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1. INTRODUCTION

The downy mildews are among the most devastating plant diseases caused by
pathogens (Gisi, 2002). The cucurbit downy mildew is one of the most important plant
pathogens in cucurbits and its causal agent Pseudoperonospora cubensis [(Berkeley & MA
Curtis) Rostovzev] is one of the most studied Peronosporomycete biotrophic parasites of
plants (Lebeda and Cohen, 2011; Savory et al., 2010). Its wide host range and global
distribution lead to significant yield loses in cucurbitaceous crops. Because of polycyclic
nature of P. cubensis the disease spread rapidly in both open fields and protected
environments (Lebeda and Cohen, 2011). Cucurbit downy mildew can be found in temperate
areas such as Americas, Europe, Japan and Australia; in tropical areas in South Africa; and in
some semiarid regions in the Middle East. Within these regions the pathogen is very
destructive in all humid areas of the word as well as some temperate areas (Cohen, 1981;
Lebeda, 1990; Lebeda and Cohen, 2011). Cucurbit downy mildew is an annual problem on
cucurbits in the majority of world producing areas. P. cubensis can overwinter in areas with
mild winter temperatures or in protected cultivation, as active mycelium in either cultivated or
wild species of cucurbits and than is reintroduced via long distance transport of inoculum in
areas with hard winters (Lebeda and Cohen, 2011). Survival by oospores is still an ongoing
debate: there are reports of oospores formation from Russia, China, Japan, India and Italy (for
detail see Cohen and Rubin, 2011; Lebeda and Cohen, 2011). Recently, infectious oospores
were produced experimentally under laboratory conditions (Cohen and Rubin, 2011).

Previous studies have shown that P. cubensis is a highly variable pathogen from the
viewpoint of host-specificity, race-specificity and virulence (Lebeda et al., 2006; Lebeda and
Cohen, 2011). These findings are also supported by recent molecular studies (Sarris et al.,
2009; Mitchell et al., 2011; Quesada-Ocampo et al., 2012; Runge et al., 2011). At least 60
cucurbit species are known hosts of P. cubensis, but the most economically important host
crops are Cucumis sativus (cucumber), Cucumis melo (cantaloupe and muskmelon),
Cucurbita pepo (zucchini, pumpkin and winter and summer squash) and Citrullus lanatus
(watermelon) (Lebeda and Widrlechner, 2003). C. sativus is relatively the most susceptible to
P. cubensis. Palti (1974) reported that the difference in the host species response to the
pathogen was likely due to physiological races and/or pathotypes in various countries. A
detailed survey of virulence in P. cubensis demonstrated the existence of large number
pahotypes and potential races around the world (Lebeda et al., 2006).

The disease is often devastating and requires frequent fungicide application for control

(Lebeda and Cohen, 2012). However, resistance has rendered several fungicides ineffective.



P. cubensis was the first oomycete to develop resistance to metalaxyl and reduced sensitivity
to mancozeb. There is a broad spectrum of fungicides that are ineffective against P. cubensis
(Lebeda and Cohen, 2011, 2012). The following principles are therefore used as the basis for
a system for protection of cucurbits against P. cubensis; choice of relatively resistant cultivar,
use of a highly effective fungicide rates, alternation and mixtures of fungicides appropriate
spray intervals and determination of optimal dates for application (Gisi, and Sierotzki, 2008).
This research reviews the current information about P. cubensis, including
distribution, host range, disease impact, virulence, pathogenicity and resistance to fungicides.
Our results at once provide important knowledge of efficient disease management system
creation and highlight unavailable data for future research needed for this pathogen. New
extensive knowledge, which extend the previous reviews (Palti and Cohen, 1980; Cohen,
1981; Lebeda, 1990; Lebeda et al., 2006) are needed to the development of sustainable
management strategies. Control and prediction of future P. cubensis epidemics assure only an
integrated research approach that includes all factors affecting disease (pathogen, host and

environment).



2.

AIMS OF PH.D. THESIS

The main aims of the Ph.D. study could be summarized in the following points:

I.

2.

