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Stellingen

1. Deassociatie van deovergevoeligheidsreaktie metallevormenvan resistentie
tegen Phytophthorainfestansimpliceert dat resistentiegenen een belangrijke rol
zullen spelen inhetverkrijgen vanduurzameresistentie.
ditproefschrift
2. Het promotenvan 'R-genefree potatoes' door het 'International Potato Center' als
uitgangsmateriaal voor resistentieveredeling getuigt vanteweinig inzicht inde
biologievandeaardappel- P.infestansinteractie.
CIPProgramReport,1995-1996
ditproefschrift
3. The roadto plant disease resistance will always be under reconstruction.
4. Nuonderkend wordt dat Phytophthoraniettot hetschimmelrijk behoort, evolueert
de'nachtmerrievan deschimmelgeneticus'tot een'droomvoor debioloog';
Phytophthoraisnuimmers het best bestudeerde genus binnenzijn Rijk.
DavidFrancis,PhytophthoraBeyond Y2KSymposium,Wooster, 1999
5. Phytophthora-res\sXer\tie ismilieudefensie.
DirkBudding
6. Definities zijnvooral nuttig inhet beginstadiumvan biologisch onderzoek, maar in
een meergedetailleerde fase mogenzeeenvrije maniervandenken niet
belemmeren.
7. Hetfeit dat demeestemensendenkendat dechampignon indesalade nauwer
verwant isaansladan aande kok,geeft aandat mensen hunkennisover evolutie
overschatten.
8. Eengroteovereenkomsttussen dewetenschapper endekunstenaar is
verbeeldingskracht.
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Chapter 1

Generalintroduction

Thischaptercontainsslightlymodifiedpartsfrom:
Sophien Kamoun, EgarHuitemaandVivianneG. A.A. Vleeshouwers(1999)
Resistancetooomycetes: ageneralroleforthehypersensitiveresponse?
TrendsinPlantScience4, pp 196-200.

Chapter 1
For potato breeding, novel sources of (durable) resistance to Phytophthora infestans, the
causalagent of potato lateblight, arerequired.Atthestarting pointofthis research, promising
sources of resistancewere available inwild Solanum species, yetthe nature ofthis resistance
was unknown. This thesis presents a study on P.infestans resistance in potato and wild
Solanumspecies, with emphasis on the molecular and cellular biology of the plant-pathogen
interaction.Inthischapter,theplayersofthegamewillbeintroducedfollowedbyafewremarks
onthelateblightdiseaseandresistance.Thescopeofthisthesisconcludesthechapter.

Evolution and domestication of the potato (Solanum)
Solanum comprisesanextremely largeanddiverse plantgenus (D'Arcy, 1991),which includes
many field crops such as potato (S.tuberosum), eggplant (S.melongena), pepino
(S.muricatum),narangjilla (S.quitoense),and tomato (Lycoperslcon). AlthoughLycopersicon
has originally been classified as a separate genus (Hawkes, 1990), recent studies have
included Lycopersiconin Solanum(Spooner etal.,1993). The center of origin of Solanumis
thought to bein Mexico,from which species migrated southwards andevolved into a separate
gene poolinSouthAmerica(Hawkes, 1990).Mosttuber-bearing Solanum species usedinthis
study evolved inthe Andean mountain range.Alsothe cultivated potato S.tuberosum evolved
in this area, probably from a complex of diploid ancient domesticated Solanumspecies. The
Spanish invaders became familiar with the crop, and it was probably about 1570 that they
shipped the first potatoes to Spain and Tenerife. From there, potatoes were spread around
Europe,andreached NorthAmerica inabout 1621. Bynow, potato iswidely grown aroundthe
world,andranksthefourthstarchcropinglobalfoodproduction.

The oomycete pathogen Phytophthora infestans
P.infestansbelongs to the oomycetes, organisms that exhibit a filamentous growth habit and
are often inaccurately referred to as fungi. Modem biochemical analyses as well as
phylogenetic analyses basedonsequences ofribosomalandmitochondrial genessuggest that
oomycetes share little taxonomic affinity to filamentous fungi, but are more closely related to
golden-brownalgaeandheterokont algae intheeukaryoticcrowngroupoftheStramenophiles,
Kingdom Protista (Kumar and Rzhetsky, 1996; Paquin ef al., 1997; van de Peer and de
Wachter, 1997;MargulisandSchwartz, 1998)(Figure 1-1).
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Figure 1-1
Phylogenetictreeshowingtheevolutionaryrelationships betweenthemajoreukaryoticgroups(adapted
fromvandePeeranddeWachter, 1997).Notethepositionoftheoomycetes comparedwiththeother
eukaryotic plant pathogens (filamentous fungi belonging to the basiodiomycetes and ascomycetes).
Oomycetesappearasanindependentgroupofplantpathogeniceukaryotes.
Obviously, oomycetes differ fromtruefungi in many aspects. For example, like plants
and algae,the oomycete cellwall is composed of li-glucans, whereas fungal cell walls mainly
consist of chitin (Bartnicky-Garcia and Wang, 1983). In contrast to filamentous fungi,
oomycetes are notableto synthesizesterols,butobtainthemfrom their environment (Hendrix,
1970; Elliot, 1983). The oomycete life cycle includes a zoosporic phase, in which biflagellate
swimming spores are released in an aquatic environment (Figure 1-2) (Fuller and Jaworski,
1987). The ultrastructure of the zoospore flagellum provides evidence for the classification of
oomyceteswiththeheterokontalgae (Barr,1983)

Figure 1-2
ReleaseofP. infestanszoosporesfromasporangiospore(DifferentialInterferenceContrast,1000x)
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Late blight disease
Oomycetes are a diverse group of organisms, many of which are plant pathogens. The order
Peronosporales includes about 60 species of the genus Phytophthora (Greek for 'Plant
destroyer"), numerousgenera of the biotrophic downy mildews,and morethan 100species of
the genus Pythium. These pathogens cause devastating diseases on numerous crop and
ornamental plants and these are notoriously difficult to manage. Economically important
diseases include root and stem rot caused by Phytophthorasojae, which hampers soybean
production inseveral continents,and black podofcocoa caused byPhytophthorapalmivora, a
recurringthreattoworldwidechocolateproduction.
The most devastating oomycete disease is potato late blight, which is caused by
Phytophthorainfestans(Figure 1-3). P.infestans(Mont.) de Bary isanheterothallic oomycete,
which evolved inToluca Valley, inthecentral highlands of Mexico. Before 1980,occurrence of
bothA1 andA2 mating types was limited to this region,whereas inthe rest of the world,only
theA1matingtypewas present (Niederhauser, 1956;Gallegly andGalindo, 1958).After 1980,
the old (A1) population has been replaced by a new (A1/A2) population, and a dramatic
increase in genetic variation in P.infestanspopulations was observed and suggested to be
caused by sexual reproduction (Fry et a/., 1992; Drenth et al., 1994; Goodwin and Drenth,
1997).

Figure 1-3
Late blight in a potato field. When P.infestans sporangiospores land on the foliage, they can either
germinate directly or indirectly (via the formation of zoospores and cysts). Hyphal germtubes grow over
the leaf surface, form an appressorium and penetrate the epidermis. After a biotrophic growth phase
through the leaf mesophyll, sporangiophores emerge through the stomates and sporangiospores are
produced for further dispersal of the disease. (A) Infected leaves get necrotic and turn black, rendering
the 'blighted' look in the field. (B) Lower side of an infected leaf from a susceptible S. microdontum
(BGRC 18570,clone265).Thesporulationzone isvisibleaswhitefluffy mycelium.

P.infestansmainly infectsaselection of Solanum species, butalso moredisparate hosts have
been reported (Turkensteen, 1973; Erwin and Ribiero, 1996). In the mid-19th century,
P.infestansdevastatedthe European potato fields resulting inawidespreadfamine inIreland,
and late blight still remainsthemost serious constraint to potato production (Fry andGoodwin,
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1997).Worldwide losses dueto late blight and control measures are estimatedto cost around
$3 billion annually. The use of chemicals targeted against P.infestanscan provide some level
of disease control. However, inthe long term,the development of crops that possess durable
genetic resistance,whether byclassical breeding methods or bygenetic engineering, provides
the best prospect for effective, economical andenvironmentally sound control ofthe late blight
disease.

Resistance
Typesofresistance
Diseaseresistance processes inplantsarediverse(Agrios, 1997).Resistance mayoccuratthe
subspecies orvariety level(race-orcultivar-specific resistance) oratthespeciesorgenus level
(nonhost resistance). In addition, resistance may be a quantitative phenotype (partial
resistance) with a partial reduction in disease severity. An improved understanding of the
molecular basis of the various types of disease resistance is essential to achieve durable
resistance.

Whatdoweknowaboutresistancetooomycetes?
Sinceoomycetes includeauniquegroupofeukaryotic plant pathogens,theyevolvedthe ability
to infect plants independently fromtruefungi (Kumar and Rzhetsky, 1996; Paquin etal.,1997;
vandePeer anddeWachter, 1997)(see Figure 1-1). This suggeststhat oomycetes may have
distinct genetic and biochemical mechanisms for interacting with plants. For example, plant
saponins target membrane sterols and aretoxic to filamentous fungi, but not to oomycetes as
these contain little or nosterols intheir membranes (Osbourn, 1996b; Osbourn, 1996a). Itcan
be argued that breeding for late blight resistance in potato has been so unsuccessful partly
because knowledgeofresistancetooomycetes isvery limited.Therefore,to beabletodevelop
late blight resistance,there should bemore emphasis on studying the biology ofthe pathogen
itself,andtheinteractionwithitshost.

Hypersensitiveresponse
The hypersensitive response (HR) of plants isoften associated with disease resistance (Dangl
etal.,1996).The HRgenerally occurs as a rapid,localized cell death, and isconsidered asa
form of programmed celldeath inplants (Mittler and Lam,1996; Heath, 1998).The HRfollows
perception by the plant of pathogen signal molecules, elicitors, encoded by avirulence (Avr)
genes (Staskawicz et al., 1995). Specific receptors, encoded by R genes, interact directly or
indirectly with elicitors, thereby initiating signal transduction pathways that leadto the HR and
theexpressionofdisease resistance response.Oneconsequence ofthis modelisthat racesof
the pathogen that contain a mutation in their Avr gene(s) can arise and become virulent on
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particular plant genotypes. The R genes from unrelated plant species share similar structural
domains,suggestingconservedmechanismsof pathogen recognition andsignalingofdefense
responsesintheplantkingdom (Staskawicz efa/., 1995;Bakerefal., 1997).

Otherresistancemechanisms
Various resistance mechanisms have been reported in addition to the HR. A general
phenomenon occurring duringdefense against pathogen invasion iscellwall strengthening.As
various plantpathogensattempttofeed ontheplant bydismantling thecellwalls,plants inturn
deposit dense materials, such as callose or lignin,to hamper entrance of the cells (Hijwegen,
1963; Aist, 1976). In case of P.infestans, localized cell wall degradation at haustorial
penetration sites is accompanied by accumulation of lignin-like material (Friend, 1973) and
callose in papillae or collars (Wilson and Coffey, 1980; Cuypers and Hahlbrock, 1988; Gees
andHohl,1988).
Resistance mechanisms of a more physiological nature include for example systemic
acquired resistance (SAR), which can be induced upon pathogen attack, or can be
constitutively activated at a certain level. SAR is associated with enhanced expression of
pathogenesis-related (PR) proteins and salicylic acid (Ryals ef al., 1996), and has been
described in various plants, including potato. Activation of SAR results in a systemic, broadspectrum resistanceto pathogens asdiverse asviruses, bacteria,fungi andoomycetes (Ryals
et al., 1996). Also in the potato-P infestansinteraction, SAR has been reported (Doke etal.,
1987;Cohenefal.,1991; Cohenetal., 1993).

Sourcesofresistance
Genebankscollectandpreservegermplasmtomaintaingeneticdiversityforfuturegenerations.
In present breeding programs,wild Solanum species are incorporated to introgress resistance
against a broad spectrum of pathogens, including bacteria, viruses, nematodes, fungi and
oomycetes (Ross,1986).
Toobtainlateblight resistance,Rgeneshavebeenintrogressedfrom S.demissum into
potato (Miillerand Black, 1952).Since bothP.infestans and S.demissum evolved inMexico,it
has beenarguedthatthese resistance genes co-evolvedwiththe pathogen and maytherefore
belessdurablethangenesthatevolved inother regions independent ofthepathogen(Nelson,
1978; Colon, 1994). Late blight resistance was also found in various tuber-bearing Solanum
accessionsfrom SouthAmerica (ColonandBudding, 1988;Wastie, 1991; Ruiz DeGalarreta ef
al., 1998; Micheletto ef al., 1999). Several wild Solanumspecies were identified as potential
donorsofresistanceforbreedingpurposes (HoekstraandSeidewitz, 1987;ColonandBudding,
1988; Colon, 1994) (http://www.plant.wageningen-ur.nl/cgn/potato). A selection from these
plants is studied in detail for their resistance responses (Figure 1-4), and the results are
describedinthisthesis.

Generalintroduction

Figure 1-4
Wild and cultivated Solanum plants in the field. (A) S.microdontum BGRC 18570, clone 265, (B)
S.vernei BGRC24733,clone 530,(C) S.berthaultii BGRC 10063,clone 11, (D) S.tuberosum (potato
cultivar). (A, B, C) Plants were spot-inoculated in afield experiment. The susceptible S. microdontum
plantshows largeexpanding lesions onthe inoculated leaves,the partially resistant S.vernei displays
bothslowlyexpandinglesionsandarrested(HR)lesions,andthehighlyresistant S.berthaultiidoesnot
showanysymptoms.(D) Occasionally, alesionbecomesborderedbyalignin-like zoneanddoes not
expand further, le, expanding lesion; HR, hypersensitive response; li, lignified border surrounding
arrested lesion.

Scope of this thesis
Adiverse setofSolanum plantswithdifferenttypesof resistanceto P.infestans playsacentral
roleinthisthesis.Theaimofthisresearchwastostudyandcomparethediverseresistancesof
the Solanum species to P.infestans. The rationale behind it was, that when defense
mechanisms of durably resistant plants can be recognized, the knowledge obtained can be
usedtoevaluate plantmaterialfor breedingprograms.
TostudytheSolanum -P.infestansinteractionatacellularandmolecular level,wefirst
designedalaboratory assaywith detached leaves (chapter 2).We compared this assay tothe
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practical field situation in which late blight resistance is to be used. After confirming that the
resistance observed in the field was maintained in our laboratory assay, we performed a
cytological survey on the resistance responses of the Solarium plants to various P. infestans
isolates (chapter 3). In contrast to the classical opinion that durably resistant plants would not
recruit the HR, we found that the HR was always associated with resistance, also in durably
resistant plants. Interestingly, we noted differences inseverity ofthe HR between the different
plants: in fully resistant plants, the HR is extremely rapid and pathogen growth is aborted
immediately, yet in partially resistant plants, hyphae occasionally escape from HR lesions.
Those hyphae are able to establish a biotrophic interaction with the plant, which results in
growing lesions. Variation in growth rates of those lesions between the plants suggested that
defense mechanisms otherthan HRoperatedatdifferent levels.Onesuchmechanism isSAR,
and in chapter 4 we used PRgene expression levels as molecular markers to measure SAR
levels of the Solarium plants. In chapter 5 we returned to the HR-based resistance, and
focussed on plant components ofthe molecular interaction,the R genes.We concentrated on
one particular class of R genes, the Pto kinases, and generated a diversity of Pfo-like
sequences from Solarium. Analyses of the amino acid sequence characteristics revealed that
the Pfo-like sequences are highly conserved. We obtained a better understanding on the
evolutionofPfo-likegenes,whichappear to haveevolved before Solarium species radiated.In
thegeneral discussion (chapter 6) we recapitulate the results, anddiscussfuture perspectives
ofP.infestansresistance inpotato.
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Summary
Physiological and molecular research on resistance responses of Solatium tuberosum
cultivars and partially resistant Solanumspecies to Phytophthorainfestansrequires a
reliableresistancetestthatcanbeused inthe laboratory. Laboratorytests performedon
detached leaves and intact plants were compared with field tests for similarity of late
blight reactions. Detached leavesfromfield-grown plantswere as resistant as detached
leavesfrom climate chamber-grown plantswhen challengedwith P.infestans. However,
detached leaves incubated in covered trays at high relative humidity were more
susceptible than detached leaves kept in open trays or leaves on intact plants. The
incubation conditions of detached leaves incovered trays rather than detachment itself
appeared to affect the resistance expression. Detached leaves of some wildSolanum
genotypes became partially infected, whereas intact plants were completely resistant
when inoculated. Inoculation of leaves on intact plants, however, resulted in lower
infectionefficiencies.Theselimitationsshould betaken intoaccountwhenchoosingthe
appropriate inoculation method for specific purposes. For resistance screening,
laboratorytests provedto beagoodalternative forfieldtests.The rankingof resistance
levelsfortwentyplantgenotypeswassimilar underlaboratoryandfieldconditions.

Introduction
Partial resistance to Phytophthorainfestans,the causal agent of late blight, occurs in several
wild Solanumspecies and in some potato cultivars (Colon and Budding, 1988; Colon et ai,
1995b). This quantitative type of resistance is influenced by changes in environmental factors
(Umaerus, 1969); therefore, experimental conditions for testing levels of partial resistance
should be chosen carefully. Although the field tests described by Fry (1978) and Colon and
Budding (1988) closely resemble the natural conditions under which late blight resistance is
important, field testing can only be performed once a year during the growing season. For
large-scaleresistancescreenings incommercial breeding programs,thelimitationsoffieldtests
may beaccepted incontrastto moresophisticated,costlyandtime consuming laboratorytests.
However, studies aimed to unravel resistance mechanisms at the physiological or molecular
levels are best performed under controlled conditions in the laboratory. For these specific
investigations, an experimental setup inwhich a high percentage of successful infections can
beassured isaprerequisite.
Several methods have beendescribedto assessfoliar lateblight resistance. Inaddition
to field tests and whole plant greenhouse assays (Stewart et ai, 1983), laboratory tests on
detached leaves (Lapwood, 1961), leaflets (Malcolmson, 1969; Umaerus and Lihnell, 1976) or
leaf discs (Hodgson, 1961) have been described. Resistance assessed in the field can be
expressed as ADPC values (area under the disease progress curve) (Shaner and Finney,
1977), which are considered the best estimate of disease for multi-cycle pathogens like
P.infestans (Fry, 1978). In laboratory tests, commonly used parameters for resistance
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assessment are lesion growth rate (LGR), i.e. the rate of necrosis extension, lesion size (LS),
which is correlated with LGR, infection efficiency (IE), i.e. the percentage of successful
infections, latency period (LP) and spore density (SD) (Birhman and Singh, 1995). Less
frequently used, but also suitable as a parameter, is Phytophthorabiomass. Its quantification
can be carried out either through serology-basedtests such as ELISA (Harrison et a/., 1990;
Beckman et a/., 1994) or through GUS assays using a transgenic P.infestans strain
constitutively producing (i-glucuronidase(Kamounera/., 1998).
Severallaboratorytests havebeencomparedwithfieldtests. Usingranking studies,the
relative resistance levelsofseveralcultivars ingreenhouse orlaboratoryexperiments appeared
comparable to resistance levels in the field (Hodgson, 1962; Knutson, 1962; Stewart ef a/.,
1983; Dorrance and Inglis, 1997).LS,LPandSDmeasured inalaboratoryassay ondetached
leaflets appeared well correlatedwithADPC values obtainedfrom a late blightfield trial (Singh
and Birhman, 1994) after multiple linear regression. Inthese studies, resistance data obtained
in certain tests were simply compared with rough resistance scores obtained in completely
different field tests. So far, the effect of conditions inherent to laboratory tests on the actual
resistance levels has not been described. Recently, Dorrance and Inglis (1997) reported thata
greenhouse test with intact plants corresponded better to ADPC values than a laboratory test
with leaflets and leaf discs incubated on water agar. However, from a practical point of view,
tests with detached leaves, leaflets or discs are more attractive.Additional studies are needed
to verify whether resistance observed on detached leaf assays reflects the resistance found in
fieldtests.
The aim of our study was 1) to design a reliable laboratory test for resistance
assessment to P.infestans, and 2) to compare resistance data obtained in this test with
resistance data obtained infield tests.To this end,well-characterized Solanum material witha
broad range of resistances was used, and experimental conditions and methods were
standardized.

Materials and methods
Plantmaterial
The plant genotypes used inthis study and their resistance characteristics are listed in Table
2-1. Materialobtainedfrominvitroplantletswas usedsincethe physiological ageoftubershas
been shown to have an effect onfoliage resistance (Stewart ef a/., 1983). In addition, invitro
propagation reducesthe chance ofvirus contamination, and allows rapid multiplication of plant
material.Invitroplantletswere grown insterile glasstubes containing MS medium (Murashige
and Skoog, 1962) supplemented with 15g.T1 sucrose and 15g.l"1 mannitol at 23C. For
propagation, shoots were cut andtransferred to fresh MS medium containing 30g.l"1 sucrose.
After one week of rooting, the in vitroplantlets were transferred into pots of sterilized soil and
placed inaclimatechamber. Toallowaprogressive adaptationto lower humidity,the plantlets
were initially covered with small transparent containers that were removed the next day. The

15

Chapter2
plantsweregrown undercontrolledconditionswitha 16h/8hday/night regime and 18/15°C,6580% relative humidity (RH); illumination was provided by 400 Watt Philips-HPIT lamps placed
at 50cm intervals at 150cm above soil level. For the field tests, plants were grown for one
month in the climate chamber, and subsequently transplanted in the field to grow for one
additionalmonthbeforeinoculation.

Phytophthorainfestansisolates,maintenanceandinoculumpreparation
P. infestansisolate 90128 (race 1.3.4.6.7.8.10.11) and IPO-0 (race 0, kindly supplied by Dr.
L.J.Turkensteen, IPO-DLO,Wageningen, The Netherlands) were used throughout this study.
Aliquots of sporangiospore suspensions in 15% dimethyl sulfoxide were preserved in liquid
nitrogen. For each experiment, a fresh sample of sporangiospores was plated on rye agar
medium supplemented with 20g.l"1sucrose (Caten andJinks, 1968) and incubated at 18°C in
thedark.After afewdays,aplugof myceliumwastransferredto afresh agar plate.Oneweek
later,whentheplatewascoveredwithmycelium,coldwater(4°C)wasaddedtothesporulating
mycelium.Thesporangiospore suspension was pipetted intoatest tube and incubated at4°C.
After 1-2 hours, zoospores were separated from the sporangiospores by filtration through a
15urnnylonmesh.Theconcentrationwasadjustedto5x 104zoospores/mlforinoculation.

Inoculation:conditionsandplantmaterial
Eight to ten weeks old climate chamber or field-grown plants were spot-inoculated either on
detached leaves orintact plants.Thethirdtofifthfully developed leaves (countedfromthetop)
were used. Five leaflets per compound leaf were inoculated (one spot per leaflet) by pipetting
10pidropletsontheabaxialside.
Inoculations in the field were carried out just before nightfall. To obtain a high RH,
necessary to get a good infection, the plants were thoroughly wetted by sprinkling during the
afternoon priorto inoculation.Duringtheentireexperiment,thefieldwas kept humid byregular
overhead sprinkling. Climate chamber-grown plants were transferred to another climate
chamber and incubated at a 16h/8h day/night photoperiod with fluorescent light (Philips TLD
36W/84o) tubes at 18/15°Cand 95-98% RHfor inoculation on intact plants. The next day the
RHwas brought backto70%.Fordetached leaf inoculations, leaveswerecut,placed inwatersaturated florists foam (Oasis®) in a tray, and inoculated. The trays were wrapped in
transparent plastic bags (covered trays) and incubated in the same climate chamber as the
inoculated intactplants.
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Chapter2

Estimationandanalysisoflesiongrowthrate(LGR)andinfectionefficiency(IE)
Lesions were measured three times, usually at day three,four, and five after spot inoculation
using an electronic caliper connected to a palmtop computer. The largest length and width
(perpendicular to the length) of each lesion were measured, and the ellipse area
(A= 1/4*7t*length*width) was calculated. The lesions were divided in two groups, i.e. 'no
infection/arrestedlesion'(nolesion,orlesionremainingwithinthesizeoftheinoculumdroplet,
i.e.A<16mm2),or 'growing lesion'(thearea is larger than 16mm2at least at onetime point).
The arrested lesions were regarded as unsuccessful infections where the pathogen had been
stopped bya hypersensitive response (HR).Therefore,these lesions were not included inthe
estimation of LGR. Fromthe 'growing lesions' group,the area of the ellipses was square root
transformed,resulting inthe radiusofthe lesions.The LGRwas estimated bylinear regression
over time. The infection efficiency (IE) was calculated as the percentage of successful
inoculations (i.e.percentage of growing lesions relativetothetotal number of inoculations) per
plant. IE and LGR were estimated and analyzed with ANOVA using Genstat (Genstat 5
Committee,1987).

