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A set of Cucurbitaceae taxa for differentiation of Pseudoperonospora
cubensis pathotypes
Abstract

Cucurbit downy mildew (Pseudoperonospora cubensis) is characterized by large variation in pathogenicity,
specificity and host-parasite interactions. This report reviews the current state of understanding regarding
interactions between P. cubensis and Cucurbitaceae, the genetic control of host reactions, and overall variation
within the pathogen. A well-characterized set of differential Cucurbitaceae taxa and genotypes for the
identification ofP. cubensis pathotypes or races has not yet been designated. A preliminary set designated by
Thomas et al. (1987) was, in certain cases, deficient in taxonomic description, determination of membership
at the level of accession, uniformity of differential response, and international availability. An improved
differential set of cucurbit accessions for characterization of pathogenic variability of P. cubensis isolates is
proposed in this paper. The proposed set includes 12 taxa from six genera (Benincasa, Citrullus, Cucumis,
Cucurbita, Lagenaria and Luffa). These differentials are natural host plants of P. cubensis, and basic information
on their host-parasite specificity and variability is available. The members of this new set are taxonomically
well characterized and available as genebank accessions. The data about host genera and pathogen variation
summarized here fully support previous reports about the existence of distinct physiological forms
(pathotypes and races) of P. cubensis, and a tetrade coding system is offered to designate P. cubensis pathotypes.
This paper presents evidence that such forms may be delimited based on host genus, species and intraspecific
specificities. This proposed differential set of Cucurbitaceae should serve as an appropriate baseline for more
detailed research about P. cubensis isolate variation and population structure at the pathotype level. Steps to
foster international collaboration on this topic are suggested and discussed.
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Summary
Cucurbit downy mildew (Pseudoperonospora cubensis) is characterized by large variation in pathogenicity, specificity and host-parasite interactions. This report reviews the current state of understanding
regarding interactions between P. cubensis and Cucurbitaceae, the genetic control of host reactions, and
overall variation within the pathogen. A well-characterized set of differential Cucurbitaceae taxa and
genotypes for the identification of P. cubensis pathotypes or races has not yet been designated. A
preliminary set designated by Thomas et al. (1987) was, in certain cases, deficient in taxonomic
description, determination of membership at the level of accession, uniformity of differential response,
and international availability. An improved differential set of cucurbit accessions for characterization of
pathogenic variability of P. cubensis isolates is proposed in this paper. The proposed set includes 12 taxa
from six genera (Benincasa, Citrullus, Cucumis, Cucurbita, Lagenaria and Luffa). These differentials are
natural host plants of P. cubensis, and basic information on their host-parasite specificity and variability
is available. The members of this new set are taxonomically well characterized and available as genebank
accessions. The data about host genera and pathogen variation summarized here fully support previous
reports about the existence of distinct physiological forms (pathotypes and races) of P. cubensis, and a
tetrade coding system is offered to designate P. cubensis pathotypes. This paper presents evidence that
such forms may be delimited based on host genus, species and intraspecific specificities. This proposed
differential set of Cucurbitaceae should serve as an appropriate baseline for more detailed research
about P. cubensis isolate variation and population structure at the pathotype level. Steps to foster
international collaboration on this topic are suggested and discussed.
Key words:

Benincasa; Citrullus; Cucumis; Cucurbita; Lagenaria; Luffa; cucurbit downy mildew;
pathogen variability; genetic resources; host-parasite specificity; physiological specialization; resistance breeding

Zusammenfassung
Der Falsche Mehltau an Gurken (Pseudoperonospora cubensis) ist gekennzeichnet durch erhebliche
Schwankungen in der Pathogenität, Spezifität und den Wirt-Parasit-Interaktionen. Dieser Bericht
fasst den gegenwärtigen Kenntnisstand bezüglich der Wechselwirkungen zwischen P. cubensis und den
Cucurbitaceae zusammen sowie der genetischen Steuerung der Wirtsreaktionen und aller Variationen
innerhalb des Erregers. Ein gut charakterisiertes Sortiment an differenzierenden Cucurbitaceae-Taxa
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und Genotypen zur Identifizierung von P. cubensis-Pathotypen oder -Rassen wurde bis jetzt nicht
beschrieben. Ein vorläufiges Sortiment hatten Thomas et al. (1987) vorgestellt, aber in gewissen Fällen
mangelte es diesen an taxonomischer Beschreibung, an einer Bestimmung der Zugehörigkeit auf dem
Niveau der Herkünfte, an der Uniformität der differenzierten Reaktion und an der internationalen
Verfügbarkeit. In der vorliegenden Arbeit wird ein verbessertes Sortiment zur Charakterisierung der
Variabilität von P. cubensis vorgestellt. Das Sortiment besteht aus 12 Taxa, aus sechs Gattungen
(Benincasa, Citrullus, Cucumis, Cucurbita, Lagenaria und Luffa). Alle sind natürliche Wirte von P. cubensis
und grundlegende Informationen über ihre Wirt-Parasit-Spezifitäten und Variabilitäten sind verfügbar. Außerdem sind sie taxonomisch gut charakterisiert und in Genbanken erhältlich, Die Daten über
die Wirtsgattungen und über die Variabilität des Erregers, die hier zusammengefasst sind, unterstützen
frühere Berichte über die Existenz unterschiedlicher physiologischer Formen (Pathotypen und Rassen)
von P. cubensis. Es wird ein Viererschlüssel-System zur Bestimmung von P. cubensis-Pathotypen
beschrieben. In dieser Arbeit wird der Beweis erbracht, dass solche Formen auf der Basis von Wirtsgattung, Art und intraspezifischer Besonderheiten abgegrenzt werden können. Dieses Differentialsortiment von Cucurbitaceae könnte eine geeignete Basis für detailliertere Untersuchungen über die
Variation von P. cubensis-Isolaten und über die Populationsstruktur auf der Pathotyp-Ebene dienen.
Es werden Schritte zur Förderung der internationalen Zusammenarbeit auf diesem Gebiet vorgeschlagen und diskutiert.
Stichwörter: Benincasa; Citrullus; Cucumis; Cucurbita; Lagenaria; Luffa; Gurkenmehltau; Pseudo-

peronospora cubensis; Erregervariabilität; genetische Ressourcen; Wirt-Parasit-Spezifität;
physiologische Spezialisierung; Resistenzzüchtung

1

Introduction

Downy mildew of cucurbits, Pseudoperonospora cubensis (Berk. and Curt.) Rostov., has been a serious
problem world-wide on various Cucurbitaceae crops (Lebeda 1990; Palti and Cohen 1980; Thomas
1996). There are more than 50 cucurbit species known as hosts of P. cubensis (Lebeda 1990, 1992a;
Palti and Cohen 1980). Most published information on host specificity originates from Asia and
USA (Bains and Sharma 1986; Thomas et al. 1987), with very little derived from Europe (Lebeda
1999; Lebeda and Gadasová 2002). Our understanding of intraspecific variation and genetics in the
Cucurbitaceae – P. cubensis pathosystem is limited, but extremely important from the viewpoint of
theoretical knowledge and practical resistance breeding (Lebeda 1999; Lebeda and Gadasová 2002).
The aims of this paper are to review and apply information data about Cucurbitaceae – P. cubensis
interactions to the development of well specified differential set of Cucurbitaceae for the characterization of P. cubensis pathogenic variability.