Review on Pseudoperonospora cubensis;

Distribution, host range, and disease impact of cucurbit downy mildew populations on
cucurbitaceous crops in the Czech Republic;

Physiological specialization of Pseudoperonospora cubensis;
Fungicide resistance of Pseudoperonospora cubensis;

Temporal changes in cucurbit downy mildew populations
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3.1  Review on Pseudoperonospora cubensis

3.1.1 Pathogen profile of Pseudoperonospora cubensis



Pathogen profile of Pseudoperonospora cubensis

Jana Pavelkova, AleS Lebeda

INTRODUCTION

The causal agent of cucurbit downy mildew is Pseudoperonospora cubensis (Berk. et
Curt.)Rostow, a biotrophic plant parasite which belongs to the most well-known downy
mildew pathogens with worldwide distribution (Lebeda and Cohen, 2011; Savory et al.,
2010). The occurrence of P. cubensis has been reported in over 80 countries, including
environments ranging from semi-arid to tropical. Because of polycyclic nature of P. cubensis
the disease spread rapidly on field as well as on protected (glasshouse, plastic house and
shade house) crops (Lebeda and Cohen, 2011). More than 60 cucurbit species are known as
hosts of this oomycete (Lebeda and Cohen, 2011; Lebeda and Widrlechner, 2003).

P. cubensis belongs to a group of “the highest risk pathogens” with high evolutionary
potential (McDonald and Linde, 2002). Pathogenic and morphological variation of this
oomycete appear to be correlated with host and environmental conditions (Lebeda and
Widrlechner, 2003), and significant variation has been found at both the individual and
population levels. Pathotype and race identification or host-parasite interaction of P. cubensis
has been conducted by many researchers and various pathotypes of P. cubensis have been
recorded in cucurbits in different countries (Cohen et al., 2003; Colucci, 2008; Shetty et al.,
2002; Thakur and Mathur, 2002; Thomas et al., 1987).

The disease has two major economic impacts: the decreased yields and the lower fruit
quality (Lebeda and Widrlechner, 2003). To avoid these losses, disease control is required
mainly by using chemical products. Majority of agricultural fungicides were protectants and
multi-site inhibitors until about 1960. New and more systemic fungicides with specific
activity were introduced after the restrictions on the use of several fungicides with a different
mode of action (Fernandez-Ortunio et al., 2008; Mitani et al., 2001). Unfortunately, some
cases of difficulty of disease control have been detected since the early 1970s. Among others
reasons (e.g. poor application, spray timing, rain fastness, misidentification of the pathogen),
resistance was the major problem, which the target pathogens have acquired against certain of
the fungicides that normally control them well (Cohen and Coffey, 1986; Gisi, 2002; Gisi and
Sierotzki, 2008; Holmes and Ojiambo, 2009; Lebeda and Schwinn, 1994; Urban and Lebeda,
20006).



TAXONOMY

Kingdom Chromista, subdivision Peronosporomycotina, class Peronosporomycetes, order
Peronosporales, family Peronosporaceae, genus Pseudoperonospora (Thomas, 1996; Dick,
2001a; Goker et al., 2007; Voglmayr, 2008). P. cubensis is the type species of the genus
Pseudoperonospora, which includes five accepted species: P. cubensis, P. humuli, P.

cannabina, P. celtidis and P. urticae (Choi et al., 2005, Dick 2001b, 2002b).

NOMENCLATURE

P. cubensis was first recorded by Berkley in herbarium plant material originated from Cuba in
1868 (Skalicky, 1961). In 1903, original name Peronospora cubensis was reclassified,
according to further observations of sporangia germination (Rostovzev, 1903). Although, the
genus Pseudoperonospora has close relationship with Peronospora (they share similar
haustoria, sporophores are resemble those of Peronospora spp.), P. cubensis does produce
zoosporangia and Peronospora has sporangia that germinate directly via a germ tube (Palti
and Cohen, 1980; Rostovzev, 1903, Thomas, 1996). P. cubensis also stands between genera
that regularly produce zoospores (Pythium spp.) and genera that never produce zoospores
(Peronospora spp., Albugo spp.) (Goker et al., 2007). The individual genera are mainly
characterized by the shape and branching of the sporophore/sporangiophores and the ability to
discharge zoospores. From this point of view, Pseudoperonospora represents a transitional
type between Plasmopara and Peronospora (Dick, 2001b; 2002a,b; Voglmayr, 2003; Choi et
al., 2005; Goker et al.,, 2007). Recently, several haustorial types (e.g. clavate-branched,
ellipsoid-pyriform, hyphal) were recognized for downy mildew, including
Pseudoperonospora (clavate-branched), which are considered an important diagnostic feature
(Voglmayr et al., 2004).

