT214 including
Reiner Was determined by RECORD (van @sal. 2005a) and visually inspected by
graphical genotyping the raw data in MS-Excel uding conditional formatting of
cells conditional to marker genotype and linkageaggh Map distances were
calculated based on the frequency of recombindt@ween the markers, and in view
of the short distances no adjustment for putatmgbte cross-overs was made.

Statistical analysis

Analyses were performed with MS-Excel and comprisieel Chi-square test for
goodness-of-fit and the analysis of group diffeemndn resistance level in the
pyramiding population using a 2-sidetest assuming unequal variances.
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Results

Mapping of Rpiper

The response of the genotypes of Rag,er mapping population RH97-793 in the field
assay could be scored in a discrete fashion, wih@ngenotypes could be scored as
resistant € 50% infection of average leaf area) and 37 asepide & 95% infection

of average leaf area). Two genotypes could not dzwed unambiguously. The
detached leaf assay showed the same segregatiennpas compared with the field
assay, except for 4 differences, probably misdiaasions due to mildew infection in
the detached leaf assay. Therefore, subsequernyisanbhve been based on results of
the field assay. Chromosom® specific marker loci Q133, CT214 and TG63 are
closely linked with the locus for resistance, atalices of 6.4 cM, 5.1 cM and 1.3 cM
respectively, north oRpine. The order and distances of the markers towB g,
was determined by 5 recombinants, and one singlatomker observation.

One of the 5 recombinants suggested the positidrG&3 to be located north &%;.
ber- While taking this marker order, another descetdaith an ambiguous resistance
phenotype then resulted in a singleton. Only ther@tive marker order with TG63
south of Rpi.ner Would remove this friction, but would cause majction in the
recombinant with an unambiguous late blight phepeiyl herefore the marker order
as shown in Figure 3 is the most plausible ordgudged from the marker data.

10

Q133
1.3

CT214
3.8

TG63
1.3

RPi-ber

Figure 3: Genetic map of part of chromosoh®of paternal resistant parent 94-
2031-01 including the location & per.
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Analysis of the pyramiding population RH03-424 withmarkers flanking Rpimcd1
and Rpi-ber

To identify which of either resistance genes aresent in each offspring of the
pyramiding population (n=93), molecular markersKimg theR-genes were used.
The pyramiding population RH03-424 could be diffaéigted into 4 groups: (1)
without R-genes, (2) withRpi.meq1 present, (3) withRpiper present, and (4) containing
both R-genesReimcart Reiber pyramided (Table 2). The observed segregatiorepatt
into the four groups deviated significantly fronetaxpected 1:1:1:1 ratiqy = 16.7;
p<0.001). This deviation is largely due to an overesentation of resistant genotypes
having theRoiper allele (63:30), whereas thy g1 locus hardly deviates from a 1:1
segregating ratio (56:3%{ = 3.88;p=0.05).

Table 2: Observed segregation of the descendants of the pyrampapulation
RHO03-424 into four groups; witholR-genes, withRpi.meq1 present, withRpi pe;
present, and containing boRigenesReimcart Reiver @according to the flanking
molecular markers on chromosorhand10.

+ Reiper - Rei-per
+ RPi—mcdl 37 19
- RPi—mcdl 26 11

Evaluation of the resistance level in the offspringf the pyramiding population
The results described below will first addresseffect of the individual genes (R}
meaz@Nd (D)Reiver, respectively, (c) their interaction and (d) tiieets after correction
for maturity type.

(a) R-gene free group VSRpi.me group:

One week after inoculation, thiegene free group had an average foliage infectfon o
66% (Figure 4). The group with descendants withRh&,.q;: allele showed infection
as well, but to a lesser degree with 46% infectibithis time point. The difference
between the groups with and without tRg.mcq1 allele was significant from 7 dpi
until 14 dpi (2-sided t-test, df = 24-2[3<0.05), with the largest effect at 9 dpi £
0.0027). The difference was no longer significant adays post infection (dpi) and
later time points, when both groups with or withd®t .41 approached 100%
infection.
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0 5 10 15 20 25 30 35 40 45
—
days

——No R-gene - R, ..y & Rp,o, 8 Rpipcar + Rpiper

Figure 4: Late blight disease progress curve in propodioleaf area infected
across 45 days post infection (dpi) of the four groupgyofmiding population
RHO03-424; withoutR-genes, withRpimea1 present, withReiwer present, and
containing bottR-genesRei.mcart Roiver- Error bars indicate the standard error of
the mean.

(b) Resistance level ORp;_per

The difference in infection level between the gmupth or without theRp; e allele

is much larger compared to the effect caused byRpg.q; allele (Figure 4). When
the foliage of plants from thie-gene free group is more than 90 % infected Rifige
bearing groups remain almost free frdM infestanssymptoms, with an average
degree of infection below 5%. This absencd?ofnfestandnfection as the effect of
the Rpiper allele, remains until 24 dpi, a full 3 weeks longkan theR-gene free
group, as well as th&pimc1 group. Reiper does not provide absolute resistance
however. At 24 dpi these plants also start to shate blight infection. In this
experiment, the genotypes wiia; ; passed the level of 50% infection on average at
36 dpi, six times later than the-gene free genotypes and 4.5 times later than

genotypes WithRpi-mcqz:
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(c) Effect of pyramiding Rei.mcd1+ Roiber

From the first observation date, the presence ®Rh, allele has a more noticeable
effect as compared to the presence ofRhg.q: allele. The effect of pyramiding of
the two resistance genes can only be observed thiegplants having thp.,.; allele
(with or without Rei.mcqy) @lso show infection. A significant contributio-gided t-
test, df = 45-48p<0.05) of theRpimcq1 allele in plants withRpiper is observed from 35
dpi and remains significant till 37 dpi, with thardest effect observed at day 35
(p=0.026) (Figure 4). Considering that the genetickijeound of theRp;e; group and
the pyramided groups are on average the same, n@uce that the difference in
resistance level is due to the additive effechefRp;mcq1allele. The magnitude of this
effect is comparable with the difference observetivieen théR-gene free group and
the Rei.mca1 group: 50% infection is achieved 3 days latehim pyramided group than
in the group containing only thHey; e allele.

(d) The effect of plant maturity on late blight infection

Within each group there is considerable variationthie level of infection per
genotype, where some genotypes containingRhe. allele may have a level of
infection which is lower than some genotypes inglhegamided group. The infection
of both theRpiper groups begins at 24 dpi, which is 3 months aftantng, long
enough for first early cultivars to end their lilgycle. Maturity types in the
pyramiding population varied between 4 and 9 witheman of 6.9 on a total scale of 1
to 9. Differences in maturity type could potengaihfluence the level of late blight
resistance. The strong correlation betw@&ennfestansfoliage resistance and late
plant maturity resulted in the use of maturity ected resistance (MCR) (Bormaah
al. 2004; Viskeret al. 2004). Therefore, we re-analysed our late bligidistance
observations using a maturity corrected datasetgrsvHate blight resistance is
compensated for the effect of maturity. MCR wascualalted in this study by
subtracting maturity values from leaf area infecti@lues, but adding up the average
value for maturity of the population, leaving tesiduals. This is a simple and valid
approach, because analysis of variance compondrawes that the variance
contributed by maturity is of the same magnitudehasvariance contributed by the
R-gene composition.

In Figure 5, the effect is illustrated of this amtion for maturity on late blight
infection at 35 dpi. When comparing the maturitycamected (Figure 5a) vs. the
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maturity corrected (Figure 5b) analysis, it becorapparent that the correction for
maturity slightly improves the difference in reaiste levels between tiRp; per group
and theRpiper + Rpimear group. In addition, the correction for maturity veed the
standard error of the group mean. Removing therbg¢meity in maturity between
plants within the four groups thus allowed a mareuaate assessment of late blight
resistance differences due Rsgene composition. The correction for maturity also
confirmed that quantitative variation in the obsehlevel of infection was not only
caused byR-genes but in part caused by maturity. Lastly, thegunity corrected
analysis showed that the effect of pyramiding rematatistically significant for a
much longer period, from 31 dpi until 39 dpi (9 daynstead of 3 days (2- sided t-
test, df = 47-50p < 0.05), with the largest effect at 35 dpi< 0.0014). In Figure 6,
the progress in time of the maturity correctedaigdi infection for the four groups is
illustrated.

a foliage infection b MCR 35 dpi
35 dpi
10{ — = 10{ 5 =
8- 8-
6 6-

4 |—1—‘ 4- ﬂ
2 - ’—I—‘ 2
0 ® T N T T 1 0 & . ; ! ﬁ
$ e o o § o o o
o o°
l ¥
Figure 5: (a) Group averages of foliage infection at 35 () Group averages

of maturity corrected resistance (MCR) at 35 dpi. Error badécate the
standard error of the mean.
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MCR

0 5 10 15 20 25 30 35 40 45
days

——No R-gene ——R;, s, & Rp.,, 8 Rpipcar + Rppse,

Figure 6: Late blight disease progress curve in propodfoleaf area infected
corrected for maturity type across 45 days post infectioi) ¢fiphe four groups
of pyramiding population RH03-424; witholR-genes, withRsi. 41 present,
with Rpiper present, and containing botR-genesReimcart Reiver MCR =

maturity corrected resistance. Error bars indicate the stapdardof the mean.

Discussion

The individualR-genes used in this study have been describedeiefditerature.

The phenotypic effects of resistance basedR@n.q; are described in Chapter 2. It
was then estimated thBbi.mcq1 Causes a delay of infection of about 1-2 weekshim
experiment though, genotypes wih,..q1 pass the level of 50% infection on average
3 days later thaR-gene free genotypes. The shorter delay of infadhip Rpimcqgr iN
this experiment is likely caused by the relativebld and humid weather favouring
rapid late blight development in the summer of 2007

Rauscheret al (2006) mappedRpiper 5.1 ¢cM south of marker CT214 and 0.6 cM
north of marker TG63. The resistance we observedhia study mapped to
chromosomd.0, close to marker TG63, but 1.3 cM south of marke63CGAlthough
the position of marker TG63 relative Ry, differs in this study with the marker
order shown by Rauschet al, we do not wish to draw strong conclusions oryonl
one recombination event. Therefore we cannot ptesamclusive evidence that this

56



Pyramiding of late blight resistance genes

resistance is a different locus as the previouslyortedRpine. The difference in
position of marker TG63 could be attributed to dajsositive/negative marker or
phenotypic scoring which can make a large impacerwklealing with a small
population and a small number of markers. An a#téve explanation could be that
marker TG63 is located inside (and thus flanked &aylarge cluster oR-gene
homologues. The use of one accession or anothessioa with different functional
members of the cluster could lead to alternativppitay orders.

The objective of this research was to pyramid twocfional R-genes originating
from wild potato species in @. tuberosunbackground and to compare the resistance
level of those pyramideR-genes with the level of the singkegenes. We combined
Reimear With Reiper. Both R-genes confer incomplete resistancePtoinfestansbut
greatly differ in their effect. Th&e.mcq1 gene offers a small but significant reduction
of the infection, lasting only for a short periotiile theRq; e resistance gene offers a
strong effect. It took 36 days until 50 % of theeege leaf area was infected in plants
that carry theRpi e resistance gene. In the field trial the plantshwite Rpiper
resistance gene did not confer immunity duringghgre growth cycle. The failure of
the resistance by the end of the growing cyclenisuanually observed phenomenon,
known from other trials and years using this genetaterial (data not shown). This is
best explained by the physiological ageing of tlaa{ Pyramiding oRpi.mcq1 aNdRp;.

er resulted in a higher level of resistance. Thisiéé an obvious conclusion that
should have been expected before starting thisremest. In view of the large effect
of the Rpiper gene until late in the growing season, and in vidwhe short delay of
infection at the begin of the infection period wauld also have expected that the
effect of theRpi.ner gene would entirely surpass the modest effech®Rbi.mcq1 gENe.
The resistance level in the pyramid group showeddditive effect 0fRpimcq1 With
Reiper Without clear evidence for a ‘law of diminishingturns’.

In our experiment we used a large population dfdis. This sibling structure would
on average nullify the interaction between a spegénetic background and the
genes. One example of such an interaction is tflaeimce of maturity type on
resistance level, irrespective Rfgene composition. This experimental design proved
to be effective, because it allowed us to compensat maturity effects. In our
experiment, the magnitude of the effect causedbyrtdividualR-genes was slightly
obscured by variation in maturity. When resistalesels were corrected for maturity
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type, the difference between pyramided and thelesiRg e, resistance levels stayed
significant for a longer period of time: nine dagstead of three days.