Experimentaldesign
As summarized schematically in Table 2-2, five different treatments can be distinguished. In
this design, treatment A represents the field situation, treatment D represents the laboratory
test asdesigned inthis paper,treatment Band Careintermediates.Treatment Ewas included
inordertoanalyzetheeffectsofleafdetachment andenvironmentalconditionsseparately.
Treatments A, B, C, and Dwere compared in a three factor experiment: within each
growing condition (field or climate chamber) the resistance levels of two cultivars (Bintje and
Robijn) were determined after inoculation with P.infestansisolate 90128 on either detached
leaves or intact plants. The same inoculum suspension was usedfor the plants inthe climate
chamber and field. Through accurate labeling of the inoculation spots on designated leaves,
potential confusion with outside P. infestanscontaminants was excluded. The field and the
climatechamber were each divided intwo blocks,whichwere divided inthree sub-blocks.The
sub-blocks consistedoftwo Bintje andtwo Robijn plants, resulting in48 plants per experiment.
Two experiments were carried out at a one week interval, and the next summer these were
replicated.Thefourexperimentswerecombinedforstatisticalanalyses.
A two factor experiment was earned out on climate chamber-grown plants, which
received treatment C, D, and E (Table 2-2) in four replications. Bintje and Robijn were
inoculated with P.infestans isolate 90128. The results from duplicate experiments were
combinedforstatisticalanalysis.
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Inaseparateexperiment, leavesfrom Bintje and Robijnwere detached either onehour
or one day prior to inoculation.The detached leaves were inoculated with P.infestansisolate
90128 and incubated in covered trays (treatment D, Table 2-2). Two plants were used per
cultivar, perincubationperiod.LGRswerecomparedbetweendifferent timesofincubation prior
to detachment. Three identical experiments were performed and combined for statistical
analysis.
Table 2-2
Treatments used to test the effect of growing conditions, inoculation material and environment on
resistance of plants to P.infestans. Experiments were performed at indicated test locations.
treatment

A

B

C

D

E

plants grown in

field

field

climate
chamber

climate
chamber

climate
chamber

inoculation on

intact plants

detached
leaves

intact plants

detached
leaves

detached
leaves

environment

open air

covered trays

open air

covered trays

open air

test location

field

laboratory

laboratory

laboratory

laboratory

ResistancetestswithasetofSolanumgenotypes
Average LGRs and lEswere determined of nineteen Solanumgenotypes andon the nonhost
Mirabilisjalapa (Table 2-1) under different experimental conditions (treatment A, C, D, Table
2-2) after inoculationwitheitherP. infestansisolate IPO-0or90128.Arandomizedblockdesign
was applied,with 3or4 blocks, depending onthe experiment. LGRs could not be determined
forgenotypesthatwerecompletely resistant(lesionsizeremains0)ordisplayingaHR,suchas
S.berthaultii, S.circaeifolium, S.nigrum, M.jalapa (Table 2-1). Genotypes displaying no
symptoms at allwere considered more resistant than genotypes predominantly exhibiting HR.
To include these highly resistant genotypes in the resistance rating, the average LS at day 6
wascalculated.

Correlationsbetweendifferentexperimentalconditions
To test whether the resistance levels of Solanum genotypes were comparable under the
different experimental conditions, separate experiments were compared to each other. Per
individual experiment, the LGRs and LSs at day 6 from the plant genotypes were ranked in
decreasing resistance, and Spearman's rank correlation test was applied to pairs of
experiments.
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Results
Comparisonsbetweenlaboratoryandfieldtests
When comparing the various experimental conditions (Table 2-2) late blight lesions extended
always significantly (P< 0.001) more rapidly on Bintje than on Robijn (Table 2-3). During
incubation, plants in the field encounter other environmental conditions than plants in the
climate chamber. Thus, for intact plants, the effects of growing conditions and inoculation
material (detached leaves vs. intact plants) are unavoidably interwoven with each other.
Therefore,analysis oftheeffect ofgrowingconditions wascarried outwiththe LGRsestimated
ondetached leaves(treatment Bvs. D,Table2-2)from BintjeandRobijn.Theeffectofgrowing
conditions on LGR was not significant (P=0.65), but there was a significant interaction
betweengrowing conditions andcultivars (P<0.001).These results suggest that plantsgrown
intheclimatechamber areasresistant asfield-grown plants.Theeffect of inoculationonintact
plantsvs.detachedleaveswasanalyzedforclimatechamber-grown plants (treatment Cvs.D),
and a highly significant (P<0.001) effect of the inoculation material was found, with an
interaction betweeninoculationmaterialandcultivar(P=0.029).
The table of means from the total experiment is presented in Table 2-3. The LGR on
intact plants was lower in the field (A) than on intact plants in the climate chamber (C). lEs
showed asimilar pattern as LGRs(data notshown). Ingeneral,climate chamber-grown plants
appeared to have the same resistance level asfield-grownplants, while detaching the leaves
significantly reduced the expression of resistance.This suggests that either the environmental
conditions inacoveredtray,orleafdetachment,affects resistanceexpression.

Table 2-3
Effectoffourdifferenttreatments(Table2-2)onlesiongrowthrates(LGR,inmm day"1)afterinoculation
withP. infestansisolate90128,onpotatocultivarsBintjeandRobijn(n=360inoculationspots).
Bintje
intact plants
A

Robijn
detached leaves
s

field

1.88

3.81

climate chamber

2.87c

3.94D

LSD=0.12(P<0.05)
treatmentA,Table2-2,representingthefieldtest

A

D

treatmentD, Table2-2,representingthelaboratorytest
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intact plants

detached leaves

A

0.63

1.87B

0.75c

1.65D
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Effectofleafdetachment
To discriminate betweentheeffects ofenvironmental conditions andleaf detachment on LGR,
three treatments (C, D, E) were compared for Bintje and Robijn. Incubation conditions
(P< 0.001) and cultivars (P<0.001) significantly influenced LGRs. Lesions extended
significantlyfasteronBintjethanonRobijnin alltreatments (Table2-4).TheLGRsondetached
leavesfrom bothcultivarsweresignificantly higher incoveredtrays(D)comparedtoopentrays
(E). However, there wasnosignificant difference between the LGRs onintact plants (C) and
detached leavesinopenair(E).Thesedatasuggestthatthedecreasedresistanceofdetached
leaves iscausedbyenvironmentalconditions,ratherthanbyleafdetachment.
For Bintje, high lEs were reached in all treatments (Table 2-4),contrasting with the
situationonpartially resistant Robijn,whereahigh IEwasachievedonlyondetached leavesin
covered trays (92%). IEwassignificantly lower ondetached leaves inopen trays (70%),and
lowestonintact plants(52%).

Table2-4
Effect of different incubation treatments (Table 2-2)on lesion growth rates (LGR,in mmday"1)and
infectionefficiency(IE,inpercentages)ofP. infestans isolate90128onpotatocultivarsBintjeandRobijn
(n=120inoculationspots).
Bintje

detachedleavesincoveredtraysD
6

detachedleavesinopentrays
0

intactplants

Robijn

LGR

IE

LGR

IE

(mm day'1)

(%)

(mmday"1)

(%)

3.55

100

2.51

92

2.92

95

1.40

70

3.19

93

1.41

52

LSDLGR=0.54(P<0.05)
LSDIE=17(P<0.05)

c
treatmentC,Table2-2
D
treatmentD,Table2-2
E

treatmentE,Table2-2

To test whether incubation in the trays has an effect on resistance expression, Bintje and
Robijn leaveswere detached either one houror24 hours priortoinoculation.The effect ofthe
incubation period was not significant (P=0.393), the cultivar effect was highly significant
(P=0.003); andthere wasno interaction (P=0.979) between incubation period andcultivar
(Table 2-5).The same pattern wasfound for the lEs (data not shown). This supports the
hypothesis,thatleafdetachmentpersedoes notaffect resistanceexpression.
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Table 2-5
Lesiongrowthrates(LGR,inmmday'1)ofP. infestans isolate90128onleavesofcultivars Bintjeand
Robijndetachedonehourand24hourspriortoinoculation(n=90inoculationspots).
Bintje
detachedonehourpriortoinoculation0
detached24hourspriortoinoculation
LSD
=0.90(P<0.05)
D
treatmentD,Table2-2

Robijn

3.35

2.25

3.07

1.96

ResistanceassessmentofSolanum genotypes
Resistance tests on aset of nineteen Solanumgenotypes andthe nonhost M.jalapa revealed
that ingeneraltheLGRwasthehighest ondetachedleaves(D),intermediateonintact plantsin
the climate chamber (C), and the lowest in the field (A) (Table 2-1). Occasionally, some
genotypes that were resistant when intact plants were inoculated became partially infected
when detached leaveswere used(S.microdontum-178, S.berthaultii-'\'\, and S. sucrense-23).
Although S.sucrense appeared exceptionally susceptible on detached leaves compared to
intact plants, ingeneralthedifferences between LGRswere usually proportionalto each other.
However, thefrequency ofsuccessful infectionsonintact plantswasvery low,especially inthe
climate chamber (Table 2-1). Even on susceptible genotypes (e.g. Bintje, Ehud, and
S.microdontum-265)of which detached leaves were completely infected, the IE on intact
plantsbarely reached50%.
To test whether different experimental conditions have an effect on the genotype
ranking order for resistance, three resistance tests in which P.infestans isolate 90128 was
used for inoculation (Table 2-6), and five tests in which isolate IPO-0 was used (Table 2-7)
were compared. The experiments with isolate IPO-0 that were performed under the same
standard laboratory conditions (treatment D, Table 2-7, experiment IV, V, VI,VII) were highly
correlated with each other (average correlation coefficient 0.84 for LGR, 0.85 for LS,
P <0.001).Whenresistancedataobtainedfromexperiments with isolate90128under different
growing conditions were compared, similarly high correlations were found (0.94 and 0.85, for
LGRandLSrespectively,Table2-6).Therefore, nosignificant differences inresistance ranking
couldbefoundbetweenplantsthat hadbeengrown intheclimatechamberorinthefield.
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Table 2-6
Spearman'srankcorrelationsbetweenthreeresistanceexperimentswithSolanum genotypesperformed
underdifferent experimentalconditions.Valuesrepresent correlationscalculatedfor lesiongrowthrates
(LGR) and lesion size (LS) at day 6 after inoculation with Phytophthora infestans isolate 90128.The
numberofSolanumgenotypesisshownbetween parentheses.
experiment

parameter

lD

ll c

LGR
LS

0.76(17)***
0.90(17)***

lll A

LGR
LS

0.72(18)***
0.76(18)***

ll c

0.94(19)***
0.85(19)***

"** P<0.001
'ResistancedatafromtheseexperimentsarepresentedinTable2-1.
*treatmentA,Table2-2, representingthefieldtest
:
treatmentC,Table2-2
11
treatmentD,Table2-2, representingthelaboratorytest

In experiments with isolate 90128, the correlation coefficients between resistance ratings
obtained with different inoculation material (treatment C vs. D) were slightly lower (0.76 for
LGR, 0.90for LS,Table 2-6), but still highly significant (P<0.001). Inexperiments with isolate
IPO-0,thecorrelations (experimentVIII,with IV,V,VI,VII,Table 2-7)wereclearly lower, i.e. on
average 0.57 for LGR and 0.62 for LS. In general, the lower correlations indicate that there
might bedifferences inthe levelof resistance expression between detached leaves and intact
plant inoculation.This effectwasalsofound betweenfieldandlaboratorytests (treatmentAvs.
D) performed with isolate 90128,where Spearman's coefficients of rank correlation were 0.72
and 0.76 for LGRs and LS, respectively. Although the rank correlations between field and
laboratory tests are still considerable and highly significant (P<0.001), the decrease in
correlation coefficients compared to repeated experiments (IV,V,VI,VII,Table 2-7) under the
same standard conditions indicates that environmental conditions in a laboratory affect the
resistance response. Since no effect of growing conditions has been found, these results
suggest that the difference between the field situation and laboratory may be caused by
inoculation of detached leaves instead of intact plants, confirming the results obtained with
BintjeandRobijn.
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Table 2-7
Spearman's rank correlations between five resistance experiments with Solatium genotypes
performedunderdifferent experimentalconditions.Valuesrepresentcorrelationscalculatedforlesion
growthrates(LGR)andlesionsize(LS)atday6after inoculationwithPhytophthora infestans isolate
IPO-0.ThenumberofSolanum genotypesisshownbetweenparentheses.
experiment

parameter

IVD

VD

LGR
LS

0.83(17)***
0.88(17)***

VI D

LGR
LS

0.83(17)***
0.87(17)***

0.85(15)***
0.88(15)***

VIID

LGR
LS

0.87(17)***
0.71 (17)***

0.78(15)"*
0.68(15)**

0.87(18)***
0.75(18)***

Vlll c

LGR
LS

0.57(18)*
0.60(18)**

0.59(16)*
0.77(16)***

0.46 (18) ns
0.59(18)**

VD

VI D

VIID

0.67(18)**
0.51 (18)*

*P<0.05
**P<0.01
***P<0.001
c
treatmentC,Table2-2,consistedofintactplants,growninclimatechambers
D
treatmentD,Table2-2,consistedofdetachedleavesfromclimatechamber-grownplants

Discussion
A reliable laboratory test is essential for studying plant-pathogen interactions at the
physiological or molecular level. Inthis paper, we compared the suitability of a laboratory test
forP. infestansresistance inSolanumspecieswithafieldtest.Ourdataindicatethat resistance
expression issimilarforfield- andclimate chamber-grown Solanumplants. Colonefal.(1995)
comparedfield- andgreenhouse-grown potato leaves andfoundthat the latter appeared more
resistant. They hypothesized that greenhouse-grown plants might exhibit induced resistance
due to heat and drought stress. Leaves derived from climate chamber-grown plants, as
described here,did not show differences in resistance expression compared to leaves derived
fromfield-grownplants.
LGRsfound on Bintje and Robijn plantsthat were inoculated and incubated inthefield
(A)were lowerthanthosefoundonplantsinoculatedandincubated intheclimatechamber (C)
(Table 2-3). Sincethe effect ofgrowing conditions was not significant,the lower LGRvalues in
the field were probably due to differences in environmental conditions after inoculation.
Although the average outside temperature and humidity during the field experiments were
comparable tothose inthe climate chamber, many fluctuations occurred during the day inthe
field. Inaddition,the light conditions inthefield and inthe climate chamber are different, both
qualitatively andquantitatively.
Resistance data for Bintje and Robijn revealed that detached leaves exhibited
significantly less resistance than intact plants. In the detached leaf test, the leaves were
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incubated at a RHthat was usually higher than the RH used with intact plants. By incubating
detached leaves in open trays, significant differences in LGR between treatments were no
longer observed. This suggests that the environmental conditions in the trays, rather than
detachmentperse, haveaneffectontheexpressionofresistance. Inaddition,LGRsonfreshly
detached leaves and on leaves detached at 24 hours prior to inoculation were compared. If
detachment would play a role, it is expected that during incubation in trays, resistance would
either be (partly) lost or enhanced e.g. due to stress. No significant differences in LGR were
found between leaves that had been incubating in trays for different time periods prior to
inoculation,confirmingthehypothesisthatdetachmentpersedoesnotaffectresistance.
From the previous results, we conclude that the lower expression of resistance in the
detached leaf tests is due to differences in environmental conditions. The constant highly
favorable environment the pathogenfinds inthe closedtrays apparently enhances infection by
the zoospores, as visualized by a high IE.Once the requirements for successful infection are
established, hyphae can feed on the plant cells and a high growth rate of the lesions can be
measured. The quantitative nature of P.infestans resistance in potato is described as the
competition between mycelium growth and HR of invaded cells (Umaerus, 1969). Inthe open
air, the physical requirements for HR may be more optimal than inthe closed trays. The fact
that similar LGRvalues werefound on uncovered detached leaves and intact plants suggests
that the use of uncovered detached leaves may be a good alternative for intact plants.
Unfortunately, considerably lower lEs were found on uncovered leaves, despite the use of
humidifiers. For research in which a high amount of successful infections are favored, e.g. in
cytological, molecular biological studies, the detached leaves test in closed trays can be
recommended. However, when the IE is to be used as a parameter for resistance, e.g. in
resistance testing of germplasm, a different methodology may be chosen, e.g. incubation of
detachedleavesinopentrays,orintactplantsinclimatechamberorfield.
Rankingfor resistance of twenty plant genotypes gave significant correlations between
experiments performed with inoculation of intact plants vs. detached leaves (Table 2-6 and
Table 2-7). Although significant, these correlations were lower than those found between
replications of identical experiments. This suggests that the type of inoculated plant material
has an effect on resistance expression.Testing a diverse set of Solariumspecies provided a
wide range of resistance levels and showed that individual species may respond differently
under different experimental conditions.An example is S.sucrense, of which detached leaves
are much more susceptible than intact plants. In other Solariumspecies, this difference was
lesspronounced.
Our conclusion that for late blight assessment laboratory tests are significantly
correlated with field tests is in agreement with conclusions drawn by Hodgson (1962), who
found that the relative resistance of eight potato cultivars in a laboratory test on leaf discs
correlated with the resistance score inthe field. Incontrast, Stewart etal.(1983) did not find
satisfactory correlations in resistance scores when they compared glasshouse and field tests
for resistancetofoliar blight. However, intheir experimentstwo completely different testswere
compared, and even the inoculation procedures were different. Knutson (1962) found that the
relative resistance of the cultivars Pontiac, Sebago and Ostbote was consistent between
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different tests, but obtained contradictory results with cultivar Cobbler, which appeared
susceptible in the field but resistant in the laboratory. It is not clear whether Knutson (1962)
usedthesame isolates infield and laboratory experiments, and hence,the occurrence of race
specificresistancecannot beexcluded.
From our studies we conclude that different growing conditions do not significantly
affect the resistance levels to P.infestans, thus allowing late blight testing on Solanumplants
grown inclimate chambers.Although using detached leaves in resistance tests does not have
a significant effect, incubating detached leaves inclosedtrays appears to decrease resistance
expression.Therankingofresistance levelsforasetofSolanum genotypeswithdifferenttypes
and levels of resistance was generally consistent across different types of experiments, but
occasionally discrepancies were noted for some resistant wild Solanumspecies. Therefore, a
suitable experimental condition has to be chosen depending on the aim of an experiment.
Whentheexpression ofresistance isto beexaminedondetached leaves,the reduced levelof
resistance should be weighed against the low infection frequency inherent to intact plant.
Inoculation of intact plants is preferred, but in most cases the inoculation of detached leaves
incubatedincoveredtraysappearsto beanadequatealternative.
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Summary
The interaction between Phytophthorainfestans (Mont.) de Bary and Solatium was
examined cytologically using a diverse set of wild Solatium species and potato
(S. tuberosum L.) cultivars with various levels of resistance to late blight. In wild
Solanum species, in potato cultivars carrying known resistance (R) genes and in
nonhosts the major defense reaction appeared to bethe hypersensitive response (HR).
In fully resistant Solanumspecies and nonhosts, the HRwas fast and occurred within
22h.This resulted inthe death ofonetothree cells.Inpartially resistant clones,the HR
was induced between 16and46h,and resulted in HRlesions consisting offiveor more
dead cells, from which hyphae were occasionally able to escape to establish a
biotrophic interaction. These results demonstrate the quantitative nature resistance to
P.infestans. The effectiveness of the HR in restricting growth of the pathogen differed
considerably between clones and con-elated with resistance levels. Other responses
associated with the defense reaction were deposition of callose and extracellular
globules containing phenolic compounds. These globules were deposited near cells
showingtheHR,andmayfunction incellwallstrengthening.

Introduction
Lateblight,causedbytheoomycete Phytophthorainfestans, isthemostdevastating diseaseof
potato (Solanum tuberosum) world-wide. To limit chemical control, breeding potato to
incorporate durable forms of genetic resistance is needed.The genus Solanumcomprises an
extensive gene pool, in which a broad spectrum of pathogen resistance has accumulated
throughout evolution (Ross, 1986). In some wild Solanumspecies, resistance to P. infestans
that may beofadurable nature has been identified (Colonand Budding, 1988).Alsosomeold
potatocultivarshaveaseeminglydurableresistance (Wastie, 1991; Colonetal., 1995b).
Resistance responses to pathogens are traditionally classified as race-specific, racenonspecific, and nonhost resistance (Agrios, 1997). Inthis concept, race-specific resistance is
based on the presence of major resistance genes (R), which are conserved among plant
species.The Rgenes arethoughtto encode specific receptorsthat upontriggering byelicitors
initiate signal transduction pathways leading to the hypersensitive response (HR; HammondKosackandJones, 1997).Inthegene-for-genemodel(Flor, 1971),thepresenceofbothaplant
R gene and a corresponding avirulence (Avr) gene from the pathogen results in resistance
(incompatible interaction), whereas absence of either the R gene or the Avr gene results in
disease (compatible interaction). Intotal eleven Rgenes to P.infestanshave been introduced
from S.demissum into potato (MCiller and Black, 1952). In nature, numerous races of
P.infestanshave evolved that are able to infect plants containing these R genes (generally
known as complex races). In contrast, a race 0 is defined as a race unable to infect plants
containing any of the known Rgenes. However, it should be notedthat it cannot be predicted
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whether the interaction ofa race 0with plants containing unknown Rgenes will be compatible
or incompatible. Cytological observations (Ferris, 1955; Hohl and Suter, 1976; Wilson and
Coffey, 1980; Gees and Hohl, 1988) have indicated that the presence of R genes in potato
cultivarsresultsinincompatible interactionswithavirulentP. infestans isolates:arapidplantcell
death response is induced upon penetration of the epidermal cell, and the pathogen is
prevented from further growth, resulting in resistance. This accelerated localized plant cell
death response is defined as the HR. In compatible interactions, the HR is not induced or is
induced to a lesser extent and a biotrophic relation can be established, resulting in plant
disease.
Race-nonspecific resistance may be due to intrinsic properties of the plant or may be
induced by nonspecific elicitors produced by all races of the pathogen (Agrios, 1997).
Deposition of structural compounds, which are thought to have a function in cell wall
strengthening, can be seen as a nonspecific resistance mechanism. In compatible and
incompatible P.infestans-poteto interactions, wall appositions were found with accumulated
callose (Wilson and Coffey, 1980; Cuypers and Hahlbrock, 1988; Gees and Hohl, 1988).Also
lignification, which is considered as a general response to pathogen attack in several plant
species,appearstoplayaroleinresistancetoP. infestans(Friend,1973).
Nonhost resistance is defined as a full resistance at the species or genus level
(Kamoun et al., 1999b). Although nonhost resistance to fungal pathogens such as rusts has
been studied in detail (Heath, 1991), much less is known about nonhost resistance to
oomycetes.PenetrationofP. infestansinthenonhost parsleyresulted inthe HR(Schmelzeret
al., 1995). Elicitins, proteins secreted abundantly by Phytophthoraspecies, induce the HR in
nonhost plantspeciesofthegenus Nicotiana(Kamoun etal.,1993).P.infestanstransformants
deficient for INF1 elicitin production have an expanded host range (Kamoun et al., 1998).
Multiple pathogen elicitors may interactwith Rgene receptorsfrom diverse plants and mediate
nonhost resistance(Kamounetal., 1999b).
Inadditiontothequalitative resistance observed inseveral Rgene-containing cultivars,
resistance to P.infestansin S.tuberosumand other Solanumspecies displays a quantitative
nature. Several wild Solanumspecies have been shown to display different levels of partial
resistance ranging from immunity to susceptibility (Wastie, 1991). So far, the molecular
mechanisms that determine partial resistance have not been identified. Here we describe the
resistance responsesto P.infestansinasetof Solanum species displaying different types and
levels of resistance. For comparison, we also examine cytologically the interaction of diverse
nonhost specieswith P.infestans. Comparing infection processes and resistance responses of
plants with different types and levels of resistance might lead to a better understanding of
mechanisms involvedindurableresistance.
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Materials and methods
Plantmaterial
The plant material used in this study is listed inTable 3-1. The Solariumplants and M.jalapa
were propagated in vitro. Plants of the other species were obtained from seeds. Plants were
growninclimatechambersundercontrolledconditions (Vleeshouwersetal., 1999).

Phytophthorainfestansisolatesandinoculation
P.infestansisolates IPO-0(race0),BonnComplex (race 1.3.4.7.10.11,bothkindly providedby
L.J.Turkensteen),90128(complex race 1.3.4.6.7.8.10.11),andP.mirabilis isolate CBS 136.86
(obtainedfrom Centraal Bureau Schimmelcultures, Baarn,The Netherlands) were used inthis
study. Isolate Bonn Complex was continuously propagated on potato leaves. The isolates
IPO-0 , 90128 and CBS 136.86 were preserved in liquid nitrogen, andfor each experiment a
freshsamplewasplatedonryeagarmediumsupplementedwith2%sucrose (CatenandJinks,
1968).Standardized procedures of inoculum preparation andspot inoculations were performed
(Vleeshouwers etal., 1999).