2

Framework for the development of differential set for P. cubensis

Pathogenic variability, as expressed in differential virulence, has been described for several downy
mildew species. In host plant – downy mildew interactions, there is often a very clear expression of
compatibility or incompatibility. This allows a classification of pathotypes or races based on the pattern
of compatible and incompatible reactions on the differential hosts. Each differential-host genotype
may carry different resistance alleles, which interact with corresponding pathogen avirulence genes. In
investigating downy mildew pathogenic variability, the following issues are of importance (Lebeda and
Schwinn 1994):
1. General knowledge about host-pathogen variability and specificity of interaction;
2. Knowledge about host-pathogen genetics; and
3. Availability of a theoretical genetic model explaining host-pathogen interactions.
To date, the above-mentioned criteria have been applied to only a limited number of host plant –
downy mildew interactions, and there are only a few downy mildew species (Bremia lactucae Regel,
Peronospora halstedii Farlow, P. parasitica (Pers.) Tul. and P. viciae (Berk.) Caspary) where the phe-
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nomenon of pathogenic variability is more clearly described (Lebeda and Schwinn 1994; SpencerPhillips et al. 2002).
The differentiation of pathotypes and races of P. cubensis is a work in progress. A study of P. cubensis
isolates originating from USA, Israel and Japan on 26 plant genotypes representing the seven cucurbit
genera Benincasa Savi, Citrullus Schrad. ex Eckl. & Zeyh., Cucumis L., Cucurbita L., Lagenaria Ser.,
Luffa Mill., and Momordica L., revealed that distinct pathotypes exist among isolates (Thomas et al.
1987). In that study, representatives of three cucurbit genera, Citrullus, Cucumis, and Cucurbita, were
used to differentiate among P. cubensis pathotypes. Their research also revealed that five distinct
pathotypes of P. cubensis exist among isolates originating from the USA, Israel and Japan (Thomas et
al. 1987). In general, this study serves as a crucial starting point for a more detailed understanding of
host – parasite interactions in the Cucurbitaceae – P. cubensis pathosystem. Their results also provided
the first opportunities for detailed characterization of P. cubensis isolates, studies of pathogen population variability in different countries, and evaluation of variation in resistance in cucurbit germplasm to
defined isolates. Ultimately, this can lead to the development of improved, resistant cultivars for these
crops. However, each step forward creates new topics for future investigation, as noted by Thomas et
al. (1987) at the close of their paper “The pathotype concept discussed above for this pathosystem is not
presented as the entire, definite picture of physiological specialization in P. cubensis, but as a framework
for continued study.”
The need for expanded research in this area has been stressed many times (Lebeda 1990, 1992a,
1999; Lebeda and Widrlechner 2003a). The most compelling reasons can be outlined as follows.
1. Host plant (Cucurbitaceae genera and species)
a. Establish a more clearly described set of differential host genotypes in relation to taxonomic
identity, geographic origin, and genetics (resistance factors/genes, markers, other genetic characters);
b. Conserve these genotypes (accessions) in a germplasm collection under standard genebank conditions; and
c. Share them freely and encourage their use throughout the research community.
2. Pathogen (Pseudoperonospora cubensis)
a. Establish a standard collection of well-characterized (geographic origin, country and place of
origin, host species and genotype, pathogenic variation, etc.) isolates of P. cubensis;
b. Conserve these isolates under standard and controlled conditions; and
c. Share them freely, within the limits of phytosanitary control and appropriate restrictions to reduce
the risk of the evolution and spread of new pathotypes, and encourage their use throughout the
research community.

3

Current status of knowledge

3.1

Host plant

The family Cucurbitaceae is a very large and heterogeneous group of plants, represented by 118 genera
and more than 825 species (Bates et al. 1990; Jeffrey 2001). However, only about 20 genera and
50 species are known as hosts of P. cubensis (Palti and Cohen 1980; Lebeda 1990, 1992a). During
the 1990s, many experimental studies following standard methods of controlled inoculation and
incubation (Lebeda 1986) were conducted to help elucidate interactions between Cucurbitaceae and
P. cubensis. These studies are briefly characterized and summarized below according to the most
important crop hosts.
3.1.1

Cucumis

3.1.1.1 C. sativus L.

Contrary to earlier reports (Barczynska et al. 1988; Fanourakis and Simon 1987), relatively comprehensive screening studies (Lebeda 1992b; Lebeda and Prášil 1994) showed that available C. sativus
germplasm accessions and recent commercial cucumber cultivars do not possess effective sources of
resistance, and race-specific interactions are unknown (Lebeda 1999). Resistance reported in some
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C. sativus accessions (PI 179676, PI 197085, PI 197086, PI 197088) and their race-specific background (Angelov et al. 2000; Shetty et al. 2002) is questionable because of methodology used (poorly
specified and possible mixtures of isolates) and thus require verification. Limited variation in the
C. sativus-P. cubensis interaction supports previous reports that the genetic diversity in this crop is
rather low (Knerr et al. 1989; Kupper and Staub 1988; Staub et al. 1987), including diversity for
some disease traits (Barczynska et al. 1988). Thus, we can conclude that C. sativus genotypes could be
used in a differential set only as a susceptible control (Table 1). Nevertheless, it is important to continue
investigations of this host-parasite interaction because there may still be opportunities to discover racespecific resistance in this species, as new sources of diversity in C. sativus become available (Mliki et al.
2002; Shetty et al. 2002; Staub et al. 1997, 1999). For example, there is a lack of information on host
response to P. cubensis pathotypes in the wild relatives, C. sativus var. hardwickii (Royle) Gabaev and
var. sikkimensis Hook. There are, however, recent reports of germplasm and selected cultivars of
C. sativus with higher levels of field resistance (Bjoern and Kampmann 2000; Dhillon et al. 1999;
Doruchowski and Lakowska-Ryk 2000; Horejsi et al. 2000; Lebeda 1999; Lebeda and Doležal
1995; Lebeda and Prášil 1994; Petrov et al. 2000; Shetty et al. 2002; Wehner and Shetty 1997).
Well-defined pathotypes would also be valuable in verifying levels of this type of resistance to P. cubensis.
Strategies based on the use of known pathotypes could also help improve the efficiency of markerassisted selection (MAS) methods recently developed (Horejsi et al. 2000) for breeding cucumber
cultivars with higher level of downy mildew field resistance.
3.1.1.2 C. melo L.

Recent reports characterize Cucumis melo as displaying considerable intraspecific variation at various
levels, i. e., morphological, genetic and molecular (Pitrat et al. 2000; Stepansky et al. 1999). Cucumis
melo is the only species in the genus wherein the phenomenon of race-specificity of P. cubensis is
relatively well understood (Bains and Sharma 1986; Lebeda 1990, 1991, 1999; Palti and Cohen
1980; Thomas et al. 1987), and some effective sources of resistance are available (Lebeda 1999; Pitrat
et al. 1998). Characterized sources of resistance are under di- or oligogenic control and are partially
dominant (Pitrat et al. 1998). Cucumis melo has recently been considered as an important source of
genetic variation, including resistance to P. cubensis, for incorporation into C. sativus through interspecific

Table 1.