The pyramiding ofR-genes is a valid strategy if the anticipated bénheixceed the
breeding efforts. It is debatable if an infectiaglay of a couple of days is valuable. In
our pyramided group, the resistance level Ryf,er was complemented by the
resistance level ORpimcar Rrimedr IS known to be effective for a limited period.
Therefore, improvement of resistance levels woddrimre economic when usifyy
genes with stronger effects. Irrespective of theglexities of natural infection with
late blight, our findings indicate that combininigetR-genesRpimcd1 aNd Rpiper iN
potato is useful. In view of the additivity of tleffects of theRpi.mcs1aNdReier gENES,
and the lack of evidence for the ‘law of diminishineturns’, we recommend the
development and analysis of potato clones with tamdilly pyramidedR-genes to
investigate the hypothesis that resistance levelaparable to non-host resistance
might be feasible (Heath 2001; Jeuken and LindB00R).

More important than economic considerations, tha&tegy of pyramidindR-genes is
valued because of epidemiological and evolutior@mysiderations. Besides raising
the level of resistance, pyramidirfiggenes might contribute to the durability of
resistance. The pathogen would need double or preilthutations to overcome the
resistance. The durability of &gene can be perceived as the evolutionary potentia
(mutation and recombination) of the plant pathoge@avoid R-gene recognition. In
that caseR-gene durability is based on the evolution of dffeanolecules and the
indispensability of their current function. But whdiscussing durability of single or
pyramided R-genes, one should be aware that durability canbeopredicted in
advance, but can only be reflected upon by hisdbr&valuation. To ensure a
maximum lifespan of arR-gene though, it is important that sindgtegene and
pyramided plants are not deployed simultaneoudhe 3ingle-gene plants would in
that case provide a “stepping-stone” for pathogémsovercome each of the
pyramided resistance genes (Zlg@l.2003).

Cultivars with pyramidedR-genes can be developed by traditional and time
consuming breeding or with genetic modificationn@c modification is assumed to
be a fast way to insert two or mdRegenes into an existing variety. A huge benefit is
that undesirable linkage drag from the wild potgemome, causing for example an

58



Pyramiding of late blight resistance genes

elevated glycoalkaloid content, is prevented. Mdghe R-genes againg®. infestans
originate from crossable wild potato species. Tlreeethe GM product should not be
considered as transgenic but as cisgenic (Jacaos#rschouten 2007). As long as
public acceptance for genetic modification is lagkiin the EU, classical
introgression breeding is required. One positiyeasof the use of diploid progenitor
lines is the high frequency of gene transfer ob¢hgenes to the tetraploid potato via
4X-2X crosses. On average 80% of the heterozy&oegisne in diploids will result in
tetraploid offspring with a simpleR-gene due to First Division Restitution of the
unreduced male-gametes (Hermsen 1984). Moleculakersa can facilitate the
selection of superior descendants by tracingRigeenes in the breeding process and
removing linkage drag efficiently.

In this paper we have tested the hypothesis wheaiherot pyramiding is a valid
strategy. There was rapriori expectation on the added value of the wed¥ghcq:
locus in the presence of the stronBel,er locus. Our results suggest that pyramiding
can result in an additive effect of the individggnes on the level of resistance. In
our opinion, potato breeding can benefit from carimyg individualR-genes.

Acknowledgements: We gratefully acknowledge ReniésAfor technical assistance
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GpaXly, from S. tarijensegives resistance 8. pallida

Abstract

Resistance t&. pallida Rookmaker (Pa3), originating from wild spectgstarijense
was identified by QTL analysis and can be largedgribed to one major QTL.
GpaXl explained 81.3 % of the phenotypic variance indisease test and mapped
to the long arm of chromosoniEl. Another minor QTL explained 5.3 % of the
phenotypic variance and mapped to the long arnmi@mosome. Clones containing
both QTL showed no lower cyst counts than cloneth vainly Ganltar. After
Mendelising the phenotypic dat&paXl. could be more precisely mapped near
markers GP163 and FEN427 thus ancho(B*pgaLXLar to a region with a knowiR-
gene cluster containing virus and nematode resistganes.

Key words: Potato cyst nematode, monogenic resistgrotatoSolanunspecies

Introduction

The white potato cyst nematode (PGBIpbodera pallida(Stone) is a major pest in
potato. Control of PCN takes place with nematicidaep rotation and (partially)
resistant cultivars (Trudgilet al. 2003). The cultivated potat&olanum tuberosum
ssp.tuberosumis not resistant t@&loboderaspecies. Wild species of potato have
been used over the last decades to transfer mesgstato potato cultivars. Early work
on resistance breeding has been concentrated orellogv potato cyst nematode.
rostochiensis although the distinction betweéd. rostochiensisand G. pallida has
been introduced only since 1974 (Stone 1972). RBmeeducceeded in producing
potato cultivars resistant 8. rostochiensispredominantly by incorporating thél
gene fromS. tuberosunssp. andigenaCPC 1673 (Ellenby 1952; Huijsman 1957,
Ross 1979). Since the discovery ldil, many more resistance genes agai@st
rostochiensishave been identified (reviewed by Gebhardt andk&atn 2001). Due
to the extensive use . rostochiensisesistant cultivars;. pallidapopulations, free
of competition fromG. rostochiensishave become the majority of the cyst nematode
pest population in Europe. Great emphasis is naeegal on producing varieties with
resistance against a broad spectrum of populaijpilasicock 1996; Turner 1989).
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While breeders succeeded in producing potato vesieesistant t@. rostochiensis
breeding for resistance t&. pallida was initially hampered by the seemingly
guantitative inheritance of the resistances fitshitified inS. verneandS. tuberosum
spp.andigena(Dale and Phillips 1982; Ross 1986). The resigtdngathotypes Pa2
and Pa3 fromS. tuberosumnssp. andigenaCPC 2802 was at first thought to be
monogenic (théd3 gene) (Howardet al. 1970), but was later proven to be polygenic
(Dale and Phillips 1982). The higher diversity lo¢ G. pallida populations compared
to G. rostochiensigpopulations also hampered incorporation of effectiesistance
(Folkertsma 1994; Schnigit al. 1990).

Monogenic resistance t&. pallida has been identified, some appear to be only
effective against specifi&. pallida populations, such as thd2 locus fromS.
multidissectum conferring resistance t&. pallida populations of pathotype Pal
(Dunnett 1961), and th@pa2gene.Gpa2 derived fromS. tuberosunspp.andigena
CPC 1673 confers resistance to a small, distinpuladion ofG. pallida Pa2.Gpa2
maps on chromosonig of potato in a single cluster of virus and nematoesistance
genes and has been cloned. The protein encod€gagturned out to be of the class
of LZ-NBS-LRR type plant resistance genes (Arntztral. 1994; Rouppe van der
Voort et al. 1999; van der Vosseat al. 2000). Although broad spectrum resistance to
G. pallidahas been thought to be based on polygenic inhegtaevidence indicates
that major genes can be involved in broad spectesistance as well. Kreiket al
(1994) reported that thBpalocus derived frons. spegazinnitonferred resistance to
at least two distinciG. pallida populations. This major locus on chromosofe
explained about 50% of the total variance for tasise to both pathotypes Pa2 and
Pa3. Rouppe van der Voaet al (2000) identified two QTL that are likely derived
from S. vernei One of the two lociGpa5 explained 61% of the total variation and
the resistance conferred by this locus appearsotlt wgainst a range @lobodera
populations. The other locuspag explained 24 % of the total variation and acta in
pathotype specific way. Interestingly, both QTL doned give additive resistance
levels. The same holds true for potato clones gagrpoth QTL GpaVy, and
GpaXFfsp (Caromelet al. 2005). These. sparsipilunderived QTL were mapped on
chromosomeb and 11 respectively. When combined they do not only shenw
additive effect on sex ratio db. pallida, but also give a necrotic reaction in roots
infected by nematodes; an effect not seen withirdeszidual QTL. Another locus,
Grpl, with resistance against both PCN species (Rouppeder Voortet al. 1998a)
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showed resistance 1@. rostochiensidine Ra-22 andG. pallida populations Pa
D383 and PaRookmakerGrpl was mapped on chromosomé the same region as
GpaandGpah However, it has not been described in literatheg any of the wild
Solanum sources used to introgressrpl showed resistance against boB
rostochiensisand G. pallida It is not excluded that the combined resistargarest
G. rostochiensisand G. pallida of Grpl is caused by two, or possibly three, tightly
linked R-genes.

For mostG. pallidaresistance loci described above, the phenotygjcegation data
indicated quantitative inheritance. DNA markerseoffd the potential to trace the
Mendelian loci underlying quantitatively inherite@matode resistance and in many
cases the resistance appeared to be controllednbie anajor genes explaining a
large proportion of the phenotypic variance. Mommowvthe fact that most PCN
resistances have been mapped in well known resistarusters indicates the
likelihood that these major loci are NBS-LRR genesl operate on a gene-for-gene
basis (Gebhardt and Valkonen 2001).

In this study, we report a major-effect locus insgal in resistance againt pallida
Pa3-Rookmaker originating frons. tarijense Qualitative interpretation of the
resistance data allowed mapping of the major-effecus to a known cluster of
resistance genes on the long arm of chromoskine

Materials and methods

Plant material

The diploid BC1 mapping population RHAM-061 was abed from a cross of
resistant parent RH90-011-4 and susceptihl¢uberosunparent RH89-039-16, as
shown in Figure 1. RH90-011-4 was obtained fromrd@rspecific cross betweeh
tarijense (BGRC 24717 / CGN 18107) and MON-46, a dihaploldne of the
susceptible cultivar Mondial.
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S. tarijense (BGRC24717)
MON-46 X TAR 24717-4

y

RH90-011-4 X RH89-039-16

V

RHAM-061
Figure 1: Pedigree of the interspecifipaXl,, mapping population RHAM-
061.

Nematode resistance assays

A closed container test (Phillig al. 1980) withG. rostochiensigpopulations ASCRI
(Rol), C262 (Ro2_3), G 1510 (Ro5) was performedhers. tarijenseparent RH90-
011-4. After 8 weeks in the dark at 18 °C, the gefwlmed cysts that were visible
from the outside were counted.

All further G. pallidaresistance assays were arranged in randomisedletenigock
designs, including parents. 188 offspring genotygfeRHAM-061 were multipliedn
vitro and transplanted in 500 ml clay pots to the greasé in 3 replicates. Eight
replications of the parents as well as the suddepstandard Bintje were include@.
pallida population Rookmaker (Pa3), originally sampledrfra heavily infested site
in Valthe, the Netherlands, was used for the irmtooth. Population Rookmaker is
one of the most virulenG. pallida populations in the Netherlands (Bakketr al.
1992). Four weeks after transplanting, the plan&rewinoculated. Inoculum of
nematodes was prepared as described by (Rouppdevaroortet al. 1997a). Cysts
were soaked overnight in tap water before cruskongbtain eggs and second-stage
juveniles (J). The egg/J2 suspension was then sieved throut®Oapm sieve to
remove cell walls and debris. The suspension wasuiated to the plants to a final
density of 6 eggsfJper ml soil. Two and a half months after inocwatithe cysts
were elutriated with a Fenwick can and counted \{ke1940).

DNA extraction

Genomic DNA was isolated from young leaf matergbascribed by van der Beek
al. (1992). Tissue was ground with steel balls usingetsch machine (Retsch Inc.,
Haan, Germany) in the STE-buffer, with volumes aedpo 2 ml deep 96-wells
Costar plates (Corning Inc., Corning, NY, U.S.fONA was visualised on agarose
gel to check the integrity.
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EcoRI/Msel markers

AFLP was performed according to (Vost al. 1995). FourteenEcoRI/Msd
primercombinations were used: eAACMCCA, eAACMCCTAAEMCGA,
eAACmCTG, eAAGMCCT, eAAGmMCGA, eACAmMCAA, eACAmMCCA,
eACAMCTA, eACTmCAA, eACTmCAG, eAGAMCAG, eAGAMCAT,
eAGAMCTG. AFLP fragments were visualised on radiwac gels and scored
visually for absence/presence.

PCR markers

Two chromosomell specific markers, GP163 (Brignedt al. 1997) and FEN427,
were used. CAPS marker GP163 is a previously ceeddRFLP marker, previously
used to map potato virus Y resistance gBRgg, on chromosoméd.l (Brigneti et al.
1997). CAPS marker FEN427 was developed on thesbabi AFLP marker
pATMCAC_427 which was previously used to mBpcitn ON chromosomell
(Draaistra 2006). AFLP band pATMCAC_427 was exciserh gel and dissolved in
50 pl water. Supernatant was re-amplified with P+0 &eC primers and purified
with a G50 column before sequencing. PCR primerd-teN427 were designed on
the sequence of AFLP marker pATmMCAC_427 with PrBnsoftware (Rozen and
Skaletsky 2000). PCR-products of GP163 and FEN4Zrewdigested with 27
restriction enzymes to identify polymorphic sit@sygmanset al.2003).