Resistancetest
The resistance levels of the Solanumclones to IPO-0 were determined in a routine assay by
spot inoculation ondetached leaves.Thefourth,fifth, andsixth day after inoculation the lesion
diameters were measured, the ellipse areas (A= 1/4 *n* length*width) were calculated and
divided inthree groups, i.e. 'no symptoms' (A = 0), 'arrested lesion'(A< 16mm2),or 'growing
lesion' (A> 16mm2).The average infection efficiency (IE) and lesion growth rate (LGR) were
estimated with ANOVA or REML using Genstat (Genstat 5 Committee, 1987), as described
previously (Vleeshouwers etal., 1999).
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Chapter3

Microscopy
Leafdiscsweresubjectedtoatrypan bluestaining/ clearing method (Heath, 1971;Wilson and
Coffey, 1980)tostudybothplantandP.infestansstructures.Callosestainingonleafdiscswas
performed with aniline blue (Wilson and Coffey, 1980). The discs were examined in a Zeiss
Axiophot (Zeiss) microscope equippedwith a high pressure mercury vapor lamp (HBO 50W).
Fluorescence ofaniline blue-stainedtissue, andautofluorescence oftrypan blue-stained tissue
to identifythe HRwasobservedwith a G365 excitationfilter, FT395 interference beamsplitter
and LP420 barrier filters. Photographs were taken on 35mm Kodak Ektachrome 160T (bright
field) or 400 (fluorescence) films. Cryo scanning electron microscopy of nitrogen-frozen
inoculated leaves was performed using an Oxford Instruments CT-1500 cryo transfer unit
attachedtoaJEOL6300Fmicroscope.

Experimentalsetup
Standardized materials and methods were used to achieve reliable results between different
inoculation experiments (Vleeshouwers et a/., 1999). The preparations for the microscopical
survey on the Solanumclones were derived from four separate inoculations, the resistance
assayswereperformed independently.
A microscopical survey was conducted for seventeen Solanumclones inoculated with
P.infestansisolates IPO-0 and 90128. Per stage, i.e. 22, 46 and 70 hours after inoculation
(hai), three leaf discs of approximately 25mm2 were cut and subjected to the trypan blue or
aniline blue staining procedure. Remaining leaflets were kept in the trays to check
macroscopicallyforsymptomdevelopment atlaterstages.The HRwasquantifiedfortheIPO-0
- Solanuminteraction using the trypan blue-stained leaf discs. For each stage, one leaf disc
was scanned completely. The number of epidermal and mesophyll cells responding with the
HRwasdeterminedforeachpenetrationsite.

Results
Resistancelevels.
The resistance levels of the Solanum clones ranged from complete resistance to full
susceptibilitytoP. infestansisolateIPO-0(Table3-2).Thecompletely resistant S.nigrum-SW8
predominantly showed HR lesions upon inoculation. In plants with high levels of partial
resistance, such as S.berthaultii-11, a high percentage of unsuccessful (aborted) infections
wasfound,butalsoalowpercentage(16%)ofslowlygrowinglesions(1.2mm/day).Plantswith
lower levels of partial resistance, such as S.arneziix hondelmannii-72, displayed higher lEs
(86%) and LGRs (2.4mm/day). Susceptible clones became fully infected and showed fast
expanding lesions(upto4.0 mm/day).Ingeneral,IEandLGRappearedto becorrelated.
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Chapter3
Potato cultivars carrying R genes from S.demissum respond differentially towards
complex andrace-0 isolates ofP. infestans. Resistance levels ofthe various Solanumspecies
tothe complex P.infestansisolate 90128 have been reported previously (Vleeshouwers etal.,
1999). Compared to isolate IPO-0, isolate 90128 was more aggressive on most Solanum
clones, but in general similar lEs and LGRs were found. This indicates that the resistance
observed is not mediated by the eight R genes known from S.demissumthat differ in the
response to the two isolates. A differential response in IE and LGR between the two isolates
wasfoundforcultivar Ehudcarryingthestrong R1gene,but notfor EstimaandPremiere, both
carryingtheweak R10gene. S.sucrense-23 displayed alower IEto P.infestansisolate 90128
thanto IPO-0,buttheLGRsappearedsimilar.
Wealsoexamined anumber of plantsthat areconsidered nonhosts ofP. infestans. As
expected,Arabidopsis, tobacco,radishandM.jalapa were allfully resistantto P.infestans and
macroscopicdisease lesionswereneverobserved.

Figure 3-1
CompatibleinteractionbetweensusceptiblepotatocultivarsandP.infestans. Noplantresponseisvisible
duringearlystagesofinfection.(A)Penetrationofanepidermalcell(22haiwithP. infestans isolateIPO0 on potato cultivar Bintje; DIC). (B) Branching hyphae with haustoria in mesophyllcells (31 haiwith
P. infestans isolate Bonn Complex on potato cultivar Bildtstar; PH). c, cyst; a, appressorium; ha,
haustorium;hy,hypha;iv,infectionvesicle;bar=35urn.

Figure 3-2
Hypersensitive response as the major defense response in the Solanum - P. infestans interaction.
CharacteristicsofHRcellsarethegranularstructureofthecytoplasm(visiblewithDICoptics),thickened
cell walls and autofluorescence (under UV illumination). The HR occurs in susceptible (A - B),racespecific (C - E) and nonhost (F - G) interactions at 22 hai with P. infestans isolate IPO-0. A, BHR
epidermalcellofpotatocultivar BintjewithDIC(A)andUV(B).C• EthreeHRepidermiscells(C)of
potatocultivarEhud(R1), andtheadjacentHRmesophyllcell(D),withDIC(C,D)andUV(E).F,Gthree
HRepidermiscellsofS.nigrum-SW8, withDIC(F)andUV(G).p,penetrationsite;hy,hypha;HR, HR
respondingcell;cw,thickenedcellwall.Condensednucleiarenotinfocus(notindicated),bar=30um.
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Microscopicaloverview:potato.
Inoculationofsusceptible potatocultivar Bintjewith P.irtfestans isolates IPO-0and90128,and
BildtstarwithP.infestansisolate BonnComplex resulted inabiotrophic interaction (Figure3-1).
After cyst germination andappressorium formation, penetration occurred andat 16haior later
an intracellular infection vesicle wasformed inthe epidermal cell. Subsequently, hyphae grew
intotheintercellularspaceandramifiedthroughthemesophyll.Inthisearlybiotrophicstage(22
hai), one to two haustoria per encountered parenchyma cell were formed. In later stages,
expanding hyphae barely formed haustoria. At 46 hai, sporangiophores started to emerge
throughstomata,sporangiawereformedandinfectedcellsstartedto necrotize.Thesefeatures
are characteristic of compatible interactions as described before (Ferris, 1955; Wilson and
Coffey, 1980;GeesandHohl, 1988).However, noteveryattemptofP. infestanstocolonizethe
leaftissuewassuccessful.Occasionally, penetratedepidermalcellsshowedthe characteristics
ofthe HR(granularandoftenbrownishcytoplasm,thickenedcellwalls,autofluorescence under
UV light, and condensed nuclei near the penetration site at 22 hai, Figure 3-2). The HR was
mostlyrestrictedtooneepidermalcell(seebelow).
Cultivar Ehud (R1)showed a biotrophic interaction with P.infestansisolate 90128 (not
shown), and displayed the HR when inoculated with isolate IPO-0, as expected (Figure 3-2).
The cultivars Estima and Premiere carrying the weak R10 gene also showed the HR upon
inoculationwith IPO-0. However,theinductionofthe HRstartedrelatively lateafterpenetration,
hyphal growth often proceeded beyond the HR lesions, and a compatible interaction was
established in most cases. This suggests that the HR in Estima and Premiere was less
effective inpathogen containment than in Ehud.Uponinoculation of Estima and Premierewith
isolate90128,the HRwasalsoinduced,butappearedlesseffective thanintheinteractionwith
isolateIPO-0.
Potato cultivar Robijn, which displayed durable resistance in the field and does not
posses any known R genes from S.demissum,displayed the HR upon inoculation with both
P.infestans isolates IPO-0 and 90128. However, at 46 hai and following stages, hyphae
escaped from the HR lesion (Figure 3-3) and established a biotrophic interaction with the
mesophyll cells.These escaping hyphae bore one ortwo haustoria per encountered plant cell
similarly to early biotrophic stages (22 hai) of a compatible interaction on susceptible plants.
Sometimes afully biotrophic interactionwas observed after theescape, but often atrailing HR
was noted, inwhich growing hyphae stayed ahead of HR responding cells. In contrast to the
pathological necrosis observed in compatible interactions, the trailing HR was induced much
faster.

Microscopicaloverview:wildSolanum species
Themajordefense response inthewild Solanumspecieswithdifferent resistance levels butno
(known) Rgenes appeared to be the HR (Table 3-2, Figure 3-4- Figure 3-7). The pathogen
wasabletopenetratetheepidermisofalltestedplants.
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In all but one of the wild Solanum clones, P.infestans isolates IPO-0 and 90128
encountered similar resistance responses, but the invasion of 90128 appeared to proceed
slightly faster. In S.sucrense-23, differential responses were observed between both
P.infestansisolates intwo independent experiments. Upon inoculation with isolate 90128,the
HR was observed in the vast majority of penetration sites at 22 hai. The trailing necrosis of
someescaping hyphaewas remarkably sharplyconfined between healthy plantcells.Together
withthestrongbrowningofrespondingcellsthisclearlydemonstratedthecharacteristicsofHR.
At 46 hai,the majority of HR lesions had not expanded much further in size. However, at 70
hai, escaping hyphae were observed occasionally, and a trailing necrosis was noted. In the
interaction of S.sucrense-23 with P.infestans isolate IPO-0, a biotrophic interaction was
establishedat22hai,resultinginnecrotizedtissueat46hai.Whetherthis isduetodelayedHR
ortoapathological necrosiscouldnotbedistinguished unambiguously.

Microscopicaloverview:nonhosts.
To study nonhost resistance responses, Bintje, S.nigrumand Mirabilisjalapa were inoculated
with P.infestans (IPO-0) and with P.mirabilis(CBS 136.86), a close relative of P. infestans
(Moller et a/., 1993) and a natural pathogen of M.jalapa. The compatible interactions Bintje P.infestans(Figure 3-1) andM.jalapa - P.mirabilisresulted intypical biotrophic growth of the
pathogen. Incontrast, inoculationofM.jalapa and S.nigrum(Figure 3-2) with P.infestans, and
Bintje and S.nigrumwith P.mirabilis resulted ina rapid HR.This responsewas also observed
when the nonhost plants Raphanus sativa, Nicotiana tabacum, N.rustica and Arabidopsis
thaliana (Figure 3-7) were inoculated with P. infestans isolate IPO-0. In all these nonhosts,
epidermal and occasionally mesophyll cells were always penetrated, but a rapid HR was
associatedwiththecessationofcolonization bythepathogen.

Penetrationfrequency
Differences in penetrationfrequency werefound among the different Solanumclones, but this
parameterwas notcorrelatedwiththeIEortheLGR(Table3-2).

TherelationbetweentheHRandthecessationofpathogengrowth
AlthoughallSolanumclones reactedwithasimilartype ofresponseto P.infestans isolate IPO0, major differences were observed in severity and timing of the HR between clones with
different resistancelevels(Table3-2).
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Figure 3-3
Lesion byHRwithescapinghyphae incultivar Robijn,46haiwithP.infestansisolate IPO-0,(brightfield)
HR, HRlesion;hy,hypha;ha,haustorium;bar=40urn

Figure 3-4
Increased trypan blue staining in HR-neighboring mesophyll cells of S.berthaultii-9 at 22 hai with
P.infestansisolate IPO-0.A HRofoneepidermal cell. Penetration occurred inthestomatal guard cell. B
Typical increased trypan bleu staining and typical cytoplasmic structure infour adjacent mesophyll cells.
C Autofluorescence of the HR epidermal cell. HR, HR cell; p, penetration site; hy, hypha; cac, cell
showinganincreased cytoplasmic activity; bar=20urn.
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Inthe nonhost S.nigrum-SW8, the HRwas induced extremelyfast. Oneto three cells
displayedthe HRat22 hai(Figure 3-2). Inmost cases the response remained limitedtothese
cells and P.infestanswas not detected at 46 hai. In S.berthaultii-9 and S.circaeifolium-c\rc\,
the HRwasestablished ataslower ratebutwasfinallycompletedat46hai.
Partially resistant Solanumclones such as S.berthaultii-l1and ABPT-44 exhibited a
lesseffective HRasmorecellsdisplayedthe HRbeforethe pathogenwas restricted.At46hai,
itappearedthat hyphae hadgrown outoftheinitially responding epidermalcells into mesophyll
cells. These cells subsequently responded with the HR, resulting in increased sizes of HR
lesions. In more susceptible clones, such as S.ameziix hondelmannii-72, the HR occurred
later,hyphaeescapedandgrowingdiseaselesionswereformed.
Inthe susceptible clones S.microdontum-265 and S.sucrense-23 the HRwas induced
onlyoccasionally.AsinBintje,noearlyplantresponsewasvisible.At46hai, theentireleafdisc
was overgrown by hyphae, and extensive necrosis near the inoculation spot made further
examinations impossible.
In a subset of clones that exhibit phenotypes ranging from resistance to susceptibility,
i.e. S.nigrum-SW8, Ehud, Robijn, Estima and Bintje, the number of HR cells was quantified
overtime intwo independent inoculationexperiments (Table3-2,Table3-3). Noincrease inthe
number of cells exhibiting the HR was observed in the resistant S.n/grum-SN18 after 22 hai
(Table3-3). Concurrent withthedecreasing resistance levelin Ehud,Robijn,and Estima,more
cells exhibited the HR at 46 hai compared to 22 hai, suggesting that the induction of the HR
occurred slower and extended over a longer period. These results suggest a correlation
betweentheeffectiveness oftheHRandthelevelofresistancetoP. infestans.

Reversibleresponse
Mesophyll cells adjacent to HRcells often showed increasedtrypan bluestaining (Figure 3-4).
Phenotypically, these cells looked completely different from dead cells. In contrast to dead
mesophyll cells (Figure 3-3) they retained an organized structure, and cytoplasmic strands
could bediscerned. In some cases, these cells appeared to restore their normal appearance.
ThisreversibleresponsewasnotedinallSolanumclones,particularly inhighly resistantclones.
Althoughthespecimens sampled at46 haiwere differentfromthose sampled at22 hai,these
observations were made in several independently repeated experiments, and suggest true
reversibilityofearlystagesoftheHR.

41

Chapter3
Table 3-3
Effectiveness of the HR in S.nigrum, Ehud, Robijn, Estima and Bintje, ranked according to decreasing
resistance levels (see Table 3-2), after inoculation with P.infestans isolate IPO-0. HR cells were
quantified bydeterminingtheaverage number of HRcells per penetration siteat22and46 hai. Indicated
is the increase of the average number of HR cells (avg.), and standard errors (se) between 0 - 2 2 hai
and22- 46hai,calculatedfromtwoindependent experiments (n=2).
clone

Increase in HRcells, 0-22 hai

Increase in HR cells, 22-46 hai

avg.

se

avg.

se

S.nigrum- SN18

2.2

0.5

0.6

0.2

Ehud

2.8

0.6

8.3

0.8

Robijn

1.6

0.2

11.8

4.1

Estima

2.8

0.4

9.0

1.9

Bintje

0.6

0.2

nd

nd

Hyphalgrowthinveins
After penetration and haustoria formation in epidermal cells that covered vascular tissue (rib
cells), hyphae sometimes grew into the xylem vessels in the veins. This was observed in
several clones, including the completely resistant S.nigrum-SW8 (Figure 3-7). Since xylem
vessels are dead cells, the HR cannot serve as a resistance mechanism in this tissue.
Occasionally, hyphaeabortedingrowthwerenotednear HRcellsadjacenttoveins,suggesting
thatthe HRwas inducedassoonasthehyphaeleftthexylemvessel.

Callose deposition
Cells adjacent to HR cells usually showed callose deposited on cell walls, whereas HR cells
usually did not show any callose staining (Figure 3-5). Lesions following HRwere often found
completely surrounded by callose depositions. In regions of penetration attempts and hyphal
growth, callose depositionwas alsofound incollars andpapillae. Susceptible clones displayed
a higher number ofcollarsandpapillae, inherenttoPhytophthora growththroughout thetissue,
whereas resistant clones mainly showed callose deposition around HRcells. Partially resistant
clonesshowedanintermediate phenotype.
S.nigrum x Desiree displayed callose deposition that was not associated with the
inoculated area.This randomly depositedcallosewas notedat alltime points after inoculation
with P.infestansisolates IPO-0 and 90128, and also in non inoculated tissue. Phenotypically,
this artificial hybrid also displayed spontaneous necrosis resulting in HR-like lesions. This
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phenotype is reminiscent of the lesion mimic phenotype described in other plants, such as
Arabidopsis(Greenbergetal., 1994)andmaize(Pryor, 1987).

Depositionofphenoliccompounds
Particularly remarkable depositions werefound as extracellular globules of considerable sizes.
These were studied by SEM infrozen leaf discs and by LM in trypan blue stained leaf discs
(Figure 3-6). The brown color of the globules seen under bright field and as autofluorescence
under UV light indicates the presence of phenolic compounds. Failure of aniline blue staining
showsthattheseglobules are notrelatedtothecallose papillaedescribedabove. Moreover, in
contrast to callose papillae, the globules were usually not associated with Phytophthora
structures, but were often observed near HR lesions on spongy parenchyma cells and on
epidermalcells.
The extracellular globules were observed at all studied stages in all studied plant
species.Theyweredepositedoutsidetheplasma membraneonthesurface ofthecellwalls.In
S.berthaultii, theglobules were mainlyfound deposited intheepidermis andthefirstcell layer
ofthe mesophyll. In S.arneziix hondelmannii, abundant deposition of globules was observed
on the cell walls of the mesophyll around HR lesions and near adjacent veins (Figure 3-6).
Occasionally, on walls of adjacent cells, a smear of phenolic compounds was noted. The
differences in globule location between the Solanumclones is expected to be related to the
position of the HR, since the HR remained predominantly limited to the epidermis in
S.berthaultii and to the mesophyll in S.arnezii x hondelmannii. In general, there was no
indicationforacorrelation betweentheamountofglobuleformation andresistance levelsofthe
different Solanumclones.
Occasionally, intracellular accumulation of phenolic material was observed, particularly
in nonhost plants. In S.nigrum, one hypha was invading the veins without any visible plant
response, whereas a neighboring hypha penetrating the midrib cell was coated with an
autofluorescing substance (Figure 3-7). Similar features werefound inArabidopsis,where the
primary and secondary hyphae in the HR epidermal cell were coated with autofluorescent
material(Figure3-7). Inadditiontothis lignification-likeresponse (Mauch-ManiandSlusarenko,
1996),thepenetratedepidermalcellalsoshowedthecharacteristicsoftheHR.
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Figure 3-5
CallosedepositionsnearanHRlesioninhybridABPT-44,46haiwithP.infestansisolateIPO-0. Callose
isdepositedoncellwallsofcellsadjacenttoHRcells,orinpapillae,cw,callosedepositiononcellwall;
HR,HRlesion;pa,papillae;bar=25pm

Discussion
Despite the severe late blight threat every growing season, only limited success has been
achieved in potato breeding for resistance to P.infestans. Although a rich pool of resistance
sources is available in wild Solanum species, little is known about the physiological and
molecular basis of the various resistance phenotypes. As an initial step toward a
comprehensive characterization of resistance to P.infestans, we surveyed the defense
responses of potato cultivars, wild Solanumspecies and representative nonhost species. We
found that the HR was the major defense response as it was associated with all forms of
resistance in all tested plant species. Previously, responses in plants exhibiting race-specific
and race-nonspecific resistanceto P.infestanswere reportedto besimilar (Wilsonand Coffey,
1980; Gees and Hohl, 1988). Here, we show that both partial and nonhost resistance, which
are considered to be durable inthe field, are associated with the HR. In resistant interactions
between P.infestansand both solanaceous (Solanum species, N. tabacum,N. rustica)and
non solanaceous plants (A. thaliana, R. sativa, M. jalapa), the HR was always observed.
Based on the current knowledge on the role of R genes in initiating signal transduction
cascades leading to the HR (Baker ef a/., 1997), recognition of pathogen elicitors by plant
receptorsfollowed by rapidplant celldeath maytake place inalltypes of resistant interactions
(Kamoun et al., 1999b). Throughout evolution, durable resistance may have developed in
nonhostplantspeciesasaresponsetoelicitorsfromPhytophthora (Heath,1991).
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A particularly remarkable feature is the ambiguous response of many plants to
P.infestanspenetration, even within the same inoculation spot. In many cases a mosaic of
responses was observed within the same inoculation spot. Some sites are infected, whereas
others are resistant. The excellent description of compatible and incompatible interactions in
potatotoPhytophthora byCuypersandHahlbrock(1988)canbeextended.Ourresults indicate
that the difference between compatibility and incompatibility is quantitative rather than
qualitative. Insome interactions,the HRappearedto beineffective, since hyphae were ableto
escapeandestablishgrowing lesions.Inhighlyresistantclones,allcellsrespondedwitharapid
HR upon penetration, whereas in fully susceptible clones, only a low percentage of cells
displayed the HR. The observation that the HR is often restricted to the epidermis, suggests
thatthe pathogencanbeblocked byphysicalbarriers,orthat celldeathcanbeinduced rapidly
inepidermalcells.
Thetimingof HRinductiondiffered remarkably betweenclonesandquantification ofthe
number of HR responding cells suggested a correlation between resistance level and HR
effectiveness.

Are Rgenesinvolvedinalltypesofresistancetooomycetes?
Theprominent HRinSolanumspeciesmay indicatethepresence ofanarsenalofRgenes(as
defined inthe introduction) targeted against P.infestans. The differential cytological responses
between isolate IPO-0 and 90128, in addition to the significantly lower lEs of isolate 90128
comparedtoIPO-0inresistancetests(Table3-2;Vleeshouwersera/., 1999) maybeexplained
bythe presence of one particular partial R gene in S.sucrense-23 that discriminates between
these two strains. Major genes for P.infestans resistance have also been found in
S.berthaultii, (Ewing etal., 2000), S.microdontum (Sandbrink etal., 2000) and S. stoloniferum
(Schick et al., 1958). At the moment, it cannot be ruled out that some Solanum species
possessRgenestargetedagainstallknownstrainsandracesofthepathogen.
The classical (R)gene- for- (Avr)gene model can be usedto explain the quantitative
character of partial resistance. The observation that the HR correlates with partial resistance
suggests the involvement of possibly "weak" R gene - Avr gene interactions. For example,
potato cultivars carrying the "weak" S.demissumR10 gene show altered levels of resistance
and allow some pathogen colonization under certain conditions. Likewise, transformation of
homologuesofthe CfandXa21Rgenes intosusceptible plantsconferred partial resistanceto,
respectively, Cladosporium fulvumintomato (Lauge etal.,1998) andXanthomonas oryzaepv
oryzaein rice (Wang et al., 1998).Similarly, pathogenAvr gene products may encode "weak"
ligands. For example, the expression of Avr genes with reduced elicitor activity in engineered
potato virus X derivatives resulted in lower resistance responses in tobacco (Kamoun ef al.,
1999a).These data support a potential role for Rgenes in partial resistance and illustrate the
ambiguity of known vs. unknown R genes in potato breeding. The current bias of potato
breedersforselectingcultivarswithoutclassicalRgenestoachievedurable resistance appears
rather irrational. To achieve durable resistance, the classical ideas are either to introduce R
genes that recognize a vital avirulence factor, or to stack different R genes. However, in
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addition, the introduction of nonhost resistance genes into potato may provide a novel
perspective(Kamounetal., 1999b).
The differential HR effectiveness between R1 and R10 cultivars may suggest the
existence ofdifferentialthresholds between R1and R10to activatethe HR.A dosage effect in
receptors or R genes may increase sensitivity in pathogen perception and subsequent
resistance. Duplex (tetraploid) potato plants, containing two R genes of the same kind (e.g.
R1R1r1r1)were found more resistant to P.infestansthan simplex (R1r1r1r1) plants (Ferris,
1955). However, in the latter study the presence of other unknown R genes could not be
excluded. The theory of differential thresholds activating different genes has also been
suggested for resistance-related genes such as in barley mlo (Buschges etal.,1997) and for
Arabidopsis Isd1 (Dietrich et al., 1997), from which mutants exhibit a lowered sensitivity
thresholdfortriggeringtheHR.

Programmedcelldeath
Duringthe HRaconserved programmed cell death (pcd) mechanism isactivated (Mittler and
Lam, 1996; Heath, 1998), and in various plants, several cytological phenomena display
characteristics of apoptosis (Ryerson and Heath, 1996), whereas others resemble necrosis
(Bestwick efal., 1995).Alsoanti-celldeath programsarethoughtto beactive inplants (Dietrich
efal.,1997),and HRneighboring cells,whichtransiently seemto bemetabolicallyactive inthe
pathosystem described in the present study, may express such anti-cell death program. The
questionwhether thetrailing necrosis iseither aform of pcdor a pathological necrosis cannot
unambiguously be answered. However, the sharp confinement and morphology of cells
adjacenttoescaping hyphae,suggests arapidactivation ofapcd mechanism. Inaddition,the
timing of the trailing necrosis in partially resistant clones is considerably faster than the
pathological necrosis in susceptible clones. Thus, despite the lack of ultimate evidence, we
hypothesizethat pcdisactivatedduringthe HRintheP.infestans - Solanum interaction.

