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Stellingen

De associatie van de overgevosligheidsreaktie met alle vormen van resistentie
tegen Phytophthora infestans impliceert dat resistentiegenen een belangrijke rol
zulien spelen in het verkrijgen van duurzame resistentie.

dit proefschrift

. Het promoten van 'R-gene free potatoes' door het 'International Potato Center’ als
uitgangsmateriaal voor resistentieveredeling getuigt van te weinig inzicht in de
biologie van de aardappel - P. infestans interactie.
CIP Program Report, 1995-1996
dit proefschrift

The road to plant disease resistance will always be under reconstruction.

. Nu onderkend wordt dat Phyfophthora niet tot het schimmelrijk behoart, evolueert
de 'nachtmerrie van de schimmelgeneticus’ tot een ‘droom voor de bicloog’;
Phytophthora is nu immers het best bestudeerde genus binnen zijn Rijk.

David Francis, Phytophthora Beyond Y2K Symposium, Wooster, 1999

Phytophthora-resistentie is milieudefensie.
Dirk Budding

Definities zijn vooral nuttig in het beginstadium van biologisch onderzoek, maar in
een meer gedetailleerde fase mogen ze een vrije manier van denken niet
belemmeren.

Het feit dat de meeste mensen denken dat de champignon in de salade nauwer
verwant is aan sla dan aan de kok, geeft aan dat mensen hun kennis over evolutie
overschatten.

Een grote overeenkomst tussen de wetenschapper en de kunstenaar is
verbeeldingskracht.

Stellingen behorende bij het proefschrift ‘Molecular and cellular biology of resistance to
Phytophthora infestans in Solanum species’, door Vivianne G.A.A. Vleeshouwers, in
het openbaar te verdedigen op 5 januari 2001, te Wageningen.
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Chapter 1

General introduction

This chapter contains slightly modified parts from:

Sophien Kamoun, Egar Huitema and Vivianne G. A. A. Vieeshouwers (1999)
Resistance to comycetes: a general role for the hypersensitive response?
Trends in Plant Science 4, pp 196-200.



Chapter 1

For potatc breeding, novel sources of {durable) resistance to Phyfophthora infestans, the
causal agent of potato late blight, are required. At the starting point of this research, promising
sources of resistance were available in wild Solanum species, yet the nature of this resistance
was unknown. This thesis presents a study on P. infestans resistance in potato and wild
Solanum species, with emphasis on the molecular and cellular biclogy of the plant-pathogen
interaction. In this chapter, the players of the game will be introduced followed by a few remarks
on the late blight disease and resistance. The scope of this thesis concludes the chapter.

Evolution and domestication of the potato {Solanum)

Sofanurn comprises an extremely large and diverse plant genus (D'Arcy, 1991), which includes
many field crops such as potato (S. tubsrosum), eggplant (S. melongena), pepino
(S. muricaturn), narangjilla (S. quitoense), and tomato (Lycopersicon). Although Lycopersicon
has originally been classified as a separate genus (Hawkes, 1990), recent studies have
included Lycopersicon in Solanum (Spooner et af, 1993). The center of origin of Sojanum is
thought to be in Mexico, from which species migrated southwards and evolved into a separate
gene pool in South America (Hawkes, 1990). Most fuber-bearing Solanum species used in this
study evolved in the Andean mountain range. Also the cultivated potato S. tuberosum evolved
in this area, probably from a complex of diploid ancient domesticated Sofanum species. 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, and reached North America in about 1621. By now, potato is widely grown around the
world, and ranks the fourth starch crap in global foad production.