According to Runge and Thines (2011), morphological characters may not provide
sufficient information. P. cubensis sporangiophore morphology can vary with temperature,
and sporangia dimensions are influenced by the cucurbit host (Iwata, 1942; Waterhouse and
Brothers, 1981). Moreover, the host cell matrix can influence some morphological criteria
(Runge and Thines, 2011). These results indicate that it is desirable to include information
from genetic markers when resolving phylogenic relationships in species of
Pseudoperonospora (Savory et al, 2010). Molecular-phylogenetic studies done with
Peronosporales and Peronosporaceae (Goker et al., 2003; Riethmiiller et al., 2002; Voglmayr,
2008) demonstrated that the genus Pseudoperonospora is a unique monophyletic group. This

has been supported with some morphological and molecular studies of the species of the



genus, which showed that the genus Pseudoperonospora is a distinct taxonomical unit
(Constantinescu, 2000; Riethmiiller et al., 2002). However, recent work has shown that both
species are very similar (Choi et al., 2005; Gent et al., 2009; Sarris et al., 2009), there are no
significant morphological differences between P. cubensis and P. humuli, internal transcribed
spacer (ITS) region sequences of both pathogens are highly similar. According to that, P.
humuli was suggested as a synonym of P. cubensis (Choi et al., 2005). Nevertheless, the
limited ITS r DNA intraspecific variability stands in contrast with very broad pathogenic
variability of P. cubensis (Lebeda and Widrlechner, 2003; Lebeda et al., 2006b). Also host
range and pathogenicity studies demonstrated that these species have distinct pathogenic
capabilities (Gent et al., 2009). There is no evidence that P. humuli can infect cucurbits, and
limited support for P. cubensis pathogenicity on hops. Conserved single nucleotide
polymorphisms (SNPs) were found that consistently differentiate P. cubensis and P. humuli

(Mitchell et al., 2009).

LIFE CYCLE

The primary and the main infective unit is the asexual spore (conidosporangium,
zoosporangium). Sporangia are ovoid or elliptic in shape, and measure 15 to 25 % 20 to 35 um
(Skalicky, 1961). They easily dislodge from the sporangiophores and are distributed by wind
or water splash. After deposition on the leaf surface of a host plant, and after contact with
water, 5-15 biflagellate zoospores (measuring 8-12 um) release (Palti and Cohen, 1980) and
actively swim to open stomata, where they encyst (Cohen, 1981). A germ tubes grow from the
cyst, produce an appressorium. A penetration hypha develops from the appressorium and
enters through the stomatal aperture into the leaf tissue. Hyaline coenocytic hyphae
subsequently form and grow intercellularly through the mesophyll and palisade tissues.
Clavate-branched haustoria are established within mesophyll cells where they invaginate the
plant cell membrane (Voglmayr et al, 2004). Intercellular mycelium produced the
sporangiophores. At first, they are poorly branched and later, they become dichotomous. Each
branch of a sporangiophore terminates with a sporangium (zoosporangium), in which
zoospores are produced. Under suitable environmental conditions and in a susceptible host,
the colonization of the parasite in tissue proceeds relatively quickly and sporangiophores
emerge from stomata within 5 to 7 days, mainly on the lower side of the leaves where stomata
are more frequent (Cohen, 1981). On susceptible hosts, a new infection cycle takes place one

in 7 to 14 days, depending on the environmental conditions (Kranz, 2003).