Characteristics of a new Cucurbitaceae differential set for the determination of pathogenic variability
in Pseudoperonospora cubensis

No. Taxon

Accession number
Donor

01
02
03
04
05
06
07
08
09
10
11
12

Cucumis sativus
C. melo subsp. melo
C. melo var. conomon
C. melo var. acidulus
Cucurbita pepo var. pepo
C. pepo var. texana
C. pepo var. fraterna*
C. maxima
Citrullus lanatus
Benincasa hispida
Luffa cylindrica
Lagenaria siceraria

PI 292008
CUM 238/1974
PI 200819
PI 171622
PI 614687
PI 532355
BEN 485

Cultivar name

Country of origin

‘Marketer 430’
‘Ananas Yokneam’
‘Baj-Gua’

USA
Israel
Japan
Myanmar
Turkey
USA
Mexico
Czechoslovakia
Israel
USA
?
?

EVIGEZ
H39-0121
H40-1117
H40-0625
H40-0611
H42-0117
H42-0130
H42-0136
H42-0137
H37-0008
H15-0001
H63-0010
H63-0009

‘Dolmalik’
‘Goliáš’
‘Malali’

EVIGEZ – Czech genebank number (accessions are maintained in RICP in Prague, Department of Gene Bank, Workplace Olomouc, Czech Republic;
working collection is maintained in Laboratory of Plant Pathology, Department of Botany, Faculty of Science, Palacký University, Olomouc, Czech
Republic)
* originally described as Cucurbita fraterna (Lebeda and Gadasová 2002)
? unknown
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hybridization (Chen and Adelberg 2000; Lebeda et al. 1996, 1999). The analysis of intraspecific
variation in C. melo uncovered basic differences in resistance to P. cubensis and established a system to
differentiate pathogen isolates originating from Japan and Israel (Thomas et al. 1987). Recent studies
(Lebeda and Gadasová 2002) demonstrated that P. cubensis isolates originating from Europe are
broadly variable in virulence on three C. melo genotypes/accessions (Table 2). More detailed research of
C. melo accessions maintained in world genebank collections might yield new information on hostpathogen interactions and the evolution of this pathosystem, leading to a more precise differentiation
of P. cubensis and a better understanding of the genetics of resistance based on well-defined host
genotypes and pathogen isolates.
3.1.1.3 Other Cucumis species

In addition to the two widely cultivated species discussed above, the most recent taxonomic monograph of the genus Cucumis recognizes about 30 wild species, most native to Africa (Kirkbride 1993).
However, only few of them (ca. eight species) are known as natural hosts of P. cubensis (Palti and
Cohen 1980). To date, only limited information has been published (Lebeda 1992a, 1999) on the
specificity of interactions between wild Cucumis taxa and P. cubensis. Recent screening with controlled
inoculation of a set of about 100 accessions representing more than 20 wild species with six P. cubensis
isolates demonstrated no clear differential patterns (Lebeda, unpubl. results). Thus, it can be concluded that wild Cucumis species are unlikely to have played an important role in the differentiation of
P. cubensis pathotypes. However, more intensive research with additional, well specified P. cubensis
isolates may bring new and interesting results.
Citrullus

3.1.2

The genus Citrullus is represented by four taxonomically valid species, C. colocynthis (L.) Schrad.,
C. ecirrhosus Cogn., C. lanatus (Thunb.) Matsum. & Nakai and C. rehmii De Winter (Robinson and
Decker-Walters 1997). Two of them, C. colocynthis and C. lanatus (syn. C. vulgaris Schrad.), are
known as natural hosts of P. cubensis (Palti and Cohen 1980). Two botanical varieties are recognized
in C. lanatus: var. lanatus, the cultivated types, the “egusi” melon; and var. citroides (L. H. Bailey)
Mansf., known as the citron, preserving melon, or “tsamma” (Jarret et al. 1997). Both types have been

Table 2.

Examples of reaction patterns of some Pseudoperonospora cubensis isolates originating in Europe and
their degree of pathogenicity (modified from Lebeda and Gadasová 2002; Lebeda unpubl. results)

No. Taxon

P. cubensis/isolate
PC
3/001) 13/002) 1/88

01
02
03
04
05
06
07
08
09
10
11
12

Cucumis sativus
C. melo subsp. melo
C. melo var. conomon
C. melo var. acidulus
Cucurbita pepo var. pepo
C. pepo var. texana
C. pepo var. fraterna
C. maxima
Citrullus lanatus
Benincasa hispida
Luffa cylindrica
Lagenaria siceraria

+
+
–
–
–
–
–
–
–
–
–
–

+
–
–
+
–
+
–
+
–
–
–
–

+
+
–
–
–
+
–
–
–
+
–
+

3/98

1/98

4/00

12/00

1/97

+
–
–
–
–
+
–
+
–
+
–
+

+
+
–
–
–
+
–
+
–
+
–
+

+
–
+
–
–
+
+
+
–
+
–
+

+
+
–
+
–
+
–
+
–
+
+
+

+
+
+
+
–
+
–
+
+
+
–
+

24/01 39/01
+
+
+
+
+
+
+
+
–
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+

PC = general designation of P. cubensis isolates, coding = isolate number/year of collecting; origin of isolates: all from Cucumis sativus; 1) = France, 2) =
others Czech Republic; – = resistant reaction, no visible symptoms of sporulation or very sparse sporulation; + = susceptible reaction (moderate or
abundant sporulation).
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found to exhibit relatively high levels of resistance or tolerance to certain fungal and virus diseases
(Jarret et al. 1997); however, there is limited information about the specificity of interactions between
Citrullus spp.-P. cubensis. Available data were summarized by Bains and Sharma (1986), Lebeda
(1990, 1999), Palti and Cohen (1980) and Thomas et al. (1987). The first clear pathotype-specific
reaction pattern was identified in C. lanatus (Thomas et al. 1987). The existence of this phenomenon
was verified by inoculation with some European (Lebeda and Gadasová 2002) and Israeli (Cohen et
al. 2003) isolates. For other Citrullus species, we lack information on interactions with various P. cubensis
isolates. A broader screening of Citrullus species germplasm collections should be conducted to obtain
information about patterns of variation for resistance. Presently, there are no data available on the
genetics of resistance to this pathogen.
3.1.3