Map construction

The grouping of markers in linkage groups and tlaeker order was calculated using
the software package JoinMap (Stam 1993). Only ARtdkers with LOD scores
>3.0 were included in mapping. Initially the mat@rand paternal linkage groups
were constructed separately, by taking only thesgégregating AFLP loci only ( Aa x
aa and aa x Aa for the maternal and paternal negpectively). The paternal linkage
groups could be assigned to potato chromosomesg ugirreference mapping
population which has the susceptible parent RH83-D8in common. This reference
map SHxRH (Rouppe van der Voat al. 1997a; van Ot al. 2006) was aligned
along with other maps, and resulted in an onlirialcgue of AFLP markers covering
the potato genome (Rouppe van der Voetrtal. 1998b). Once the chromosome
numbers were known of the paternal linkage growgudsequently the maternal
linkage groups could be aligned using the so caleédge markers’. Bridge markers
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are a small subset of the segregating AFLP lociickvtare heterozygous in both
parents (Aa x Aa and thus segregating in a 3:b)cati

The maternal linkage group, corresponding to potéwi@mosomell including the
locus involved in PCN resistance gene was recatedilaith RECORD (van Ost al.
2005a), to assess putative ambiguities in markderorWith the information on
marker order, the raw data were inspected for eparidata points (singletons).
Singletons are easily recognised in graphical ggrest which are generated from the
raw data in MS-Excel where cell colour is formattednditional to marker
observation and linkage phase.

Data analysis

QTL analysis of the resistance data was performigd MapQTL 5.0 (van Ooijen
and Maliepaard 1996). Data were transformed byntpkine natural logarithm of the
average cyst number (+1) per genotype, to obtaimiform distribution of the
variance. The heritability was estimated as folloWs= %, /( 0% + 0°/n), where n is
the number of replications? is the expected mean square of the residualsc%gnd
is retrieved from the ANOVA table as follows: E(M@notypes = ofy + 0%.

Two parametric methods: interval mapping and mlgtQTL mapping (MQM) were
applied. The threshold for assigning a QTL was meiteed by a permutation test, as
implemented in MapQTL 5.0.

Classification of cyst counts into resistant / susptible phenotypes

For the qualitative mapping of the resistance lpaleta of the first nematode
resistance assay were used. All genotypes up taxégnmam mean of 8 newly formed
cysts were assigned as resistant and genotypesatvidast 25 newly formed cysts
were assigned as susceptible.
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Results

The inheritance of PCN resistance

In an evaluation of tuber bearin§olanumspecies by The Centre for Genetic
Resources (CGN), it was detected tBatarijenseaccession BGRC 24717 contained
resistance again&. pallida pathotype Pa3 (http://www.cgn.wur.nl). The inhamnite

of G. pallida resistance was analysed by testing a segregat®yj Bopulation
RHAM-061 of S. tarijensg BGRC 24717). Plant material inoculated w@h pallida
population Rookmaker clearly showed a continuoustridution of the average
number of cysts developed per genotype, ranginm fioto 419. The resistai8.
tarijenseF1 parent RH90-011-4 developed on average 2 eysts the susceptibl8.
tuberosunparent RH89-039-16 developed on average 132 dystexample of cysts
on a susceptible plant is shown in Figure 2. Feurtgenotypes of RHAM-061 with
highly variable numbers of cysts in the differeaplications were excluded from
further analysis. The variance in average numbeicysts per genotype greatly
differed between resistant and susceptible genetyfieuniform distribution of the
variance was obtained by taking the natural logariof the average cyst number per
genotype. Analysis of the variance within and bemvgenotypes showed that the
genotypes differed significantly (P<0.001). Herilipwas estimated to be 0.82.

To test if the working spectrum of th@. pallida resistance also include@.
rostochiensis resistance, theS. tarijense derived F1 parent RH90-011-4 was
inoculated withG. rostochiensidn a container test. With all pathotypes however
(Rol, Ro2_3 and Ro05), large numbers of cysts wekeldped (between 20 and 60
cysts). The resistance originating frdn tarijenseagainstG. pallida Rookmaker is
therefore not also functional agait rostochiensis
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Figure 2: Swollen females (appearing as white cysts) angnboysts ofG.
pallida formed on roots of a susceptible potato plant.

Map construction

A linkage map was constructed using the segregatiagkers of 14EcdRI/Msd
primer combinations. In total 518 segregating mexkeere identified. 298 AFLP
markers segregated from maternal genotype RH9040155 markers from paternal
genotype RH89-039-16. There were 65 bridge-markdrgh are heterozygous in
both parents, which were used to connect matemalpaternal linkage groups as
identified on the basis of the 1:1 segregating maleor paternal marker loci. The
map of maternal clone RH90-011-4 comprised 12 fjgkgroups with a total map
length of 830.3 cM. The markers of paternal clom8B-039-16 (RH) were assigned
into 12 linkage groups with a total length of 56&tM. 19 AFLP markers remained
unassigned at LOD=3. Chromosome numbers of RH wiemified by aligning the
RH linkage groups from this mapping population witle RH linkage groups of
reference maps in our lab (Rouppe van der Vebdl. 1997a; Rouppe van der Voort
et al. 1998b; van Ot al. 2006). The 65 bridge-markers were sufficiently adtyu
distributed over the 24 linkage groups and allow@gair all 12 maternal linkage
groups to their homologous paternal (RH) linkageugs, hereby also identifying the
chromosome numbers and orientations of the maténkalge groups.

QTL mapping

The distribution of the In-normalised cyst counfstie disease test of RHAM-061
was clearly bimodal which could be indicative ofamge-effect QTL involved in
quantitative resistance. QTL analysis was applredlbmaternal and paternal linkage
groups to identify all possible resistance fact@vith the interval mapping method of
MapQTL, one large-effect QTL was detected on materohromosomell
(LOD=57), which explained 81.3 % of the phenotypariance. No other marker -
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trait associations exceeded the LOD thresholdefindividual linkage groups as
determined by the permutation test. To enhanceptwer to detect minor-effect
QTLs, the MQM mapping method was applied with tHEL@n chromosomél as a
cofactor. This resulted in the identification ofQdL (LOD=4.4) on the long arm of
chromosome9. The percentage of explained phenotypic variarfcthie QTL was
only 5.3%. Because of the small effect we assurae ttie resistance is essentially
monogenically inherited and located on chromoséate

Qualitative mapping of resistance

In view of the single locus involved in PCN resigta, as identified with QTL
analysis, we proceeded with a qualitative geneppr@ach. The disease test
phenotypes were used for a tentative classificatbrnthe offspring, where 76
genotypes containing on average less than 8 cys®8+l = 2.2) were assigned as
resistant and 64 genotypes with an average of riae 25 (In 25+1 = 3.3) were
assigned as susceptible. The remaining 34 genotfpesermediate phenotype were
excluded from further analysis (Figure 3a). Thegraission of the resistance from
the wild species to the BC1 mapping population, tralobserved segregation ratio
which is consistent with a 1:1 distributiog’E€ 0.067,p = 0.80) allows to conclude
that the effects can be explained by a single dantigene.

The qualitatively segregating resistance data vwestéed to the maternal marker
dataset. According to JoinMap analysis, the restgtdocus showed linkage with 10
markers on chromosomgl in the same region where the resistance QTL was
previously mapped. The marker order of chromosdreéncluding the resistance
locus was verified with RECORD. The resistance $auhich we propose to name
Gpaxltar, is localised on a distal position on the long afnchromosomé.1 between
AFLP markers eACTMCAA_174 and eAGAMCTG_222.
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Figure 3: Histograms depicting the distributions of thesrage natural
logarithms of cyst counts (+1) of the individualshadipping populatioRHAM-
061 after inoculation withG. pallida population Rookmaker (Pa3). A:
Histogram of all the individuals of mapping population AR%-061. Black =
genotypes tentatively assigned as resistant; on averagbdes8 cysts. Grey =
genotypes not assigned; on average between 9 and 24Wihéts.= genotypes
tentatively assigned as susceptible; on average more than s2& @his
classification of genotypes into the classes resistant/sudeepitowed
mapping of the locus between flanking AFLP markers. B:dgistm depicting
the distribution of RHAM-061 genotypes where both fiagkAFLP markers
eACTmCAA 174 and eAGAMCTG_222 suggest the presence oftamesis
Clones with recombination events between the markers were esdian the
figure. C: Histogram depicting the distribution of RHAMS1 genotypes where
both flanking AFLP markers eACTmCAA_174 and eAGAMCTG_2Rggest
the absence of resistance. Clones with recombination events bethvee
markers were excluded from the figure.

In order to validate the classification and theuliisg map location, the flanking
AFLP markers can be used to predict in retrospeetabsence or presence of the
resistance gene. When classifying on the basishef fltanking AFLP markers
eACTmCAA 174 and eAGAMCTG_222 linked with resiseanthe resistant group
had on average 9.0 cysts, while the susceptiblepghad on average 148.9 cysts. The
expected resistance, based on the prediction, waspared with the observed
phenotypes (Figure 3B, C). Judging on the bastheflanking AFLP markers, eight
genotypes out of a total of 140 genotypes showetl @yunts that were incongruent
with the expected presence/absence of the reststgene, and were putatively
misclassified. Four of these misclassifications ceoned genotypes with no
recombination event between the markers on the &wngof maternal chromosome
11 The resistance phenotype of these descendantddshe considered as false
positives or negatives, without consequences ®ptsition of thér-gene. The other
four descendants can be best explained by assummisglassification of the
absence/presence of the flanking AFLP marker eAGAGC222.

Interaction betweenGanI'tar and the QTL on chromosomed

After identifying the two resistance QTL on chrorop®e9 and11, the magnitude of
the individual effects and the possible interacti@ween the two QTL was analysed
using ANOVA. The flanking AFLP markers eACTmCAA_174and
eAGAMCTG_222 linked with th&paXl,, locus were used as explaining variable,
indicative for theR-gene on chromosoniel. AFLP marker eACAMCCA_26 showed
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the closest linkage with the QTL on chromosofhand was used as explaining
variable indicative for the minor-effect QTL. Analg of variance demonstrated (as
expected) significant main effects for both QTL} lalso a significant interaction
effect between the QTL of chromosorieand 11. This interaction effect is best
explored by illustrating the 2 x 2 interaction afth QTL alleles in Figure 4, where
the cyst counts of these four groups are shown.grbep with the susceptible allele
for both Ganlt;,Ir and the chromoson® QTL showed an average cyst count of 210
cysts (n=29). The group with the resistant alldléhis QTL but the susceptible allele
of GpaXls had an average cyst count of 109 (n=32). Thisesspits a significant
decrease of 48% in the development of cyst numf2isided t-test on In (cyst
count+1), df = 43p=0.00012). In the presence GpaXly the minor QTL had no
statistically significant effect (2-sidgetest on In (cyst count+1), df = 7p50.14). If
the combination of the two QTL would have resulaimadditive effect, the expected
average cyst count should be 5. Therefore it iclooled thatGpaXi,, displays a
dominant epistatic interaction over the minor QTL.

average
cyst count
250 7 QTL standard
composition | average error of
200 —— _ | of groups | cystcount the mean
qq qq 2101 19.1
1580 T—— aq Q9q 109.3 17.0
Q11q4qq 9.9 1.9
100 —— Q119 Q9q 6.7 0.9
8o -—
D 4

Q9 Q9 ann M

Figure 4: The reproduction of5. pallida Rookmaker (Pa3) in relation to the
genetic composition of potato genotypes of the RHAM-061 pimap
population. The heights of the bars represent the averagbar ofG. pallida
Rookmaker (Pa3) cysts in the four QTL offspring classe® piesence or
absence of Gpaxitar is determined by flanking AFLP markers
eACTmCAA 174 and eAGAMCTG_222. Presence/absence of the QTL o
chromosomé was identified by AFLP marker eACAMCCA_26. Q9 = resistant
allele of the QTL on chromosom@ (9= susceptible allele of the QTL on
chromosome9. Q11= resistant allele dBpaXly.. qll= susceptible allele of
GpaXlia.
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Anchoring of GpaXl',, to a well knownR-gene cluster

The long arm of potato chromosorhgis known to harbour several resistance genes.
In order to determine the position @paXl,, relative to these genes, an attempt was
made to generate a better resolution and to addersfe markers, which are known
to reside close to the-gene cluster.

To screen for recombinants, DNA of 324 newly sovem@ypes from RHAM-061
was genotyped with the flanking AFLP markers eACTAC174 and
eAGAMCTG_222. Recombinant genotypes were identdied subjected to a disease
test. For 32 genotypes we obtained phenotypic didaving identification of the
position of GpaXly,, relative to markers GP163 and FEN427. In the cetepl
population of 324, no recombination events werectetl between markers GP163
and FEN427. Both markers mapped 1.3 cM proximaGp&Xi... The position of
GP163 and FEN427 relative ®paXly, confirms thatGpaXl. maps to a well
known R-gene cluster on the long arm of chromosdrheThe resulting genetic map
is presented in Figure 5, also showing referenc@smiaom literature used for
anchoring purposes. Seventeen of the 324 offspioges (= 5 %) were excluded
from map construction. In these plants we obsetwedrecombination events at close
distance, suggesting data point(s) that are inlicondith both their flanking markers
(singletons). In view of chiasma interference thegents are more likely to represent
data error than true recombination events and canrdmoved safely without
influencing marker order (van @4 al.2005b). Even if these were real recombination
events, the map distances would be hardly afféotgtéw of the total population size
of 324 offspring.
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Figure 5: The genetic map of maternal chromosatef mapping population
RHAM-061 showing theGpaXl, locus in connection to chromosonid

reference maps from literature used for anchoring purposesm@lome
orientation is according to Doreg al (2000).