Resistanceresponseafterpenetration
Penetration frequency differed among the Solanum species, but did not correlate with
resistance level.This is inlinewiththesimilar penetrationfrequencies found onseveral potato
cultivarsdiffering ingeneralresistancelevels(Geesand Hohl, 1988).Variation in morphological
structure of epidermal layers or cuticle may explain the differences in penetration frequency,
andthismaybeinnatetocertainspeciesorclones.TheabilityofP. infestanstopenetratecells
of any plant species, including nonsolanaceous plants as shown here and previously (Hori,
1935),indicatesthatthemajorresistance responsesareeffected postpenetration.
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Callose
Callosedepositionwasobserved inallSolanum clones uponinfection byP.infestans. Patterns
ofcallosedepositionappearedmainlyassociatedwiththeconditionofthetissueduetotheHR.
Although HohlandStossel(1976) reporteddifferential responses incallose deposition intubers
between susceptible and resistant cultivars,wefavor theview that callose deposition in leaves
is ageneral response (Aist, 1976). In addition,the overall deposition of callose which was not
associated to P.infestans infection in S.nigrum x Desiree, suggests that callose deposition
maybeageneralstressresponse.

Phenoliccompounds
Extracellular globules, most likely containing phenolic compounds, were observed near HR
respondingtissueinallSolanumclones.Similarstructures havebeendescribedintomatoasa
response to Cladosporium fulvuminfection (Lazarovits and Higgins, 1976). Lesions bordered
with a lignin-like material have been observed in potatoes infected with P.infestans(Figure
1-4D). In soybean, treatment with a Phytophthora sojae elicitor resulted in increased
peroxidase activity concurrent with accumulation of phenolic polymers, including lignin-like
polymers (Graham and Graham, 1991). Autofluorescing compounds were also found to
accumulate on intracellular P.infestanshyphae in fully resistant S.nigrum andArabidopsis,
where recognition may have occurred faster. Lignification on hyphae has been shown
previously for the oomycetes Peronospora parasitica in Arabidopsis (Mauch-Mani and
Slusarenko, 1996),andBremialactucae inlettuce(Bennett etal., 1996).

Inconclusion
Afine balance between induction ofdefense responses and growth of the pathogen seemsto
determine resistance or susceptibility, and illustrates the quantitative nature of resistance to
P.infestans in Solanum species. The cellular interaction phenotype of resistant Solanum
species and nonhosts with P.infestansis the HR, as observed in many pathosystems. Since
the HR is usually associated with gene-for-gene interactions involving pathogen recognition
conferred by R genes, resistance in Solanumspecies and nonhosts may involve the same R
genespecific recognition events. Partially resistant clones display alesseffective HR,which is
possibly caused by an inadequate or delayed recognition of elicitors byweak R genes. Other
responses such as callose deposition, accumulation of phenolic compounds, and other
biochemical changesthat are notdetectedatacytological levelcanalso influence the balance
infavoringeithercelldeathorinhibiting pathogengrowth.
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Figure 3-6
Extracellular globules observed by SEM as deposited on epidermis (A) or mesophyll cells (B) near
hypersensitively responding cells in potato cultivar Robijn 70 haiwith P.infestansisolate IPO-0. C HRin
the epidermis,and D(same spot) extracellular globules inthe mesophyll in S.arneziix hondelmannii-63
46 haiwith IPO-0, UV.EExtracellular globules inthemesophyll inS.arneziix hondelmannii-63 with IPO0 at 70 hai, UV. In F (UV, same spot, lower focus) autofluorescing cell walls are visible. G shows the
same spot at bright field. Both the globules and the thickened cells walls have a brown color. Together
with the autofluorescence under UV light, this indicates the accumulation of phenolic compounds, cw,
thickened cellwall; ecg,extracellular globule;ep,epidermal cell; HR, HRcell; st,stomatalguard cell; bar
=10pm (A-B)resp.50um(C-G).

Figure 3-7
Accumulation of phenolic compounds on Phytophthorastructures. A - C penetration of a midrib cell in
S.nigrum,46 haiwithP.infestansisolate IPO-0.Two hyphae have penetrated (A, DIC)via the anticlinal
cell walls (B) and the cell walls adjacent to the intercellular space show autofluorescence (B, C). One
hyphae appears to be able to grow into the vein, whereas the other hypha is enwrapped with phenolic
compounds (C). D, Eshow an (HR) epidermis cell ofA. thaliana46 hai with P.infestans isolate IPO-0.
Accumulation of phenolic compounds as a plug adjacent to the intracellular infection vesicle (D, DIC) is
visible showing autofluorescence under UV illumination (E).cw, cell wall; hy, hypha; iv, infectionvesicle;
p,penetrationsite;pc,phenolic compounds; bar=15pm.
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Summary
Systemic acquired resistance (SAR) occurs in many plant species, including potato.
SAR can beinduced byvarious signals, but also basal levels of SAR mayvary between
plants. In Arabidopsis mutants, basal SAR levels positively correlate with pathogen
resistance. Here we test whether in thirteen wild Solanum clones and five potato
cultivars, basal expression levels of SAR marker genes correlate with resistance to
Phytophthorainfestans. Mostofthe examined Solanumplantsdisplayed significant and
variable levelsof race/isolate-nonspecific, partial resistance to five P.infestansisolates
of diverse origin. Constitutive mRNAs levels of the pathogenesis-related genes PR-1,
PR-2,and PR-5innon-infected leavesvaried betweenthe Solanum clones.However, no
correlation between basal PR mRNA levels and resistance was observed at the genus
level. In contrast, significant correlation was found at the species level in S.arneziix
hondelmannii, S.microdontum, S.sucrense and S.tuberosum. In S. tuberosum
cultivars, the levels of PR gene expression were the highest in resistant Robijn,
intermediate in partially resistant Premiere, Estima and Ehud, and the lowest in
susceptible Bintje.These results suggest that constitutive expression of PRgenes may
contribute to nonspecific resistance to P. infestansin Solanum.Therefore, PR mRNAs
couldserveasmolecularmarkersinpotato breedingprograms.

Introduction
Resistance of plants to pathogens can be attributed to the action of various resistance
mechanisms, each functioning at a certain level and specificity. One such mechanism is
systemicacquiredresistance(SAR),whichgenerallyfollows alocalized unsuccessful pathogen
attack, involves an enhanced state of resistance to a broad spectrum of pathogens and is
associatedwithanincreasedexpressionofgenesencodingpathogenesis-related (PR) proteins
(Ryalsefa/., 1996).Inothercases,pathogenattack ishamperedbyanothertypeofresistance,
called induced systemic resistance (ISR), which is not associated with increased PR gene
expression(PieterseandvanLoon,1999).
SAR has been described in several plant species, including potato, but has best been
documented inArabidopsisthaliana.Several Arabidopsis mutants altered in SAR have been
identified. For example, mutants inthe nprl gene (non-expresser of PRgenes)failto respond
to SAR inducing treatments, and are susceptible to the bacterial pathogen Pseudomonas
syringae in contrast to wildtype plants (Cao ef a/., 1994; Delaney ef a/., 1995; Shah ef a/.,
1997). Overexpression of nprl led to enhanced resistance to P. syringaeand the oomycete
Peronosporaparasitica in a dosage-dependent fashion since levels of nprl mRNA, NPR1
protein,PR-1mRNA and resistancewere positively correlated inthetransformants(Cao efa/.,
1998).The cpr(constitutive expressers of PRgenes) (Bowling efa/., 1994) and dndl (defense
with no cell death) mutants (Yu ef a/., 1998) exhibit constitutive SAR related phenotypes
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including elevated mRNA levels for genes encoding PR proteins. The analyses of these
Arabidopsismutantsindicatethatsubtlemutationsmayaffect basalSARlevels,andthathigher
resistance levelscanbereachedbymanipulating basallevelsofSAR.
In solanaceous plants, SAR has also been reported. In potato, SAR could be induced
bytreatment with hyphalwall components, unsaturatedfatty acids andjasmonic acid, resulting
inenhancedresistancetothe lateblightoomycetepathogenPhytophthorainfestans(Mont.)de
Bary (Doke et ai, 1987; Cohen ef a/., 1991;Cohen ef a/., 1993). In engineered potato plants
containing atransgene encoding a bacterio-opsin proton pumpfrom Halobacterium halobium,
the expression of several PR genes was increased and resistance to P.infestans was
enhanced (Abad et ai, 1997). Naturally occurring constitutive SAR was found in hybrids of
tobacco and in certain tomato lines in which enhanced resistance to various pathogens was
associated with constitutive PR gene expression (Ahl Goy et a/., 1992; Yalpani et ai, 1993;
Lawrenceefai, 1996).
Inadditionto realization offull-fledged SAR,the effects ofoverexpression of single PR
genes on resistance have been described. Overexpression of PR-1 in tobacco increased
resistance to Phytophthora parasiticaand Peronosporatabacina(Alexander ef ai, 1993), and
overexpression of PR-5(osmotin) slightly enhanced resistanceto P.infestansinpotato (Liu ef
ai, 1994; Pereira ef ai, 1998), R. Liand A. Pereira, pers. comm.] and Solanum commersonii
(Zhu ef a/., 1996). PR-1-like proteins are conserved within the plant, fungal, vertebrate and
invertebrate kingdoms. In animals these proteins function as venoms, allergens, or are
implicated otherwise in defense (van Loon and van Strien, 1999). The purified PR-1 protein
from tomato and tobacco inhibited germination of P.infestanszoospores in vitro and lesion
growth in vivo (Niderman ef ai, 1995). PR-2 and PR-3 encode glucanases and chitinases
respectively, andtheseenzymes mayplayaroleincellwalldegradation. However,oomycetes
lack chitin in their cell wall and are not expected to be affected by chitinases. Actin-binding
studies suggested that a basic chitinase and an osmotin-like protein might be involved in
cytoplasmic aggregation, an important event in potato's cellular defense to P. infestans
(Takemoto ef ai, 1997). In addition, PR-5 proteins play a role in osmotic stress, freezing
tolerance, permeabilization of fungal and oomycetal plasma membranes and pathogen
resistance(Woloshuketai, 1991; Liuefai, 1994;Abadefai, 1996;Zhuefai, 1996).
P. infestansis a major pathogen of potato andtomato. In recent years,the severity of
this disease has increased dramatically, and a more profound insight in the mechanisms of
resistance to P.infestansis needed to develop novel control strategies. In the P. infestans potato interaction, the most commonly studied type of resistance is race-specific resistance,
which is governed by single dominant resistant genes (R genes). Unfortunately, race-specific
resistance is only effective against certain strains of the pathogen, and is easily overcome by
rapid evolution of the pathogen resulting in a lack of durability in the field. In contrast, racenonspecific resistance is effective against all known strains or races of the pathogen. It is
thought to be based on multiple genes, may be durable, and is generally of a partial nature.
Several wild Solanum species possess varying levels of partial resistance to P. infestans
(Colon and Budding, 1988;Vleeshouwers efai, 1999),and inold potato cultivars, such ascv.
Robijn, partial resistance appearedto be durable (Colon ef ai, 1995). Ina previous study, we
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cytologically analyzed Solanumspecies inoculated with P.infestans,and found that defense
responses were always associated withthe hypersensitive response (HR), a programmed cell
death defense response of plants. In partially resistant clones, hyphal escape occurred and
growing lesionswereestablished(Kamounetal.,1999;Vleeshouwerseta/.,2000).Thegrowth
rate of these lesions varied between different Solanum clones, indicating that defense
mechanismsotherthantheHRoperateatdifferent levelsinthedifferentclones.
Eventhough acausal link between the accumulation of PR proteins and SAR has not
always been established, a correlation between the timing of PR gene expression and the
onset and duration of SAR is evident from many studies (Ryals ef al., 1996). Therefore,
measuring expression levels of PR genes is an appropriate method for determining levels of
SAR (Ryals etal.,1996; Maleck and Dietrich, 1999). Inthis study, we determinedthe variation
in basal mRNA levels of SAR marker genes {PR-1, PR-2,and PR-5)in Solanumplants, and
tested whether resistance to P.infestans in Solanum species is associated with high basal
levelsofSAR.

Material and methods
Phytophthorainfestans
Phytophthora infestansisolates of different origins were used (Table 4-1). The propagation of
the isolates and the preparation of inoculum was performed following standard procedures
(Vleeshouwers etal., 1999).

Plantmaterial
The plant material used inthis study is listed inTable 4-2.The origin ofthe plant material and
the in vitro propagation was described previously (Vleeshouwers et al., 1999). Plants were
grown under controlled conditions in climate chambers with a 16h/8h day/night regime at
18/15°C and HPIT (Philips) illumination. The condition of different batches of plants used for
the various resistance tests and for the PR gene expression analyses was comparable
(Vleeshouwers era/., 1999).
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Resistanceassessment
The resistance levelsof 18Solanumclonesto six P.infestansisolateswere determined using
a routine resistance assay (Vleeshouwers etal.,1999). Detached leaves were spot-inoculated
(10ul)with azoospore suspension of50.000 spores/ml,and incubated at high humidity inthe
dark. On the fourth, fifth, and sixth day after inoculation, the largest length and width
(perpendicular on the length) of the lesions were measured. The ellipse area
(A=1/4 *K*length*width)wascalculated,andthe lesionsweredivided intwogroups, i.e. 'no
growing lesion' (A <16mm2), or 'growing lesion' (A> 16mm2).The infection efficiencies (IE)
were calculated asthe percentage of growing lesions. The areas ofthe 'growing lesion'group
were square root transformed, and the average lesion growth rate (LGR) was estimated by
linearregressionontime.ThemeanLGRswereanalyzedwith REMLusingGenstat (Genstat5
Committee,1987).

Southernandnorthernblotanalysis
DNAwas isolatedfrom leavesofSolanum plantsanddigestedwithEcoRV (Shure etal.,1983).
The DNAwas electrophorized,transferredto Hybond-N+,andtheSouthern blotwas hybridized
with various probes. For expression analyses, leaf material (3rd,4th and 5th fully developed
leaf)from healthy, uninoculated plantswas harvestedandimmediately frozen inliquidnitrogen.
Two independent RNAisolation (Verwoerd etal., 1989)serieswere carried out. For each RNA
sample 15ug was loaded, electrophorized and transferred to Hybond-N+. The northern blot
was hybridized concurrently with the Southern blot with probes representing the PR-1, PR-2,
PR-5andtubulin gene at 65,60,60,and65°C respectively, andthe blots were washed at 1x,
0.5x, 0.5x, 1xSSCstringency respectively.
Messenger RNA levels were determined from the northern blots using a Fujix BioImaging analyzer (BAS 2000). The signals were quantified in photo-stimulated luminescence
(PSL) per mm2.To correct for slight differences in loading the signals for PRgene expression
were normalizedtotheconstitutively expressedtubulinsignal.

DNAprobes
PRgene members previously described to becorrelatedto resistance were selected.As DNA
templates for probe synthesis the following fragments were used: a 400 bp EcoRI/Kjonl
fragment of StPR1-1,aPR-1cDNA clonefrom potato (van t Klooster etal.,1999), a 1300 bp
EcoR\IXho\ fragment ofanacidicglucanasecDNA clonefromtomato (van Kanetal.,1992),a
PCRfragmentamplifiedontobaccogenomic DNAfor PR-5(Melchersetal.,1993),anda 1800
bpEcoR\/Xho\fragmentfromcDNAclonepFB19encodingtubulinfrompotato.
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Results and discussion
SpecificandnonspecificresistanceinSolanum
To test the correlation between high levels of SAR and resistance to P.infestans,we first
carefully determined the resistance levels of a set of 18 Solanumplants to five isolates from
different clonal lineages, races, geographical origins, hosts of origin, years of isolation and
mating types (Table 4-1). Various types of resistance were noted as illustrated by the mean
LGRsandlEsdata(Table4-2).
Statistical analyses revealed a highly significant interaction (P<0.001) between
Solanum clones and P.infestans isolates, indicating that race-specific resistance occurs. In
potato cv. Ehud (R1),race-specific resistance was evident since inoculation with race 0 strain
IPO-0resultedincompleteresistance (IE=0,LGR=0),whereas inoculationwith isolate90128
(virulent on R1 plants), resulted in high lEs and LGRs (Table 4-2). In Estima and Premiere
(R10), the race-specific response was less pronounced, as a considerable percentage of
growing lesions was noted in the interaction with IPO-0. This is in line with previous findings
that R1 functions as a "strong" R gene and R10 as a "weak" R gene (Turkensteen, 1987;
Vleeshouwers eta/., 2000). Statistical analyses of LGR and IE between Solanumclones and
P.infestans isolates also revealed a highly significant interaction (P<0.001) when cultivars
bearingR1andR10wereexcluded,suggestingthat novelundefinedRgenes mayoccurinthe
examined set of Solanumplants. However, strong isolate-specific resistance (Vleeshouwers et
al„ 2000) comparable to R1 was not evident. In contrast, weaker isolate-specific responses
were common. For example, S.microdontumAQl was more susceptible to isolate 90128 than
totheother isolates. S.sucrense-23was moreoften infected by IPO-0and Mex580 (IE=88%
and 85% respectively) than by other isolates (IE = 15% to 45%), although high LGRs were
noted in all interactions. Potato cv. Estima and Premiere exhibited similar lEs and LGRs to
isolates IPO-0, 90128, Mex580 and BIN-16, but Estima was remarkably resistant to isolate
ME93-2A.
Low LGR values are considered as indicators of nonspecific, partial resistance (Colon
et al., 1995). In addition to isolate-specific responses, Solanum clones differed in LGRs
independently of the isolate tested. For example, potato cv. Robijn showed lower LGR values
than Bintje with all tested isolates. Cultivar Estima and Premiere, and to a lesser extent cv.
Ehud, showed intermediate LGRs, indicating a certain level of partial resistance for these
cultivars. In S.microdontum, clone 167and 178displayed lower LGRs than clone 265, and in
S.arnezii x hondelmannii,clone 63 generally displayed slightly lower LGRs than clone 72,
independently ofthe isolate. This suggests that most ofthe examined Solanumplants display
significant and variable levels of race/isolate-nonspecific, partial resistanceto five P.infestans
isolatesofdiverseorigin.
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OccurrenceofPRgenesinSolanum
To check whether sufficient cross-hybridization occurs between the PR gene probes and the
selected plants, a Southern blot containing genomic DNAfrom the different Solanumspecies
was hybridizedwithprobesfromapotatoPR-1gene,atomato PR-2gene,andatobaccoPR-5
gene.As shown in(Figure 4-1),thethree probes cross-hybridized with DNAfrom allSolanum
clones. Inall cases multiple hybridizing bands were detected revealing the presence of multigenefamiliesfor PR-1, PR-2,andPR-5in Solanum species. Inaddition,therewasvariation in
signal intensity among the hybridizing bands, suggesting sequence diversity or differences in
copy number among thefamily members. Multi-gene families have been reported for PR-2in
S.tuberosum(Beerhues and Kombrink, 1994),for PR-5in S.commersonii (Zhu ef a/., 1995),
andfor PR-1,PR-2, andPR-5intobacco(vanLoonandvanStrien,1999).
For each of the three PR genes, the hybridization pattern within the species was
reasonably conserved. Between species however, hybridization patterns were quite diverse.
For PR-2,acertain specificity canbe noted,asthe hybridization patterns ofthe closely related
species S.berthaultiiand S.arneziix hondelmannii (Spooner and Castillo, 1997) were quite
similar. In addition, the hybridization of the tomato PR-2 probe to S.nigrum DNA was
exceptionally weak, whereas hybridization of the same blot with the PR-1 and PR-5 probes
resulted in stronger signal intensities. This suggests that the PR-2 genes from S.nigrumare
quite divergent from those of the other tested Solanumspecies. This is not surprising since
S.nigrumisthemostdistantly relatedspeciesintheexaminedset. S.nigrumisclassified inthe
subgenus Solanum,whereas the other tested Solanum species and tomato belong to the
subgenusPotatoe(Spooner efa/.,1993).Insummary,theSouthern blothybridizations showed
thattheheterologous PRprobesaresuitableforanalyzingexpressionof PR-1,PR-2,andPR-5
genes intheSolanum plants.

ExpressionanalysisofSolanumPRgenes
To monitor constitutive SAR inthe Solanumplants, the basal expression levels of the PR-1,
PR-2, and PR-5 genes were determined in two independent experiments using uninoculated
plants cultivated under defined conditions in growth chambers. The results of the first
experiment are shown in Figure 4-2.The autoradiographs showed that PR-1,PR-2,and PR-5
mRNAs were present at detectable levels in the majority of the tested plants. Interestingly,
there isvariation inPRmRNA levels betweenthedifferent clones. Inaddition,withinthe entire
Solanumset,the patterns of mRNAlevels ofthethree PRgeneswere not identical.This is in
line with the separation of PR-1,PR-2,and PR-5gene activation pathways previously shown
for Arabidopsis enhanced c/isease susceptibility mutants eds5 (Reuber er a/., 1998). The
absence of coordinated regulation between the different PR genes was also observed in
salicylic acid /nduction deficient mutants sidl and sid2, inwhich the pathway leading to PR-1
expression was blocked,whereas PR-2and PR-5were expressed atwildtype levels (Nawrath
and Metraux, 1999).Thus unequal mRNAaccumulation ofthedifferent PRgenescould reflect
different pathwaysofregulationsfor individualmembersofthethree PRgenefamilies, perhaps

63

Chapter4

——

reflectingthewiderangeofphysiological responses inwhichthese proteinsareinvolved (Orief
a/.,1990;Zhuera/., 1995;Torneroera/.,1997).

q333

<&<°

5

, x ? | | S a a a g s ? :>§ H mffi §
© -» M W -» S O) Oi w . i O ^ CD (D Q. fl> (D 3

PR-?

PR-2

-12kb

- 6kb

-3kb

• • • i t •• * - w

-2kb

» • •'
•
PR-5

« - -m•
-12kb

- 6kb

•••

Figure 4-1
OccurrenceofPRgenesinSolanum clones(forabbreviationofclonesseeTable4-2).ASouthernblot
containingEcoRVdigestedgenomicDNAisolatedfromSolanumcloneswassequentiallyhybridizedwith
PR-1 probefrompotato, aPR-2probefromtomato,andaPR-5probefromtobacco.
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PRmRNAlevelswerequitesimilar inthetwoexperiments. However, inpotatocv.Ehud
andS.vernei-530, themRNAlevelsobservedforallthreePRgeneswerehigher inthesecond
experiment comparedtothefirst experiment.We assumethat despitethe precautions wetook
the Ehudand S.verneiplants inthesecondexperiment may have been inastressed state.In
other experiments we noted high PR-1mRNA levels in plants grown inthe greenhouse (data
notshown),wheretheywereexposedtoheatanddroughtstress.
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Figure4-2
ExpressionanalysesofPR genesinuninoculatedSolanum plants(forabbreviationofclonesseeTable
4-2).Anorthernblotcontainingtotal RNAfrom Solanum cloneswassequentially hybridizedwith PR-1,
PR-2, PR-5 andtubulin probes.Theaverage LGRs (mm.day"1) based onP. infestans isolates IPO-0,
90128,Mex580,BIN-16,ME93-2A)areindicatedforeachclone(LGR=0excluded).

DoesPRgeneexpressioncorrelate with resistance?
Totestwhether isolate-nonspecific,partiallateblightresistanceinSolanum isassociatedwitha
constitutiveSAR,theobtainedLGRswerecomparedtobasalmRNAlevelsofPRgenes.PR-1,
PR-2,and PR-5mRNA levelswere quantifiedand normalized usingtubulin mRNA levels asa
reference. At the genus level, there was no indication for a correlation between nonspecific
resistance and PR expression levels. This may be explained by the different genetic
background of the different plant species and the noted complexity of the three PR gene
families. In contrast, significant correlation was observed at the species level. In S.arneziix
hondelmannii, S.microdontum, S.sucrense and S.tuberosum, partially resistant clones
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exhibitedhigher levels ofPRmRNAthan moresusceptible ones.InS.sucrenseandS. arnezii
x hondelmannii, this correlation was evident for all three PR genes in the two independent
experiments.InS.circaeifolium, S.vernei, ABPT,andS.nigrum, onlyoneclonewas used,and
thuscorrelations atthespecies levelcouldnot betested.Nocorrelationwasobserved between
PRmRNAlevelsandresistanceinS.berthaultii. However,thefull resistance observedinclone
9 is HR-mediated (Vleeshouwers ef a/., 2000) and suspected to operate through a novel R
geneasrecentlyobservedforanotheraccessionofS.berthaultii(Ewingefal., 2000).
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MessengerRNAlevelsofPRgenesandisolate-nonspecificresistanceinS.tuberosum. PR-1 (•), PR-2
(A), and PR-5 (•) mRNA levelsfrom uninoculated leavesfrom potato cultivars Bintje, Ehud,Estima,
PremiereandRobijnwerequantifiedonaphosphor-imager,andthe PRsignalswerenormalizedusing
the tubulin mRNA level as reference. Messenger RNA levels were determined in two independent
experiments (first experiment closed, second open symbols); the data from Ehud in the second
experiment were excluded. Onthe X-axis, average LGRs (mm.day1, see Table 4-2) determined after
inoculation withP. infestans isolates IPO-0, 90128, Mex580,BIN-16, ME93-2A are indicated for each
cultivar(LGR=0excluded).