Cucurbita

The genus Cucurbita includes a relatively small group of species with the greatest taxonomic diversity
in Mexico (Lira-Saade 1995; Merrick 1995; Sanjur et al. 2002; Whitaker and Bemis 1964). Five
species, C. argyrosperma C. Huber, C. ficifolia Bouche, C. maxima Duchesne, C. moschata Duchesne
and C. pepo L., are used as horticultural crops; others are wild species (Lira-Saade 1995). Wild
Cucurbita species are ecologically variable and form two groups, mesophytic and xerophytic species,
with different geographic distributions (Whitaker and Bemis 1964). Only three species, C. maxima,
C. moschata and C. pepo, have been reported as natural hosts of P. cubensis (Palti and Cohen 1980).
Cucurbita pepo, native in North America and cultivated extensively in the Old World, is the most
widely grown and polymorphic of the Cucurbita species. However, C. pepo germplasm generally is
considered poor in genes for disease resistance (Paris 2001). Limited research and breeding of Cucurbita
species for resistance to P. cubensis have been conducted (Lebeda 1992c; Whitaker and Robinson
1986). A detailed analysis of the responses of 60 cultivars of C. pepo to three isolates of P. cubensis
demonstrated large variation in compatibility, characterized differences among subspecies and botanical varieties, and suggested that host-parasite specificity between C. pepo and P. cubensis is controlled by
race-specific factors (Lebeda and Krístková 1993), but the genetics of resistance remains unknown.
Significant differences in resistance/susceptibility to downy and powdery mildews (Erysiphe cichoracearum DC., Sphaerotheca fuliginea (Schlecht.) Pollacci) among fruit morphotypes (Paris 1989) have
been reported. Although zucchini, cocozelle and vegetable marrow expressed high resistance to P. cubensis,
they also had relatively high powdery mildew sporulation. Cultivars with the fruit types acorn,
straightneck and ornamental gourd were quite susceptible to P. cubensis, but they were scored as
resistant to powdery mildew in laboratory and field evaluations (Lebeda and Krístková 2000).
Pathotype-specificity has also been described for C. maxima and C. moschata (Bains and Sharma 1986;
Cohen et al. 2003; Thomas et al. 1987) and for C. pepo var. fraterna (L. H. Bailey) Filov (Lebeda,
unpubl. results). Some of these species (C. maxima, C. pepo and C. pepo var. fraterna) are included in the
new version of the differential set (Table 1). Selected accessions of C. moschata have also been
characterized for greenhouse and field susceptibility to P. cubensis (Wessel-Beaver 1993). Based on
Wessel-Beaver’s (1993) results, it would be worthwhile to determine whether selected accessions of
C. moschata might contribute new information to the expanded differential set. For a more detailed
understanding of Cucurbita-P. cubensis interactions, more species and germplasm accessions must be
screened. The results from screening of wild and weedy Cucurbita species suggest that the phenomenon
of race-specificity is fairly widespread (Lebeda and Widrlechner 2003b).
3.1.4

Benincasa

There is only one species in the genus Benincasa, B. hispida (Thunb.) Cogn., native to southeastern
China (Robinson and Decker-Walters 1997). It has been described as a natural host of P. cubensis
(Palti and Cohen 1980). Relatively few disease-resistance studies have been conducted with this
species (Decker-Walters 1998), and only limited experimental data are available on resistance of
B. hispida to P. cubensis. Pathotype-specific resistance of B. hispida against P. cubensis was demonstrated by Bains and Sharma (1986) and confirmed by Thomas et al. (1987), but basic information
about the genetics of resistance is lacking.
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Luffa

The genus Luffa includes seven species, four well-differentiated species of the Old World tropics and
three rather similar Neotropical species (Heiser and Schilling 1990). Both domesticated species,
L. acutangula (L.) Roxb. and L. aegyptiaca Mill. (syn. L. cylindrica M. Roem.), and two wild species,
L. echinata Roxb. and L. graveolens Roxb., have their origins in Tropical Asia (Rubatzky and Yamaguchi
1997); the other three wild species (L. astorii Svenson, L. operculata (L.) Cogn. and L. quinquefida (Hook
& Arn.) Seem), are indigenous to South America (Heiser and Schilling 1990; Robinson and DeckerWalters 1997). Luffa acutangula and L. aegyptiaca are described as natural hosts of P. cubensis (Palti and
Cohen 1980). Recent reports indicate severe attacks under field conditions by P. cubensis on L. acutangula
and Luffa spp. from China (Cohen et al. 2003) and India (Fugro et al. 1997). However, data on
resistance of Luffa species to diseases, including P. cubensis, are limited (Singh and Singh 1998).
Jamadar and Desai (1999) reported that none of the L. acutangula cultivars evaluated was resistant to
P. cubensis. The first experimental studies demonstrating that L. cylindrica expressed pathotype(race?)specificity to P. cubensis isolates were reported by Bains and Sharma (1986). This phenomenon was
confirmed by Thomas et al. (1987) for L. acutangula and L. cylindrica, and, more recently, has also been
supported by Lebeda and Gadasová (2002). Data from more thorough screening of these two domesticated species are not available, nor is basic knowledge on resistance genetics.
3.1.6

Lagenaria

The genus Lagenaria was previously considered to be monotypic, but recently six species were recognized,
including five wild species L. abyssinica (Hook. f.) C. Jeffrey, L. breviflora (Benth.) Roberty, L. guineensis
(G. Don) C. Jeffrey, L. rufa (Gilg) C. Jeffrey and L. sphaerica (Sond.) Naud., native to Africa (Robinson
and Decker-Walters 1997). Lagenaria siceraria (Molina) Standl. (syn. L. vulgaris Ser. and L. leucantha
Rusby) is used as a crop known as bottle gourd. There are two reasonably well-defined subspecies of
L. siceraria (Decker-Walters et al. 2001), showing intraspecific variation. Lagenaria siceraria and
L. sphaerica are natural hosts of P. cubensis (Palti and Cohen 1980), yet experimental data on the
resistance of Lagenaria species to P. cubensis are limited. Bains and Sharma (1986) found only susceptible reactions to P. cubensis; in contrast, Thomas et al. (1987) noted a high frequency of resistance or
incomplete resistance after inoculation with six P. cubensis isolates that originated in Japan and Israel.
Recent results by Lebeda and Gadasová (2002) and Cohen et al. (2003) showed a well defined, racespecific response. Although L. siceraria displays race-specific resistance, we do not know its genetic basis
nor how other Lagenaria species might react to various P. cubensis isolates.
3.2

Characterization of a set of Cucurbitaceae taxa for differentiation of P. cubensis pathotypes