The comycete pathagen Phytophthora infestans

P. infestans belongs to the oomycetes, organisms that exhibit a filamentous growth habit and
are often inaccurately referred fo as fungi. Modern biochemical analyses as well as
phylogenetic analyses based on sequences of ribosomal and mitocchondrial genes suggest that
oomycetes share little taxonomic affinity to filamentous fungi, but are more closely related to
golden-brown algae and heterokont algae in the eukaryotic crown group of the Stramenophiles,
Kingdom Protista (Kumar and Rzhetsky, 1996; Paquin et al, 1997; van de Peer and de
Wachter, 1997, Margulis and Schwartz, 1998) (Figure 1-1).
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Figure 1-1

Phylogenetic free showing the evolutionary relationships between the major eukaryotic groups (adapted
from van de Peer and de Wachter, 1997). Note the position of the comycetes compared with the other
eukaryotic plant pathogens (filamentous fungi belonging fo the basiodiomycetes and ascomycetes).
Oomycetes appear as an independent group of plant pathogenic eukaryotes.

Obviously, comycetes differ from true fungi in many aspects. For example, like plants
and algae, the comycete cell wall is composed of B-glucans, whereas fungal cell walls mainly
consist of chitin {Bartnicky-Garcia and Wang, 1983). In contrast to filamentous fungi,
ocmycetes are not able to synthesize sterols, but obtain them from 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
oomycetes with the heterckont algae (Barr, 1983)

Figure 1-2
Release of P. infestans zoospores from a sporangiospore (Differential Interference Contrast, 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 80 species of the genus Phytophthora (Greek for 'Plant
destroyer’), numerous genera of the biotrophic downy mildews, and more than 100 species 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 Phytophthora sojae, which hampers soybean
production in several continents, and black pod of cocoa caused by Phytophthora palmivora, a
recurring threat to worldwide chocolate production.

The most devastating comycete disease is potato late blight, which is caused by
Phytophthora infestans (Figure 1-3). P. infestans (Mont.) de Bary is an heterothallic oomycete,
which evolved in Toluca Valley, in the cenfral highlands of Mexico. Before 1980, occurrence of
both A1 and A2 mating types was limited to this region, whereas in the rest of the world, only
the A1 mating type was present (Niederhauser, 1956; Gallegly and Galindo, 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. infestans populations was observed and suggested to be
caused by sexual reproduction {Fry et al., 1992; Drenth ef al., 1994; Goodwin and Drenth,
1997).

Figure 1-3

Late blight in a potato field. When F. infestans sporangiospares 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 epidemmis. After a biotrophic growth phase
through the leaf mesophuil, 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 'biighted’ look in the field. (B) Lower side of an infected leaf from a susceptible S. microdonfum
{BGRC 18570, clone 265). The sporulation zone is visible as white fluffy mycelium.

P. infestans mainly infects a selection of Sofanum species, but also more disparate hosts have
been reported (Turkensteen, 1973; Erwin and Ribiero, 1996}). In the mid-19th century,
P._infestans devastated the European potato fields resulting in a widespread famine in Ireland,
and late blight still remains the most serious constraint to potato production (Fry and Goodwin,
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1997). Worldwide losses due to late blight and control measures are estimated to cost around
$3 billion annually. The use of chemicals targeted against P. infestans can provide some level
of disease control. However, in the long term, the development of crops that possess durable
genetic resistance, whether by classical breeding methods or by genetic engineering, provides
the best prospect for effective, economical and environmentally sound control of the late blight
disease.

Resistance

Types of resistance

Disease resistance processes in plants are diverse (Agrios, 1997). Resistance may occur at the
subspecies or variety level (race- or cultivar-specific resistance) or at the species or genus level
(nonhost resistance). In addition, resistance may be a quantitative phenotype (partial
resistance) with a parial reduction in disease severity. An improved understanding of the
molecular basis of the various types of disease resistance is essential to achieve durable
resistance.

What do we know about resistance to oomycetes?

Since oomyecstes include a unique group of eukaryotic plant pathogens, they evolved the ability
to infect plants independently from true fungi (Kumar and Rzhetsky, 1996; Paquin ef af., 1997
van de Peer and de Wachter, 1997) (see Figure 1-1). This suggests that oomycetes may have
distinct genetic and biochemical mechanisms for interacting with plants. For example, plant
saponins target membrane sterols and are toxic to filamentous fungi, but not to oomycetes as
these contain little or no sterols in their membranes {(Osbourn, 1996b; Osbourn, 1996a). It can
be argued that breeding for late hlight resistance in potato has been so unsuccessful partly
because knowledge of resistance to oomycetes is very limited. Therefore, to be able to develop
late blight resistance, there should be more emphasis on studying the biology of the pathogen
itself, and the interaction with its host.