Discussion

The inheritance of resistance to the white potgtt nematodé&. pallidahas initially

been regarded as complex (Dale and Phillips 198%sRL986). With the aid of
molecular markers it has been demonstrated thatltbgedly complex resistance to
G. pallidais simpler, because in many cases large-effect Qade been identified.
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For example, the QTGrpl, Gpa, Gpa&ndGpaVs, (Caromelet al.2005; Kreikeet
al. 1994; Rouppe van der Vooet al. 1998a; Rouppe van der Vocet al. 2000)
invariably accounted for more than 45% of the pligpio variance. In this study two
loci have been mapped: a large-effect QTL derivecthfthe wildSolanumspeciesS.
tarijenseBGRC 24717, as well as a minor-effect QTL on potdtromosomeé.

Identification of the large-effect resistance locuSpaX! 'y

A large-effect QTL has been identified on potatooohosomell explaining 81.3 %
of the phenotypic variance of the disease testvitw of the magnitude of the
explained variance, the QTL was Mendelised. Thiswad to estimate the genetic
distances between the locus and the flanking mt@ecvarkers and to place the locus
name on the genetic map. Usually, a broad QTL watedoes not offer precise
ordering information of markers relative to the QMut in our case the order of the
R-gene and the markers is regarded as a stable owdgt, supported by
recombination events.

In the studied mapping population RHAM-016, thenels with the resistance allele
GpaXlw (as predicted by the flanking markers) developedaverage 9.9 cysts,
whereas clones without any resistance allele dpeelamn average 210 cysts. This
constitutes a relative decrease of 95 % in cyshtdthe level of resistance obtained
with Gpaxhar is therefore partial and not absolute. This nosehlie level of
resistance seems to be common for most of theifehmajor loci involved inG.
pallida. As discussed by Rouppe van der Voarl. (1998a; 2000), the number of
newly formed cysts in spite of the presence of gomR-gene, is likely due to
heterogeneity in theG. pallida population Rookmaker (Pa3) at the respective
(a)virulence gene. A singl&-gene which operates on a gene-for-gene basis will
confer partial resistance against the populatioa abole, whereas on the level of the
individual, theR-gene will confer absolute resistance against th&hing avirulent
genotype. Alternatively, it is also possible thla¢ tresistance mechanism of tRe
gene in itself is not absolute. This has been detnaied for theH1 gene, where
always a small number of cysts are formedHinresistant plants after inoculation
with a homozygous avirulent line @. rostochiensigJansseret al. 1990). These
cysts that are formed by a non-absolute resistareshanism of a majdR-gene are
known as “escapers” and do not imply any kind obletion of the nematode
population towards increasing virulence. Whethee thewly formed cysts on
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GpaXly resistant plants have been caused by the hetesibgen the test population
or by the strength of thB-gene itself can only be determined by testingRbgene
with a homozygous avirulent nematode population.

The resistan$. tarijensehybrid, which was used as parent of the mappinujadion
showed an average cyst count of 2. Even when lestilstance factors were present,
the major IocustaXLar and the minor QTL on chromosorigoffspring clones did
not achieve the same resistant level as theirtagsiparent. Apparently, there is an
interaction between the-gene(s) and the genetic background in whicliRayene is
introgressed.

Identification of a small-effect resistance locusrochromosome9

Besides the major QTL on chromosomd, a minor QTL was detected on
chromosom@. At this moment we can only speculate on the fionobf this QTL.

The minor QTL could represent a classic NBS-LLR egdout also a factor in non-
necrogenic resistance, for instance in the formatiohatching substances. Lastly, the
QTL could represent a locus involved in the siz¢hefroot system. As demonstrated
by Kreike et al(1994) a root size QTL will initially appear a@ L for resistance.
The dominant epistatic interaction @baxltar over the minor QTL does not exclude
one of the three possible explanations.

Both loci map to well knownR-gene clusters

Two CAPS markers GP163 and FEN427 co-localisedraapiped 1.3 cM proximal
of GpaXl. Marker GP163 was previously positioned at a ditaof 3.7 cM
proximal to potato virus Y resistance gelRg;,, on chromosomé.l (Brigneti et al.
1997). AFLP marker pATmCAC_427, on which CAPS mark&N427 was based,
was previously used to map nematode resistdigesn 0N chromosomell and
mapped 2 cM proximal oRycifen (Draaistra 2006). Therefore we postulate that
GpaXly is located in one and the saRaene cluster, which is already comprising
three nematode resistance geR@s bib, Ruici-fen Ruci-now (Draaistra 2006), as well as
several more resistance genes against viruses gl (Gebhardt and Valkonen
2001). From thisR-gene cluster onl\N (Whitham et al. 1994) has been cloned,
suggesting thaBpaXl,, could represent a TIR-NBS-LRR gene with homologi
Future research may demonstrate the relation betvﬁﬁmaxlta, and the other
nematode resistance genes in this cluster. EathestE nematode resistance genes
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could be involved in recognition of distinct effectmolecules, but might also
represent a casus similar to thv8@ gene, recognising the nematolieloidogyne
incognita and the aphidviacrosiphum euphorbia€¢Rossiet al. 1998; Voset al.
1998).

Likewise, the minor QTL described in this study map close proximity to a known
R-gene cluster. This cluster on chromosotheomprises theSw-5resistance gene
(Brommonschenkekt al. 2000), a homologue adfli. Interestingly, this cluster is
already implicated inG. pallida resistance, as the small-effeGpa6 QTL was
mapped here (Rouppe van der Voettal. 2000). The coincidence of finding the
minor QTL at a position indistinguishable from tBea6locus prompted us to verify
the pedigree of our mapping population for the fgaintrogression segments 8f
vernei In Figure 1, a crossing parent MON-46 is showdijheploid of cv. Mondial.
This parent is susceptible f@. pallida but it hasS. vernein its pedigree. Therefore
it remains inconclusive if the minor QTL originateem S. tarijenseor represents a
gene identical by descent ®pa6 from S. vernei Thus, we have refrained from
giving the minor-effect QTL discovered on chromosda new name.

Mapping strategy

The identification of the genetic locus involvedarphenotypic trait can be achieved
with various mapping strategies, but a minimal regfuent is the ability to align the
newly mapped locus with previous linkage studigsisTan be achieved with single
copy locus specific markers, but in this study high multiplex efficiency of AFLP
fingerprinting was used. With 1&coRI/Msd AFLP primer combinations, 518
marker loci were obtained, which was sufficientcmver all twelve maternal and
paternal linkage groups, as well as markers brigltfie homologous parental linkage
groups. Our strategy specifically exploited thengiple that AFLP fragments of the
same mobility on gel represent the same genetic puition, because of DNA
sequence homology of the underlying DNA fragmenptaged in the AFLP
fingerprint (Rouppe van der Vooet al. 1997b). This approach has been successful
not only in our own hands with proper control saespih the same AFLP gel image
(Rouppe van der Voosdt al. 1997a), but also across labs (Bradsledawl. 2006). The
approach followed in this study, not only used &l known reference genotype
RH89-039-16 as a reference sample in AFLP fingetimg, but it also served as
susceptible crossing partner. The resistance lbougever segregated from a wild
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species donor. The validity of locus-specificity AFLP markers rapidly disappears
with increasing taxonomic distance; as increasiagonomic distance results in
increasing AFLP fingerprint dissimilarity, where lprinsignificant coincidental co-
migration remains. The obvious success to aligrirttregression of. tarijensewith
the potato reference maps is due to the BC1 stuciiithe mapping population. The
S. tuberosunderived AFLP alleles in the resistant parent gmeeld in repulsion
phase with theS. tarijensederived AFLP and resistance alleles, and allowssl t
precise mapping of the locus irrespective of gendissimilarity between the wild
species and potato.

Nomenclature of nematode resistance genes

At this moment the nomenclature of genes involveddmatode resistance is without
consensus (Gebhardt and Valkonen 2001). On thénané there is a series of major
and minor-effect QTL again$®. pallida with names ranging frorspa, Gpa?2 until
Gpag which are numbered successively following theiden of identification.
Likewise a series dR-genes and QTL again&t rostochiensisre knownH1, Grol,
Grol.2, Grol.3, Grol.andGroV1 (Gebhardt and Valkonen 2001). Although such
names nicely reflect history of science, it is haidformative on the wild species
origin, the resistance spectrum to various pattesyr the genetic location of the
gene.

At this moment we wish to follow the syntax of Cam&l et al (2005) [pathogen
species, potato linkage group (roman), long/short ésuperscript), source species
(subscript)], and propose to name ti@s pallida resistanceGpaXlw. At the
‘Symposium on the Molecular Biology of the Potateeld in 1998 at Bogensee,
Germany, two large-effect QTL have been mentiodedabstract by Wolterst al
(1998), describesspa3 on chromosomd.l derived fromS. tarijenseand Gpa4 on
potato chromosomB derived fromS. sparsipilumWe propose thaBpa3andGpa4
will no longer be used in scientific literatu®pa3was mapped in an F1 segregating
population different from our population. But sinttee same BGRC accession has
been used as a source, it is very plausible@paX i, is identical todGpa3 Whereas
Gpa3andGpa4 have not yet entered the peer-reviewed literal@pg4 has already
caused some confusion as it appeared in the rdweebhardt and Valkonen (2001)
where Gpa4 was used for the unnamed QTL on potato chromosérsegregating
from SCRI clone 12601abl (Bradshatval. 1998). The most plausible name for this

80



GpaXly, from S. tarijensegives resistance 8. pallida

QTL is the H3 gene fromSolanum tuberosunspp. andigena CPC2802 (p.115
http://lwww.scri.ac.uk/scriffile/fullannualreportsfaual_report_2001.pdf).

Practical value of the G. pallida (Pa3) resistance geneGpaXl'y in potato
breeding

The resistance level oBpaXl. (a relative decrease of 95 % in cyst count) is
comparable with the level conferred Gypl (Rouppe van der Voosdt al. 1998a) and
Gpab (Rouppe van der Voort al. 2000); both resistance genes that are presently
used in commercially grown PCN resistant cultivavge therefore believe that
GpaXlw will be an equally valuable gene for the developtmef PCN resistant
cultivars.

In contrast to the limited durability oR-genes in many other plant-pathogen
interactions, several aspects of the potato — P@&ldction raise the support of a
relatively longer durability of the major resistengenes. The multiplication rate and
the spread of PCN are limited and the time betwgsrerations can be up to 4 years
for normal crop rotation. Changes towards new emulPCN types are therefore
likely to be slow. Furthermore the positive selaatiof virulent factors will be

countered by the obligate sexual reproduction géhetically heterogeneous males.

Nowadays numerous PCN resistant cultivars are ablail However because of the
partial effect of the useB-genes a wide crop rotation is still required. Ascdssed
before, the partial effect of the resistance geres be explained by the genetic
heterogeneity of th&. pallidafield populations and by “escapers” that are cduse
an ineffective resistance mechanism. The ideaasdn for potato growers would be
an absolute resistance in one cultivar. Possildh sun absolute resistance level could
be achieved by combining or “pyramiding” of diffateG. pallida resistance genes.
The development of breeding material with more toae allele at a given locus
seems ineffective (Brodie and Plaisted 1992). Qowigh a combination of major-
effect QTL GpaVsy, and minor-effect QTLGpaXFfs, showed additively lower cyst
counts than with the individual QTL (Caromadlal. 2005). The same was shown with
a combination of major-effect QTGpa5with minor-effect QTLGpa6 (Rouppe van
der Voortet al. 2000). Both studies showed lower cysts counts wt@nbining a
major and a minor QTL, but no absolute resistaitce/ould be interesting whether
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combining major QTL could result in absolute resmise. It seems that a combination
of R-genes with different resistance spectra shouldeast make it possible to
efficiently tackle the problem of heterogeneitytioé G. pallidapopulations.
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Abstract

High levels of resistance againgleloidogyne haplahave been identified in wild
species of tuber-bearing potatoes, but only QTLhwgartial effect have been
identified so far in back crosses with cultivatestgto. This study was designed to
test if pyramiding of two previously identified istnce genefRun.tar aNd Run-cnA ,
will result in improved , or even an absolute legélresistanceRyn.tar aNd Ryn-cndA,
introgressed from the wild tuber bearing potatocigmeSolanum tarijenseand S.
chacoensavere combined in a segregating dipl@dtuberosunpopulation. With the
aid of AFLP markers, descendants from this segmegaiopulation were classified
into four groups, carrying nB-gene, with onlyRuyn-tar, With only Run-cndA, and a group
with the pyramidedRyn..ar and Runcnd. Upon inoculation withM. hapla isolate
Bovensmilde, the group containing oty .nA showed a decline of 88 % in average
developed egg masses compared to the group wiBgutA andRyn.ar- The group
of genotypes containing onRuyn-ar, but NOtRun-cnA, showed a decline of 55% in
developed egg masses compared to the group witlknA and Runiar
Unfortunately, the latter effect ®tyn.or Was not significant. The effect of both loci,
Ruh-tar @and Run.cnd® combined, did not further reduce the number of euggses
compared to the level &yn.cnA alone.