Within S.tuberosum,the relationship between nonspecific resistance and PR mRNA
levels was examined for the five tested cultivars (Figure 4-3). Highly resistant cv. Robijn
accumulated the highest levels of PR-1, PR-2, and PR-5 mRNA, whereas partially resistant
Ehud, Estima and Premiere displayed intermediate levels, and susceptible Bintje very low
levels.These results suggest acorrelation between PRgeneexpression levels and resistance
levels in potato. These results are consistent with those obtained with S.arnezii x
hondelmannii, S.microdontum, and S.sucrense suggesting that an enhanced constitutive
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expression ofSARmaybeacomponent ofthepartial-nonspecific resistance noted in Solanum
species.

Concludingremarks
Basal SAR mayfunction asan independent resistance mechanism, but more likely contributes
tothecomplex network ofdefense reactionsthattake placefollowing pathogenattack (Graham
and Graham, 1999; Pieterse and van Loon, 1999). Resistance in the Solanum- P. infestans
interaction often exhibits a quantitative nature, which can be explained by the extent of an
ambiguous HR. Per infection event, afine balance between invading hyphae and plant cells
exhibiting an HR, determines whether infection will be aborted (Vleeshouwers ef a/., 2000).
Basal level of SAR may increase the sensitivity of plant cells to HR elicitation (Shirasu ef a/.,
1997),or may slow pathogen invasion by creating physiological conditions that limit pathogen
growth.
The identification of molecular markers linked to partial resistance to P.infestans in
Solanumspecies, isofgreat valuefor potato late blight resistance breeding. High levels of PR
mRNAs could serve as useful molecular markers for screening breeding populations and
germplasm. Assays based on quantitative reverse transcriptase (RT-PCR) of PRgenes could
be developedto assist potato breeders andgeneticists in identifying promising genotypes and
could supplement other assays based on quantitative trait loci (QTL) (Leonards-Schippers ef
a/., 1994). Usingmolecular marker genesfor known resistance mechanisms suchasSARmay
provideanovelprospectivefor marker-assistedbreeding.

Acknowledgements
WewouldliketothankJanvanKan(Laboratoryof Phytopathology,Wageningen University)for
providing the PR-2 probe, Andy Pereira (Plant Research International, Wageningen) for
providingthePR-5probe,PaulKeizer(Plant Research International,Wageningen)for helpwith
the statistical analyses, and Pierre de Wit (Laboratory of Phytopathology, Wageningen
University) for critically reading of the manuscript. This work was financed by Stichting
StimuleringAardappelonderzoek,Zeist,TheNetherlands.

References
Abad L. R., Durzo M. P., Liu D., Narasimhan M. L, Reuveni M., Zhu J. K., Niu X. M., Singh N. K.,
Hasegawa P. M.,and Bressan R.A. (1996) Antifungal activity of tobacco osmotin has specificity and
involvesplasmamembranepermeabilization.PlantScience 118,11-23.
Abad M.S., HakimiS.M.,KaniewskiW.K., RommensC.M.T.,ShulaevV., Lam E., andShah D.M.
(1997) Characterization of acquired resistance in lesion mimic transgenic potato expressing bacterio
opsin.MolecularPlant-MicrobeInteractions10, 635-645.

67

Chapter 4

Ahl GoyP., Felix G.,Metraux J. P.,and MeinsF.,Jr.(1992) Resistancetodisease inthe hybridNicotiana
glutinosax Nicotianadebneyiis associated with high constitutive levels of beta-1,3-glucanase, chitinase,
peroxidase andpolyphenoloxidase. PhysiologicalandMolecularPlantPathology41,11-21.
Alexander D., Goodman R. M., Gut Rella M., Glascock C , Weymann K., Friedrich L, Maddox D., Ahl
Goy P., Luntz T., Ward E., and Ryals J. (1993) Increased tolerance to two oomycete pathogens in
transgenic tobacco expressing pathogenesis-related protein 1a.ProceedingsoftheNationalAcademyof
SciencesoftheUnitedStatesofAmerica90,7327-7331.
Beerhues L, and Kombrink E. (1994) Primary structure and expression of mRNAs encoding basic
chitinase and 1,3-beta-glucanaseinpotato.PlantMolecularBiology24,353-367.
Bowling S. A., Guo A. L„ Cao H., Gordon A. S., Klessig D. F., and Dong X. N. (1994) A mutation in
Arabidopsis that leads to constitutive expression of systematic acquired resistance. Plant Cell6, 18451857.
Cao H., Bowling S.A., Gordon A. S., and Dong X. N. (1994) Characterization of anArabidopsis mutant
thatisnonresponsive toinducers ofsystemic acquired resistance.PlantCell6, 1583-1592.
Cao H., Li X., and Dong X. N. (1998) Generation of broad-spectrum disease resistance by
overexpression of an essential regulatory gene in systemic acquired resistance. Proceedings of the
NationalAcademyofSciencesoftheUnitedStatesofAmerica95,6531-6536.
Cohen Y., Gisi U., and Mosinger E. (1991) Systemic resistance of potato plants against Phytophthora
infestansinduced byunsaturatedfattyacids.PhysiologicalandMolecularPlantPathology38,255-264.
CohenY.,Gisi U.,and NidermanT. (1993) Local andsystemic protection against Phytophthora infestans
induced in potato and tomato plants byjasmonic acid and jasmonic methyl ester. Phytopathology83,
1054-1062.
Colon L. T., and Budding D. J. (1988) Resistance to late blight (Phytophthora infestans) in ten wild
Solanumspecies.EuphyticaSupplement,77-86.
Colon L. T., Turkensteen L. J., Prummel W., Budding D. J., and Hoogendoorn J. (1995) Durable
resistance to late blight (Phytophthora infestans) in old potato cultivars. European Journal of Plant
Pathology 101,387-397.
Delaney T. P., Friedrich L., and Ryals J. A. (1995) Arabidopsis signal transduction mutant defective in
chemically and biologically induced disease resistance. Proceedings of the National Academy of
SciencesoftheUnitedStatesofAmerica 92,6602-6606.
Doke N., Ramirez A. V., and Tomiyama K. (1987) Systemic induction of resistance in potato plants
against Phytophthorainfestansbylocaltreatments with hyphalwallcomponents ofthefungus. Journalof
Phytopathology119,232-239.

68

BasalPRgeneexpressionlevelsin Solanum
EwingE. E., Simko I.,SmartC. D., Bonierbale M.W., MizubutiE.S. G., MayG. D., and FryW. E. (2000)
Genetic mapping from fieldtests of qualitative andquantitative resistance to Phytophthorainfestansina
population derivedfrom Solanumtuberosumand Solanumberthaultii. MolecularBreeding6,25-36.
Genstat 5Committee. (1987)Genstat 5 Reference Manual (Oxford:Clarendon Press).
Graham T. L, and Graham M. Y. (1999) Role of hypersensitive cell death in conditioning elicitation
competencyanddefense potentiation.PhysiologicalandMolecularPlantPathology55, 13-20.
Kamoun S., Huitema E., and Vleeshouwers V. G.A. A. (1999) Resistance to oomycetes:A general role
forthehypersensitive response? TrendsinPlantScience4, 196-200.
Lawrence C. B., Joosten M. H.A. J.,andTuzun S. (1996) Differential induction of pathogenesis-related
proteins intomato byAlternariasolaniand the association of a basic chitinase isozyme with resistance.
PhysiologicalandMolecularPlantPathology48, 361-377.
Leonards-Schippers C , Gieffers W., Schafer Pregl R., Ritter E., Knapp S. J.,Salamini F., and Gebhardt
C. (1994) Quantitative resistance to Phytophthorainfestansin potato: a case study for QTL mapping in
anallogamous plantspecies. Genetics137,67-77.
Liu D., Raghothama K. G., Hasegawa P. M.,and Bressan R.A.(1994) Osmotinoverexpression in potato
delays development of disease symptoms. Proceedings of the National Academy of Sciences of the
UnitedStatesofAmerica 91, 1888-1892.
Maleck K., and Dietrich R. A. (1999) Defense on multiple fronts: How do plants cope with diverse
enemies? TrendsinPlantScience. 4,215-219.
Melchers L. S., Sela-Buurlage M. B.,Vloemans S.A.,Woloshuk C. P., van Roekel J. S. C , PenJ.,van
den Elzen P. J. M., and Cornelissen B. J. C. (1993) Extracellular targeting of the vacuolar tobacco
proteins AP24, chitinase and beta-1,3-glucanase in transgenic plants. Plant MolecularBiology 21, 583593.
Nawrath C, and Metraux J. P. (1999) Salicylic acid induction-deficient mutants of Arabidopsis express
PR-2 and PR-5 and accumulate high levels of camalexin after pathogen inoculation.PlantCell 11, 13931404.
Niderman T., Genetet I., Bruyere T., Gees R., Stintzi A., Legrand M., Fritig B., and Mosinger E. (1995)
Pathogenesis-related PR-1 proteins are antifungal: Isolation and characterization of three 14-kilodalton
proteins oftomato andof a basic PR-1oftobacco with inhibitory activity against Phytophthorainfestans.
PlantPhysiology108,17-27.
Ori N., Sessa G., LotanT., HimmelhochS., and Fluhr R. (1990) A major stylar matrix polypeptide (sp41)
isamember ofthe pathogenesis-related proteins superclass. TheEMBOJournal9,3429-3436.
Pereira A., Sandbrink H., Wolters P., van Enckevort E., van der Vossen E., Vleeshouwers V. G. A. A.,
Colon L.T.,andStiekemaW.(1998) Identificationandengineeringofdisease resistancegenes inpotato.

69

Chapter 4

In: Abstract book 5th International Symposium on the Molecular Biology of the Potato (Bogensee,
Germany.
Pieterse C. M.J.,and van Loon L. C. (1999) Salicylic acid-independent plant defence pathways.Trends
inPlantScience4,52-58.
Reuber T. L, Plotnikova J. M., Dewdney J., Rogers E. E., Wood W., and Ausubel F. M. (1998)
Correlation of defense gene induction defects with powdery mildew susceptibility in Arabidopsis
enhanceddisease susceptibilitymutants.PlantJournal16,473-485.
Ryals J. A., Neuenschwander U. H., Willits M. G., Molina A., Steiner H. Y., and Hunt M. D. (1996)
Systemic acquired resistance.PlantCe//8,1809-1819.
Shah J.,Tsui F., and Klessig D. F. (1997) Characterization of asalicylic acid insensitive mutant (sail) of
Arabidopsis thaliana, identified in a selective screen utilizing the SA inducible expression of the tms2
gene.MolecularPlant-MicrobeInteractions10,69-78.
Shirasu K., Nakajima H., Rajasekhar V. K., Dixon R.A.,and Lamb C.(1997) Salicylic acid potentiates an
agonist dependent gaincontrol that amplifies pathogen signals inthe activation of defense mechanisms.
PlantCell9,261-270.
Shure M.,Wessler S., and Fedoroff N. (1983) Molecular identification and isolation of the Waxylocus in
maize. Cell35,225-233.
Spooner D. M., Anderson G. J., and Jansen R. K. (1993) Chloroplast DNA evidence for the
interrelationships oftomatoes,potatoes,and pepinos (Solanaceae).AmericanJournalofBotany80,676688.
Spooner D. M., and Castillo T. R. (1997) Reexamination of series relationships of South American wild
potatoes (Solanaceae: Solanum sect. Petota): evidence from chloroplast DNA restriction site variation.
AmericanJournalofBotany84,671-685.
Takemoto D., Furuse K., Doke N., and Kawakita K. (1997) Identification of chitinase and osmotin-like
protein as actin-binding proteins insuspension-cultured potato cells. Plantand CellPhysiology 38, 441448.
Tornero P., Gadea J., Conejero V., and Vera P. (1997) Two PR-1genes from tomato are differentially
regulated and reveal a novel mode of expression for a pathogenesis related gene during the
hypersensitive responseanddevelopment. MolecularPlant-Microbe Interactions10,624-634.
Turkensteen L. J. (1987) Interactions of R genes in breeding for resistance of potatoes against
Phytophthorainfestans.In:Planningconferenceonfungaldiseasesofthepotato(CIP, Lima,Peru.
van 't Klooster J.W., Vleeshouwers V. G.A.A., Kamoun S., and Govers F. (1999) Characterization of a
cDNA encoding a pathogenesis-related protein PR-1 from potato (Solanum tuberosum) (Accession No.
AJ250136). PlantPhysiology121,1384.

70

Basal PR gene expression levels in Solanum

van KanJ.A. L, Joosten M. H.A.J.,Wagemakers C.A. M.,vanden Berg-Velthuis G.C. M.,anddeWit
P. J. G. M. (1992) Differential accumulation of mRNAs encoding extracellular and intracellular PR
proteins in tomato by virulent and avirulent races of Cladosporiumfulvum. Plant MolecularBiology 20,
513-527.
van Loon L. C, andvanStrien E.A.(1999) Thefamilies of pathogenesis-related proteins,their activities,
andcomparative analysisof PR-1typeproteins.PhysiologicalandMolecularPlantPathology55,85-97.
Verwoerd T. C , Dekker B. M.M.,and HoekemaA. (1989)Asmallscale-procedure forthe rapid isolation
of plant RNA's.NucleicAcidsResearch 17,2362.
Vleeshouwers V. G. A. A., van Dooijeweert W., Govers F., Kamoun S., and Colon L. T. (2000) The
hypersensitive response is associated with host and nonhost resistance to Phytophthora infestans.
Planta210,853-864.
Vleeshouwers V. G. A. A., van Dooijeweert W., Keizer L. C. P., Sijpkes L, Govers F., and Colon L. T.
(1999) A laboratory assayfor Phytophthorainfestansresistance invarious Solanumspecies reflects the
fieldsituation.EuropeanJournalofPlantPathology105,241-250.
Woloshuk C. P., Meulenhoff J. S., Sela Buurlage M., van den Elzen P. J. M., and Cornelissen B. J. C.
(1991) Pathogen-induced proteins with inhibitory activity toward Phytophthora infestans. Plant Cell 3,
619-628.
Yalpani N.,Shulaev V.,and Raskin I.(1993) Endogenoussalicylic acid levels correlatewith accumulation
of pathogenesis-related proteins andvirus resistance intobacco.Phytopathology83,702-708.
Yu I. C, Parker J.,and Bent A. F. (1998) Gene-for-gene disease resistance without the hypersensitive
response in Arabidopsis dndl mutant. Proceedingsof the NationalAcademy of Sciencesof theUnited
StatesofAmerica95,7819-7824.
Zhu B., Chen T. H. H., Li P. H., and Zhu B. L. (1995) Activation of two osmotin-like protein genes by
abioticstimuliandfungal pathogen intransgenic potatoplants.PlantPhysiology108,929-937.
Zhu B., Chen T. H. H., Li P. H., and Zhu B. L. (1996) Analysis of late-blight disease resistance and
freezingtolerance intransgenic potato plants expressing sense and antisense genes for an osmotin-like
protein.Planta198,70-77.

71

Chapter4

72

Chapter5

Ancient diversificationof thePtokinasefamily
preceded speciationinSolanum

VivianneG. A.A. Vleeshouwers, AdrieMartens, Willem vanDooijeweert,
LeontineT. Colon, FrancineGovers, andSophienKamoun
Submittedforpublication

73

Chapter5

Summary
Recent phylogenetic analyses of the NBS-LRR class of plant disease resistance (ft)
genes suggested that these genes are ancient and coexist next to susceptibility alleles
at resistance loci. Another class of R genes encodes serine/threonine protein kinases
related to Pto, which were originally identified from wild relatives of tomato. In this
study, we exploit the highly diverse genus Solatiumto identify Pto-like sequences and
test various evolutionary scenarios for Pto-like genes. Polymerase chain reaction
amplifications using primers based on conserved and variable regions of Pto revealed
anextensivePtogenefamilyandyielded32 intact Pto-likesequencesfrom six Solanum
species. Pto-like transcripts were also detected in leaf tissue of all tested plants. The
kinase consensus and autophosphorylation siteswere highly conserved, in contrast to
thekinaseactivationdomainwhichisinvolvedinligand recognition inPto. Phylogenetic
analyses distinguished nine classes of Pto-like genes, and revealed that orthologues
were moresimilarthanparalogues,suggestingthatthePtogenefamily evolvedthrough
a series ofancient gene duplication events priorto speciation in Solanum.Thus, inline
withthe NBS-LRRclass,thekinaseclassofRgenesishighlydiverseandancient.

Introduction
Theoccurrenceofconservedstructuralfeaturesinplantdiseaseresistance(R)genesprovides
a great potential for the isolation of novel analogues of these R genes using the polymerase
chain reaction (PCR). In most R genes cloned so far, one or more characteristic functional
domain is conserved across plant families. Such domains include the leucine-rich repeats
(LRR), nucleotide binding sites (NBS), leucine-zippers (LZ), transmembrane (TM) and kinase
domains, and suggest that R genes encode components of conserved and ubiquitous signal
transduction pathways in plants (Hammond-Kosack and Jones, 1997).A PCR-based strategy
using degenerate primers corresponding to NBS motifs was applied toArabidopsis, soybean,
potato, lettuce, and several other plants, and resulted in cloning of a large collection of
resistance gene candidates (RGAs or R gene analogs) from the NBS-LRR class (Kanazin et
a/., 1996; Leister et a/., 1996; Yu ef a/., 1996;Aarts eta/., 1998; Shen et a/., 1998). R genes
from other classes, i.e. the LRR, LRR-TM, LRR-TM-kinase, and kinase class (Bent, 1996;
Richter and Ronald, 2000), do not possess an NBS domain. Yet a similar gene discovery
approachcanbeapplied usingprimers basedonother conserveddomains,such asthe kinase
domain.
The Ptogene from tomato confers hypersensitive response (HR)-mediated resistance
to Pseudomonas syringaepv. tomato(Martin ef a/., 1993a). Ptois a member of a multi-gene
family that is clustered within a 400 kb region on chromosome 5 of tomato(Lycopersicon)
(Martin eta/., 1993b).Another member ofthisfamily is Fen,whichconfers sensitivity and HRlike lesionstothe insecticidefenthion (Martin eta/., 1994).Characterization ofthe Ptoand Fen
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proteins revealed that they are 80% identical and 87% similar; that both encode active
serine/threonine kinases, and that they participate in the same signal transduction pathway
leadingtothe HR(Martinetal.,1993a;Martin etal.,1994;Lohand Martin, 1995).PtoandFen
originate from the wild species Lycopersicon pimpinellifolium,and were introgressed into
tomatocultivars byclassicalbreeding approaches (Pitbladoand Kerr, 1980).Alleles ofPtoand
Fen genes, pto and fen respectively, were cloned from the cultivated tomatoLycopersicon
esculentum.They encode active kinases, but do not confer bacterial speck resistance or
fenthion sensitivity (Jia ef al., 1997). Ptoand pto, and Fenand fenalleles differ in only a few
amino acids, which presumably cause conformational changes that affect the ability to
physically interact with other proteins (Jia et al., 1997). Pto specifically phosphorylates other
kinases,suchas Pto interacting kinase 1(Pti1) (Zhou etal., 1995)andphysically interacts with
the avirulence gene product AvrPto (Scofield et al., 1996; Tang et al., 1996). The activation
domain(the region between amino acid 182and211of Ptoj playsacritical roleforrecognition.
Inthe Pto-AvrPto interaction, S198 is required for elicitation of the HR (Sessa et al., 2000b),
T204 is required for recognition specificity, Y205 plays a subsidiary role in recognition
(Frederick ef al., 1998), and Y207 influences binding properties (Rathjen et al., 1999). In
addition, autophosphorylation sites appear to be required for kinase activity or physical
interaction with amongst others AvrPto and several Ptointeracting (Pti) proteins (Sessa etal.,
2000b).
Despitetremendous advances instructural moleculargeneticsof Rgenes (Baker eral.,
1997), the evolution of recognitional specificities remains poorly understood. Genomic
sequencing andgenetic mapping studies have revealed theoccurrence of clusters of Rgenes
inthe genome (Michelmore and Meyers, 1998; Richter and Ronald,2000). Intomato, the Pto
locus has evolved through a series of gene duplications and deletions, resulting in five Pto
homologues (Michelmore and Meyers, 1998).Also other Rgenefamilies, such asthose atthe
tomato Hcr9loci, which harbor homologues of Cladosporium fulvumresistance gene Cf9,and
the lettuce Dm3 locus, which contains Bremialactucaeresistance genes, occur in duplicated
gene clusters (Meyers eral., 1998; Parniske andJones, 1999).Awide diversity of R genes of
the NBS-class occurs inthe plant kingdom andelegant phylogenetic analyses of an extensive
set of NBS-containing R gene-like sequences pointed to an ancient evolutionary history for
thesegenes(Meyers efal.,1999). Inaddition,recent population genetic datasuggestedthatR
genes of the NBS-LRR class co-exist next to susceptibility alleles (Stahl ef al., 1999). The
results of both of these studies conflict with the widely accepted 'arms-race' model for rapid
evolution of resistance genes asa response to anadapting pathogen.A novel 'trenchwarfare'
theory is emerging: a dynamic process of advances and retreats of ancient resistance alleles
maintainsdiversityatadiseaseresistance locus(Stahlefal., 1999).
The genus Solanumis highly diverse, consisting of about 1100species (D'Arcy, 1991).
Basedonchloroplast DNA(cpDNA) restrictionfragment analysis, Solanumisthought toforma
monophyletic lineage that includes Lycopersicon(Spooner efal.,1993),and herewewill refer
toSolanum inthebroadsense.ThecenteroforiginofSolanum isthoughtto beinMexico,from
where species migrated southwards and evolved into a separate gene pool in SouthAmerica
(Hawkes, 1990). The cultivated potato S.tuberosum arose in this area, probably from a
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complex of diploid domesticated Solanumspecies. A selection of wild Solanum species has
been incorporated in modern breeding programs to introgress resistance against a broad
spectrumof potato pathogens. Forexample, S.demissum hassuppliedthe 11known Rgenes
that confer HR-mediated resistance to the potato late blight pathogen Phytophthora infestans.
Several other tuber-bearing Solanum species also show HR-mediated resistance, which
suggeststheinvolvement ofRgenesinlateblightresistance(Vleeshouwersetal., 2000).
Inthis study, we take advantage of the genetic diversity of the genus Solanumto test
the co-evolutionary arms-race hypothesis for the Pto gene family. We amplified Pfo-like
sequences from a diverse set of Solanum species with primers based on conserved and
variable regions of known Pfo-like genes.Sequencing and Southern blotanalyses revealed an
extensive Pfo-like gene family in Solanum,and northern blot analyses showed expression of
Pfo-like genes in leaves. Phylogenetic analysis revealed that orthologues (homologues
separated by a speciation process) are more similar than paralogues (homologues generated
by a gene duplication event), suggesting that ancient duplications of the common ancestor of
Pfo-likegenesprobablyoccurredpriortoSolanumspeciation.

Materials and methods
Plantmaterial
The Solanumclones used inthis study are presented in Table 5-1. Wild Solanumaccessions
contain resistance to various bacterial, viral, nematode, fungal and oomycete pathogens
(Hoekstra and Seidewitz, 1987; Vleeshouwers etal., 2000; evaluation datafrom the Center of
Genetic Resources,the Netherlands, http://www.plant.wageningen-ur.nl/cgn/potato).