An improved set of differential cucurbit genotypes (Table 1) for use in the characterization of P. cubensis
virulence variation was created from an existing set proposed by Thomas et al. (1987) through the
addition of more species and a clearer specification of membership through the identification of specific
genebank accessions. The utility of the existing set was limited because of the following points: a) not all
of the most important host genera of P. cubensis were included; b) not all genotypes were defined to the
level of species (e. g., Cucurbita); c) specific accessions were not defined; and d) the set has not been
maintained as a unit by at least one responsible institution making acquisition problematic.
The improved set meets all of the limitations noted above. It includes 12 taxa from the five most
important host genera of Cucurbitaceae (Table 1), allowing a more precise specification of P. cubensis
pathotypes. The new set was based on previously published results (Bains and Sharma 1986; Lebeda
1992a,b, 1999; Lebeda and Krístková 1993; Lebeda and Prášil 1994; Thomas et al. 1987) that
demonstrated various details of host-parasite specificity and pathogen variation.
A preliminary validation of this set was conducted by testing 22 P. cubensis isolates collected in four
European countries (Lebeda and Gadasová 2002). Ideally, we would also prefer to validate this set by
using the pathotypes enumerated by Thomas et al. (1987), but this has not been possible.
By using this new differential set (Table 1), at least 12 pathogenicity factors and their combinations
could be determined. Some of these combinations and/or reaction patterns are shown in Table 2
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(10 distinct patterns). On the basis of the data presented in Tables 1 and 2, the theoretical maximum
number of pathotypes is given by 2n (n = number of differential genotypes), i. e., 212 pathotypes of
P. cubensis could be recognized (Lebeda and Schwinn 1994).
An important feature of any differential set is the repeatibility of test results. Standardized screening methodology is a key aspect of repeatibility. Screening and evaluation protocols have fortunately
been described in detail in earlier reports (Lebeda 1986, 1991, 1992a,b; Lebeda and Gadasová
2002; Lebeda and Krístková 1993) and have been followed in the development of this new differential set.
The plants were grown in a growth chamber in plastic pots filled with garden soil. Evaluations were
conducted on leaf disks (20 mm in diameter) removed from adult plants that were about 6 to 8 weeks
old. Five disks from one leaf and three plants per test were used. The leaf disks were placed on moist
filter paper in Petri dishes or in plastic boxes of various sizes (e. g., 340 × 265 mm) and inoculated on
their abaxial surface (Lebeda 1991). The evaluation of sporulation intensity was rated 6, 8, 10, 12 and
14 days after inoculation following a 0–4 scale (Lebeda 1986, 1992a). Recently, a similar scale and
methodology were used by Cohen et al. (2003) to characterize a new Israeli pathotype. The reliability
of this leaf disk inoculation bioassay for Cucumis sativus has also been recently confirmed by comparison with the results of field experiments (Petrov et al. 2000).
This host-differential set can be expanded to include new members, which may be discovered
through future research on host-pathogen specificity and genetic control. Research in this area should
lead to a comprehensive, well specified, host-differential set, not only for diferentiation of pathotypes
(variability of pathogenicity among different genera of Cucurbitaceae), but also of races (variability of
pathogenicity within a single genus) of P. cubensis, such as made recently available for Bremia lactucae
(Ettekoven and Arend van der 1999; Lebeda and Zinkernagel 2003).
3.3

Pathogen (Pseudoperonospora cubensis)

To date, few studies have focused on pathogenicity variation in P. cubensis. Iwata (1942) was probably
the first who recognized the host specificity exhibited by different isolates of P. cubensis, conclusions
supported by observations of Hugher and van Halteren (1952). Later, Palti (1974) analyzed the
significance of divergence of the pathogen on various cucurbit hosts. Thomas (1982) emphasized the
need for international research to determine relationships among host specificities for downy mildew
on cucurbits. Bains and Sharma (1986) used 18 genotypes from six genera of Cucurbitaceae as
differential hosts to characterize races of P. cubensis. Thomas et al. (1987) used these past results to
develop the best characterized differential set at that time. This set allowed the first clear description of
P. cubensis pathotypes based on host compatibilities between various isolates and different cucurbit
taxa. Recently, Cohen et al. (2003) expanded this set by including two additional taxa (Lagenaria spp.,
Luffa spp.). All these studies relied upon a limited number of pathogen isolates from Japan, India, Israel
and USA. Until recent reports by Lebeda and colleagues (Lebeda 1999; Lebeda and Gadasová 2002),
no European isolates of P. cubensis had ever been analyzed for pathotype variation.
Recent data, obtained with P. cubensis isolates originating from Cucumis sativus and C. melo showed
that assigning variation to formae speciales could be misleading (Lebeda and Gadasová 2002), a
limitation also noted by Thomas et al. (1987). This limitation notwithstanding, our data do fully
support initial reports about the existence of distinct physiological forms of P. cubensis (Bains and
Sharma 1986; Lebeda and Krístková 1993; Thomas et al. 1987) that may be delimited based on host
genus, species and infraspecific specificities. Thomas et al. (1987) proposed six differentials to designate five P. cubensis pathotypes (1–5) with increasing virulence patterns. Twenty-two European isolates
were recently divided into 13 groups according to their reaction patterns; i.e., at least 13 different
pathotypes could be distinguished (Lebeda and Gadasová 2002). However, some new data demonstrate much more broader variability in pathogenicity of P. cubensis (e. g. isolates 24/01 and 39/01;
Lebeda, unpubl. results). Examples of some of these reaction patterns are presented in Table 2,
demonstrating that European (mostly originating from the Czech Republic) isolates of P. cubensis are
highly variable and differ from the five pathotypes described from Japan, Israel and the United States
(Thomas et al. 1987). Recently, Lebeda and Gadasová (2002) were unable to compare European
isolates with the five pathotypes described by Thomas et al. (1987). Those pathotypes could not serve
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as controls because they were no longer available. Nevertheless, isolate PC 3/00 (Table 2) can be
considered equivalent in its reaction pattern to Pathotype 1 of Thomas et al. (1987).
On the basis of field evaluations of cucumbers, Horejsi et al. (2000) hypothesized that Europe and
the United States may harbor different races of P. cubensis; however, they found no conclusive evidence
that races in these two continents differ. These authors noted that differences in downy mildew scores
between locations may have been due to environmental and/or pathogen factors. But recently a set of
cucumber cultivars and breeding lines (cultigens) was tested under field or greenhouse conditions for
resistance to P. cubensis in sites in the USA, Poland, China, and India thought to differ in P. cubensis
virulence. Individual cultigens differed significantly in their field or glasshouse resistance to downy
mildew at different locations (Shetty et al. 2002), providing good evidence for variation in the level of
aggresivity of pathogen populations in different locations and for the probable existence of P. cubensis
races on cucumbers. However, these results will need to be verified by standardized screening methodology (see discussion above). In addition, recent experimental results (Lebeda and Gadasová 2002;
Lebeda unpubl. results) have demonstrated that there are substantial differences in pathotype structure
among various European locations (Czech Republic, France, the Netherlands, Spain), and we expect
that must also be true for differences between continents.
Further attention should be directed to an examination of the world-wide distribution of downy
mildew to determine where the pathogen is most diverse. For example, given our knowledge of natural
host ranges, Central America, Africa, and China deserve close scrutiny. Are they centers of origin and
diversity for host – parasite interactions? This question has only partly been answered for Cucumis spp.
(Leppik 1966; Lebeda 1992a). The study of population structure and genetics of Oomycetes is still in
its infancy, and the centers of origin and diversity of only a few species are known (e. g., Phytophthora
infestans (Montagne) de Bary, Bremia lactucae) (Drenth and Goodwin 1999). But a full understanding of the Cucurbitaceae – P. cubensis pathosystem will require such information, collected broadly
throughout the world.
The description of pathotypes by Thomas et al. (1987) serves as a starting point for a more formal,
detailed description. General guidelines upon which more complete descriptions can be based are
available (Caten 1987; Herrmann et al. 1999; Johnson 1999; Lebeda and Schwinn 1994; Limpert
et al. 1994; Limpert and Müller 1994; Thomas et al. 1987). In this paper, we propose a new method
for the designation of P. cubensis pathotypes, in the form of a mathematical code derived from a system
developed by Limpert and Müller (1994) and Limpert et al. (1994). The binary (–, +; see Table 2)
results of leaf-disc bioassays are translated into unique numerical (tetrade) codes, on the basis of
differential set groupings. These codes are comprised of three parts, each corresponding to the pattern
resulting from three unique groups of four differentials (see Table 3). Within each group, numerical
values of 1, 2, 4, and 8 are assigned to + results and then summed. The three sums are then presented

Table 3.