Hypersensitive response

The hypersensitive response (HR) of plants is often associated with disease resistance {Dangl
et al,, 1996). The HR generally occurs as a rapid, localized cell death, and is considered as a
form of programmed cell death in plants (Mittler and Lam, 1996; Heath, 1988). The HR foliows
perception by the plant of pathogen signal molecules, elicitors, encoded by avirulence {Avr)
genes (Staskawicz ef a/, 1995). Specific receptors, encoded by R genes, interact directly or
indirectly with elicitors, thereby initiating signal transduction pathways that lead to the HR and
the expression of disease resistance response. One consequence of this model is that races of
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, suggesting conserved mechanisms of pathogen recognition and signaling of defense
responses in the plant kingdom (Staskawicz ef al., 1995; Baker st al.,, 1997).

Other resistance mechanisms

Various resistance mechanisms have been reported in addition to the HR. A general
phenomenon occurring during defense against pathogen invasion is celt wall strengthening. As
various plant pathogens attempt to feed on the plant by dismantling the cell walls, pfants in turn
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
and Hohl, 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 et al, 1996), and has been
described in various plants, including potato. Activation of SAR results in a systemic, broad-
spectrum resistance to pathogens as diverse as viruses, bacteria, fungi and oomycetes (Ryals
et al,, 1996). Also in the potato-P. infestans interaction, SAR has been reported (Doke et ai.,
1987; Cohen ef al., 1991; Cohen ef al., 1993).

Sources of resistance

Genebanks collect and preserve germplasm to maintain genetic diversity for future generations.
In present breeding programs, wild Scianum species are incorporated to introgress resistance
against a broad spectrum of pathogens, including bacteria, viruses, nematodes, fungi and
ocomycetes (Ross, 1986).

To obtain late blight resistance, R genes have been introgressed from 3. demissum into
potato {Miiller and Black, 1952). Since both P. infestans and 8. dernissum evolved in Mexico, it
has been argued that these resistance genes co-evolved with the pathogen and may therefore
be less durable than genes that evolved in other regions independent of the pathogen (Nelson,
1978; Colon, 1994). Late blight resistance was also found in various tuber-bearing Solanum
accessions from South America {Colon and Budding, 1988; Wastie, 1991; Ruiz De Galarreta et
al., 1998; Micheletto et al., 1999). Several wild Solanum species were identified as potential
donors of resistance for breeding purposes (Hoekstra and Seidewitz, 1987; Colon and Budding,
1988; Colon, 1994) (http:/fwww.plant.wageningen-ur.nlicgn/potato). A selection from these
plants is studied in detail for their resistance responses (Figure 1-4), and the results are
described in this thesis.
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Figure 1-4

Wild and cultivated Solanum plants in the field. (A) S. microdontum BGRC 18570, clone 265, (B)
8. vernei BGRC 24733, clone 530, (C) S. berthaulti BGRC 10063, clone 11, (D) S. tuberosum {potato
cultivar). (A, B, C) Plants were spot-inoculated in a field experiment. The susceptible S. microdontum
plant shows large expanding lesions on the inoculated leaves, the partially resistant S. verner displays
both slowly expanding lesions and arrested (HR) lesions, and the highly resistant S. berthaulfii does not
show any symptoms. (D) Occasionally, a lesion becomes bordered by a lignin-ike zone and does not
expand further. le, expanding lesion; HR, hypersensitive response; li, lignified border surrounding
arrested lesion.

Scope of this thesis

A diverse set of Solanum plants with different types of resistance to P. infestans plays a central
role in this thesis. The aim of this research was to study and compare the diverse resistances of
the Sofanum 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
used to evaluate plant material for breeding programs.