Introduction

Compared to other potato diseases such as latht bbig potato cyst nematodes,
infection with the root knot nematode spedidsloidogyne haplas less noticeable.
The damage caused by this pathogen in potato caexpeessed only in yield
reduction. However, in extremely infected soils jfield reduction can amount up to
70% (Macguidwin and Rouse 1990). Crop rotationaastrategy to reduce disease
pressure, is less practicable to contvbl haplainfection because of its broad host
spectrum.M. hapla propagates on many dicotylenous plants and wilrefloee
increasingly infect following crops.
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While a number of resistance genes have been iotgd in cultivars, primarily
against late blight, viruses, wart disease andtpotgist nematodes, nbl. hapla
resistant cultivars are currently available. Theplogment of cultivars resistant
against cyst nematodes allowed suspending soil datioin with nematicides.
Therefore a shift in the nematode populations tawft. haplashould be expected in
the immediate future.

Introgression of resistance genes from v8llanumspecies is viewed as an efficient
solution to reducé. haplainfection. A broad range of wild tuber-beariglanum
species has been tested Kbrhaplaresistance by Janssehal (1996b). High levels
of resistance have been identified in 14 diffef@alanunmspecies. In these studies it
already became apparent that the resistanté foaplain these wild species would
not lead to absolute immunity in potato. Draaistral. (2006) studied the inheritance
of M. haplaresistance originating froi8. chacoensgaccession BGRC 18618) aBd
tarijense (accession BGRC 24717) and localised geneticifomlved in resistance
on linkage maps. The maj&. chacoens®TL, namedRy.cnA explained 38% of the
phenotypic variance, and mapped to a distal regfoa linkage group that has not
been assigned to a potato chromosome. The locadved in resistance originating
from S. tarijense(Run.tar) €Xplained 20% of the phenotypic variance and c¢daé
mapped as a qualitative trait locus to a distahtiom on potato chromosonié
Offspring from neitherS. chacoens@or S. tarijensedisplayed absolute levels of
resistance, which is essential to avoid propagaifahe pathogen population. At this
moment it is not fully understood why the transmassof resistance from highly
resistant wild species, only results in back caféspring with partial resistance M.
hapla This study was designed to test if pyramidinghedse two resistance genes
Ruih-cnd® andRun-or Will result in improved , or even an absolute lesferesistance.

Materials and methods

Plant material

The diploid full-sib population RH04-456, pyramiditwo loci involved inM. hapla
resistance, was generated from a cross betweeesIBRi90-011-4 and 87-206-6.
Both parents were previously used as parents &ordhpective mapping populations
that allowed the identification and genetic mappifidun.tar aNd Run-cndd (Draaistra
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2006). The Runtar donor RH90-011-4 was obtained from an interspeciioss
betweersS. tarijensg BGRC 24717 / CGN 18107) and MON-46, a dihapldahe of
the susceptible cultivar Mondial (see Figure 1)e Bh chacoenseesistance from 87-
206-6 was first described by Jansssnal. (1996a) and later by Draaisted al.
(2006). Plant material was propagated to obtaificserfit seed tubers for the disease
test.

S. tarijense S. chacoense
(BGRC24717) (BGRC18618)
MON-46 X TAR 247174 CHC 18618-5 X  SHB83-81-47

\ +
RH90-011-4 X 87-206-6
\
RH04-456

Figure 1: Pedigree of the pyramiding population RHO4-d&®bining the two
loci involved inM. haplaresistanceRyy.or from S. tarijenseand Ryp.cpdd from
S. chacoense

Meloidogyne hapla resistance assay

112 offspring genotypes of pyramiding population (RHI56 were tested fal.
haplaresistance. Tubers were planted in 500 ml clag pohtaining silversand and a
slow release NPK fertiliser (Osmocote). The genesypere tested for their level of
resistance in three replications in a randomisedptete block design. Nicola and the
resistant parents RH90-011-4 and 87-206-6 wereudled as control plants. Three
weeks later, when the root systems were fully dgped and reached through the
bottom hole of the pots, the plants were inoculateith M. hapla isolate
“Bovensmilde” at a concentration of 750 second etageniles (J2) per pot. The
inoculum “Bovensmilde”, is commercially availableof RZ Research, Metslawier,
The Netherlands. The first two weeks after inodatgtthe plants were watered with
great care to avoid flushing the juveniles from plo¢s. Eight weeks after inoculation,
the root systems were released from the sand Bingrwith tap water. Egg masses
were stained with Phloxine-B (Dickson and Strub®&93) and counted. Variation in
the size of the root system was recorded on a s€dlés where 1 = small root system
and 5 = large root system.
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DNA extraction

Genomic DNA from the parents and the offspring pafion RH04-456 was isolated
from young leaf material essentially as describgdSkewart and Via (1993). Leaf
material was ground with steel balls using a Retsathine (Retsch Inc., Haan,
Germany) in the CTAB-buffer, with volumes adapted2t ml deep 96-wells Costar
plates (Corning Inc., Corning, NY, U.S.A.). DNA waisualised on a 1 % agarose
gel to check its integrity. DNA concentrations weneasured with a NanoDrop™
ND 1000 spectrophotometer (NanoDrop Technologiggnifigton, USA).

Genotyping with AFLP™ markers

The genetic maps constructed in the mapping stutfidyn.cnA and Runiar Were
solely constructed with AFLP markers (Draaistra @0 herefore, the same AFLP
markers linked tdyn.cndA and Runtar Were used to analyse the genetic composition of
the offspring genotypes of the pyramiding populaticAFLP was performed
according to Voset al (1995). Fluorescently labelled AFLP fragments aver
visualized on a denaturing polyacrylamide gel usnflEN® Global Edition IR2
DNA Analyzer (LI-COR® Biosciences, Lincoln, NE). @ AFLP fragments were
scored visually for absence/presence. Three praoebinations per resistance gene
were tested. To assess the presence or absemitg.@fA the primer combinations
eACAMCCT, eACTmCAT, and eAGAMCTC were analysed, dod Ryn-tar
PAGMAAG, pAGMAGG (2 marker loci), and pAGMAGA weuised.

Of all 7 markers tested, only three markers geedrain informative polymorphic
pattern diagnostic for the presence of the resistdocus: eACAMCCT_383 and
eACTmMCAT_165 foRyn-cndA and pAGMAGA_221 foRynhtr (S€€ Figure 2). Marker
PAGMAGA_221 was previously known as pAGmMAGA_226 g8istra 2006). The
fragment mobility of 226 was obtained witt*® labelledEcaR| primer followed by
autoradiography, whereas the mobility of 221 retershe same fragment obtained
with fluorescently labelled primers and separation a LICOR system. The
congruence of fragment mobilities between these &#@.P methods cannot be
predicted in advance. One marker (pPAGmMAAG_111) donbt be traced back,
possibly due to methylation of thst site or a shift in mobility, where the fragment
is hidden underneath other AFLP fragments.
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87-206-6 RH90-011-4

pPAGMAAG_111 =

eAACTMCCT 40 —=—0 0 —=— RMh-tar
pAGMAGG_310 =

eACTMCTA_17 ——1—4

eAGAMCTC_02 ——— 10 10 — T PAGMAGG_291 =

eACAMCTA_48 —1—[— 16 17 = pAGMAGA_226 -+

20 =1~ pACMATC_141
eACAMCCT_17 —— 22 24 ——— pCAMAGT xx
eAACMCCA_11———28

32 ~J |- pAGmACC_245
A pAGMAGC_318
33 PACMATC_484

= eAGAMCTC_30 —1—1— 37

41 —T T pACmATC_224
g
3 53 —— PAGMAGG_223
+ eAcAmceT 383 ——s4 @3 56 T~ PAGMAGG_219
59 — T pAGMAGG_xx
pACTMCAT_165 —/— 62 — pACMATC_88
+oecTmen T 66 ~57| pACATC 123

Figure 2: Linkage groups indicating the position of AFhfarkers and the
position of Ryn.chA and Ryntor (Draaistra 2006). The diagnostic value of the
marker pattern in this pyramiding study is indicated wifhltss or minus sign,
where the sign indicates diagnostic or uninformative segoeggiattern
respectively.

Statistical analysis

Statistical analyses were performed with MS-Excad &enstat 10th Edition. The
number of egg masses counted per root system vegregfdrmed by taking the natural
logarithm of the (egg mass number +1), to obtamose uniform distribution of the
variance. The heritability was estimated as follols= %, /( 6% + 0°/n), where n is
the number of replications? is the expected mean square of the residuals:zc;,nd
is retrieved from the one-way ANOVA table as follvE(MS)genotypes =cr’lg +
0% . The individual and combined effect Bfj.cnd® and Ryn.ar Was analysed with a
General ANOVA. The size of the root system was tialie a covariate in ANOVA
and a block structure was included in the mode{repetition*genotype)/plant.
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Results

Genotyping of pyramiding population RH04-456

The 148 offspring genotypes of the pyramiding pepah RH04-456 were
genotyped with markers eACAMCCT_383 and eACTmCADB 16 infer the
presence ORyn.cndA, While pAGMAGA 221 was used fdRuniar. Due to missing
values as well as recombination events between ererkACAMCCT_ 383 and
eACTmCAT_165, 10 and 26 genotypes respectively waxduded from further
analysis. In total, 112 genotypes remained foiirtgsh the disease experiment. The
pyramiding population could be differentiated idta@roups: 30 withouR-genes, 27
with Ryn-tar present, 26 wittRyn-cnA present, and 29 containing bdtkgeneRun-tar +
Run-cnd® pyramided. The observed numbers of genotypesdh e&the four groups
complied with the expected 1:1:1:1 segregatiorrxfi =0.357;p=0.948).

M. hapla disease experiment

To test for resistance tM. haplg 112 genotypes were inoculated with isolate
“Bovensmilde”. The number of egg masses developéhd root system of individual
plants of the pyramiding population differed betwdéeand 221. An example of egg
masses stained red with Phloxine-B on a suscepgibl® is shown in Figure 3. The
parental clones used as control displayed a hig#l & resistance. Th8. chacoense

x S. tuberosunhybrid 87-206-6 developed on average 1 egg massopérsystem,
the S. tuberosunx S. tarijensehybrid RH90-011-4 on average 3 egg masses. The
susceptible control cv. Nicola developed on avetHjeegg masses. The numbers of
egg masses were converted by a natural logarithmedace the variance before
further data analysis. According to ANOVA, the gemes showed significant
differences in their number of egg masdesgtio = 8.12; df = 530p < 0.001). The
heritability of the offspring population was 0.92.
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Figure 3:M. haplaegg masses on the root system of a susceptible potato plan

The individual and joint effect of the loCi Runtar + RunencA On the level of
resistance againsM. hapla

The size of the root system significantly influedd¢ke number of egg massésratio
= 6.06; df = 1p < 0.015), and was taken as a covariate in furthalyais.

The pyramiding population, differentiated into fogroups based on flanking
molecular markers, allowed estimating the effecthad loci Runtar + Runcndd. The
group withoutRy.cndA andRyn..ar developed on average 25.8 egg masses (see Table
1). Figure 4 shows the distribution of mean eggseagper genotype for each group.
The group of genotypes containifyn.ar, but NotRund, developed on average
11.8 egg masses, which means a decline of 55%vielajged egg masses compared
to the group withouRwh.chA andRyn..ar. HOwever, according to ANOVA, this effect

of Runtar ON the number of egg masses is not significarrafie = 1.02; df = 1p =
0.315).