Sexual reproduction is rare, and so far has not been proven in most countries where P.
cubensis prevails. The production of oospores occurs at the end of the season when the
infected tissues become necrotic (Bedlan, 1989; Lebeda, 1990; Michelmore, 1981). In
Europe, the only unambiguously observed occurrence of oospores came from Austria
(Bedlan, 1989). The other records of oospore occurrence came from Israel, India, Iran, China,
Japan, Russia and Italy (for details see Cohen and Rubin, 2011; Lebeda and Cohen, 2011).
But it is unclear whether this pathogen survives in Central Europe or USA by oospores
(Lebeda, 1986a; Lebeda and Schwinn, 1994; Lebeda and Urban, 2004a). Nonetheless,
although the occurrence of oospores has not been verified in Central Europe, and in the USA
(Lebeda and Urban, 2004a; Lebeda unpubl. data; Kanetis and Holmes, unpubl. data),
infectious oospores were produced experimentally under laboratory conditions in Israel

(Cohen and Rubin, 2011).

OVERWINTERING

The rare occurrence of oospores, limits P. cubensis survival in the absence of a living host. P.
cubensis 1s like an obligate biotrophic parasite, absolutely dependent on its host plant for
growth and survival (Palti and Cohen, 1980). Therefore, the pathogen mostly overwinters in
areas with mild winter temperatures that permit cucurbit hosts to be grown year round (Bains
and Jhooty, 1976), or in greenhouses (Thomas, 1996). Except for the "green bridge’, the
perennial mycelia can overwinter on some host species (e.g. Citrullus spp., Cucumis spp.) in
areas with a suitable climate, even under field conditions as proved e.g. in India and southern
USA (Palti and Cohen, 1980; Holmes et al., 2004). A new possibility for overwintering of P.
cubensis in Central and Northern Europe, the only perennial cucurbit species Bryonia dioica,
was suggested recently (Runge and Thines, 2009). However, this has not been supported by
observations in the field (Lebeda and Cohen, 2010), and it is unknown whether B. dioica

plays an important role in the life cycle of P. cubensis (Runge and Thines, 2009).

DISPERSION

The pathogen is thought to be reintroduced annually via long distance transport of inoculum
in areas, where P. cubensis cannot overwinter. It has been suggested, that in northern latitudes
(with hard winters), primary infections are the result of annual long-range dispersal of spore
from southern and south-eastern regions (from warmer areas) of Europe or USA (Holmes et
al., 2004; Lebeda, 1990; Ojiambo et al., 2009). Asexual sporangia are produced on infected

foliage, which may be liberated to the air following a reduction in relative humidity when



hygroscopic twisting movements of sporangiophores actively release sporangia into air
currents (Lange et al., 1989). Hence, airborne P. cubensis sporangia concentrations are greater
in the morning and early afternoon, when changes in relative humidity and leaf wetness tend
to occur. These late-dispersed sporangia have a better chance compared to the early-dispersed
sporangia, to remain viable and infect when the sun sets and dew accumulates (Cohen and
Rotem, 1971b). Disperse by water (hydrochory), is a secondary mechanism of spore
distribution over short distances (from leaf to leaf and plant to plant) within cucurbit fields

(Lebeda, 1999).

SYMPTOMS

Although, disease symptoms are confined to the leaves, adversely are affect the quality and
yield of fruit and consequently. However, the formation of sporangiophores was observed
also on stems, leaf petioles, tendrils and peduncles of heavily infected melons. On cucumber,
fruit watery spots were recorded followed by pathogen sporulation (Palti and Cohen, 1980).
Host plants may be infected at all developmental stages and the severe damage of cucurbit
crops ending usually with death of the adult plants. But symptoms on young, newly
developing leaves are rather rare. However, cotyledons are actually more susceptible than true
leaves (Lebeda, 1990; Lebeda and Cohen, 2011).