To study the Solanum - P. infestans interaction at a cellular and molecular level, we first
designed a laboratory assay with detached leaves {chapter 2). We compared this assay o the
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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 Solanum plants to various £. 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 in severity of the 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 other than HR operated at different levels. One such mechanism is SAR,
and in chapter 4 we used PR gene expression fevels as molecular markers to measure SAR
levels of the Solanum plants. In chapter 5 we retumed to the HR-based resistance, and
focussed on plant components of the molecular interaction, the R genes. We concentrated on
one particular class of R genes, the Pto kinases, and generated a diversity of Pio-like
sequences from Solanum. Analyses of the aminc acid sequence characteristics revealed that
the Pto-like sequences are highly conserved. We obtained a better understanding on the
evolution of Plo-like genes, which appear to have evolved before Sofanum species radiated. In
the general discussion {(chapter 6) we recapitulate the results, and discuss future perspectives
of P. infestans resistance in potato.
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Chapter 2

Summary

Physiological and molacutar research on resistance responses of Solanum tuberosum
cultivars and partially resistant Sofanum species to Phytophthora infestans requires a
reliable resistance test that can be used in the laboratory. Laboratory tests performed on
detached leaves and intact plants were compared with field tests for similarity of late
blight reactions. Detached leaves from field-grown plants were as resistant as detached
leaves from climate chamber-grown plants when challenged with 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 in covered trays rather than detachment itself
appeared to affect the resistance expression. Detached leaves of some wild Solanum
genotypes became partially infected, whereas intact plants were completely resistant
when inoculated. Inoculation of leaves on intact plants, however, resuited in lower
infection efficiencies. These limitations should be taken into account when choosing the
appropriate inoculation method for specific purposes. For resistance screening,
laboratory tests proved to be a good alternative for field tests. The ranking of resistance
levels for twenty plant genotypes was similar under laboratory and field conditions.

Introduction

Partial resistance to Phytophthora infestans, the causal agent of late blight, occurs in several
wild Solanum species and in some potato cultivars (Colon and Budding, 1988; Colon ef af,,
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-scale resistance screenings in commercial breeding programs, the limitations of field tests
may be accepted in contrast to more sophisticated, costly and time consuming laboratory tests.
However, studies aimed to unravel resistance mechanisms at the physioloegical or molecular
levels are best performed under controlled conditions in the laboratory. For these specific
investigations, an experimental setup in which a high percentage of successful infections can
be assured is a prerequisite.

Several methods have been described to assess foliar late blight resistance. In addition
to field tests and whole plant greenhouse assays (Stewart ef al., 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 alsc suitable as a parameter, is Phytophthora biomass. Its quantification
can be carried out either through serology-based tests such as ELISA (Harrisan et af,, 1990,
Beckman ef al, 1994) or through GUS assays using a transgenic P.infestans strain
constitutively producing -glucuronidase (Kamoun et af., 1998}

Several laboratory tests have been compared with field tests. Using ranking studies, the
relative resistance levels of several cultivars in greenhouse or laboratory experiments appeared
comparable to resistance levels in the field (Hodgson, 1962; Knutson, 1962; Stewart et al,,
1983; Dorrance and Inglis, 1997). LS, LP and SD measured in a laboratory assay on detached
ieaflets appeared well correlated with ADPC values obtained from a late blight field trial (Singh
and Birhman, 1994) after multiple linear regression. In these 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 that a
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
field tests.

The aim of our study was 1) to design a reliable laboratory test for resistance
assessment to £ infestans, and 2) to compare resistance data obtained in this test with
resistance data obtained in field tests. To this end, well-characterized Solanum material with a
broad range of resistances was used, and experimental conditions and methods were
standardized.