The group containin®Run.c.nA, but NotRynhar, developed on average 3.1 egg masses.
The effect ofRun-cnd is highly significant (F ratio = 23.29; df = p;< 0.001) and
offers a reduction of 88 % of the number of egg seasas compared to the group
without Ryn-chd® andRuh-tar-
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Table 1: Analysis of the individual and joint effect of tbeilRyn.tar + Run-chd®
on the level of resistance agaiidt hapla 1)The number of genotypes per
marker class (n) 2) the average number of egg masses pesystem, 3)
standard error of the mean, average In(egg mass +1) isnsfoowhe four
groups of pyramiding population RH04-456 containitmgRagene, ondR-gene
or both R-genesRyn.cnA and Ryniar * The suffix a or b denote a statistically
significant difference between groups.

group nt Average Standard error Average
number of of the In (egg mass + 1)*
egg masses mean
No R-gene 30 25.8 4.17 2.138
Rwih-tar 27 11.8 2.57 1.42%
Ruh-chcA 26 3.1 0.69 0.702
Ruh-cneA + Run-tar 29 3.0 0.57 0.759
140 4
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Figure 4: Distribution of the mean number of egg massegewtype over the

four groups as determined by molecular markers flankindR{fagnA and Ryp.
tar lOCI.
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When bothR-genes are present, the average number of egg sn&ss8e0 (In (egg
mass +1) = 0.76). Compared to the effect of 3.1raggses caused By.c.nA alone,
the joint effect of both loCiRun.tar aNd Run-cnA does not further reduce the number of
egg masses. This is also evident from the ANOVAegmghan interaction betwe&gy.

tar aNdRun-cn (F ratio = 3.06; df = 1p = 0.083) was observed. Hence the loRys
cndA shows an epistatic interaction over Big .o lOCUS.

Discussion

The objective of this research was to investigatpyramiding of twoM. hapla
resistance genes allowed a further reduction of nhenber of egg masses as
compared to the reduction obtained by the sep#pate for resistance. Due to the
large variation in egg masses of the groups comiiRyn..or, and the relatively small
group sizes, the effect &tunir Was not significant. The average decline of 55% in
egg masses suggests however that the efféqf; is probably real. Due to the lack
of statistical significance of the contribution ..., We can only now speculate on
the effect of pyramidindRun-cnd® and Run.ar. The results of this experiment seem to
suggest that pyramidin@un.cnA andRun.ar dOes not lead to an additional reduction in
the number of egg masses, and hence the levesisfarce has not improved.

This study also provides a validation of the vatdiehe Ryn.cndA locus. TheRuncnd
locus was first identified as a QTL explaining 3&¥the phenotypic variance and
causing a 70% reduction of the number of egg massdative to susceptible
offspring, in a BC1 mapping population (Draaist@0@). In this study the effect of
the Run-cndd locus was even stronger causing 88% reductiontefonwe, the value of
this gene for potato breeding is beyond doubt, oalgin cultivar registration
authorities may require a higher level of reducttmfore a cultivar can be called
resistant according to their criteria.

The Runar locus was initially identified in a BC1 mappingmqdation, where a clear-
cut Mendelian segregation of resistance was obdelNevertheless, thByy o lOCUS
explained only 20% of the phenotypic variance ia thapping population, which
demonstrates the great variability in the numbezgg masses that can develop on an
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individual plant. This great variability also hadgaeat impact on the statistical
analysis of the QTL effects in this experiment.héligh a clear 50% reduction of egg
masses was observed, the effect was not signifitéerice, the validation dRyn.tar
was not achieved, buRuniy probably remains a valuable gene for breeders. In
retrospect, to obtain statistical significance $orall-effect QTL the offspring size of
the experimental population should have been lartiem the current 112
descendants, distributed over 4 classes with 2B plahts per class.

In addition to the trait variability, the genetitstdnce of 17 cM betweeRynr and
the diagnostic AFLP marker pAGmMAGA_221 posed a sdammplication. Because
of this genetic distance it is likely that some gipes have recombination events
between AFLP marker pAGmMAGA_221 and resistance 9@, and thus not
containing the resistance loguscorrectly entered thByn.or group. The decline of
55% caused biRuntar is therefore likely to be an underestimation @& #ttual effect.
The same reasoning holds true of course for thepgravithoutRyy.tar. IN retrospect
we should have used the AFLP markers that mapmseictoRyn-r, but of which the
diagnostic allele was found in both parents of gygamiding population. These
markers were not tested, but could have resultedh iB:1 segregating AFLP
polymorphism, where marker presence would not feenmative. The offspring of the
pyramiding population without the diagnostic bandud certainly not hav&un.tar.
Thus with a marker that is heterozygous in bothepis; a theoretic 25 % of the
offspring could still be genotyped. In this stuitycould have eliminated 25 % of the
wrongly classified genotypes with a recombinatioerd between the used AFLP
marker pAGmMAGA_221 and resistance [0&4g.tar-

The heritability of 92% obtained in this study, afly demonstrates that the
experimental error between plants within a genotypevery low. Hence, the
resistance level of an individual genotype has bdetermined with high accuracy.
The high variance between genotypes withhgene classes caused the lack of
statistical significance of the effect dRuntwar- A striking observation is the
discrepancy between the high heritability of thisperiment with the modest
explained variance GRyn.cnd® andRun.ar @S Observed in the initial mapping studies of
Draaistra (2006). Usually the gap between hightéleility and low explained QTL
variance is ascribed to genetic background. Thisldcqpoint to the putative
significance ofRun.chndB, also known to segregate in this population. Mikely
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however, this is another confirmation that recorabon between the marker aRgl.
war N@s compromised the statistical significance f ¢éixperiment.

In retrospect, the experimental design of this wtadould not have neglected the
contribution of theRyn..ndB locus which descends from the resistant parer2(0&#6.
This small-effect QTL explained only 9.6 % of thhepotypic variance (Draaistra
2006), which was deemed insignificant and negleiblowever, it might have had its
own unique value in this pyramiding study. Thisqus value depends on the mutual
complementarities of th&gene and the unique composition of each diffefdnt
haplapopulation.

The experiment may also have been compromised doylifference between thd.
hapla nematode populations. Population Hi from the locatSmilde” was used to
detect Run.chd, and population Hb from the location “Zwaanshoekds used to
detectRuntor (Draaistra 2006). These populations have beeracteised by Van der
Beek et al (1998). In this pyramiding study a different ptgiion from
“Bovensmilde” was used, which was commercially lde from RZ Research,
Metslawier, The Netherlands. This issue demonsrtte interdependency of plant
geneticists and nematologists and the necessityn&ntain public accessible
collections of well characterised research matef@a a reasonable price.

The nature of the nematode population has gredtdatipns for the research of plant
geneticist. At this moment there is little infornaet on the composition and allele
frequency of avirulence genes withM. hapla populations. Differences between
populations can greatly affect the identification loci involved in nematode
resistance and the estimates of the size of the-€JfEct. A small-effect QTL such as
Runtar Might appear as a large-effect QTL or as a siRggene with absolute effect,
depending on the composition of the nematode ptipulaThe ease at which
nematode populations can change their compositas demonstrated by Janssn
al. (1998) who could develoR-gene breakingV. chitwoodi populations in one
generation, by selection of largely non-breakingolates and subsequent
multiplication on tomato. Furthermore, the efforgjuired to avoid admixture &f.
haplapopulations with individuals frorivl. chitwoodiandM. fallax are not trivial.
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Genotyping the pyramiding population with the aabié AFLP markers proved to be
problematic. Polymorphic patterns observed in aifipenapping population can not
always be expected in other populations. In thimpyding population the parents of
both mapping populations were used to construcpytiamiding population to assure
that the marker allele associated with the resigtdacus will at least be recognised
in the newly generated population. In this studgé¢hcases were observed where the
diagnostic marker alleles were also observed irother parent. The diagnostic value
of marker alleles across unrelated genotypes éerdiit mapping populations than
the mapping population in which the markers wereettgped can be improved if
such an assay infers the haplotypes based on teuB#Ps (Sattarzadedt al. 2006).

In the study of Sattarzadeh al (2006) the allele specific PCR primers were tefesi
to SNPs that were diagnostic for a specific haglefyout even this strategy resulted
in a few false positive/ false negative resultsite of the efforts to maximize the
diagnostic value of the marker. An alternative PS&IRitegy is the use of non-allele-
specific PCR primers that will amplify all allelasnd use DNA polymorphisms in the
recognition sites for restriction enzymes. Evea dertain restriction enzyme used for
such a CAPS marker analysis (Cleaved Amplified Pwoisphic Sequence) does not
give polymorphism in the population to be genotypids still possible to find
another restriction enzyme that will exploit a DNgolymorphism in another
restriction site.

Acknowledgements

We would like to acknowledge Robert Machado forhtecal assistance in the
disease test, Petra van den Berg for laboratongtasse and Chris Maliepaard and
Joao Paulo for their statistical advice.

95



96



Chapter 6

General Discussion

97



98



General Discussion

In this thesis, the experimental work is descrilmefbur chapters. Two chapters focus
on the identification, mapping and characterisatibra late blight and a nematode
resistance gene. The other two chapters focus enpytmamiding ofR-genes to
achieve something more than was offered by theviddal R-genes. Besides a
quantitatively higher level of resistance, the #ddal value of pyramidedR-genes
could be a prolonged durability and resistancerejai broader spectrum of pathogen
races. This final chapter aims to discuss the éxtal work in a broader context.
On the one hand the discussion will connect to &mmehtal understanding of
evolutionary aspects and molecular interactionswéeh elicitor and receptor
molecules that determine the long term and shom teutcome of plant-pathogen
interactions. On the other hand the practical iogtlons for potato breeding and
disease resistance management are discussed.

Evolutionary aspects

In potato cultivars already a large numberRedenes have been identified, most of
them originating from wild potato species. Neveltls, the need to add moRre
genes to the potato gene pool remains. Breedingefistance is a form of man-made
crop evolution, causing pathogen evolution. Theeefthis discussion is based on
several fundamental evolutionary biological themeamely mutation, selection,
migration, and genetic drift. In the case of plpathogens this translates as follows.
The combination of both past and future mutatioengés results in a genetically
diverse pathogen population. The mutations of thst pnay reside in the pathogen
populations at a low allele frequency, which ireéestive environment can result in a
quick adaptation of the pathogen. The durabilityRajenes should be understood in
the light of past and future mutation events. A$ thoment it is unknown if the (lack
of) durability of R-genes is due to mutationsAwvr-genes which were already present
prior to the introduction of novd®-genes. In that case it is obvious to understaad th
short time in which aR-gene has its value. The strong selection pressypesed on
the pathogen population will result in a rapid gase of the allele frequency of the
virulence allele. The probability that future migas will help the pathogen to
overcome novelR-genes largely depends on the pathogen populaizs $he
number of nematodes in the soil is many factorselotivan the number of late blight
spores in the air. This may explain why for exanthle nematode resistance gétle
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is still effective, whereas examples of durable latight R-genes are absent. The
aspects of migration and drift are also dramatjcdifferent for nematodes and late
blight. The soil borne nature of nematodes imptieat genotypes having certain
mutation events remain within highly localised plapions, whereas the late blight
pathogen populations can travel, mix and matepgetive of geographical distance.

The aspect of selection of prior and future mutettis best illustrated with the potato
- nematode interaction, because of the heterogentimematode populations in the
soil. The aspect of selection is not an issue &ve blight, because it is close to
certainty that new races will emerge, spread adidr@ach high allele frequencies. In
view of the strong evolutionary potential of latéght due to numerically large
numbers of individuals, different aspects will iecdissed, such as wise strategies to
deployR-genes, fitness costs for the pathogen and theapility and putative effects
of various mutations.

The characterisation and pyramiding of late blightresistance
genes

Molecular indications that weak effectR-genes are NBS-LRR

Van der Plank wrote in 1968 that disease resistaaakl be classified into two types:
horizontal and vertical resistance. The verticaistance was race-specific, absolute
and caused bjR-genes. The horizontal resistance was race-norifgpgrartial and
not caused byr-genes (van der Plank 1968). For a long periodnoé tthese black-
and-white definitions prevailed in disease resistamesearch. However, modern
insights must bring more nuances in this paradigartial resistance is often mapped
as a QTL in clusters of knowR-genes (Gebhardt and Valkonen 2001). This suggests
that partial resistance has the same moleculas least-genes. The case &imcas
described in Chapter 2, is one more example of aygartial resistance that maps in
anR-gene cluster. Furthermore, in studies of ricegmdlogue of a majoR-gene was
shown to confer partial levels of resistan¥@?21 is an R-gene that confers race-
specific resistance to bacterial blight in ridée R-geneXa21Dis a family member
of Xa21, but has a retrotransposon in the coding regiasing the protein to lack a
kinase domain. Most likelyXa21D arose by duplication of a progenitda21 gene
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with subsequent integration of the retrotranspd8onget al. 1997). Transformants
with Xa21D have an identical resistance spectrunXagl, but have an intermediate
level of resistance comparedXa21transformants (Wangt al. 1998). This example
clearly demonstrates that partial resistance cteldcaused by mutations in kinase
domains of R-genes. In line with this theory is the hypothegi®posed by
Vleeshouwerset al (2000), explaining the quantitative phenotypelate blight
resistance. During late blight attack, it is theoamt of time the host cell needs to
recognise invading late blight hyphae. Hence, glaréisistance is a function of the
percentage of cells that can counteract infectioa fimely fashion. The reaction time
of the R-gene product to signal cell death is one of theeets that could be directly
influenced by mutations in tHegene.