Unique (tetrade) numerical codes for Pseudoperonospora cubensis pathotypes (Table 2) following the
proposed differential set of Cucurbitaceae (Table 1)

Groups of differentials
Differential number (Table 2)
Value

1
1

Isolates (Test results)
PC 3/00
PC 13/00
PC 1/88
PC 3/98
PC 1/98
PC 4/00
PC 12/00
PC 1/97
PC 24/01
PC 39/01

1
1
1
1
1
1
1
1
1
1

1. Cucumis spp.
2
3
4
2
4
8
2
0
2
0
2
0
2
2
2
2

0
0
0
0
0
4
0
4
4
4

0
8
0
0
0
0
8
8
8
8

5
1
0
0
0
0
0
0
0
0
1
1

2. Cucurbita spp. 3. Other Cucurbitaceae Unique code
6
7
8
9
10 11 12
2
4
8
1
2
4
8
0
2
2
2
2
2
2
2
2
2

0
0
0
0
0
4
0
0
4
4

0
8
0
8
8
8
8
8
8
8

0
0
0
0
0
0
0
1
0
1

0
0
2
2
2
2
2
2
2
2

0
0
0
0
0
0
4
0
4
4

0
0
8
8
8
8
8
8
8
8

3.0.0
9.10.0
3.2.10
1.10.10
3.10.10
5.14.10
11.10.14
15.10.11
15.15.14
15.15.15
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as a unique code, in the format (sum of group 1).(sum of group 2).(sum of group 3), which can serve
as a identifier for each pathotype (Table 3). This coding system can be used to standardize communication. Of course, the addition of new differentials must be expected, which will result in changes to
our coding system. Given this starting point, additional research and discussion will be required to
establish an international standardization of P. cubensis pathotypes.
To help accomplish this, since 1996, the Laboratory of Plant Pathology (Department of Botany, Palacký
University in Olomouc, Czech Republic), under the umbrella of the “National Programme of Genepool
Conservation of Microorganisms and Small Animals of Economic Importance”, has maintained a standard
collection of well-characterized (country and place of origin, host species and genotype, pathogenic
variation, etc.) isolates of P. cubensis (examples in Table 2). This collection is maintained under standardized, controlled conditions (Lebeda 1986), and a reference set of well-characterized isolates is now being
made freely available. The laboratory is monitoring and investigating the variability of pathogenicity in
Czech and other European pathogen populations. It would be worthwhile to expand this collection to
include all new pathotypes, along with those already defined by Thomas et al. (1987), if possible.
Our newly proposed differential set of Cucurbitaceae (Table 1) should serve as an appropriate
baseline for more detailed research of P. cubensis population structure and variation at the level of
pathotypes throughout the world. It is evident that physiological specialization in European and other
populations of P. cubensis is widespread and must be seriously considered in plant pathology research
and in resistance breeding of cucurbitaceaous crops around the world.

4

Recommendations

1. To advance our understanding, additional information based on extensive testing of the widest
possible array of host and pathogen genotypes is required as a foundation for the continued
improvement of the differential set. This information should also be of practical importance in
disease-resistance breeding.
2. There is a need to establish efficient linkages and information exchange among research groups
involved in this topic.
3. To this end, a network should be established among public and commercial institutions responsible:
a. for maintaining collections of host-differential genotypes and pathogen isolates;
b. for investigating this pathosystem and related topics; and
c. for Cucurbitaceae breeding and seed production.

Acknowledgements
This research was supported by grants: 1) NAZV No. QD 1357, Ministry of Agriculture of Czech
Republic (MA CR); 2) Ministry of Education of Czech Republic No. MSM 153100010; 3) National
Programme of Genepool Conservation of Microorganisms and Small Animals of Economic Importance, MA CR. The authors thank Charles Block, Laura Merrick and James McCreight for their
valuable critiques of our report.

Literature
Angelov, D., P. Georgiev, L. Krasteva: Two races of Pseudoperonospora cubensis on cucumbers in
Bulgaria. – Acta Hort. 510, 81–83, 2000.
Bains, S. S., N. K. Sharma: Differential response of certain cucurbits to isolates of Pseudoperonospora
cubensis and characteristics of identified races. – Phytophylactica 18, 31–33, 1986.
Barczynska, H., D. van Kleinwee, M. Palmer, J. Staub, R. Clark: Evaluation of cucumber
germplasm for five pathogens. – HortScience 23 Section 2, 777 (Abstract), 1988.
Bates, D. M., R. W. Robinson, C. Jeffrey (eds.): Biology and Utilization of the Cucurbitaceae. –
Comstock Publ. Assoc., Ithaca, NY, 1990.

PflKrankh.

4/03

A set of Cucurbitaceae taxa for differentiation of Pseudoperonospora cubensis pathotypes