Southernandnorthernblotanalysis
DNAwas isolated from leaves of Solanumplants (Shure efal.,1983).The DNAwas digested
with EcoRV, electrophorized and transferred to Hybond-N+. For expression analyses, leaf
materialwas harvestedand RNAwas isolated (Verwoerd etal.,1989).From500 ugtotal RNA,
polyA+ RNAwas extracted usingthe Oligotex mRNA kit (Qiagen). For northern blot analyses,
the poly A+ RNA was denatured at 50°C in 1M glyoxal, 54% (v/v) DMSO, and 10mM
sodiumphosphate buffer (pH7.0), electrophorized and transferred to Hybond-N+. As DNA
templatesfor probesynthesisthefollowingfragments were used:a600 bpSacll/Psfl fragment
of berDFI, a600 bp Sacll/Psfl fragment of berDF4,and a 1800 bp EcoR\IXho\ fragment from
cDNA clone pFB19encodingtubulinfrom potato.The Southern and polyA+ northern blotwere
hybridized with 32P-labelled probes at 65°C, and washed at 0.1x or 1x SSC stringency for the
berDFI and the tubulin hybridization respectively. Messenger RNA levels were determined
using a Fujix Bio-Imaging analyzer (BAS 2000), and the signals were quantified in photostimulated luminescence (PSL)permm2.
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Primerdesign,PCRamplificationandDNAsequencing
Theprimers usedinthisstudyarepresented inFigure 5-1. Forprimercombinations F1-R1,F4R1, F2-R2,and F5-R2,PCR amplification was performed on60nggenomic DNA in50 or 100
pi reaction volumes. The templates were denatured by heating to 94°Cfor 5 min, followed by
35 cycles of 1min at 94°C, 1 min at 55°C, 1min at 72°C, with afinal extension of 10 min at
72°C. For primer combinations F1-R2 and F2-S1, the PCR was conducted in 25 pi reaction
volumes,denaturationwas performedat94°Cfor 7min,followedby45cyclesof30secondsat
94°C,30secondsat50°C,1minat72°C,withafinalextensionof5minat72°C.
PCR products were cloned in pGEM-T or pGEM-T Easy (Promega). Recombinants
were selected using X-Gal inthe selection medium or by colony hybridization at 65°C using a
radio-labeled PCR product as a probe. After selection of positive clones, plasmid DNA was
isolated anddigestedwith SacW/Psti to estimate thesize ofthe cloned insert.Alternatively, the
insert sizes were checked by PCR.The DNAsequences were determined by automated DNA
sequencing.

Primer

Sequence (5'-3')

F1
F2
F4
F5
R1
R2
S1

CAAATTCGATAAATGATGC
AGATCTACGTCTTCCCACT
TTTAAACTCGAGTTATCGC
TTGTATGGATCAGATCTAC
CCGAAAGAATAAACATCAG
GTGCATACTCCAGTTTCCA
CCCTTCTTCATCCAATTCATT

F1 F4

Location
on Pto (aa)
9-15
130-136
16-21
126-132
222-228
308-313
257-262

F2
1^4

Specificity
conserved
specific to dmsFD2
conserved
semi-conserved
conserved
conserved
specific to berS1

R1

S1

R2

4-

£

<-

Pto

Figure 5-1
Primers designed to amplify Pfo-like sequences from Solarium. Nucleotide sequences, position on Pto
(Martin etal.,1993a)anddegrees ofspecificity ofthe primers. Intheschematic representation ofPto,the
orientation of the primers is indicated byarrows,the 15 invariant kinase amino acid residues by vertical
bars, the activation domain is dashed, and conserved autophosphorylation sites are indicated by
asterisks.
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Phylogeneticanalyses
Sequence data were evaluated with the DNA-Star software package (Lasergene, Madison,
Wisconsin). The sequences were aligned in ClustalX 1.64b (Thompson et al., 1997).
Ambiguous regions inthe alignment were removedfromthe dataset. Phylogenetic treeswere
constructed in PAUP4.0b4a (Swofford,2000) bythe neighbor-joining method (Saitou andNei,
1987) using default settings. Heuristic bootstrapping was performed to evaluate the degree of
supportforgrouping intheneighbor-joining analyses.

Results
Pto-likesequencesarediverseinSolanum
AsetofdiversepotatocultivarsandwildSolanumspecieswasselected(Table5-1).Toexplore
the presence ofPto-likesequences,aSouthern blotcontaining EcoRVdigestedgenomic DNA
fromtheselected Solanum plantswas hybridizedwithaprobefrom Pto-likeclone berDFI from
S.berthaultii,(Figure 5-2, berDFI was obtained by PCR with primers based on Pto, see
below). Ineach lane,fourto nine bandswere detected,revealingthe presence ofan extensive
family ofPto-likesequences inSolanum. Variation inthesignal intensity amongthe hybridizing
bandssuggestssequencediversityorpresenceofmultiplecopies(perEcoRVfragment).
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Figure 5-2
Multiple Pto-likesequences inSolanum. Autoradiographof aSouthern blot containingEcoRV-digested
genomicDNAfromSolanum plantshybridizedwithaberDFI probe.Forabbreviationsoftheplantcodes
seeTable5-1.
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Withinspecies,the hybridization patternswere partlyconservedsuggestingconservation ofthe
Pfo-like sequences. Intraspecific polymorphisms were also revealed for the differentSolarium
species. Hybridization ofthe same Southern blot with a probe from a distinct member berDF4
of the Ptofamily (see below) yielded a similar banding pattern with only slight differences in
intensity of some bands (data not shown), indicating that most family members share a high
levelofidentityattheDNAlevel.
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Pto-likegenesareexpressedinSolanum leaves
To examine expression of Pto homologues in Solanum, a northern blot was prepared
containing polyA+-RNA isolatedfrom leavesfrom asubset oftheselected setof plants (Figure
5-3). Hybridization with the berDFI probe revealed the presence of Pfo-like transcripts in all
tested Solanumplants. Several bands with slight size differences could be discriminated for
individual plantgenotypes,suggestingthe presenceofamixtureof Pfo-likemRNAs.Thesame
blot was hybridized with a potato tubulin probe, and signals from Pto- and tubulin-hybridizing
bands were quantified with a phosphor-imager. Calculation of the relative amounts of Pfo-like
mRNArevealed similar levels of Pfo-like mRNA inthewild Solanumspecies (data notshown).
Within the potato cultivars, the relative mRNA levels were also similar, but overall they were
higher than in the wild relatives. In summary, these results suggest that Pfo-like genes are
expressedinalltested Solanum plants.
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Figure 5-3
Pfo-liketranscripts in Solanum leaves.Autoradiographs of a polyA+ northern blot of Solanum leaves
hybridizedwithaberDFIandatubulinprobe.ForabbreviationsoftheplantcodesseeTable5-1.

HighlevelsofdiversityofPto-like sequencesfromSolanum
An iterative PCR-basedapproach was adoptedto identify Pfo-like sequences fromthe diverse
set of Solanumspecies. Forward primer F1 and reverse primers R1 and R2 were designed
based on sequences conserved in Ptoand Fenfrom L.pimpinellifolium but divergent in other
kinases (Figure 5-1). An initial set of SolanumDNA fragments was amplified andsequenced.
Using this sequence information, additional forward primers F4 and F5 were designed based
onasemi-conserved region.Inadditiontwospecific primerswere designed,i.e.forward primer
F2 based on dmsFD2 and a common 2 amino acid indel (insertion/deletion), and reverse
primerS1basedonberS1andahighlyvariableregion inthe3'part.
PCR with the conserved, semi-conserved and specific primers yielded a large and
diverse poolofPfo-like sequences inSolanum. Atotal of66clones weresequenced.Ofthese,
20 were found to contain frameshifts and stopcodons, and were excluded from further
analyses.Among the remaining 46 sequences, 14were redundant. The 32 remaining Pfo-like
sequences were included for further study (Table 5-2). Sequence alignments were performed
andrevealed higherconservation inthe5'partofthegenethaninthe3'part(notshown).
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Table 5-2
OverviewofPfo-likesequencesobtainedbyPCR.Solanum fromwhichthetemplateDNAwas derived,
theprimersusedforamplification,thesizeofthePCRfragment,andtheGenBankaccessionnumbers
areindicated.
Pfo-like
sequence
axhBFI
ber2H
ber7A
berBD3
berDFI
berDF4
berDJ2
berS1
dmsFD2
scrIA
scMC
scMG
scr8A
scr8B
scr8C
scr8D
scr8E
scr8l
scrDGI
scrDG4
scrDKI
scrY10
tbrBA3
tbr4A
tbr4D
tbr5A
tbrDI2
tbrDI4
tbrW1
vrn6A
vmBB1
vrnDL2
1

See Figure3
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Solanum clone
S. arneziix hondelmannii-QZ
S. berthaultii-9
S.berthaultii-9
S.berthaultii-9
S. berthaultii-9
S.berthaultii-9
S.berthaultii-9
S.berthaultii-9
S. demissum-PBL
S. sucrense-T\
S. sucre/ise-l1!
S. sucrense-7'\
S. sucrense-7'\
S. sucrense-7'\
S. sucrense-7"\
S. sucre/ise^-!
S. sucrense-71
S. sucrense-71
S. sucrense-7"\
S. sucrense-7"\
S. sucre/ise^-!
S. sucrense-T\
S. tuberosum-Ebud
S. fuberosum-Robijn
S. fuberosum-Robijn
S. fuberosum-Robijn
S. fuberosum-Robijn
S. fuberosum-Robijn
S. fuberosum-Robijn
S. vernei-530
S. vernei-530
S. vernei-530

Primers1

size

F1-R1
F1-R2
F2-S1
F1-R1
F5-R2
F5-R2
F4-R1
F2-R2
F1-R2
F1-R2
F1-R2
F1-R2
F2-S1
F2-S1
F2-S1
F2-S1
F2-S1
F2-S1
F5-R2
F5-R2
F4-R1
F1-R1
F1 - R 1
F1-R2
F1-R2
F2-S1
F5-R2
F5-R2
F1-R1
F2-S1
F1-R1
F4-R1

(bp)
614
871
362
614
512
530
595
516
877
871
871
871
362
377
362
377
377
377
521
530
595
614
614
871
871
377
521
530
614
386
614
595

GenBank accession
number
AF288538
AF288539
AF288540
AF288541
AF288542
AF288543
AF288544
AF288545
AF288546
AF288547
AF288548
AF288549
AF288550
AF288551
AF288552
AF288553
AF288554
AF288555
AF288556
AF288557
AF288558
AF288559
AF288560
AF288561
AF288562
AF288563
AF288564
AF288565
AF288566
AF288567
AF288568
AF288569
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Figure 5-4
Phylogenetic tree of Pfo-like sequences. The tree was constructed by the neighbor-joining method
(Saitou and Nei, 1987) using the aligned amino acid sequences. The tree was rooted with class IX. For
the sequence codes, see Table 5-2 and results section.The branch lengths are proportional to average
substitutions per site as indicated by the scale. Gaps were treated as missing characters. Bootstrap
values are indicated at nodes supported with >50% of 100 replicates. Branches were supported by the
phylogenetictreegenerated usingparsimonyanalysis (notshown).
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PhylogeneticanalysesofthePtogenefamily
To develop a data set for phylogenetic analyses, we mined the NCBI and TIGR databases
using BLASTsearcheswiththePtosequence(Altschuletai, 1997).Thisresulted inalargeset
of (putative) kinases, predominantly receptor-like kinases and serine-threonine kinases, from
various plants, including Arabidopsis thaliana, Catharanthusroseus, Zea mays and Oryza
sativa.Other homologous sequences, i.e., a receptor-like kinase homologuefrom Arabidopsis
(>4f-62020, accession CAB62020) and a L esculentum EST clone (Le-776077, accession
AI776077), inadditionto the Pto/Fenhomologuesfrom Lycopersicon and Nicotiana(M-HRo),
andthe Solanum PCRfragmentswere includedinadataset(Martin etai, 1993a;Martinefa/.,
1994; Martin et al., 1996; Jia ef a/., 1997). Pfo-like sequences were also reported from
Capsicumannuum(Pflieger ef al., 1999), however since they represent pseudogenes, they
were not included.Phylogenetic analyseswereperformed using boththe Neighbor-Joining and
maximum parsimony algorithms and statistical significance of the identified groups was
evaluated using bootstrapping. Similar clustering of sequences was obtained with both
methods (Figure 5-4 and not shown) and nine different classes (class l-IX) could be
distinguished basedonphytogenyandindeldistribution(Table5-3).
Class IX includes disparate Solanaceae and Crucifereae sequences, which suggests
that this class diverged prior to the radiation of the Solanaceae. In addition, all class IX
sequences contain a 3 amino acid indel (Table 5-3), that is conserved in a broader range of
serine/threonine receptor-like kinases from Arabidopsis, Catharanthus, Oryza, and Zea,
(obtainedusingBLASTsearcheswith Pto,notshown).Therefore,class IXwas usedto rootthe
tree.

SequencefeaturesofclassesofPto-likesequences
Thesequencecharacteristics ofthe nineclasses ofPfo-likesequenceswere carefully analyzed
andaresummarizedinTable5-3.Class Icontainsthetwo Ptoallelesfrom Lycopersicon. Class
IIincludesthe Fenallelesfrom Lycopersicon aswell as berDFI from S.berthaultii. Inclass IX,
two non-Solanum sequences from Nicotiana and Arabidopsis cluster together with four
Solanum/Lycopersicon sequences. All members of this class share a 3 amino acid indel at
position 159 (numbered according to the Ptosequence), in contrast to all other SolanumPfolike sequences. Another multiple amino acids indel AVGRY was evident at position 245 in
scr8E,scr8l,scr8B,scr8D andtbr5A, andallthese sequences areclassifiedasclassesV/VIin
the phylogenetic tree. Although these indels were excluded from the phylogenetic analysis,
their occurrence isconsistentwiththeclassification.
In the Pfo-like sequences from Solanum,the 15 amino acid residues of the protein
kinase consensus (Hanks and Quinn, 1990) were highly conserved (Table 5-3).
Autophosphorylation sites previously identified in Pfo show a high degree of conservation, for
example T38 and T288 are conserved in all sequences. At position 133, the threonine was
often replaced by a serine, thereby providing an alternative phosphorylation site. Also T195,
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S198 and T199 are highly conserved, except for class V7VI sequences. Furthermore, the
kinase activation consensus residues domain appeared well conserved compared to other
plant serine/threonine kinases (Sessa etal., 2000a), and showed only one amino acid change
in class V/VI, VII and VIII sequences. In contrast, there was more variation in the entire
activationdomainthaninthe5'partofthePfo-likesequences(Table 5-3).

Discussion
Inthisstudy,adiverse poolof32Pfo-likesequenceswas identifiedandcharacterizedfromtwo
potato cultivars andfivewild Solanum species, revealing acomplexfamily of Pfo-like genes in
Solanum.Several Pfo-like transcripts of varying sizes were detected in all tested Solanum
plants suggesting that various members of the gene family are expressed in Solanumleaves.
All amplified Solanum sequences displayed fully conserved serine/threonine kinase motifs
suggestingthatthe uncoveredgenesarelikelyto encodeactivekinases andaremembersofa
largefamilyofPfo-likekinases.
Most cloned R genes are members of multi-gene families, indicating that gene
duplicationandsubsequent diversification arecommon processes inRgeneevolution(Ronald,
1998). For example, the Xa21 gene family evolved through gene duplication, recombination
and diversification into two distinct classes of genes in rice (Song ef al., 1997). Inthe present
study, phylogenetic analyses of the Pfo-like sequences revealed nine different classes in
Solanum, several of which occur in a single Solanum species and represent paralogous
sequences. The observation that orthologues are more similar than paralogues, indicates that
gene duplications, the most likely source ofdiversification of Pfo-like genes, probably occurred
priortoSolanumspeciation.
Thephylogenetic analysesprovidedaninsight intotheevolutionof Pfo-likegenes inthe
Solanaceae. Usingacombination ofsequence basedphytogeniesandthedistribution of indels
in the various classes and across various plant families, we attempted to reconstruct the
evolutionary history of Pfo-like sequences (Figure 5-5). We hypothesize that prior to the
divergence of Solanaceae from other plants, at leastone gene duplication event of a common
ancestral Pfogeneoccurred.Athreeaminoaciddeletiondiagnostic ofPfo-like sequencesfrom
the Solanaceae but not from other dicots and monocots may have occurred early in
Solanaceae evolution and distinguishes classes l-VIII. Subsequently, several gene duplication
anddiversificationeventsgaverisetothenineidentifiedPfo-likeclasses in Solanum.
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Table 5-3
Characteristics of the Pfo-like sequences from Solanum (see Table 5-2) of class l-IX. Two multiple
amino-acid indel sites (positions 159 and 245),the kinase consensus sequence, autophosphorylation
sites(markedwith'p'),andtheactivation domainareshown.Levelof conservation is indicated bybox
shading:conservedconsensus residuesareinblack, residueswithsimilar ordifferentphysicochemical
properties (Grantham, 1974)totheconsensus residue areingrayorwhite respectively. Numberingof
aminoacidpositionscorrespondstothePtosequence(Martineta/., 1993a).

In the phylogenetic tree, a diverse set of Solanumspecies is represented in class III
(Figure 5-4). The clustering of these sequences is in agreement with the geographical
distribution, current evolutionary hypotheses (Hawkes, 1990) and cpDNA-based phylogeny
(Spooner and Castillo, 1997)of Solanum. Thetwo,three andfour sequences fromthe diploid
S.berthaultii, tetraploid S.tuberosumandtetraploid S.sucrenserespectively, could be different
alleles, although genetic analyses are required to prove this. The S. berthaultii,
S.hondelmannii, S.tuberosum, S.vernei, and S.sucrenseorthologues cluster together, inline
withtheirtaxonomicclassification intheTuberosa Series (Hawkes, 1990;Spooner andCastillo,
1997). These species all evolved as diploid populations in the central Andes, except
S.sucrense, which evolved in a population of polyploid species at higher altitudes.
S.demissum,a member of the polyploid Demissa Series may have arose following a return
migration to Mexico and subsequent amphipolyploidisations with primitive Mexican ancestors
(Hawkes, 1990). In line with this migration hypothesis, the S.demissumsequence clustered
moredistantly.
Recently, Lavelle efal. submittedthefull sequence of PtolociofL.pimpinellifolium and
L esculentumto GenBank (accession AF220602 and AF220603), thereby revealing three
novel paralogues besides Pto and Fen. Adding these sequences to our data set did not
significantly alter the phylogenetic analyses. Clustering insets of two paralogues (orthologues
from the two Lycopersiconspecies) in class I, II and IV was obtained and confirmed the
robustness of thetree andthe observation that orthologues are more similar than paralogues
(data not shown). In addition, the fact that these paralogues cluster with a subset of classes
suggests that genes from these classes may also be localized at a syntenous position on
chromosome V in Solanum.Other classes of Pfo-like kinases may be located at different
chromosomal positions,asdescribed inCapsicum (Pflieger era/., 1999),andadditional studies
areneededtotestwhether morethanonecluster ofPfo-likegenesoccurs in Solanum.
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Figure 5-5
HypotheticalmodelfortheevolutionofthePtofamily.Themodelillustratesaseriesofgeneduplications
thatcouldexplaintheradiationofPfo-likegenesinSolanum.Theoccurrenceofindelsisindicatedforthe
threeaminoaciddeletion(position 159),andthefive aminoacidduplication (AVGRY at position245).
ThenumbersintheboxesrefertothenineclassesasdepictedinFigure5-4andTable5-3.

The Pto-like kinases appear to be encoded by members of an ancient gene family,
since in Solanum (this study) and in Lycopersicon (Michelmore and Meyers, 1998), Pto
orthologues are moresimilarthan paralogues. Similar conclusions were also reportedfor other
classes of Rgenes. These observations raise questions about the "arms-race" hypothesis for
the evolution of R gene specificity (Michelmore and Meyers, 1998). For example, although Cf
paralogues of the LRR-TM-class have been subjected to unequal crossing-over and gene
conversion(Parniske efa/.,1997),theseeventsdidnotoccurfrequently enoughto homogenize
them within a haplotype (Michelmore and Meyers, 1998). Individual NBS-LRR R genes are
thought to have evolved mainly by divergent evolution, proposing a birth-to-death process
similar to that envisaged for the vertebrate major histocompatibility complex (MHC) (Nei efa/.,
1997; Michelmore and Meyers, 1998). In addition, minimal sequence changes in LRRs
drastically altered recognition specificity inthe flax L gene (Ellis ef a/., 1999), and diversifying
selection appears to have created extreme variation in rice Xa21 (Wang ef a/., 1998) and
tomato Cf genes (Parniske ef a/., 1997). This suggests that R gene evolution towards
recognitional specificity occurs relatively rapidly within regions involved in recognition, thus in
LRR or possibly the activation domain for kinase R genes (Grube ef a/., 2000; Pan ef a/.,
2000a), and a balance in creating new specificities and conserving old ones is established
(StahlandBishop,2000;Young,2000). Likewise,evolutionforcreating novelspecificities inthe
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activation domain may have occurred relatively rapid for the Pfo-like genes, but their ancient
originandstrong conservation ofkinase characteristics impliesthatthey may not have evolved
following the arms-race model.This assessment is consistent with the view that emerged for
the NBS-LRR genes,that suggests that these genes occur in reservoirs of ancient and highly
diverse families, with fine-tuning of recognition specificity occurring at various layers of
antagonistic co-evolution (Meyers ef a/., 1999; Pan ef a/., 2000b; Stahl and Bishop, 2000).
Further characterization of the genetic structure of Pfo-like gene clusters in representative
Solanumspeciesshould helptestthevariousevolutionaryscenarios.
More than 3,000 plant kinases have now been deposited in GenBank. Sequence
comparison of Pfo-likesequences withthose of other kinases suggest that Ptoforms aunique
familyofkinases inplants.Inalmost allPfo-likesequences,theinvariant residuescharacteristic
of functional protein kinases are fully conserved (Hanks and Quinn, 1990), suggesting that
these Pfo-likegenes are likelyto encode active kinases.The activationdomain,which in Ptois
involved in ligand binding, shows significant conservation of the plant serine/threonine kinase
consensus (Sessa ef a/.,2000a), but considerable variation inother residues. For example, in
this region,theAvrPto-non-responsive pfo allelefrom L.esculentum shows aberrant signature
sequences compared to Pfo and all other Solanum Pfo-like sequences, such as a gap at
positions 196-198 and QLY in stead of ELD at 191-193.A particularly attractive hypothesis is
that each member of the family might be interacting with different ligands, whether pathogen
elicitorsand/orsignaltransduction pathwaycomponents.TheLycopersicon genes PfoandFen
both act in the same signal transduction pathway leading to HR and defense responses, but
are activated by different signals, i.e. AvrPto and fenthion, respectively (Ronald ef a/., 1992;
Martin ef a/., 1994). Other characteristics of protein kinases are autophosphorylation sites,
whichfulfill an important regulatoryfunction.The autophosphorylation siteswhich are essential
for kinase activity or AvrPto-Pto-mediated HR induction (Sessa ef a/., 2000b) are highly
conserved in the SolanumPto-like sequences, except for class V7VI sequences, which show
weaker conservation in the rest of the activation domain. In summary, the conservation of
kinase consensus residues and autophosphorylation sites suggest that the uncovered genes
are likelytoencodeactive kinases. Itremainsto bedeterminedwhether allmembersofthe Pfo
family are involved in similar signal transduction pathways leading to disease resistance.
Functional assays to test whether the Pfo-like sequences are involved in resistance can be
performed by complementation, particularly using virus or /\grobacfe/7um-mediated transient
assays (Bendahmane ef a/., 2000; Sessa ef a/., 2000b), or by performing loss of function
experiments,e.g.throughvirus-inducedgenesilencing(VIGS)(Baulcombe,1999).
Using amplification with conserved primers,we obtained agreat diversity of sequences
and identified novel classes of Pfo-like sequences. Increasing the specificity of the PCR
primers, by designing them based on variable domains, biased the amplification of certain
classes,for example, all classVA/I sequences were amplified withthe F2-S1 primer set. Such
specific primers may be applied in resistance breeding, for example for cloning specific
candidate resistance genes, or following such genes in a breeding progeny. In pepper,
quantitative trait loci (QTL) mapped closeto Pfo homologues obtained by PCR (Pflieger efa/.,
1999). However, these sequences were pseudogenes, but R gene -like sequences with
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uninterrupted reading frames, as obtained in our study, are putative candidates for R genes.
PCR-based cloning of Pfo-like sequences proved successful in Solanum, suggesting that
cloning novel R genes bythis approach has great potential.
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Introduction
The research described in this thesis contributes to the ultimate goal to achieve durable
resistancetolateblight inpotato,akeycomponentfor sustainableagriculture.

Durableresistance
The traditional view on durable resistance arose through lack of knowledge. Inthe past, nondurable resistance in potato cultivars bearing the race-specific resistance genes from
S.demissumwas found mediated by the HR. Without investigating the mechanisms of other
types of resistance (durable resistance, nonhosts, etc) a premature conclusion was drawn
suggesting that 'HR-based resistance is not durable'.This resulted inthe irrational thought that
thus mechanisms otherthan HRwouldconfer durable resistance. Inthisthesis,wetrytofillthe
gap of knowledge: we studied and compared a diversity of P.infestansresistances invarious
Solariumspecies,includingdurablyresistantplants.
The basis of durability of genetic resistance, or the ability of pathogens to evolve new
races is linked to epidemiological events. In soybean, single resistance (R) genes targeted
against the soil pathogen Phytophthora sojae tend to last for several years (Athow, 1987),
whereas R genes to the aerial P.infestansare quickly overcome by new races. The disease
epidemiology and pathogen dispersal of these two Phytophthoraspecies is different. In
addition, plants that exhibit partial resistance may not impose sufficient selection pressure to
allow novel virulent races to quickly dominate populations of the pathogen (James and Fry,
1983). Inthis case, partial resistance could prove durable regardless of whether it is mediated
byRgenesorbyothermechanisms.