The pathogen initially induces light-green or yellow angular lesions on the upper side
(adaxial) of the leaf. The size of primary lesions varies from 3—10 mm. These lesions become
first chlorotic, than coalesce and form larger lesions and may eventually cover the entire leaf
and turn into necrotic lesions on the older leaves. Severely infected leaves wither early and
are malformed (Lebeda and Cohen, 2011). Sporulation (a thin layer of ark brown, grey or
violet-black sporangiophores bearing sporangia) is primarily seen on lower (abaxial) leaf
surfaces. Symptomatic plants with yellow lesions have the greatest sporulating capacity. The
incubation period, from penetration until visible external symptoms, is 4-12 days under field
conditions, depending on the environmental conditions and inoculum load (Cohen, 1977), and
resistance/susceptibility of the host plant (Lebeda and Widrlechner, 2003). Heavy infection
ended with death of the whole plants, within 4 to 10 days from first symptoms, depending on
weather conditions inoculum concentration, and host genotype (Lebeda, 1990). Symptoms
differ markedly among cucurbit species. In some species (C. sativus, Luffa) P. cubensis
causes irregular, localized, yellow lesions, restricted by leaf veins whereas in C. melo and C.
lanatus, lesions are not restricted by leaf veins and are more circular nad irregular. Unlike

some other members of the Peronosporaceae (Lebeda and Schwinn, 1994), P. cubensis does



not produce systemic infection of the whole plant (Cohen, 1981). The symptoms of the
disease can be quite variable also among genotype (cultivars) of the same host species. They
could be also influenced by weather conditions, e.f., atypical water-soaked lesions may be
seen under extremely humid conditions on some host species or genotypes (Lebeda, 1986b,
1990). An early necrotic reaction of the infected plant tissue (hypersensitive reaction) is
typical for resistant hosts (Cohen et al., 1989) whereas in susceptible hosts necrosis appears as
late reaction of the infected tissue (Lebeda and Cohen, 2011). The initial stages of the disease
cycle of P. cubensis (from the release of zoospores to the formation of the first hyphae) take
place in both susceptible and resistant hosts (Cohen, 1981). In resistant hosts, the growth
stops after the formation of the first haustorium. The formation of haustoria was not observed

in non-hosts (Cohen, 1981), neither in a resistant melon (Cohen et al., 1989).

ECOLOGY

Like other foliar diseases, P. cubensis undergoes many and short disease cycles per season
and the dispersal through spores over time and space is high (Lebeda and Cohen, 2011;
Pathogen risk list 2005, www.frac.info). Infectivity by P. cubensis was shown to be
dependent on the host plant and environmental conditions (Iwata, 1942; Palti J, 1974; Palti
and Cohen, 1980; Waterhouse and Brother, 1981). Free leaf moisture, essential for
germination and for the formation of primary infectious structures, greatly accelerates the
development of P. cubensis (Lebeda and Cohen, 2011). At 15°C, the optimum temperature
for infection, minimal wetting period required for germination and penetration 1is
approximately 2 h when high levels of inoculum are present. The pathogen optimally
completes its penetration into the stomata and becomes independent of the presence of free
water on the leaf surface, in six hours dew period (Cohen, 1981). Zoospores release does not
occur under anaerobic conditions and temperature range is 9-30°C. Light is a factor that may
support the development of infection even in a short dew period (Cohen et al., 1971). Leaves
colonized by P. cubensis undergo changes in temperature and transpiration rates, which vary
during the course of infection and over the leaf surface (Lindenthal et al., 2005; Oerke et al.,
2006). Low temperatures can delay symptom development whilst still promoting colonization
of the leaf tissue, whereas higher temperatures result in faster lesion chlorosis that may inhibit
pathogen growth (Cohen, 1977). The incubation period depends on temperature, photoperiod,
inoculum concentration and leaf wetness duration, and can range from 4 to 12 days (Cohen,
1977; Thomas, 1996). At the initial phase of the infection process a temperature regime of 25-
30°C/10-15°C day/night is favorable (Palti and Cohen, 1980). Low light intensity leads to the



reduction in number and size of lesions due to the weak development of hyphae and haustoria.
A period of near-saturated relative humidity must occur for 6 h or more to induce sporulation
(Cohen, 1981). Sporulation, as in other downy mildews, is dependent on the diurnal cycle,
and is enhanced by longer photoperiods (Cohen and Rotem, 1971b). The differentiation of
sporangia requires a minimum dark period of 6 h (Cohen, 1977). The optimum temperature
for sporangia production is 15-20°C, but sporangia may form on cucumber at temperatures
from 5 to 30°C (Cohen et al., 1971; Thomas, 1996). Other factors, such as the host species,
cultivar, host nutritional status and host age, may also affect sporulation. Low humidity and
dry leaf surface are optimal for the dispersion of sporangia. Temperature and light have very
low influence on dispersal (Cohen, 1981). Asexual spores do not survive for a long time
under common environmental conditions. When detached from sporangiophores, or when
positioned on non-living or necrotic leaves, they lose viability and infection ability rather
quickly (i.e. 24-72 h) (Cohen and Rotem, 1971a). Detached sporangia were shown to survive
better in cloudy days and to withstand up to 23.5 MJ/m” and 1.2 MJ/m’® of solar and UV
irradiance, respectively (Kanetis et al., 2010; Ojiambo et al., 2009).