Materials and methods

Plant material

The plant genotypes used in this study and their resistance characteristics are listed in Table
2-1. Material obtained from Jn vitro plantlets was used since the physiological age of tubers has
been shown to have an effect on foliage resistance (Stewart ef al., 1983}. In addition, in vitro
propagation reduces the chance of virus contamination, and allows rapid multiplication of plant
matenal. In vitro plantiets were grown in sterile glass tubes containing MS medium (Murashige
and Skoog, 1962) supplemented with 15 g.I" sucrose and 15g.f" mannitol at 23 C. For
propagation, shoots were cut and transferred to fresh MS medium containing 30 g sucrose.
After one week of rooting, the in wvitro plantlets were transferred into pots of sterilized soil and
placed in a climate chamber. To allow a progressive adaptation to lower humidity, the plantlets
were initially covered with small transparent containers that were removed the next day. The
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plants were grown under contrelled conditions with a 16h/8h day/night regime and 18/15°C, 65-
80% relative humnidity (RH); illumination was provided by 400 Watt Philips-HPIT lamps placed
at 50 cm intervals at 150 cm above soil level. For the field tests, plants were grown for cne
month in the climate chamber, and subsequently transplanted in the field to grow for one
additional month before inocuiation.

Phytophthora infestans isolates, maintenance and inoculum preparation

P. infestans isolate 90128 {race 1.3.4.6.7.8.10.11) and IPQ-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 20 g.I’ sucrose (Caten and Jinks, 1968) and incubated at 18°C in
the dark. After a few days, a piug of mycelium was transferred to a fresh agar plate. One week
later, when the plate was covered with mycelium, cold water {4°C) was added to the sporulating
mycelium. The sporangiospore suspension was pipetted into a test tube and incubated at 4°C.
After 1-2 hours, zoospores were separated from the sporangiospores by filtration through a
15 um nylon mesh. The concentration was adjusted to 5 x 10* zoosporesiml for inoculation.

Inocutation: conditions and plant material

Eight to ten weeks old climate chamber or field-grown plants were spot-inoculated either on
detached leaves or intact plants. The third to fifth fully developed leaves {counted from the top)
were used. Five leaflets per compound leaf were inoculated (one spot per leaflet) by pipetting
10 pl droplets on the abaxial side.

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
afterncon prior to inoculation. During the entire experiment, the field was kept humid by regular
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/840) tubes at 18/15°C and 95-98% RH for inoculation on intact plants. The next day the
RH was brought back to 70%. For detached leaf inoculations, leaves were cut, placed in water-
saturated 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 intact plants.
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Chapter 2

Estimation and analysis of lesion growth rate (LGR) and infection efficiency {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 widih
(perpendicular to the length) of each lesion were measured, and the ellipse area
(A = 1/4*r*length*width) was calculated. The lesions were divided in two groups, i.e. 'no
infection / arrested lesion’ {no lesion, or lesicn remaining within the size of the inoculum droplet,
i.e. A< 16 mm?), or ‘growing lesion’ (the area is larger than 16 mm? at least at one time point).
The arrested lesions were regarded as unsuccessful infections where the pathogen had been
stopped by a hypersensitive response (HR). Therefore, these lesions were not included in the
estimation of LGR. From the ‘growing lesions’ group, the area of the ellipses was square root
transformed, resulting in the radius of the lesions. The LGR was estimated by linear regression
over time. The infection efficiency (IE) was calculated as the percentage of successful
inoculations (i.e. percentage of growing lesions relative to the total number of inoculations} per
plant. IE and LGR were estimated and analyzed with ANOVA using Genstat (Genstat 5
Committee, 1987).

Experimental design

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 as designed in this paper, treatment B and C are intermediates. Treatment E was included
in order to analyze the effects of leaf detachment and environmental conditions separately.

Treatments A, B, C, and D were 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. infestans isolate 90128 on either detached
leaves or intact plants. The same inoculum suspension was used for the plants in the climate
chamber and field. Through accurate labeling of the incculation spots on designated leaves,
potential confusion with outside P. infestans contaminants was excluded. The field and the
climate chamber were each divided in two blocks, which were divided in three sub-blocks. The
sub-blocks consisted of two Bintje and two Robijn plants, resulting in 48 plants per experiment.
Two experiments were carmied out at a one week interval, and the next summer these were
replicated. The four experiments were combined for statistical analyses.