Another argument against horizontal rfeigene mediated resistance is that until now
no significant resistance in potato has ever bemstribed in literature that was for
certain not an NBS-LRR type gene, except for theeg®r maturity type. It is not
clear if the emphasis on NBS-LRR genes for potalate- blight interactions can be
generalised to other plant pathogen systems. R#searthe barley Puccinia hordei
interaction demonstrated that the distributionRsfjenes didnot co-localise with
QTLs for partial resistance (@it al. 1998). This suggests an opposite situation to
potato — late blight.

Value of weak effect late blightR-genes for potato breeding

Although theR-genes that only give partial resistance may be Ieteresting for
breeding purposes because they cannot stop a gattzatack fully, we believe that
they might still be still valuable. Weak effect Rres can delay or slow down the
infection. In practical terms this can add an exteeek to the growth cycle of potato,
thus increasing the yield, before obligatory deftidin. And as will be discussed later
on, when pyramiding the weak efféRtgenes in one cultivar, the level of resistance
can be increased and possibly also the durabifitth® pyramidedr-genes can be
lengthened.

Pyramiding of late blight R-genes

During the last century, the appreciation for lalight R-genes has fluctuated. After
the initial deployment and the breakdown of the an&-genes R-genes with large

effects) fromS. demissumthere was a period wheiRRgene free cultivars with
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horizontal field resistance were pursued. Apprémiafor majorR-genes against late
blight is back again (Allefet al. 2005), as can be inferred from the introduction of
new cultivars Toluca and Bionica with late bligkigenes fron$s. bulbocastanujras
well as the current efforts to clofegenes. The concern for the lack of durability of
late blightR-genes has however not diminished; and maybe ulijrgo. Pyramiding

of R-genes can serve multiple goals: to raise the lef/eksistance, to broaden the
spectrum and improve durability. For late blighte tmajor concern is without a
doubt, the lack of durability. Pyramiding late WitdR-genes can however also benefit
the level of resistances in the practical fieldiiion.

In Chapter 3, we have studied the effect of pyramgidwo late blightR-genes which
confer different levels of quantitative resistantle two resistance gené&; n.q;and
Reiver, Were introgressed from the wild tuber bearingapmspeciess. microdontum
and S. berthaultii and were combined in a segregating dipl&@d tuberosum
population. Data from a field experiment revealeat tgenotypes with botR-genes
Rrimear @nd Rpipe, Showed an additive higher level of resistance pamed to
genotypes with only one of thiegenes. This result suggests that potato breeding c
indeed benefit from pyramiding late bligRtgenes.

It is always difficult to make predictions, in pattlar about the future. Besides
raising the level of resistance, pyramidiRggenes might contribute to the durability
of resistance (Nelson 1972). Although the durabiit R-genes lies beyond the scope
of this thesis, it is possible to speculate. Theetwo processes that determine that
an R-gene loses its functionality. Firstly, an indivaduof the pathogen population
must mutate in such a way that the avirulence prbguno longer recognised by the
R-gene product. Secondly, by selection the popuiatidl shift towards the virulent
biotype. Why could pyramiding increase the durapitif R-genes? The rationale is
simple: the pathogen would need double or multipletations to overcome the
resistance gene. Whether pyramiding would in factaase durability is however a
matter of debate. There are those that have corat®at losing twdr-genes at the
same time. Some think th&genes can never be deployed durably in late blight
resistance and suggest the use of field resistagam (Fry 2008). In any case, to
ensure a maximum lifespan of the late blighgene, it is important that singk-
gene and pyramided plants are not deployed sinedtasly. The single-gene plants
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would in that case provide a “stepping-stone” fathmgens to overcome each of the
pyramided resistance genes (Zlgaal.2003).

Another drawback that is sometimes raised agayrsinpiding is the possible fitness
costs of using extr&-genes.R-genes may have costs, as was demonstrated in the
case of théArabidopsisthaliana bacterial resistance gefPM1 (Tian et al. 2003).
Here, the transformation of plants with RPM1 causethller plants, with smaller
shoots and lower reproductivity resulting in as mas 9% fewer seeds per plant. The
appearance of this article caused much debate aheutcost of resistance. A
resistance cost of 9% is however so high that imigkely that this would be typical

for gene-for-gene resistancd&genes are widely used in plant breeding, buRan
gene with such high costs would have been quidkiyirated from the breeding pool
(Brown 2003).

The mapping and pyramiding of nematode resistanceames

In nematode resistance, the valueRefenes has never been conteskedenes like
H1 againstG. rostochiensisand Gpa5 againstG. pallida have already proven their
worth. The resistance abilities of majBrgenes are appealing, especially if they
confer absolute levels of resistance.

In this thesis the genetic mapping is describeGpéX!., (Chapter 4). The mapping
position coincides with a well knowR-gene cluster on the long arm of chromosome
11. We postulate tha(Banlta, is located in one and the safRayene cluster, which
already comprises three nematode resistance §eRES, Rvcifen Ruci-now (Draaistra
2006), as well as several more resistance genessagaruses and fungi (Gebhardt
and Valkonen 2001). From this cluster, RgeneN (Whithamet al. 1994) has been
cloned, suggesting thaGpaXi, could represent a TIR-NBS-LRR gene with
homology toN. The additional value dbpaXl. is a relative decrease of 95 % in cyst
count which is comparable to the strong-effect QUrpl (Rouppe van der Voot

al. 1998a) and>pa5(Rouppe van der Voodt al.2000). The non-absolute but partial
resistance of the QTL involved in potato cyst nexdat(PCN) resistance genes can
best be explained by the genetic heterogeneitheGt pallidafield populations and
by “escapers” that are caused by an ineffectivestaasce mechanism. Escapers are
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easily distinguished from genetic heterogeneitycabigse the frequency of escapers
will not rise during continuous propagation on teame host, whereas genetic
heterogeneity will change towards increasing vimaée The molecular basis of the
phenomenon of escapers could be based on smatt-effetations in theR-gene,
affecting the recognition of the product of avirnde genes.

Pyramiding nematode resistance genes

Isolates of potato cyst or root knot nematodes (PRKN) are sexually random
mating populations of genetically different indivmls. The resulting genetic
heterogeneity at avirulence loci is the most prédaause of the non-absolute level
of nematode resistance phenotyp@s pallida andM. chitwoodipopulations can be
selected very rapidly for a shift in avirulencettas (Jansseat al. 1998; Phillips and
Blok 2008; Schouten 1997). The selected nematodmulation will render the
matchingR-gene without value. The study of Phillips and B{@KW08) however also
demonstrates th&. pallidapopulations adapted to resistance ftf®ntuberosum spp.
andigenaCPC2802, have not acquired the capacity to oveecthra resistance @.
vernei (CPC 2488 and CPC 2487). This is a very nice ilatsin of the
complementary effect of the two resistance souddesce this study is an alternative
experimental approach to demonstrate the value yhnpding of nematode
resistance genes, where the spectrum of indiviBigénes is narrower. From the
study of Phillips and Blok (2008) it can be preditthat the joint effect of multiple
R-genes will result in a broader resistance spectamah thus in a higher level of
resistance.

Will pyramiding work for nematode resistance? litesppf these clear examples for
PCN, the RKN pyramiding study in this thesis counlot demonstrate an additive
level of resistance foM. hapla nematode resistance. Because the experiment
described in Chapter 5 did not show a significamttgbution forRyn.tar, We can not
say if pyramiding oRun-tar aNdRun-cnA gives an extra higher resistance level.

We can however envision two scenario’'s when pyrargichematode resistances.
Most importantly, pyramidingR-genes with different resistance spectra will stop
nematodes with different avirulence spectra. Egigdior G. pallidait is known that
the populations are highly heterogeneous (Folkextetnal. 1996). PyramidingR-
genes in this scenario would therefore be very lfikbeneficial in reducing
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reproduction. Another aspect is that nematBegenes can be “leaky”, causing the
abovementioned “escapers”. We can only speculatpyiimiding R-genes will
reduce or even totally prevent these escapersk&mlith late blight, the resistance
response against nematode does not likely relyherspeed of recognition and HR.
Hyphal growth of late blight enables colonisatidntlte next cell and then the next
cell, if not stopped by HR. Nematodes are sedentsiYye can envision that
pyramidingR-genes against late blight can increase the chasfcescognising &.
infestanshyphae and thereby recognising a larger proportbrihe invadingP.
infestanshyphae. Because of the sedentary nature of nesgtads less likely that
the speed of recognition will influence the resiseresponse; tHe-gene has plenty
of time to recognise it. Furthermore, a successfidction depends, in addition to
avoiding HR, also on the ability to induce the depenent of a feeding site in the
root. Escapers are thought to develop because ok ssort of “failure” of the
resistance mechanism. If escapers are caused latiomgt in theR-gene, similar as
described above in partial resistance of late blighnes, then it is likely that
pyramidingR-genes can complement this “failure” and will résanl absolute levels
of resistance.

The value of molecular markers forR-gene pyramiding

For breeding purposes, when pyramidiRggenes in one variety, the presence of
multiple R-genes cannot be assessed by phenotypic diseaags.assilless the
different resistance spectra (if any) of RRgenes can be used. Wheigenes that are
used for pyramiding have the same resistance specit is even impossible to use
late blight assays to ascertain that bé&Hgenes are introgressed. It is therefore
necessary that the genetic positions of the &sgdnes are known, so one can make
use of molecular markers flanking tRegenes. In Chapter 3, these molecular markers
proved an accurate tool to genotype the pyramidiogulation and assign the
genotypes into the fouR-gene groups. In this chapter, the individuals lo¢ t
pyramiding population were genotyped with CAPS mask In Chapter 5, we
attempted to pyramidl. haplaresistance genes following the same strategy as in
Chapter 3. However, we tried to genotype the imtligls of this pyramiding
population with AFLP markers. In retrospect, gepatg the pyramiding population
with the available AFLP markers proved to be profatc. In this study three cases
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were observed where the diagnostic marker allekre wbserved in both the resistant
as well as the susceptible parents. Obviouslytigigly linked AFLP marker allele
did not display a unique association with Ballele. The diagnostic value of marker
alleles should be tested against unrelated gen®typdifferent mapping populations
than the mapping population in which the markersewseveloped. This requires a
wide panel of potato genotypes representing thedams’ gene pool. The diagnostic
value can be improved only if the marker is wittandistance where linkage
disequilibrium is significant and should exploit BNpolymorphisms that are
haplotype specific (Sattarzadehal.2006).

Practical issues in development of highly resistanfpotato
cultivars

The newly mappedr-genes described in this thesis have a high vaduepbtato
breeding. Apart of the evolutionary aspects diseddsefore there are also practical
considerations.GanLar is a large-effect PCN resistance gene located on
chromosomd. 1. This is highly advantageous, in view of the cotieused nematode
resistance genes. Many other resistance genes hega mapped to potato
chromosomel and5, and have been introgressed in cultivars. Soonéater it will
become impossible to add anothieigene, without loosing other alleles from that
locus, even at the tetraploid level. This can bésesb by tedious analysis of
recombinants to have mofegenes linked in cis. On the other hand it is highl
beneficial to hav&k-genes on different chromosomes to allow the breetige room
to design breeding strategies.

SeveralR-genes involved in late blight resistance have l#ened and several more
are expected to be cloned in the near future. Afieming, a cassette é¥genes can

be build and used to generate GMO potato. We expatthis is the only method to
combine many strong, weak, new and brolkgenes, and to avoid undesirable
linkage drag from the wild potato genome. GMO crbps/ever are confronted with

a lack of acceptance by the general public in Eewrdpublic acceptance could be
gained if the environmental benefits of GMO pathogesistance are properly
communicated. In addition, these GMO plants co@glaced in a different category,
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cisgenesis, which is gaining political support. géisesis is a form of genetic
modification where the transferred gene is derifemn the same species or a
sexually compatible relative. Hence a similar resduld have been obtained by
classical breeding. Technically, cisgenesis resesishnsgenesis, although selection
markers are prohibited and the gene should be atgliby its own promoter. It is
perceived that the risks associated with cisgerdsiaot exceed classical breeding
(Jacobsen and Schouten 2007). In the near futusehibped that cisgenic plants can
be exempted from the expensive, time consuminglaégos that apply for normal
GMO, but this would require an amendment of theaenir European legislation on
the introduction of GMO’s.