347

Bjoern, G. K., H. N. Kampmann: Screening field Riesenschäel cucumbers for resistance to downy
mildew: management of interplot interference problems. – Acta Hort. 510, 77–80, 2000.
Caten, C. E.: The concept of race in plant pathology. – In: Wolfe, M. S., C. E. Caten (eds.):
Populations and plant pathogens: Their dynamics and genetics, pp. 21–37. Blackwell Scientific
Publications, Oxford, 1987.
Chen, J. F., J. Adelberg: Interspecific hybridization in Cucumis – progress, problems, and perspectives. – HortScience 35, 12–15, 2000.
Cohen, Y., I. Meron, N. Mor, S. Zuriel: A new pathotype of Pseudoperonospora cubensis causing
downy mildew in cucurbits in Israel. – Phytoparasitica 2003 (in press).
Decker-Walters, D.: Underexploited germplasm resources of the Cucurbitaceae. – In: McCreight,
J. D. (ed.): Cucurbitaceae ’98. Evaluation and enhancement of cucurbit germplasm, pp. 17–30.
ASHS Press, Alexandria, VA, 1998.
Decker-Walters, D., J. Staub, A. López-Sesé, E. Nakata: Diversity in landraces and cultivars of
bottle gourd (Lagenaria siceraria; Cucurbitaceae) as assessed by random amplified polymorphic
DNA. – Genet. Res. Crop Evol. 48, 369–380, 2001.
Dhillon, N. P. S., P. P. Singh, K. Ishiki: Evaluation of landraces of cucumber (Cucumis sativus L.) for
resistance to downy mildew (Pseudoperonospora cubensis). – Pl. Genet. Res. Newsl. 119, 59–61, 1999.
Doruchowski, R. W., E. Lakowska-Ryk: F1 hybrid pickling cucumbers developed for increasing
yield, earliness and resistance to downy mildew (Pseudoperonospora cubensis). – Acta Hort. 510, 45–
46, 2000.
Drenth, A., S. B. Goodwin: Population structure of Oomycetes. – In: Worrall, J. J. (ed.): Structure
and dynamics of fungal populations, pp. 195–224. Kluwer Academic Publishers, Dordrecht, 1999.
Ettekoven van, K., A. J. M. Arend van der: Identification and denomination of “new” races of
Bremia lactucae. – In: Lebeda, A., E. Krístková (eds.): Eucarpia leafy vegetables ’99, pp. 171–175.
Palacký University, Olomouc, Czech Republic, 1999.
Fanourakis, N. E., P. W. Simon: Analysis of genetic linkage in the cucumber. – J. Heredity 78, 238–
242, 1987.
Fugro, P. A., J. C. Rajput, A. M. Mandokhot: Sources of resistance to downy mildew in ridge gourd
and chemical control. – Indian Phytopathol. 50, 125–126, 1997.
Heiser, C. B., Jr., E. E. Schilling: The genus Luffa: A problem in phytogeography. – In: Bates, D.
M., R. W. Robinson, C. Jeffrey (eds.): Biology and utilization of the Cucurbitaceae, pp. 120–133.
Comstock Publ. Assoc., Ithaca, NY, 1990.
Herrmann, A., C. F. Löwer, G. A. Schachtel: A new tool for entry and analysis of virulence data for
plant pathogens. – Pl. Path. 48, 154–158, 1999.
Horejsi, T., J. E. Staub, C. Thomas: Linkage of random amplified polymorphic DNA markers to
downy mildew resistance in cucumber (Cucumis sativus L.). – Euphytica 115, 105–113, 2000.
Hugher, M. B., F. van Halteren: Two biological forms of Pseudoperonospora cubensis. – Pl. Dis.
Reptr. 36, 365–367, 1952.
Iwata, Y.: Host plants of Pseudoperonospora cubensis (Berk. et Curt.) Rostow. – Ann. Phytopathol. Soc.
Jap. 12, 48–50, 1942.
Jamadar, M. M., S. A. Desai: Reaction of ridgegourd local cultivars against downy mildew caused by
Pseudoperonospora cubensis (Berk. et Curt.) Rostow. – Karnataka J. Agric. Sci. 12, 204–205, 1999.
Jarret, R. L., L. C. Merrick, T. Holms, J. Evans, M. K. Aradhya: Simple sequence repeats in
watermelon (Citrullus lanatus (Thunb.) Matsum & Nakai). – Genome 40, 433–441, 1997.
Jeffrey, C.: Cucurbitaceae. – In: Hanelt, P. (ed.): Mansfeld’s encyclopedia of agricultural and
horticultural crops, Vol. 3, pp. 1510–1557. Springer-Verlag, Berlin, Heidelberg, New York, 2001.
Johnson, R.: The use of binary and octal notation for designating races of plant pathogens. – Pl. Path.
48, 159–160, 1999.
Kirkbride, J. H., Jr.: Biosystematic monograph of the genus Cucumis (Cucurbitaceae). – Parkway
Publishers, Boone, NC, 1993.
Knerr, L. D., J. E. Staub, D. J. Holder, B. P. May: Genetic diversity in Cucumis sativus L. assessed
by variation at 18 allozyme coding loci. – Theor. appl. Genet. 78, 119–128, 1989.
Kupper, R. S., J. E. Staub: Combining ability studies between lines of Cucumis sativus L. and Cucumis
sativus var. hardwickii (R.) Alef. – Euphytica 38, 197–216, 1988.

348

Lebeda/Widrlechner

4/03

PflKrankh.

Lebeda, A.: Pseudoperonospora cubensis. – In: Lebeda, A. (ed.): Methods of testing vegetable crops for
resistance to plant pathogens, pp. 81–85. VHJ Sempra, Res. Breed. Inst. Veget. Crops, Olomouc,
Czech Republic, 1986.
Lebeda, A.: Biology and ecology of cucurbit downy mildew. – In: Lebeda, A. (ed.): Cucurbit downy
mildew, pp. 13–46. Czechosl. Sci. Soc. for Mycology by Czech. Acad. Sci., 1990.
Lebeda, A.: Resistance in muskmelons to Czechoslovak isolates of Pseudoperonospora cubensis from
cucumbers. – Sci. Hort. 45, 255–260, 1991.
Lebeda, A.: Screening of wild Cucumis species against downy mildew (Pseudoperonospora cubensis)
isolates from cucumbers. – Phytoparasitica 20, 203–210, 1992a.
Lebeda, A.: Susceptibility of accessions of Cucumis sativus to Pseudoperonospora cubensis. – Tests of
Agrochem. and Cult. No. 13 (Ann. appl. Biol. 120 Suppl.), 102–103, 1992b.
Lebeda, A.: Cucurbits breeding for multiple disease resistance. – In: Doruchowski, R. W., E. Kozik,
K. Niemirowicz-Szczytt (eds.): Proc. 5th Eucarpia Cucurbitaceae Symp., pp. 125–131. Skierniewice
(Poland), 1992c.
Lebeda, A.: Pseudoperonospora cubensis on Cucumis spp. and Cucurbita spp. – resistance breeding
aspects. – Acta Hort. 492, 363–370, 1999.
Lebeda, A., K. Doležal: Peroxidase isozyme polymorphism as a potential marker for detection of field
resistance in Cucumis sativus to cucumber downy mildew (Pseudoperonospora cubensis (Berk. et Curt.)
Rostov.). – J. Pl. Dis. Protec. 102, 467–471, 1995.
Lebeda, A., V. Gadasová: Pathogenic variation of Pseudoperonospora cubensis in the Czech Republic
and some other European countries. – Acta Hort. 588, 137–141, 2002.
Lebeda, A., E. Krístková: Resistance in Cucurbita pepo and Cucurbita moschata varieties to cucurbit
downy mildew. – Pl. Var. Seeds 6, 109–114, 1993.
Lebeda, A., E. Krístková: Interactions between morphotypes of Cucurbita pepo and obligate biotrophs
(Pseudoperonospora cubensis, Erysiphe cichoracearum and Sphaerotheca fuliginea). – Acta Hort. 510,
219–225, 2000.
Lebeda, A., E. Krístková, M. Kubaláková: Interspecific hybridization of Cucumis sativus × Cucumis
melo as potential way to transfer resistance to Pseudoperonospora cubensis, pp. 31–37. – In: GómezGuillamón et al. (eds.): Cucurbits towards 2000. Proc. VIth Eucarpia Meet. Cucurbit Genet.
Breeding, Malaga (Spain), 1996.
Lebeda, A., M. Kubaláková, E. Krístková, B. Navrátilová, K. Doležal, J. Doležel, M. Lysák:
Morphological and physiological characteristics of plants issued from an interspecific hybridization
of Cucumis sativus × Cucumis melo. – Acta Hort. 492, 149–155, 1999.
Lebeda, A., J. Prášil: Susceptibility of Cucumis sativus cultivars to Pseudoperonospora cubensis. – Acta
Phytopath. Entom. Hung. 29, 89–94, 1994.
Lebeda, A., F. J. Schwinn: The downy mildews – an overview of recent research progress. – J. Pl. Dis.
Prot. 101, 225–254, 1994.
Lebeda, A., M. P. Widrlechner: Differentiation of Pseudoperonospora cubensis (cucurbit downy mildew) pathogenicity. – 8th Intern. Congr. Pl. Pathol., Volume 2, p. 196. Christchurch, N. Z., 2003a.
Lebeda, A., M. P. Widrlechner: Response of wild and weedy Cucurbita L. to pathotypes of Pseudoperonospora cubensis (Berk. & Curt.) Rostov. (cucurbit downy mildew). – In: Spencer-Phillips,
P. T. N., M. J. Jeger (eds.): Advances in downy mildew research. Kluwer Academic Publ., Dordrecht,
2003b (in press).
Lebeda, A., V. Zinkernagel: Characterization of new highly virulent German isolates of Bremia lactucae
and efficiency of resistance in wild Lactuca spp. germplasm. – J. Phytopathol. 151, 274–272, 2003.
Leppik, E. E.: Searching gene centers of the genus Cucumis through host-parasite relationship. –
Euphytica 15, 323–328, 1966.
Limpert, E., B. Clifford, A. Dreiseitl, R. Johnson, K. Müller, A. Roelfs, C. Wellings: Systems
of designation of pathotypes of plant pathogens. – J. Phytopathol. 140, 359–362, 1994.
Limpert, E., K. Müller: Designation of pathotypes of plant pathogens. – J. Phytopathol. 140, 346–
358, 1994.
Lira-Saade, R.: Estudios taxonómicos y ecogeográficos de las Cucurbitaceae Latinoamericanas de
importancia económica. Systematic and Ecogeographic Studies on Crop Genepools. – 9. IPGRI,
Rome, 1995.