Resistancetooomycetes
Plants are attacked by a diversity of pathogens, including bacteria, viruses, nematodes, fungi
and oomycetes. In all these interactions, common themes of both attack and defense can be
identified.However, generalizationshouldnotoverrule,andwhen learningfromothersystems,
diversity inbiologicalsystemsshouldberecognized.
Oomycetes includesaprophytic andparasitic speciesthat infect algae,fungi,animalsor
plants (Fuller and Jaworski, 1987).The plant pathogenic oomycetes comprise species with a
narrow host range (downy mildews, several Phytophthoraspecies) and a broad host range
(e.g. Pythium species). Here,weonlydiscuss plant interactions involving biotrophic oomycetes
withanarrowhost-range.
It is now generally accepted that oomycetes are a distinct group of pathogens, which
evolved their strategies to attack plants independently from fungi and other pathogens. Also
plants may have evolved specific defense mechanisms to diverse pathogens. Inthis chapter,
we relate ourfindings inthe Solanum- P.infestansinteractiontoseveralother plant-oomycete
interactions, rather than to plant - fungus interactions. First, we describe the infection events,
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where the 'go - no go' interaction is determined.Then we comment on the different types of
resistance, and the R genes. We conclude by discussing approaches to obtain late blight
resistance andthefuture prospects. Forthese different topics,wefirst discuss oomycete-plant
pathosystems in a broader perspective, and subsequently focus specifically on the Solanum P.infestansinteraction.

Infection events
The disease cycle of various plant pathogenic biotrophic oomycetes, such as P. infestans,
P.medicaginis,P.sojae, P.palmivora,Peronosporaparasitica, Bremialactucae,and Albugo
Candida iswellcharacterized (HohlandSuter, 1976; MacleanandTommerup, 1979;Stosselef
a/., 1980;Coffey andWilson, 1983;Millerand Maxwell, 1984;Feuerstein and Hohl,1986;Koch
andSlusarenko, 1990;Holubetal., 1995).Early infectioneventsaresimilar inboth susceptible
and resistance interactions. Typically, infection starts when zoospores (motile spores), encyst
and germinate on root or leaf surfaces (Figure 6-1, Figure 6-2).Alternatively, insome species,
asexual spores, sporangia, maygerminate directly. Germtubes penetrate an epidermal cellto
formaninfectionvesicle. Insusceptible plants,branching hyphaewithfeedingstructuresknown
as haustoria, expand from the site of penetration to neighboring cells through the intercellular
space (Figure 6-2A). In resistant plants, the major defense reaction is the hypersensitive
response (HR) (Figure 6-2B), and the timing and extent of the HR varies depending on the
interacting pathogenandplantgenotypes.Thequantitative nature ofresistance isillustratedfor
the P.infestans - Solanum interaction (Chapter 3). In some cases, such as in nonhost
interactions,the HRremains limitedto oneor afew Figure 6-1; Figure 6-3). Inother cases,for
example in potato cultivars carrying the race-specific S.demissum resistance (R) genes, or in
potato cultivars with high partial resistance levels, a group of cells display the HR and the
infection is blocked at a later stage (Figure 6-2C). Interestingly, interactions displaying lower
partial resistance are also associated with HR and slowly growing lesions (Figure 6-2D). In
these cases, the HR appears ineffective in blocking the pathogen resulting in numerous
escaping hyphae and atypical phenotype of trailing HR, inwhich the growing hyphae remain
aheadoftheplantresponse.
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Figure 6-1
Schematic view of the early infection events in susceptible and resistance interactions between
Phytophthora infestans and plants. Early stages are similar in all types of interactions. In susceptible
plants, no visible defense responses occur (upper row), secondary hyphae grow into the intercellular
space andform haustoria inside mesophyll cells. The hyphae branch and rapidlycolonize the mesophyll
tissue, which will finally result in disease. In resistant plants, cells are activated after penetration by the
pathogen (middle row). The HR is induced and the pathogen is contained within a group of dead plant
cells (middle row) or within the penetrated epidermal cell (lower row) depending onthe genotypes of the
interacting plant and pathogen. The HR lesions in the middle row are visible macroscopically as
brownish-black spots. In many nonhost plants (lower row), the HR is induced extremely fast, and only
oneortwoplantcellsaresacrificed.Macroscopically nosymptoms arevisible.
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Figure 6-2
Cytology of Phytophthominfestansand Solanumhost plant interactions. (A) Penetrated plant cells of a
susceptible potato cultivar 'Bintje' do not show avisible plant response and pathogen hyphae proliferate
through the plant tissue (1000x). (B) In potato cultivar 'Ehud' carrying the R1 resistance gene, a few
mesophyllcells beneaththe penetration site have collapsedfollowing the induction of the HR (640x).(C)
In the partially resistant cultivar 'Robijn', several mesophyll cells are involved in the HR before the
pathogen isrestricted (200x).(D) Containment of hyphae inHRlesions isnotalways achieved in partially
resistant plants, such as S.arneziix hondelmannii.In some infection sites, the expanding hyphae are
followed by a trailing necrosis (200x). Hyphae and reacting plant cells were visualized by trypan blue
staining (A, B, D),and phenolic compounds werevisualized as brownspots inaniline blue stained tissue
(C) with DIC optics. Abbreviations: a, appressorium; c, cyst; h, hypha; HR, hypersensitive response;tn,
trailing necrosis

Resistance
Diverse resistance processes occur in plants. It has been argued that the various types of
resistance may have distinct values in disease management strategies because of differences
in durability inthe field. For example, race-specific resistance mediated by single resistance (R)
genes introgressed from S. demissum appeared of limited value in the field, due to rapid
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adaptation of P.infestans.On the other hand, nonhost and partial resistance appear more
durable Figure6-3). However,theextenttowhichdurable nonhostor partialresistance involves
geneticcomponentsthataredistinctfrom Rgenes remains unclear.

Race-specificresistance
In many pathosystems, race-specific resistance is explained by the gene-for-gene model. In
thisconcept, presence ofboththe Rgene andthecorresponding avirulence (Avr)gene results
in HR-mediated resistance,whereas absence of at least one ofthetwo results indisease. For
potato - P.infestans, thegene-for-gene model has been proposed basedongenetic analyses,
as the eleven S.demissum R genes provide strong resistance to specific races only.
(Malcolmson and Black, 1966). Various other oomycete pathosystems confirm the gene-forgenemodel,forexample at least 15Dmresistance genes inlettuce matchavirulencegenes in
Bremia lactucae (Farrara etal.,1987).Theextensivefamily of RPPgenes inArabidopsiswere
shown to recognize distinct avirulence determinants of Peronospora parasitica (Botella etal.,
1998; Noeletal., 1999;Bittner-Eddy etal., 2000).
Several race-specific R genes targeted against oomycetes have been isolated from
lettuce and Arabidopsis(see below), but the pathogen Avr factors that these are thought to
interact with have yet to be identified. Resistance mediated by R genes in Arabidopsis and
lettuce is always associated with the HR, which is generally visible as a distinct necrosis and
correlates with the accumulation of autofluorescent compounds and irreversible membrane
damage (Bennett etal., 1996;Reignault etal., 1996).Theextent,timing andseverity ofthe HR
varydependingontheRgeneexaminedandthepathogenstrain.

Nonhostresistance
Nonhost resistance to specialized biotrophic pathogens occurs in most plant species.Weeds,
like Arabidopsis plants, that are able to grow in infected fields are excellent examples of
nonhost resistance. A particularly interesting example is a relative of potato, the black
nightshade (S.nigrum) whichsurvives inP. infestans-infeded potatofields(Figure6-3).
Parsley is a nonhost of P. infestans and P. sojae. Following inoculation with
Phytophthora,parsley cells exhibit a complex and coordinated series of morphological and
biochemicaldefense responsesthatculminateinto HRcelldeath(Hahlbrock etal.,1995;Naton
etal.,1996).Anextracellular42kDglycoproteinelicitorfromP.sojaeor, morespecifically a13
amino-acid oligopeptide (Pep-13) derived from this protein, is sufficient to induce changes in
plasma membrane permeability, an oxidative burst, activation of defense genes, and
accumulation of defense compounds (Nurnberger ef al, 1994). In addition to signaling
molecules, local mechanical stimulation, perhaps similar to that caused by the invading
pathogen, induces some of theearly morphological reactions and potentiates the response to
theelicitor (Gus-Mayeretal., 1998).
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Figure 6-3
Nonhostresistanceinweeds.(A)Phytophthora/nfesfans-infectedpotatoplantsthatwerenottreatedwith
chemicals andwere under highlyfavorable environmental conditions show systemic blightsymptoms.
Theleavesturnblack,droptoearth,andultimatelytheplantswilldie. Whenthefieldisexaminedin more
detail, healthy green weeds can beseen amongthe blighted potatoes. These weeds exhibit nonhost
resistancetothelateblightpathogen.OneindigenousweedcommonlyseenininfectedEuropeanfields
isblacknightshade(Solanumnigrum) (B).Eventhoughthisplanthasbeencontinuouslyexposedtolate
blight since the introduction of P. infestans to Europe 150 years ago, it has remained resistant.
Laboratory inoculation of S.nigrumwith P.infestansshows penetration of the leaf epidermis
accompanied by rapid cell death (HR) of the penetrated plant cells (C). Phenolic compounds that
accumulate in HR cells show a bright yellowish autofluorescence when illuminated with UV (1000x
magnification).Afuturechallenge istoengineer potatoes into nonhosts of P.infestans, just like allthe
weedsthatgrowininfectedfields.

In tobacco and other species of the genus Nicotiana, resistance to P.infestans is
diverse and the HR varies in intensity depending on the plant species examined (Kamoun ef
a/., 1998). P.infestans as well as other Phytophthora species produce 10kD extracellular
proteins,termed elicitins,which inducethe HRandother biochemical changes associated with
defense responses in Nicotiana (Ricci ef a/., 1989; Kamoun eta/., 1993; 1997b). P. infestans
strains deficient inthe elicitin protein INF1,induce disease lesions on Nicotiana benthamiana,
suggesting that INF1functions as anAw factor that conditions resistance inthis plant species
(Kamoun ef a/., 1998). In contrast, INF1 deficient strains remained unable to infect other
Nicotianaspecies, such as tobacco. In this case, tobacco may react to additional elicitors,
perhapsothermembersofthecomplex INFelicitinfamilyofP. infestans (Kamoun efa/.,1997a;
1999b). Similar to the phenotypic expression of resistance, the genetic basis of Nicotiana
resistancetoP. infestanscouldbediverse.InthecaseofN. benthamiana, asingle component,
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the recognition of INF1, isthe main determinant of resistance, but inother Nicotiana speciesa
morecomplexgenetic control,perhaps anarrayofRgeneswithdifferent specificities, mightbe
responsible. In the light of this diversity, the P.infestans-Nicotiana system appears an ideal
model to dissect and compare the molecular basis of nonhost recognition in closely related
species(Kamounetal., 2000).
Phytophthoramirabilis,a host-specific species closely related to P.infestans,infects
Mirabilisjalapa (four-o'clock) but is unable to infect potato and tomato. Interspecific hybrids
between these two Phytophthoraspecies were essentially unable to infect the original host
plants suggesting that avirulence on the nonhosts is dominant (Goodwin and Fry, 1994). In
contrast to the parental strains, large HR lesions were induced by several of the hybrids on
tomato indicating an alteration ofthe extent ofthe HR. Future genetic work could help identify
thecomponents ofhost-specificity intheseinteractions.

Partialresistance
Partial resistance to P.infestans commonly occurs in wild Solanum species (Colon et al.,
1995). Cytological examination of these plants infected by P.infestans revealed HR-like
reactions and in numerous occasions, lateortrailing HRwas observed (Chapter 3,and Figure
6-2). Interestingly, a similar phenotype was observed in transgenic Arabidopsis plants
homozygous for the R gene RPP1-WsB following inoculation with Peronosporaparasitica
(Botella et al., 1998).These plants show partial resistance to P.parasitica,as illustrated by a
trail of HR cells adjoining the invading hyphae. This suggests that in some cases, weak R
gene-Avrgene interactions or gene dosage effects could result in ineffective HR reactions
resulting inpartialresistance phenotypes.
Partial resistance to two races of P.infestans was found to segregate in a cross
between diploid potato lines,and quantitative trait loci (QTLs) contributing to resistance to late
blight were identified (Leonards-Schippers et al., 1994). Also in S.berthaultii and
S.microdontum, QTLs for late blight resistance were found (Ewing et al., 2000; Sandbrink ef
al., 2000). Genetic mapping revealed that QTLs correspond to regions of the genome that
contain clustersofRgenesand Rgene analogs (RGAs) (Leister etal.,1996),which raisesthe
possibility that these QTLs may represent genes homologous to typical R genes. Similarly, in
pepper, RGAsmappedcloselytoaQTLinvolvedinpartialresistancetocucumber mosaicvirus
(Pflieger ef al., 1999). Colocalizations of RGAs and QTLs suggest that qualitative and
quantitative resistance may share a similar genetic basis. Molecular cloning of the sequences
determining the QTLs for late blight resistance should help understand the molecular basis of
partialresistancetoP. infestans.
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Resistance genes
Resistancegenestargetedtooomycetes
AnumberofRgenestargetedagainstthedownymildewsPeronosporaparasitica(RPPgenes,
Parker eta/., 1997;Botellaeta/., 1998;McDowelleta/.,1998)andBremialactucae (Dmgenes,
Meyersetal., 1998)havebeenisolatedfromArabidopsisandlettuce,respectively.All identified
genes encode receptor-like proteins that contain a nucleotide binding site (NBS) and several
leucine-rich-repeats (LRR). This NBS-LRR structure is typical of Rgenes active against other
pathogens; moreover, most identified R genes belong to this large class (Young, 2000). Until
now, at least two subclasses of NBS-LRR R proteins targeted against oomycetes are known.
Theyaredistinguished bytheir N-terminalregions,whichshow homologytotheToll-lnterleukin
1-receptor (TIR) domain (RPP1and RPP5clusters),or contain acoiled-coil motif ofwhich the
leucine-zipper is a specific example (RPP8cluster) (Meyers ef a/., 1999; Pan ef a/., 2000b).
However, specificity of recognition may lie in the hypervariable LRR regions (Botella ef at.,
1998;McDowelletal., 1998;Meyersetal., 1998).
The cloning of R genes to P.infestans is in progress. In addition to PCR-based
approaches, the isolation of R genes through transposon tagging is an appealing strategy.
Genetic maps of potato are available, and both QTLs and R genes conferring P. infestans
resistance have beenpositioned onthe map (ElKharbotly efa/., 1994; 1996b;Gebhardt efa/.,
1994; Jacobs ef a/., 1995; Leonards-Schippers ef a/., 1992; 1994; Li ef a/., 1998). A tagging
populationwasobtainedandplantswith analtered R1resistance responsewere identified (El
Kharbotlyefa/., 1996a;vanEnckevort,2000).Furtheranalyseswillrevealmoreinsight intheR
gene biology.

ResistancegenesinSolanum
Most known R genes belong to the NBS-LRR class, but also other classes of R genes are
known. Most ofthese classes have been identified inthegenus Solanum. The NBS-LRR class
is abundantly present, and active against bacterial (Prf,Pseudomonas syringae,Salmeron ef
a/., 1996),viral(Rx,PotatoVirusX,Bendahmaneefa/.,1999),fungal(12, Fusariumoxysporum,
Simons ef a/., 1998) and nematode (Gpa2, Globoderarostochiensis,Stiekema ef a/., 2000)
pathogens. Also the LRR-transmembrane (LRR-TM) class is represented in Solanum, for
example the Cfgenes, conferring resistanceto thefungus Cladosporium fulvum(Jones efa/.,
1994).Pto,conferring resistanceto P.syringae, representsthekinase classof Rgenes (Martin
efa/.,1993).

Evolutionofresistancegenes
The Pfogenefamily in Solanumarose early inevolutionthrough aseries ofgene duplications,
followed by gene diversification into at least nine classes. Phylogenetic analyses suggested
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that the Pto homologues probably arose from a common ancestor that existed before
speciation in Solanum,perhaps Solanaceae (Chapter 5). Similar conclusions were drawn for
solanaceous NBS-LRR Rgenes: potato and tomato NBS-LRR R genes and RGAs form tight
clusters andarewell distributed amongthedifferent branches inaphylogenetic tree, indicating
that they arose from common ancestral genes before speciation in Solanaceae (Pan ef a/.,
2000a). The NBS-LRR class of R genes can be divided into two subclasses: the TIR and the
non-TIR subclass (Meyers etal.,1999; Pan ef a/.,2000a).The non-TIR subclass is present in
all of the angiosperm species tested, but the TIR subclass appears to be absent in Poaceae.
The current model predicts that the common ancestor of angiosperms and gymnosperms
contained both types of NBS-LRR sequences, with the branch leading to modern grasses
losing the TIR class after divergence (Pan ef a/., 2000b). In conclusion, both the Pto kinase
class andthe NBS-LRR class of Rgenes are of ancient origin, and diversification into distinct
lineagesoccurredpriortoorsincespeciation(Young,2000).
Itistemptingto draw parallels between plant Rgene biology anddefense mechanisms
in other Kingdoms. In the NBS-LRR R genes, diversifying selection occurs in the solventexposedLRRdomainsthatformthebindingsitefortheligand.Here,anintriguing resemblance
is found between the plant disease R gene system and the major histocompatibility complex
(MHC) of mammals (Nei ef a/., 1997): both comprehend large gene clusters, and both show
hypervariability in a solvent exposed region through diversifying selection (Michelmore and
Meyers, 1998; Lauge, 1999). Other parallels are revealed by sequence characteristics of R
genedomains.The NBSdomainshares similarities with humanAPAF-1andnematodeCED-4
(Kumar and Colussi, 1999).These genes play a role inapoptosis, aform of programmed cell
death,whichsharessimilaritieswiththe HR(Mittler and Lam,1996;Ryersonand Heath,1996;
Heath, 1998).TheTIR domain also occurs inmammalian and invertebrate proteins involved in
innate immunity, thereby suggesting an ancient origin for mechanisms of cellular defense
(Bakereta/.,1997).

Pathogenesis-related genes and systemic acquired resistance
Upon execution of the HR, a set of proteins collectively termed pathogenesis-related (PR)
proteins, accumulate locally and systemically (Kombrink et al., 1988). PR proteins occur in
complex genefamilies, including glucanases (PR-2), chitinases (PR-3),thaumatin/osmotin-like
(PR-5) proteins and PR-1type proteins.For PR-1and PR-5,anant\-Phytophthora function has
beenproposed(Woloshuk efal.,1991;Alexander efal.,1993;Liuetal., 1994).
Systemic acquired resistance (SAR) is associated with PR gene expression, and
therefore,PRgenescanbeusedasmarkergenesfor SAR (Ryalsefal.,1996).SARcaneither
be induced upon HR, but can also be active at basal levels. In Arabidopsis, the cpr
(constitutive expresser ofPRgenes) anddnd(defensewithnodeath)mutantsdisplayedaSAR
phenotype: they showed elevated mRNA levels for PR genes, and were more resistant to a
broad spectrum of pathogens (Cao ef al., 1994; Yu ef al., 1998). Similar to this type of
Arabidopsismutants, basal isolate-nonspecific resistance levels in Solanum were associated
with mRNA levels of PR genes, suggesting that the constitutive SAR-phenotype of some
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Solanum plants, such as cultivar Robijn, may explain the high levels of basal resistance
(Chapter 4). Additional experiments, for example induction with exogenous application of
salicylic acid, may answer whether basalPRgene expression in Solanumreally contributes to
nonspecific resistancetoP. infestans.
Although SAR isconsidered adefense mechanism different from the R gene-mediated
HR,thetwosystems canbeconnected bytheactionoftranscriptionfactors.Thefirst evidence
forthiswasdemonstratedforthe Ptointeracting proteins Pti4/5/6,which physically interactwith
the Ptoresistance proteinandspecifically recognizeapromoter regionofalargenumber ofPR
genes.Adirect linkbetween an Rgene signaltransduction pathways andPRgene expression
istherebyestablished(Zhouefa/.,1997).

How to obtain P. infestans resistance?
A generalroleforthehypersensitiveresponse
The HR is associated with all known forms of genetic resistance to Phytophthora and downy
mildewoomycetes.ThereisanemergingbodyofevidencethatsuggeststhatRgenereceptors
triggered by pathogen elicitors might also mediate nonhost resistance and partial resistance
phenotypes. This should lead to a reassessment of the potential usefulness in the field of
resistance reactions mediated by R genes and involving the HR. Even though R genes are
thought to be ineffective inthe field over long periods of time, there are plausible hypotheses
that suggest thatthese genes could mediate durable resistance. For example, anarsenal of R
genes recognizing a number of unrelated Avr targets could be difficult to overcome as the
pathogen would require multiple independent mutations to become virulent (Staskawicz ef a/.,
1995;Crute andPink, 1996).This model ofgenes-for-genes interactions issufficient to explain
nonhost resistance of Nicotianato Phytophthora,a system in which multiple elicitor signals
have beenidentified inthe pathogen(Baillieulefa/., 1995;Kamounefa/., 1997a;1998;Mateos
ef a/., 1997).Alternatively, a durable R gene could recognize anAvr gene that is essential to
the pathogen (Staskawicz efa/., 1995;Swords efa/., 1996; Lauge efa/., 1998).Targeting such
pathogen "Achilles heel" is expected to lead to durable resistance because mutations in the
dual/Wr-virulencegenewould result inaseverefitness penaltyforthe pathogen. Inthetomato
fungalpathogen Cladosporium fulvum, theapplicationofthis concept ledtothe identificationof
a tomato R gene targeted against ECP2, an important virulence factor (Lauge ef a/., 1997;
1998) . Widespread cultivation of tomato lines harboring R-Ecp2 should help determine the
long-termresistanceofthisgenotype,andthefuturepotentialofthestrategy.

Classicalbreedingandgeneticengineering
Nowadays,severalprocedures havebeendevelopedto produce potatocultivarswith lateblight
resistance, each method with its own advantages and disadvantages. The power of classical
breeding programs should not be underestimated, as the genetic diversity maintained in
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breedingmaterialisofmajor importanceforthefuture.Thisdiversityhowever, alsoimplicatesa
main drawback, as extremely high demands for early maturity, potato size, taste, flesh color
after baking and frying, etc often interfere with resistance properties. Therefore, classical
breedingfor resistance is often along-term procedure.The use of molecular markers,suchas
QTLs (Leonards-Schippers etal.,1994),orPRgene expression levels (Chapter 4) mayspeed
uptheprocess.Althoughtheessentially empiricalapproachofclassicalpotato breeding hasyet
yieldedmoderatesuccess,nownewgenetechnologies mayincreasingly beintegrated.
Presence of shared motifs among R proteins suggests that downstream signaling
pathways contain similar or compatible components (Martin, 1999). If so, then R genes from
one plant species might be used to engineer resistance specificity in other economically
importantspecies.Inaddition,overexpression ofsignalingcomponentsdownstreamofRgenes
can be used to increase partial, but broad-spectrum resistance, such as the nprl from
Arabidopsis(Caoera/., 1998).
Sinceresistancegenesoccurinclustersatcertainchromosomallocations(Grubeetal.,
2000), it could be envisaged that by classical crossings, an introgressed resistance gene
(cluster) couldreplaceyet anotherset of Rgenes inthe newcultivar. It isnot unthinkable,that
the 'lostcluster' may evencontain Rgenes against other pathogens present inthefield. Inthis
scenario,directtransferofRgenestocultivarsappearsmuchmoreappealing.

NonhostresistancegenesfromArabidopsis?
An untapped source of nonhost resistance genes may be the model plant Arabidopsis.
ResourcesforgeneticandgenomicanalysesarewelldevelopedforArabidopsisandtheentire
genome is scheduled to be sequenced this year (2000) (Meinke et al., 1998). Arabidopsisis
resistant to economically important oomycetes such as P.infestans and P.sojae. Following
inoculation of Arabidopsis leaves with Phytophthora zoospores, a typical HR response is
observed (Chapter 3).Arabidopsisgenes, perhaps homologues of known R genes that direct
this nonhostresistancemayoccur.