A two factor experiment was carried out on climate chamber-grown plants, which
received treatment C, D, and E (Table 2-2) in four replications. Binje and Robijn were
inoculated with P. infestans isolate 90128. The results from duplicate experiments were
combined for statistical analysis.
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In a separate experiment, leaves from Bintje and Robijn were detached either one hour
or one day prior to inoculation. The detached leaves were inocculated with P. infestans isolate
90128 and incubated in covered trays (treatment D, Table 2-2). Two plants were used per
cultivar, per incubation period. LGRs were compared between different times of incubation 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 climate climate
chamber chamber chamber
inoculation on intact plants detached intact plants detached detached
leaves leaves leaves
environment open air covered trays open air covered trays open air
test location field laboratory laboratory laboratory laboratory

Resistance tests with a set of Solanum genotypes

Average LGRs and |IEs were determined of nineteen Solanum genotypes and on the nonhost
Mirabilis jalapa (Table 2-1) under different experimental conditions {treatment A, C, D, Tabie
2-2) after inoculation with either P. infestans isolate IPO-0 or 90128. A randomized block design
was applied, with 3 or 4 blocks, depending on the experiment. LGRs could not be determined
for genotypes that were completely resistant (lesion size remains 0) or displaying a HR, such as
S. berthaultii, S. circaeifolium, 8. nigrum, M. jalapa (Table 2-1). Genotypes displaying no
symptoms at all were considered more resistant than genotypes predominantly exhibiting HR.
To include these highly resistant genotypes in the resistance rating, the average LS at day 6
was calculated.

Correlations between different experimental conditions

To test whether the resistance levels of Solanum genctypes 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 comelation test was applied to pairs of
experiments.
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Results

Comparisons between laboratory and field tests

When comparing the various experimental conditions (Table 2-2) late blight lesions extended
always significantly (P < 0.001) more rapidly on Bintie than on Robijn {Table 2-3}. During
incubation, plants in the field encounter other environmental conditions than piants 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 of the effect of growing conditions was carried out with the LGRs estimated
on detached leaves (treatment B vs. D, Table 2-2) from Bintje and Robijn. The effect of growing
conditions on LGR was not significant (P =0.65), but there was a significant interaction
between growing conditions and cultivars (P < 0.001). These results suggest that plants grown
in the climate chamber are as resistant as field-grown plants. The effect of inoculation on intact
plants vs. detached leaves was analyzed for climate chamber-grown piants (treatment C vs. D),
and a highly significant (P < 0.001) effect of the inoculation material was found, with an
interaction between inoculation material and cultivar (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). IEs
showed a similar pattern as LGRs (data not shawn). In general, climate chamber-grown plants
appeared to have the same resistance level as field-grown plants, while detaching the leaves
significantly reduced the expression of resistance. This suggests that either the environmental
conditions in a covered tray, or leaf detachment, affects resistance expression.

Table 2-3

Effect of four different treatments (Table 2-2} on lesion growth rates (LGR, in mm day'ﬂ) after inoculation
with P. infestans isolate 90128, on potato cultivars Bintje and Robijn (n = 360 inaculation spots).

Bintje Robijn

intact plants detached leaves  intact plants detached leaves
field 1.88" 3.81° 0.63" 1.87°
climate chamber ~ 2.87° 3.94° 0.75° 1.65°

LSD =0.12 (P < 0.05)

* treatrment A, Table 2-2, representing the field test

B treatment B, Tabie 2-2

€ treatment C, Table 2-2

© reatment D, Table 2-2, representing the laboratory test
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Effect of leaf detachment

To discriminate between the effects of environmental conditions and leaf 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
significantly faster on Bintje than on Robijn in all treatments (Table 2-4). The LGRs on detached
leaves from both cultivars were significantly higher in covered trays (D) compared to open trays
(E). However, there was no significant difference between the LGRs on intact plants (C) and
detached leaves in open air (E}. These data suggest that the decreased resistance of detached
leaves is caused by environmental conditions, rather than by leaf detachment.