HOST RANGE AND GEOGRAPHIC DISTRIBUTION

P. cubensis 1s widely distributed in all continents of the north and south hemispheres where
cucurbit plants are cultivated. It mainly occurs in warm, temperate, subtropic and tropic areas
on field or protected crops, especially in areas with annual precipitation of > 300 mm (Cohen,
1981; Lebeda, 1990). P. cubensis has a broad host range, affects 60 species and 20 genera of
the Cucurbitaceae family (Palti and Cohen, 1980; Lebeda, 1992b, 1999; Lebeda and
Widrlechner, 2003). Except to cultivated species, various semi-cultivated, weedy and wild
genera and species of Cucurbitaceae belong to the host list of P. cubensis (Cohen, 1981;
Lebeda and Widrlechner, 2003, 2004). The most economically important natural hosts of P.
cubensis are: Cucumis sativus L. (cucumber) and Cucumis melo L. (muskmelon) with
infection recorded in more then 80 and 50 countries; five abundantly-grown species of the
genus Cucurbita (C. argyrosperma C. Huber, C. ficifolia Bouche, C. maxima Duchesne, C.
moschata Duchesne and C. pepo L.), in approximately 40 countries; Citrullus colocynthis (L.)
Schrad. and Citrullus lanatus (Thunb.) Matsum. Et Nakai (watermelon) in about 25 countries;
Lagenaria siceraria (Molina) Standl. (a cultivated crop) and Lagenaria sphaerica (Sond.)
Naud; Benincasa hispida (Thunb.) Cogn., Luffa acutangula (L.) Roxb. (angular sponge
gourd) and Luffa cylindrica (L.) M. J. Roem. (syn. L. aegyptiaca Mill.) (Lebeda, 1990;
Lebeda and Widrlechner, 2003; Palti and Cohen, 1980; Thakur and Mathur, 2002).



P. cubensis exhibits clear host specialization (Palti and Cohen, 1980; Thomas et al.,
1987); nevertheless, divergences in host range have been reported within and among countries
(Lebeda, 1990; Lebeda and Cohen, 2011; Shetty et al., 2002). A severe outbreak of cucurbit
downy mildew occurred on melons in France in 1984, as the most serious pathogen on melon
cultures become in 1992 (Epinat and Pitrat, 1994a,b). In 1985, the disease reached epidemic
levels in cucumber grown in Central-Eastern Europe. Reports about variation in the host
range originate from many countries: in Italy, cucurbit downy mildew appears on squash
(Cappelli et al., 2003). In Israel, other cucurbit species (C. moschata and C. pepo subsp. pepo)
were first attacked in 2002 (Cohen et al., 2003). In southern China (Cohen et al., 2003) and in
India (Fugro et al., 1997; Mahrishi and Siradhana, 1988), a severe epidemic of downy mildew
was observed on Luffa spp.. These populations are different from the populations in the USA
and Israel, which are incompatible with Luffa spp (Lebeda et al., 2006b; Thomas et al., 1987).
In the USA, new populations of P. cubensis have emerged in 2004, which rendered downy
mildew-resistant cultivars no longer resistant (Colucci et al.,, 2006). The host range was
extended to Lagenaria siceraria in Korea and to Sechium edule in Thaiwan in the year 2005
(Choi and Shin, 2008; Ko et al., 2008). In 2008, P. cubensis has been reported on Sechium
edule in India (Baiswar et al., 2010) and on Trichosanthes cucumerina in Malaysia (Salati et
al., 2010). In the period 2009-2011, a dramatic change in host range of Czech P. cubensis
populations was recorded. Pathogen presence was observed on Cucurbita spp. (C. moschata
/2009-2010, Pavelkova et al., 2011/ C. pepo, C. maxima /2010-2011/, Cucurbita ficifolia
/2010/) and Lagenaria siceraria /2011/ for the first time (Lebeda et al., 2012). Occurrence of
P. cubensis on C. melo and C. lanatus has been formerly reported from the Czech Republic
(Lebeda et al., 2011). Moreover, P. cubensis was also observed on taxonomically distant
species Impatiens irvingii in Cameroon in 2007 (Voglmayr et al., 2009). This is the first
report on P. cubensis attacking another family (Balsaminaceae). Global climate changes could
be one of the influences on the ability of the pathogen to expand both its geographical and
host range (Garrett et al., 2006).