TransferofRgenes
Within Solanaceae, the transfer of disease resistance genes between different plant species
has been successfulfor several resistance genes such as Pto, Cf9,Nand Bs2(Rommenset
al.,1995;Thilmonyefal.,1995;Whithamera/., 1996;Hammond-Kosackera/., 1998;Tai era/.,
1999). In addition, the potential exists to isolate resistance genes from Arabidopsis and
transfer them to potato to engineer nonhost resistance to P.infestans. However, to apply
genetic engineering across the family boundary, may be more complicated because of
restricted taxonomicfunctionality (RTF):the pepper gene Bs2functioned only in Solanaceae,
and the Arabidopsis RPS2 gene was nonfunctional in transgenic tomato (Tai et al., 1999).
Understanding the molecular basis of RTF will be necessary to overcome it, before those
nonhost genes can be used.Till then, the tremendous diversity of Solanum and Solanaceae,
withtheirenormoustreasureofRgenes,willprovideagreatsourceofresistances.
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Future prospects
The traditional negative view that plant R genes would only confer race-specific non-durable
resistanceto lateblight canbeabandoned. Resistance breeders should now shift to a positive
view,andmakeuseofRgenes inSolanumandpossiblyvariousotherplantgenera.
Theubiquitousassociationofthe HRwith P.infestansresistance inadiversityofplants,
including plants without known Rgenes, suggests that an arsenal of R genes iswaiting to be
identified.This prompts usto expand beyond the S.demissum genes and searchfor Rgenes
by novelapproaches, for example by using putative Avrgenesto identify the corresponding R
genes. Biochemical screening approaches such as the identification of P.infestans elicitor
molecules that interact with plant receptors are promising. Recent advances in the molecular
genetic analysis of P.infestans, the development of tools such as routine DNA transformation
(Judelson, 1996) and genetic manipulation using gene silencing (van West et al.,1999), and
the availability of detailed genetic maps (van der Lee ef al.,1997) and BAC libraries (Randall
andJudelson, 1999;Whissonefal., 2000) willfacilitatecloningandallowfunctionalanalysesof
oomycete genes involved in interactions with plants. As demonstrated recently, an EST gene
discovery program isapowerful approachto identify numerous newcandidate genesfromthis
relatively unexplored organism (Kamoun ef al., 1999b). Viral systems for expression of
/Avr/elicitorgenes in plants (Hammond-Kosack efal.,1995;Lauge efal.,1998;Kamoun efal.,
1999a) should facilitate the identification of elicitor activity. Unraveling the nature of oomycete
Avr and elicitor molecules and their role in the various types of resistance will aid in
understanding the molecular basis of race evolution and defining sustainable strategies for
engineeringdurablegeneticresistance.
The merits of genomics will provide new opportunities for understanding plant disease
resistance and plant-pathogen interactions. Detailed information on R gene clusters can be
obtained by large-scale sequencing. In the USA, a public So/anum/potato genomics program
has been initiated, and it is expected that similar initiatives will follow in Europe. On the
pathogen side, the PhytophthoraGenome Initiative (PGI, at http://www.ncgr.org/pgi) involves
several laboratories worldwide,andaimsatfundraising andcoordinating sequence projects on
Phytophthora(Kamoun ef al., 1999b). Application of micro-arrays will reveal valuable gene
expression profilesduringtheplant-pathogen interaction.

Concluding remarks
In plants, various types of resistance mechanisms occur, and these involve a complex set of
defense responses (Dorey ef al., 1997; Thomma ef al., 1998; Broekaert ef al., 1999) (Figure
6-4).While the HR is recognized asafast and rather drastic cell response, other mechanisms
mayfunctionsystemicallyandmayobstructthepathogen inadifferent aspect.Theefficiencyof
all the mechanisms together will determine whether the plant is resistant. The frequent
association of the HRwith resistance responses in interactions between plants and oomycete
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pathogens, particularly Phytophthoraand downy mildews, illustrates the role of R genes in
resistance.
A remaining challenge is the identification of R genes involved in specific, nonhost or
partial resistance to the economically important late blight disease. With our improved
understanding of the molecular nature of R genes, new methods such as PCR-based
approaches toisolateanalogsofRgenesfromresistant plantscombinedwith reverse genetics
and complementation into the host crop should facilitate the cloning and identification of novel
Rgenes.

Figure 6-4
Various defense mechanisms areactivated at a P.infestans penetration site. The HRwas induced
resulting in cell death of the initially penetrated cell anda few adjacent cells. The neighboring cells
deposited a layer of callose ontheadjacent cell wall to impede hyphal penetration. In addition, more
localized callose depositions accumulated in papillae. Autofluorescence of more distant cell walls
indicatestheaccumulationofphenolic compounds.
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Ever since the late blight epidemics of the mid-nineteenth century, man has endeavored to
protecthispotatocrop. Everyyear,extensivechemicalprotectionisapplied,whichisexpensive
and may be harmful to the natural environment. The use of resistant potato cultivars would
provide anelegant alternative, however breeding for late blight resistance has not yet resulted
in adequately resistant cultivars. In addition to the demand for a high level of resistance, the
resistance should be durable. The causal agent of the late blight disease isPhytophthora
infestans, a biotrophic oomycete pathogen. Oomycetes are often incorrectly referred to as
fungi, but they evolved the ability to infect plants independently from fungi, and may therefore
havedistinct mechanismsfor interactingwith plants. Insight inthe mechanisms of resistanceto
P.infestansmayassistthebreedersintheiroperationtoachievedurableresistance.
Genetic resistance can be determined at the subspecies or variety level (race-specific
resistance), or at the species or genus level (nonhost resistance). Nonhost resistance is full
resistance, and is present in most plant species. In addition, resistance may be a quantitative
trait(partialresistance).ArichpoolofdiverseresistancestoP.infestanshasbeenfoundinwild
Solanum species,with levels rangingfromfull resistanceto various levels of partial resistance.
Some old potato cultivars also exhibit partial resistance, which proved to be durable. To
achieve a durable late blight resistance, a better understanding of the molecular basis of the
various types of resistances is essential.To this end,we compiled a set of Solanumspecies
with various types and levels of resistance to P.infestans, and studied the cellular and
molecularaspectsoftheresistance mechanisms present intheseplants.
Laboratory studies at the cellular and molecular level require an experimental assay,
which isbothcomparabletothenaturalsituation,andassuresahigh percentage of successful
infections.Tothisend,wedevelopedaresistance assaywithdetached leaves under controlled
conditions in the laboratory and compared this assay with a field trial. The tested growing
conditions of the plants did not affect the resistance to P.infestans.Leaves on intact plants
however,weremoreresistantthandetachedleaves.The incubationconditionsofthe detached
leaves in the laboratory assay rather than the detachment itself appeared to affect the
resistance expression. However, on intact plants the infection frequency was too low for
molecular studies.Sincetherankingofresistance levelswithinasetoftwenty plantcloneswas
similarunder laboratoryandfieldconditions,thelaboratory assayprovedadequatetostudythe
Solanum -P. infestansinteraction.
A cytological survey of the interaction between twenty Solanum clones and three
P.infestansisolates provided the first impression of the nature of the resistance responses.
Potato cultivarswith race-specific resistance (R)genes displayedthe hypersensitive response
(HR), a programmed cell death of plant cells, upon inoculation with P.infestans.Through this
rapid cell death, the biotrophic pathogen became localized between dead cells, and was
prevented from further growth.Also durably resistant potato cultivars without known Rgenes,
wild Solanum species, and nonhosts displayed the HR. Interestingly, in highly resistant
Solanumspecies such as S.berthaultiiand Scircaeifolium, and nonhosts such as Arabidopsis
thaliana andS.nigrum(black nightshade),the HRwasextremelyfast andeffective, resultingin
very localizedcelldeath.Inpartially resistant plants,theHRwasdelayed,andresulted inlarger
HR lesions. Occasionally, hyphae were able to escape from these lesions and established a

120

Summary
biotrophic interaction with the host. The effectiveness of the HR in restricting growth of the
pathogen differed considerably between clones, and correlated with resistance levels. In
additionto the HR, local depositions of callose and phenolic compounds occurred,which may
functionas physical barriers.Althoughthese responsesdid notcorrelatewith resistance levels,
they may influence the balance between growth of the pathogen and induction of the HR.
Ultimately, this fine balance may determine resistance at the cellular level, and illustrates the
quantitative natureoftheresistancetoP. infestansattheplantorfieldlevel.
The HR is initiated upon recognition of pathogen elicitors by plant cell receptors or R
gene products as suggested by the gene-for-gene hypothesis. Several types of R genes are
recognized in plants, including the nucleotide binding site leucine-rich repeat (NBS-LRR) type,
and the Pto-like serine/threonine protein kinase type. The Pto gene was originally identified
from wild relatives of tomato. We exploited our Solanum collection to identify Pto-like
sequences, and studied evolutionary scenarios for Pto-like genes. Polymerase chain reaction
(PCR) amplifications using primers basedon conserved andvariable regions of Ptoyielded 32
intact Pto-likesequencesfromsix Solanumspecies,andrevealedanextensive Ptofamily.Ptoliketranscripts were alsodetected inleaftissue ofalltested plants.The kinase consensus and
autophosphorylation residues were highly conserved, in contrast to the kinase activation
domainwhich is involved inligand recognition inPto.Phylogenetic analyses distinguished nine
classes of Pto-like genes, and revealed that orthologues (homologues separated by a
speciation process) were more similar than paralogues (homologues generated by a gene
duplication event). This suggests that the Ptogenefamily evolved through a series of ancient
gene duplication events prior to speciation in Solanum. The phylogenetic data are in line with
recent resultsonthe NBS-LRR class of Rgenes,andsuggest that Pto-like genes areancient,
andhighlydiverse.
Various levels of nonspecific resistance were revealed in Solanum species after
inoculation with five P.infestans isolates. In partially resistant plants where hyphal escape
occurred, the lesions expanded often slower than in susceptible plants. Here, defense
mechanisms other than HR are thought to operate; this might for example involve systemic
acquired resistance (SAR). SAR can be induced by various signals, but also basal levels of
SAR may vary between plants. When we monitored basal expression levels of SAR marker
genes in healthy leaves, we found variation between the Solanum clones in constitutive
mRNAs levels of the pathogenesis-related (PR) genes PR-1, PR-2, and PR-5.At the genus
level, there was no correlation between basal PRmRNA levels and nonspecific resistance to
P.infestans.In contrast, a positive correlation was found at the species level in S.arneziix
hondelmannii, S.microdontum,S.sucrenseand S.tuberosum.In S.tuberosumcultivars, the
levels of PR gene expression were the highest in resistant 'Robijn', intermediate in partially
resistant 'Premiere', 'Estima' and 'Ehud', and the lowest in susceptible 'Bintje'. These results
suggest that constitutive expression of PR genes may contribute to nonspecific resistance to
P.infestans in Solanum.Therefore, PR mRNA levels could serve as molecular markers in
potatobreedingprograms.
In conclusion, diverse resistance reactions to P.infestansoperate at various levels in
Solanumspecies, including specific and nonspecific mechanisms. The ubiquitous association
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of the HR in all types of resistance suggests that numerous R genes are present in Solanum
against the oomycete P.infestans. A remaining challenge is the identification and transfer of
these Rgenesintocommercially grown potatocultivars.
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Hetisinmiddelsalmeerdan 150jaargeledendat inEuropadeaardappelziekte uitbrak,ennog
steeds kost het grote inspanningen om ons gewas te beschermen. Elk jaar worden enorme
hoeveelheden dure chemische middelentoegediend, die een bedreiging kunnen vormen voor
het milieu. Het gebruik van resistente aardappelrassen zou een elegante oplossing voor het
probleemzijn. Naast het benodigde hoge niveau van resistentie is het ook belangrijk dat deze
duurzaam is. Erzijn echter nogteweinig rassen beschikbaar die aan beide eisen voldoen.De
veroorzaker van de aardappelziekte is Phytophthora infestans. Hoewel P. infestans
morfologisch lijkt op een schimmel, is het een heel ander type organisme: een obmyceet.
Oomyceten zijn onafhankelijk van schimmels geevolueerd, hetgeen impliceert dat ze op een
eigen manier de interactie met de plant aangaan. Naar verwachting zal een beter inzicht in
resistentiemechanismenvandeplanttegenP.infestansdeveredelaars kunnenhelpenomeen
duurzamevormvanresistentieteontwikkelen.
Genetische resistentie kan worden bepaald op ras- of varieteitniveau (fysio-specifieke
resistentie,isalleenwerkzaaminbepaaldevarieteiten entegen bepaalde isolaten),ofopsoortof geslachtniveau (niet-waard resistentie). De niet-waard resistentie is volledig en komtvoor in
de meeste plantensoorten. Daarnaast kan resistentie kwantitatief zijn (partiele resistentie). In
wilde verwanten van de aardappel (Solanum tuberosum)komen diverse vormen en niveaus
van resistentie voor, varierend van volledig resistent tot verschillende niveaus van partiele
resistentie. Ook in een aantal oude aardappelrassen is partiele resistentie aanwezig, die
bovendien duurzaam blijkt te zijn. Om duurzame resistentie tegen P.infestans in moderne
aardappelrassen te bereiken, is een dieper inzicht in de moleculaire basis van deze
verschillende resistenties essentieel. Hiertoe hebben we een set van Solanum soorten met
verschillende vormen en niveaus vanresistentie samengesteld,ende cellulaire en moleculaire
aspectenvanonderliggende resistentiemechanismen bestudeerd.
Voor cellulair en moleculair resistentie-onderzoek is een betrouwbaar experimenteel
toetssysteem nodig, dat een hoge en reproduceerbare infectie garandeert, en dat bovendien
vergelijkbaar is met de veldsituatie. Hiertoe hebbenwe onder gecontroleerde omstandigheden
in het laboratorium een resistentietoets met afgesneden bladeren ontwikkeld. Deze
laboratoriumtoets hebben we vervolgens vergeleken met een veldproef. De geteste condities
waaronder de planten waren opgekweekt hadden geen invloed op hun resistentie tegen
P.infestans.De bladeren aan intacte planten waren resistenter dan afgesneden bladeren, en
het verschil inresistentie kon verklaard worden door de incubatiecondities die gunstiger zijn in
de laboratoriumtoets. Op intacte planten was de infectiefrequentie echter erg laag, hetgeen
ongewenst is in moleculair onderzoek. Omdat een set vantwintig planten onder verschillende
omstandigheden eenzelfde rangorde in resistentieniveau liet zien, konden we concluderen dat
de laboratoriumtoets geschikt is om de interactie tussen Solanum en P.infestans te
bestuderen.
Een cytologische overzichtstudie van de interactie tussen twintig Solanumgenotypen
en drie P.infestans isolaten gaf een eerste indruk van de aard van de resistentiereacties.
Aardappelrassen metfysio-specifieke resistentiegenen (R genen) lieten de overgevoeligheidsreactie zien ('Hypersensitieve Response', HR). De HR is een vorm van geprogrammeerde
celdood,waarbij hetpathogeeninkortetijdgeisoleerdwordttemiddenvandodeplantencellen,
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endaardoornietverder kanuitgroeien.Ookindeduurzaamresistenteaardappelrassen zonder
bekendeRgenen,wildeSolanumsoorten,enniet-waardplantenwasde HRzichtbaar. Inhoogresistente Solanum soorten zoals S.berthaultiien S.circaeifolium,en in niet-waardplanten
zoalsArabidopsis thaliana (zandraket) en S.nigrum (zwarte nachtschade),wasde HRextreem
snel en effectief; de reactie bleef beperkt tot een klein aantal cellen. In partieel resistente
planten kwamde HRlateropgang,wat resulteerde ingrotere HR lesiesvoordat doorgroeivan
het pathogeengestoptwerd. Soms bleken hyfen instaat omuitdeze HR lesiesteontsnappen,
en een biotrofe interactie met hun waardplant aan te gaan. De effectiviteit waarmee de HR
P.infestans kon indammen verschilde aanmerkelijk tussen de verschillende Solanum
genotypen, en was gecorreleerd met de resistentieniveaus. Naast de HR werden ook nog
anderereactieswaargenomen,zoals localeafzettingen vancalloseenfenolischeverbindingen,
diezouden kunnenfungeren alsfysische barrieres. Deze reactieswaren niet gecorreleerd met
deresistentieniveaus. Uiteindelijk lijkteenbalanstussenuitgroeivanhetpathogeenen inductie
van de resistentiereacties te bepalen of infectie slaagt op celniveau; de variatie tussen de
effectiviteit van reacties op meerdere infectieplaatsen illustreert het kwantitatieve karakter van
deP. infestansresistentieopplant-ofveldniveau.
De HRwordt ingang gezet wanneer specifieke receptoren van de plantencel elicitoren
van pathogenen herkennen. Volgens de 'gen-om-gen' hypothese coderen specifieke
resistentiegenen voor deze receptoren. Er is een aantal typen R genen bekend, waarbij het
'nucleotide binding site leucine-rich repeat' (NBS-LRR) type het meest bestudeerd is. Een
ander typeomvat dePfo-achtigeserine/threonine kinasen,die oorspronkelijk zijngevonden in
wilde verwanten van tomaat. We hebben in het geslacht Solanum een aantal Pfo-achtige
sequenties gei'dentificeerd, en met behulp hiervan de evolutie van Pfo-achtige genen
bestudeerd. Polymerase chain reaction (PCR) amplificaties met primers gebaseerd op
geconserveerde en variabele domeinen van Pto resulteerden in 32 intacte Pfo-achtige
sequenties in zes Solanum soorten. Er komt dus een uitgebreide genenfamilie van Ptoachtigen voor in Solanum.De kinase consensus en de autofosforylatie-residuen bleken sterk
geconserveerd,integenstellingtothetactiveringsdomein,datvanbelang isvoorde herkenning
van de ligand. In bladeren hebben we de aanwezigheid van Pfo-achtige transcripten
aangetoond. Fylogenetische analyses onderscheidden negen klassen van Pfo-achtige genen,
en hier leken de orthologen (homologen ontstaan door soortvorming) meer op elkaar dan de
paralogen (homologen ontstaan door genduplicatie). Dit wekt de suggestie dat de Ptofamilie
geevolueerd is door middel van een serie genduplicaties die nog voor de soortvorming in
Solanumzijn opgetreden. In lijn met recente bevindingen voor NBS-LRR R genen, blijken de
Pfo-achtigegeneneengrotediversiteittebezittenenvanoudeoorsprongtezijn.
Verschillende niveausvan niet-specifieke resistentie inSolanumkwamennaarvoren in
resistentieproeven met vijf verschillende P.infestans isolaten. In partieel resistente planten
waar hyfen uit HR lesies ontsnappen, breidden de lesies zich vaak langzamer uit dan in
vatbare planten. Blijkbaar is hier een systemisch resistentiemechanisme actief; dit zou
bijvoorbeeld op 'systemic acquired resistance' (SAR) kunnen berusten. SAR kan worden
ge'i'nduceerd door verschillende signalen, maar ook basale niveaus van SAR kunnen varieren
tussen planten. Om te testen of basale niveaus van SAR correleren met niet-specifieke
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resistentie hebben we in gezonde bladeren de basale expressie niveaus bepaald van een
aantalSAR merkergenen,dezogenaamdepathogenese-gerelateerde (PR)genenPR-1,PR-2
en PR-5. Op geslachtsniveau was er geen correlatie tussen basale mRNA niveaus van PR
genen en niet-specifieke resistentie tegen P.infestans. Binnen de soorten S.arnezii x
hondelmannii, S.microdontum,S.sucrenseen S.tuberosumwas er een positieve correlatie
tussen niveaus van PR mRNA en niet-specifieke resistentie. Voor de aardappelrassen waren
de PR expressieniveaus het hoogst in de resistente 'Robijn', middelmatig in de partieel
resistente 'Ehud', 'Estima' en 'Premiere', en het laagst in de vatbare 'Bintje'. Dit wekt de
suggestie dat constitutieve expressie van PRgenen zou kunnen bijdragen aan niet-specifieke
resistentietegen P.infestans. PRmRNA niveaus zouden dusalsmoleculaire merkersgebruikt
kunnenwordenindeaardappelveredeling.
Resumerend, in Solanum soorten opereren diverse specifieke en niet-specifieke
resistentiemechanismentegen P.infestansopverschillende niveaus. Desterke associatie van
de HR met alle vormen van resistentie geeft aan dat een groot aantal R genen tegen
oomycetenaanwezig is inSolanum. Het isnuvanbelangomdeRgenentegenP. infestanste
identificerenenovertebrengen naarcommercieleaardappelrassen.
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Eindelijk een moment voor wat persoonlijkere noten! Er zijn zoveel mensen die meegewerkt
hebben aan dit geheel! En zeker in de interessante situatie waarin ik mijn onderzoek heb
kunnen uitvoeren, half CPRO- en half Fyto-AIO. Het is natuurlijk de kunst om van beidetotaal
verschillendegroepen hetbesteteselecterenentecombinerentot ietsmoois.
Pierre,jouwilik bedankenvoor de kansdieje megegeven hebt omverderte gaan in
de wetenschap. Jouw steun, ook op het organisatorische vlak is vaak van essentieel belang
geweest. Francine, zeer gewaardeerde co-promotor, meteen al vanaf het begin heb jij me
opgenomen in de Phytophthoragroep op Fyto. Dankzij deze zowel wetenschappelijke als
sociale interactie is heteen mooionderzoek geworden,waarin we inderdaadtot eensymbiose
tussen prachtig plantmateriaal en wetenschappelijke input zijn gekomen! We hebben altijd
goedsamengewerkt,veelsamengeschreven (' ..eh,wilje hetartikel nogeens lezen?..')enals
hetaanmijligtzaldit indetoekomstookzoblijven!Leontinewil ikbedankenvoor gelegenheid
om met het mooiewilde Solanummateriaalte werken. De uitdaging om de resistenties diejij
gevonden hebt in het veld verder te onderzoeken op het lab, heb ik maar al te graag
aangenomen. En samen met Coosje, voor de vrijheid waarin ik mijn grote diversiteit aan
experimentelebenaderingentoch hebkunnenuitvoeren.
Willem,jij bent degene metwie ik uiteindelijk het allermeeste gewerkt heb! Enzeker in
een project waarbij deze mooie planten zo centraal staan, is het ontzettend belangrijk dat het
plantmateriaal goedinordeis.Daarhoefde ikmenooitzorgenoverte maken,hetgroenewerk
enalle organisatie daar omheen,was bijjou ingoede handen!Enook al hadje minder plezier
in het moleculaire 'gepriegel' (Tjee, de heledag pipetteren,enje ziet nog niet of dat RNA nou
indieepzit!'),uiteindelijk hebjeopvelefronteneengrote bijdrageaanhetonderzoekgeleverd!
Marleen, collega AIO. Terwijl de rest van de afdeling allang thuis achter de aardappels zat,
zaten wij altijd als laatsten nog te werken. Tijdens onze vele evaluaties over
aardappelonderzoek of andere zakenwas de koffie bijna niet aanteslepen.Gelukkig zitookjij
voorlopignoginhetvak,enhetisfijnomelkaarsteedsweertezienenbijte praten! Enookdie
lunches houdenweervoorlopig nogin!Sophien,eversinceyouentered Fyto,your contribution
to this work has been bombastic! Here is another opportunity to thank the canteens and bars
for promoting scientific interaction! Our fields of interest always complement and integrate
extremely well, and our 'incredible fondness' of biology and biodiversity reaches way beyond
the molecular level. The spontaneous way our interaction evolved is how it should be in
science. Initiating the molecular work (from scratch) together was fun, and learning from your
crystal clearthinking and (zen)writing was so exciting!Thanks to allthedigital communication
westillareagoodteam,asscientistsandfriends,evennowyouareintheUS!
Dirk (Beste Bud) en Luc, het waren goede tijden! Ook samen met Willem hebben we
een hoop lolgehad in lab, kasof veld! Jullie praktische ervaring inaardappels, Phytophthora,
enveldwerk heeft me met beide benen inde (poot)grond gelaten.Jullie waren ijzersterk inhet
opvrolijken van acties als onze 'grote' veldproef (de plantage), labtoetsen, piepers poten en
aardappelshows! Geert,OlgaenPetra,onzegezellige'eet-enschrijfavonden'hebbenvoorons
allevierwelde nodige publicaties opgeleverd!Ook metdeandereAKVO collega's hebbenwe
vaak gelachen daar in het Theecafe, waarbij onze beruchte 'Louche' posters vaak een
geweldige uitlaatklep waren! Paul Keizer, mijn held in de statistiek. Jouw 'bla.prg' wist altijd
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weer een mooi tabelletje van mijn 'bagger' Genstat te maken. Adrie, jij hebt als CPRO-Fyto
student ook een duidelijke set steentjes bijgedragen! Andy, ook jij hartelijk dank voor de
interactie met de moleculaire biologie binnen het CPRO, ietswat indetoekomst nog meerzal
aansterken, en deze keer binnen WUR! Phytophthoralab en Fyto collega's, dat ik me altijd
maar half 'CPRO'voelde werd meer dan dubbel en dwars gecompenseerddoor hetfeit dat ik
medankzijjullieookeen Fyto-AlOvoelde!Gelukkig hebik namijnCPROtijdook nogevenals
echte Fytonees metjullie op het lab kunnen rondlopen. Mijn (buddy) Berry,Wim en Marjolein
vandeBeeldgroep,ookjullie hartelijk dankvoordeprofessionele hulpbijhetelkaar klikkenvan
de fancy foto's op de SuperMac! En Eddy, vanjou heb ik enorm veel geleerd van fylogenie!
Hartelijk dankvooraljegeduldenhulpbijhetmakenvanaldiebomen!
Papa en mama. Jullie grenzeloos vertouwen in mij heeft me altijd zo goed geholpen.
Altijdweer belangstelling voor hetonderzoek, enhetdrukke leventje dat daarmeesamengaat.
En Hans, het is fijn om zo'n biologenduo te zijn! Gelukkig zie jij ook in dat wetenschap een
mooiehobbyis!Hetboekjeisklaar,zouikdannuwatmeertijdkrijgenvoordeviool?
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