For Bintie, high |IEs were reached in alf freatments (Table 2-4), contrasting with the
situation on partially resistant Robijn, where a high |E was achieved cnly an detached leaves in
covered trays {92%). IE was significantly lower on detached leaves in open trays (70%), and
lowest on intact plants (52%).

Tabie 2-4

Effect of different incubation treatments (Table 2-2) on lesion growth rates (LGR, in mm day '} and
infection efficiency (IE, in percentages) of P. infestans isclate 90128 on potato cultivars Bintie and Robijn
{n=120 inoculation spots).

Bintje Robijn

LGR IE LGR IE

{mmday"y (%) (mm day") (%)
detached leaves in cavered trays P 3.55 100 2.51 92
detached leaves in open '(ray*s.E 252 95 1.40 70
intact plants® 3.19 93 1.41 52

LSDigr = 0.54 (P<0.05)

LSDie = 17 (P<0.05)
treatment C, Tabile 2-2

;’ treatment D, Table 2-2
treatment E, Table 2-2

To test whether incubation in the trays has an effect on resistance expression, Bintie and
Robijn leaves were detached either one hour or 24 hours prior to inoculation. The effect of the
incubation period was not significant (P = 0.393), the cultivar effect was highly significant
(P = 0.003); and there was no interaction (P = 0.979) between incubation period and cultivar
{Table 2-5). The same pattern was found for the |Es (data not shown). This supports the
hypothesis, that leaf detachment per se does not affect resistance expression.
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Table 2-5

Lesion growth rates {LGR, in mm day™) of P. infestans isolate 90128 on leaves of cultivars Bintje and
Rohijn detached one hour and 24 hours prior ta inoculation {n = 90 inoculation spots).

Bintje Raobijn
detached one hour prior to inoculation® 3.35 2.25
detached 24 haurs prior 1o inoculation 3.07 1.96

LSD =0.90 (P < 0.05)
treatment D, Table 2-2

Resistance assessment of Solanum genotypes

Resistance tests on a set of nineteen Solanum genotypes and the nonhost M. jalapa revealed
that in genera! the LGR was the highest on detached leaves (D), intermediate on intact plants in
the climate chamber (C), and the lowest in the field (A) (Table 2-1). Occasicnally, some
genotypes that were resistant when intact plants were inoculated became partially infected
when detached leaves were used {S. microdontum-178, S. berthauftii-11, and S. sucrense-23).
Although S. sucrense appeared exceptionally susceptible on detached leaves compared to
intact plants, in general the differences between LGRs were usually proportional to each other.
However, the frequency of successful infections an intact plants was very low, especially in the
climate chamber (Table 2-1). Even on susceptible genotypes (e.g. Bintje, Ehud, and
S. microdonturn-265) of which detached leaves were completely infected, the IE on intact
plants barely reached 50%.

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 2-8), 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). When resistance data obtained from experiments with isolate 90128 under different
growing conditions were compared, similarly high correlations were found (0.94 and 0.85, for
LGR and LS respectively, Table 2-6). Therefore, no significant differences in resistance ranking
could be found between plants that had been grown in the climate chamber or in the field.
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Table 2-6

Spearman’s rank comrelations between three resistance experiments with Solanum genctypes performed
under different experimental conditions. Values represent correlations calculated for lesion growth rates
(LGR} and lesion size {LS) at day 6 after inoculation with Phyfophthora infestans isolate 90128. The
number of Sofanum genotypes is shown between parentheses.

experiment parameter I° n°
e LGR 0.76 (17)~*
LS 0.90 (17)~*
n LGR 0.72 {18y 0.94 (19)**
LS 0.76 (18)** 0.85 (19y***
P <0.001

! Resistance data from these experiments are presented in Table 2-1.
A treatment A, Table 2-2, representing the field test