PflKrankh.

4/03

A set of Cucurbitaceae taxa for differentiation of Pseudoperonospora cubensis pathotypes

349

Merrick, L. C.: Squashes, pumpkins and gourds: Cucurbita (Cucurbitaceae). – In: Smartt, J., N. W.
Simmonds (eds.): Evolution of crop plants, 2nd ed., pp. 97–105. Longman Scientific, Harlow, U. K.,
1995.
Mliki, A., J. E. Staub, Z. Sun, A. Ghorbel: Genetic diversity in African cucumber (Cucumis sativus
L.) provides potential for germplasm enhancement. – Genet. Res. Crop Evol. 2002 (in press).
Palti, J.: The significance of pronounced divergencies in the distribution of Pseudoperonospora cubensis
on its crop hosts. – Phytoparasitica 2, 109–115, 1974.
Palti, J., Y. Cohen: Downy mildew of cucurbits (Pseudoperonospora cubensis): The fungus and its
hosts, distribution, epidemiology and control. – Phytoparasitica 8, 109–147, 1980.
Paris, H. S.: Historical records, origins, and development of the edible cultivar groups of Cucurbita
pepo (Cucurbitaceae). – Econom. Bot. 43, 423–443, 1989.
Paris, H. S.: History of the cultivar-groups of Cucurbita pepo. – Hort. Rev. 25, 71–170, 2001.
Petrov, L., K. Boogert, L. Sheck, A. Baider, E. Rubin, Y. Cohen: Resistance to downy mildew,
Pseudoperonospora cubensis, in cucumbers. – Acta Hort. 510, 203–209, 2000.
Pitrat, M., C. Dogimont, M. Bardin: Resistance to fungal diseases of foliage in melon. – In:
McCreight, J. D. (ed.): Cucurbitaceae ’98. Evaluation and enhancement of cucurbit germplasm,
pp. 167–173. ASHS Press, Alexandria, VA, 1998.
Pitrat, M., P. Hanelt, K. Hammer: Some comments on infraspecific classification of cultivars of
melon. – Acta Hort. 510, 29–36, 2000.
Robinson, R. W., D. S. Decker-Walters: Cucurbits. – CAB Intern., Wallingford, U. K. 1997.
Rubatzky, V. E., M. Yamaguchi: World vegetables. Principles, Production and nutritive values. 2nd
Ed. Chapman & Hall, New York, 1997.
Sanjur, O. I., D. R. Piperno, T. C. Andres, L. Wessel-Beaver: Phylogenetic relationships among
domesticated and wild species of Cucurbita (Cucurbitaceae) inferred from a mitochondrial gene:
Implications for crop plant evolution and areas of origin. – Proc. Natl. Acad. Sci. USA 99, 535–540,
2002.
Shetty, N. V., T. C. Wehner, C. E. Thomas, R. W. Doruchowski, K. P. V. Shetty: Evidence for
downy mildew races in cucumber tested in Asia, Europe, and North America. – Sci. Hort. 94, 231–
240, 2002.
Singh, R. D., J. P. Singh: Improvement and cultivation: Lagenaria and Luffa. – In: Naynar, N. M., T.
A. More (eds.): Cucurbits, pp. 199–204. Science Publishers Inc., Enfield, New Hampshire, 1998.
Spencer-Phillips, P. T. N., U. Gisi, A. Lebeda (eds.): Advances in downy mildew research. Kluwer
Academic Publishers, Dordrecht, 2002.
Staub, J. E., L. Fredrich, T. L. Marty: Electrophoretic variation in cross compatible wild diploid
species of Cucumis. – Can. J. Bot. 65, 792–798, 1987.
Staub, J. E., F. C. Serquen, J. D. McCreight: Genetic diversity in cucumber (Cucumis sativus L.):
III. An evaluation of Indian germplasm. – Genet. Res. Crop Evol. 44, 315–326, 1997.
Staub, J. E., F. C. Serquen, T. Horejsi, J. F. Chen: Genetic diversity in cucumber (Cucumis sativus
L.): IV. An evaluation of Chinese germplasm. – Genet. Res. Crop Evol. 46, 297–310, 1999.
Stepansky, A., I. Kovalski, R. Perl-Treves: Intraspecific classification of melons (Cucumis melo L.)
in view of their phenotypic and molecular variation. – Pl. Syst. Evol. 217, 313–332, 1999.
Thomas, C. E.: Resistance to downy mildew in Cucumis melo plant introductions and American
cultivars. – Pl. Dis. 66, 500–502, 1982.
Thomas, C. E.: Downy mildew. – In: Zitter, T. A., D. L. Hopkins, C. E. Thomas (eds.): Compendium of cucurbit diseases, pp. 25–27. APS Press, St. Paul, MN, 1996.
Thomas, C. E., T. Inaba, Y. Cohen: Physiological specialization in Pseudoperonospora cubensis. –
Phytopathology 77, 1621–1624, 1987.
Wehner, T. C., N. V. Shetty: Downy mildew resistance of the cucumber germplasm collection in
North Carolina field tests. – Crop Sci. 37, 1331–1340, 1997.
Wessel-Beaver, L.: Powdery and downy mildew resistance in Cucurbita moschata accessions. –
Cucurbit Genet. Coop. Rep. 16, 73–74, 1993.
Whitaker, T. W., W. P. Bemis: Evolution in the genus Cucurbita. – Evolution 18, 553–559, 1964.
Whitaker, T. W., R. W. Robinson: Squash breeding. – In: Bassett, M. J. (ed.): Breeding vegetable
crops, pp. 209–242. AVI Publishing Company, Inc., Westport, Connecticut, 1986.