PATHOGENICITY AND VIRULENCE

Species of the Peronosporaceae are characterized by their complicated relationships with their
hosts on various levels of biological organization (Lebeda and Schwinn, 1994; Goker et al.,
2007). Their biotrophic obligate parasitic nature dictates strict host specificity (Crute, 1981;
Dick, 2002a). However, individual species of Peronosporaceae differ in the level of their host

specificity, from a single plant species to a relatively large number of species and genera



(Lebeda and Schwinn, 1994). The display of compatibility/incompatibility in the interactions
between oomycetes and their hosts is well differentiated and has a discontinuous character.
For this reason, the classification of pathotypes and physiological races is based on the
display of compatible/incompatible reactions on differential host species and genotypes
(Lebeda and Schwinn, 1994; Lebeda and Widrlechner, 2003). Specialization in P. cubensis is
rather diverse and distinct in various pathogen populations (Lebeda et al., 2006b). Palti (1974)
reported that the difference in the host species response to the pathogen was likely due to
physiological races and/or pathotypes in various countries. A detailed survey of virulence in
P. cubensis demonstrated the existence of large number pathotypes (c. 100) and potential
races around the world (Lebeda et al., 2006b).

Thomas et al. (1987) proposed the first differential set for virulence determination
based on three host genera (Cucumis, Cucurbita, Citrullus) and distinguished five different
pathotypes of P. cubensis (isolates originating from the USA, Israel and Japan). The authors
described them as “pathotypes 1 to 5 according to the increasing number of hosts on which a
virulent (compatible) reaction occurred. Based on this differential set (including Luffa
cylindrica) a new pathotype (6) was described in Israel in 2003 (Cohen et al., 2003).
Nevertheless, a differential set of Thomas et al. (1987) had several limitations (Lebeda and
Widrlechner, 2003); it did not include important host genera (e.g. Benmincasa, Luffa,
Lagenaria); differential genotypes were not precisely taxonomically-defined (on species,
subspecies and genotype/accession level); and were not maintained as a complete unit, by any
responsible institution. An extend differential set was developed for P. cubensis pathotype
determination based on 12 Cucurbitaceae differential genotypes belonging to the six most
important host genera (Cucumis, Cucurbita, Citrullus, Benincasa, Luffa and Lagenaria)
(Lebeda and Widrlechner, 2003). The basic data on specificity and variability of the
interactions between P. cubensis and these taxons are available. All taxa are well defined on
the level of species, sub-species and genotype, and are maintained as accessions in several
international gene bank collections (e.g. Plant Introduction Station, USDA, Ames, lowa,
USA). Pathotypes are determined by the interactions observed on each of the 12 hosts and
assigned unique tetrade codes to describe the interaction (Lebeda and Widrlechner, 2003).
This system allowed for characterization of the virulence variability of P. cubensis at the
individual and population level (Lebeda et al., 2006b; Lebeda and Urban, 2007).

Both differential sets (Lebeda and Widrlechner, 2003; Thomas et al., 1987) were
chosen to unify the level of pathotype (Lebeda and Gadasova, 2002; Lebeda and Urban,
2004a). In the US, two isolates were assayed and two pathotypes, 4 and 5, were described.