© treatment C, Table 2-2

® treatment D, Table 2-2, representing the laboratory test

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, 0.90 for LS, Table 2-6), but still highly significant (P < 0.001). In experiments with isolate
IPO-0, the correlations (experiment VIII, with IV, V, VI, VII, Table 2-7) were clearly lower, i.e. on
average 0.57 for LGR and 0.62 for LS. In general, the lower correlations indicate that there
might be differences in the level of resistance expression between detached leaves and intact
plant incculation. This effect was also found between field and laboratory tests (treatment A vs.
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 (1V, V, VI, VI, 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
Bintje and Raobijn,
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Table 2-7

Spearman’s rank correlations between five resistance experiments with Solanum genotypes
performed under different experimental conditions. Values represent correlations calculated for lesion
growth rates (LGR) and lesion size (LS) at day 6 after inoculation with Phyfophthora infestans isolate
IPO-0. The number of Solanum genotypes is shown between parentheses.

experiment parameter v° Ve vIP vil®
i LGR 0.83 (17
LS 0.88 (17)**
vI® LGR 0.83 (17)*** 0.85 (15)**
LS 0.87 (17)** 0.88 (15)***
vii® LGR Q.87 (17y* 0.78 (153 0.87 (18)***
LS Q.71 (17)** 0.68 (15)** 0.75 (18)***
vii® LGR 0.57 (18)* 0.59 (16)* 0.46 (18) ns 0.67 {18y
LS 0.60 (18)** 0.77 (16)*** 0.59 (18)** 0.51(18)*
*P<005
*P<0.01
P <0001

© treatment C, Table 2-2, consisted of intact plants, grown in climate chambers
P treatment D, Table 2-2, consisted of detached leaves from climate chamber-grown plants

Discussion

A reliable laboratory test is essential for studying plant-pathogen interactions at the
physiclogical or molecular level. In this paper, we compared the suitability of a labaoratory test
for P. infestans resistance in Solanum species with a field test. Our data indicate that resistance
expression is similar for field- and climate chamber-grown Solanum plants. Colon et al. (1995)
compared field- and greenhouse-grown potato eaves and found that 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
fram field-grown plants.

LGRs found cn Bintje and Robijn plants that were inoculated and incubated in the field
(A} were lower than those found on plants inoculated and incubated in the climate chamber (C)
{Table 2-3). Since the effect of growing conditions was not significant, the lower LGR values 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 to those in the climate chamber, many fluctuations occurred during the day in the
field. In addition, the light conditions in the field and in the climate chamber are difierent, both
qualitatively and quantitatively.

Resistance data for Bintie 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 RH that was usually higher than the RH used with intact piants. 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
detachment per se, have an effect on the expression of resistance. In addition, LGRs on freshly
detached leaves and on leaves detached at 24 hours prior o 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, confirming the hypothesis that detachment per se does not affect resistance.

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 pathogen finds in the closed trays 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). In the open
air, the physical requirements for HR may be more optimal than in the closed trays. The fact
that similar LGR values were found 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 |[Es 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 biclogical 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
detached leaves in open trays, or intact plants in climate chamber or field.

Ranking for resistance of twenty plant genotypes gave significant comrelations 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 Sofanum species 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 Solanum species, this difference was
less pronounced.

Our conclusion that for late blight assessment laboratory tests are significantly
comrelated 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
comelated with the resistance score in the field. In contrast, Stewart et al. (1983) did not find
satisfactory comelations in resistance scores when they compared glasshouse and field tests
for resistance to foliar blight. However, in their experiments two completely different tests were
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
susceplible in the field but resistant in the laboratory. It is not clear whether Knutson {1962)
used the same isolates in field and laboratory experiments, and hence, the occurrence of race
specific resistance cannot be excluded.

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 Solanum plants
grown in climate chambers. Although using detached leaves in resistance tests does not have
a significant effect, incubating detached leaves in closed trays appears to decrease resistance
expression. The ranking of resistance levels for a set of Solanum genotypes with different types
and levels of resistance was generally consistent across different types of experiments, but
occasionally discrepancies were noted for some resistant wild Solanum species. Therefore, a
suitable experimental condition has to be chosen depending on the aim of an experiment.
When the expression of resistance is fo be examined on detached leaves, the reduced level of
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
incubated in covered trays appears to be an adequate alternative.
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