Another practical recommendation follows from theshrange of RKN. It was
already mentioned that the stronger evolutionartemiial of late blight provides
more reason to combine late bligRtgenes as compared to nematode resistance
genes. For PCN resistant cultivars only a limitistf s associated with the one-by-
one deployment of individual nematode resistanaggeFor PCN it has even been
proposed to recommend specific cultivars for specifelds depending on the
nematode population (“areaal gebonden teeltadvigzém view of the wide host
range of RKN it might be wiser to immediately aiar fighly resistant cultivars with
multiple resistance genes (either pyramiding vassical breeding or gene-cassettes
via genetic modification). A strong reduction ofetlsoil infection will be highly
beneficial for other susceptible crops that arduished in crop rotation.

At this moment resistance levels of potato culsver the “Dutch list of varieties”
against various pathogens are described by a dqaiarditrait value. Often a number
from 0-10 is used, with O being susceptible andbéihg fully resistant to a certain
disease. While it might seem like an easy to ustesy for potato farmers when
choosing a particular potato cultivar, the systdso das a serious disadvantage. For
example, it is known for certain virus resistaneaes that resistance is absolute, and
not quantitative. Another example assumes a regfid?CN infection. It may be wise
not to use a cultivar with the sarRegene as the previous time, butRigene with a
different resistant spectrum. This might be equaltfective as growing a cultivar
with both R-genes to prevent selection for virulent nematodéerefore, a different
system should be considered indicating Bigenes. It will allow the farmers to
realise that different cultivars may possess thmes@-gene. Furthermore, farmers
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may know whichR-gene is most effective for their fields. It is ceivable that the
commercial breeders will greatly benefit from feadk from farmers addressing their
evaluations to genes rather than to cultivars. gRise-specific evaluation might be a
neglected aspect of participatory plant breeding.

Finally, a few remarks on future perspectives afpcprotection are presented. The
value of breeding for resistance has been suffiigi@xplained, but breeding for yield
and quality traits may remain more important. Ladkyield or quality cannot be
compensated for with pesticides, but lack of rasist can be compensated. The
recent interest in breeding for resistance stenagn frenvironmental impact of
pesticides and the lack of public acceptance forGs8ooner or later the public may
realise that GMO is not an environmental threat,daun deliver a sound contribution
to a sustainable agriculture. Likewise the develepimof a new generation of non-
persistent, non-toxic pesticides could add to aowative sustainable agriculture. For
the balance between the three breeding goals 4, yiglality and resistance — the
long-term anticipation on future trends by the bliexas of vital importance.
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Summary

Summary

Numerous pathogens can infect potato, but latehbli@hytophthora infestans
(Mont.) de Bary) and potato cyst nematodes (PGIMbodera rostochiensiandG.
pallida are most damaging. Several species of root knotatedes (RKN) are an
emerging threat. Breeders have successfully deglaysease resistance gen&s (
genes) to protect potato from diseases, startiogn fthe first half of the 20
century. DNA markers facilitate the introgressiofi B-genes and enable the
pyramiding of multipleR-genes in a potato cultivar. Pyramiding may imprdoke
level of resistance, the resistance spectrum anduhability of the resistance.

In this thesis, the experimental work is descrilmefbur chapters. Two chapters focus
on the identification, mapping and characterisatafnlate blight and nematode
resistance genes. The other two chapters focusherpyramiding ofR-genes to
achieve something more in terms of resistance wasoffered by the individud®-
genes.

In Chapter 2, a locus involved in late blight remice, derived fromSolanum
microdontum was identified and characterised. The resistanassociated with a
hypersensitive response and results in a delagfe¢tion of about 1-2 weeks. Both a
guantitative as well as a qualitative genetic apphowas used, based on data from a
field assay. QTL analysis identified a QTL on chomome4. A qualitative genetic
analysis resulted in the positioning of this loausthe short arm of chromosome
This position coincides with a conservedytophthoraR-gene cluster which includes
R2, Ru.jiker Rei-bibs @NA Rpianpe This strongly suggests thBbi.mcq1is the fifth R-gene of
this NBS-LRR cluster.

In Chapter 3, two resistance gengs.mcq1andRpiper, introgressed from the wild tuber
bearing potato specieS. microdontumand S. berthaultii were combined in a
segregating diploidS. tuberosumpopulation. Individual genotypes from this
segregating population were classified into fououps by means of flanking
molecular markers; carrying nggene, with onlyRpi.meq, With only Reipe, and a
group with the pyramide®eimca1 and Reiper The levels of resistance between the
groups were compared in a field experiment in 200& group withRe;.mcq1 Showed

a significant delay to reach 50% infection of teaflarea of three days. The group
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with Reiper Showed a delay of three weeks. The resistance ileviee pyramid group
suggested an additive effect Bfimca1 With Rpiper. This result suggests that potato
breeding can benefit from combining individiabenes.

In Chapter 4, a resistance @. pallida Rookmaker (Pa3), originating from wild
speciesS. tarijensewas identified by QTL analysis. The resistancelddargely be
ascribed to one major QTIGpaXl,, explained 81.3 % of the phenotypic variance in
the disease test and mapped to the long arm ofrdeomell. Another minor QTL
explained 5.3 % of the phenotypic variance and redpm the long arm of
chromosomé. Clones containing both QTL showed no lower cystnts than clones
with only GpaXlg,. After Mendelising the phenotypic dat@paXi., could be more
precisely mapped near markers GP163 and FEN427 ahdsoringGpaXl, to a
region with a knowrR-gene cluster containing virus and nematode registgenes.

In Chapter 5, a study is described that tests rayding of two resistance genes
against the root knot nematolfteloidogyne haplaRun-tar aNdRyn-cndd , Will result in
improved, or even an absolute level of resistafg.ar and Run.cndd, introgressed
from the wild tuber bearing potato spectslanum tarijens@ndS. chacoenswere
combined in a segregating dipld& tuberosunpopulation. With the aid of markers,
descendants from this segregating population wéassified into four groups,
carrying noR-gene, with onlyRyn.ar, With only Runcn, and a group with the
pyramidedRyn..ar andRuncndd. Upon inoculation withM. haplaisolate Bovensmilde,
the group containing onlRRun.cnd showed a decline of 88 % in average developed
egg masses compared to the group withByt.cn A and Ryntr. The group of
genotypes containing onlRynar, but not Ryn.cnA, showed a decline of 55% in
developed egg masses compared to the group wiRigutA andRunwr- The effect

of both loci, Ryn.tar and Run.cndA combined, did not further reduce the number of egg
masses compared to the leveRyf..nA alone.

The study presented in this thesis shows that meaksisted selection is a very
powerful method and sometimes the only way to scfee the presence of certain
genes. It furthermore shows that pyramiding différeesistance genes, even with
minor effects, can result in plants with an inceshkevel of resistance.
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Veel ziektenverwekkers kunnen de aardappel infentemaar dé aardappelziekte,
veroorzaakt doorPhytophthora infestangMont.) de Bary en aardappelmoeheid,
veroorzaakt door de aaltjgSlobodera rostochiensien G. pallida zijn het meest
destructief. Daarnaast zijn recent een aantal eoomortelknobbelaalties ook
uitgegroeid tot een bedreiging. Vanaf de eersté kah de twintigste eeuw hebben
veredelaars op succesvolle wijze resistentie géRagenen) tegen ziektes ingekruist
om de aardappel resistent te maken tegen dezezieWiet DNA merker technieken
is het mogelijk om vast te stellen of planten bédan over de gewenste erfelijke
aanleg. Hierdoor kan het inkruisen vRrgenen makkelijk gevolgd worden, en ze
maken het mogelijk om meerdeRegenen in een aardappelras te stapelen. Stapelen
van resistentiegenen zou niet alleen het niveauesiatentie kunnen verhogen, maar
ook het resistentie spectrum kunnen verbreden etudezaamheid van de resistentie
kunnen verlengen.

Het experimentele werk in dit proefschrift is bessien in vier hoofdstukken. Twee
hoofdstukken zijn gericht op de identificatie, leaimg en de karakterisering van
resistentie genen tegen de aardappelziekte en ppaidaoeheid. De andere twee
hoofdstukken behandelen het stapelen ¥Y&genen om een hoger niveau van
resistentie te bereiken dan de individugigenen zouden kunnen bieden.

In Hoofdstuk 2, wordt een locus betrokken bij ressisie tegen de aardappelziekte,
afkomstig van Solanum microdontumgeidentificeerd en gekarakteriseerd. De
resistentie is geassocieerd met een overgevodigfeegictie, en resulteert in een
uitstel van infectie van ongeveer 1-2 weken. Resif gegevens die middels een
veldproef werden verkregen, zijn geanalyseerd nmt &wantitatieve en een
kwalitatief genetische methode. De kwantitatief gjfesthe methode (QTL analyse)
identificeerde een kwantitatief kenmerk (QTL) oprathosoom 4. Met de
kwalitatieve analyse kon dit locus zeer nauwkewgaidarteerd worden op de korte
arm van chromosoom. Deze positie bleek overeen te komen met een ketiok
PhytophthoraR-gen cluster met de eerder gekarteerde NBS-LRRtezgiegeneiR2
Ro.iikes Reibibs €N Reiappe als leden. Dit suggereert dati.mcqihet vijfde R-gen van dit
NBS-LRR cluster is.
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In Hoofdstuk 3 wordt het hiervoor beschreven resititgenRei.m.q1 gecombineerd
met een tweede resistentiegRe.ner, geintroduceerd vanuit de wilde knoldragende
aardappelsoorS. berthaultii Hiertoe werd een splitsende diploide tuberosum
populatie ontwikkeld met deze twee resistentiegemanindividuele nakomelingen
van de populatie werden door middel van flankeremadéeculaire merkers in vier
groepen geclassificeerd: een groep zomdgen, met enkeRpi mea, Met enkeRe; per,

en een groep met de gestapeRiemc: €n Reiner Het niveau van resistentie werd
tussen de groepen vergeleken in een veldexperimer@07. De groep meRpimed1
liet een significante vertraging van drie dagemaen 50% infectie van het loof te
bereiken. De groep m&i e liet een vertraging van drie weken zien. Het tesite
niveau in de gestapelde groep lag nog hoger dagedet met de afzonderlijke
resistentiegenen bereikt kon worden. Dit verkregiact suggereerde een additieve
werking van beide resistentiegenBp.mcq1 €N Reiver. Dit resultaat illustreert dat de
aardappelveredeling voordeel kan behalen met hebicwren van individuel&-
genen.

In Hoofdstuk 4 wordt een resistentie tegén pallida Rookmaker geidentificeerd
door middel van QTL analyse. Deze resistentie ikoraktig van de wilde
aardappelsoortS. tarijense Bedoelde resistentie kon voor het overgrote deel
verklaard worden door een locus aan het uiteindedealange arm van chromosoom
11. Deze locusspaXl., genaamd verklaarde 81.3 % van de genotypischentaiin

de ziektetoets en is derhalve een “major QTL". Beeede locus, een minor QTL,
verklaarde 5.3% van de fenotypische variantie ertekede op de lange arm van
chromosoom9. In nakomelingen met beide QTLs werden niet mindgsten
geobserveerd dan met enk&paXl,,. Na Mendelisatie van de fenotypische data kon
Ganftar nauwkeuriger gekarteerd worden dicht bij merke®1&3 en FEN427.
Hieruit kan geconcludeerd worden dat déhaxlta, onderdeel is van een bekeRd
gen cluster, waartoe al andere virus en nematailgteaties behoren.

In Hoofdstuk 5 wordt een studie beschreven die auadkt of het stapelen van twee
resistentiegenen tegen het wortelknobbelablédoidogyne haplaRun.tar €N Ruh-chds
resulteert in een verhoogd of zelfs absoluut niveau resistentieRun-tar €N Run-chd®,
afkomstig van de wilde knoldragende aardappelso@tetarijenseen S. chacoense
werden gecombineerd in een splitsende dipl@dauberosunpopulatie. Met behulp
van moleculaire merkers werden nakomelingen vare dagregerende populatie
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ingedeeld in vier groepen, zonder R-gen, met eRlggla, met enkeRyn.cndd, €N een
groep met de gestapel@y.r €N Runcndd. Na inoculatie met hetl. haplaisolaat
Bovensmilde vertoonde de groep met enRgl..nA een afname van 88% in het
gemiddelde aantal ontwikkelde eiproppen vergelekehde groep zondé&n.chA €n
Runhtar- D€ groep met genotypen met alleRg.o, Mmaar zondeRyn.cnA, liet een
afname van 55% in ontwikkelde eiproppen zien veigeh met de groep zond&yn.
chA eNRuntar. Het effect van beide locRyn.tar €N Run-chd® gecombineerd, reduceerde
het aantal gevormde eiproppen niet verder dan irebn dat al meRyn.cnA alleen
bereikt werd.

Het onderzoek dat in dit proefschrift beschrevemdivéaat zien dat merkergestuurde
selectie een krachtige, en soms de enige methodamisde aanwezigheid van

bepaalde genen te bepalen. Bovendien laat hetaiehet stapelen van verschillende
resistentiegenen, zelfs met een zwak effect, kaulteren in planten met een

verhoogd niveau van resistentie.
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