The sudden increased severity of P. cubensis to cucumber suggested the possibility that a new
pathopypes of the pathogen might have been introduced into the US. Colucci (2008)
investigated 32 P. cubensis isolates, using the new set of cucurbit host differentials proposed
by Lebeda et al. (2002 and 2003) and she found 32 different host range patterns. According to
this US investigation, it can be presumed that US P. cubensis populations are more diverse
than previously described with respect to their host range.

There are available some reports from the literature, that P. cubensis might also vary at
the species level, suggesting the occurrence of physiological races. Such races are
characterized by specialization to different cultivars of one host species (Caten, 1987;
Holliday, 2001). Lebeda and Kftistkova (1993) noted that host—pathogen specificity between
Cucurbita pepo and P. cubensis is probably controlled by race-specific factors. In contrast, no
virulence variation in P. cubensis (originating from cucumber) has been detected on C. sativus
and wild Cucumis species (Lebeda, 1992a,b; Lebeda and Présil, 1994). Lebeda and Schwinn
(1994) reported that the differentiation of P. cubensis races was not fully unambiguous
because the pathogen did not show any significant differences in virulence on Cucumis
sativus and wild Cucumis spp. (Lebeda, 1992a,b). Thus, so it is clear that levels of resistance
from high to low exist in cucumber, but that no cucumber cultivar has been shown to be
completely resistant to P. cubensis infection. Nevertheless, the existence of physiological
races was proved on Cucumis melo (Thomas et al., 1987; Lebeda, 1991; Lebeda et al., 2007a).
Race-specific interactions were also displayed on Citrullus (Thomas et al., 1987). Race-
specific factors can serve as a force for microevolutionary changes in pathogen populations
(Lebeda et al., 2012).

The cucurbit—P. cubensis system is not well known or well defined from a host—
pathogen specificity and genetic point of view (Lebeda and Widrlechner, 2003; Lebeda et al.,
2006b; Lebeda and Cohen, 2011). The virulence structure of the pathogen population is
principally a function of the structure of the host population (i.e. host species, number of
resistance genes and their dynamics in time and space) (Miiller et al., 1996). However, the
population structure is influenced by other factors (Lebeda and Zinkernagel, 2003). In
general, among the most important processes that affect the generation and maintenance of
genetic diversity within populations of downy mildews include mutation, reproductive
system, cytoplasmic factors, migration and gene flow, genetic drift and selection (Drenth and
Goodwin, 1999). Similar processes also could influence variation of P. cubensis populations.
Little is known about mutations and mutation rates in oomycetes (Drenth and Goodwin,

1999), including P. cubensis (Lebeda and Cohen, 2011). Nevertheless, this process could



contribute to broad variation because of extremely large population sizes and high asexual
reproduction potential (Lebeda and Cohen, 2011). Recent laboratory studies of sexual
reproduction showed oospore formation in P. cubensis which may play a crucial role in sexual
recombination of this pathogen and the appearance of new pathotypes (Cohen and Rubin,
2011). However, detailed studies of this phenomenon need to be conducted (Lebeda and
Cohen, 2011). Migration and gene flow is considered a very important aspect of the
population genetics of oomycetes (Drenth and Goodwin, 1999). US and European population
studies of P. cubensis, suggested that transport of the pathogen can occur over long distances
via atmospheric wind currents (Holmes et al., 2004; Lebeda and Schwinn, 1994). Recent
detailed spatiotemporal study of P. cubensis spread in the eastern US clearly showed that
infection of cucurbits by P. cubensis appears to be an outcome of a contagion process and that
factors occurring on a large spatial scale (c. 1000 km) facilitate the spread of the pathogen
(Ojiambo and Holmes, 2011). Spatial dispersal depends not only on climatic factors (e.g.
temperature, humidity, wind currents), but also on the host population density, species and
genetic structure. Previous and recent population studies of P. cubensis in the Czech Republic
showed that the pathogen population is very diverse (pathogenicity variation, fungicide
resistance) and dynamic in time and space (Lebeda and Urban, 2007; Urban and Lebeda,
2007; Lebeda et al., 2010). Quesada-Ocampo et al. (2012) recently reported on a detailed
study of the genetic structure of worldwide P. cubensis populations and identified six
different genetic clusters. However, approximately half of the isolates belonged to one of the
clusters. There was no direct correspondence between inferred genetic clusters and grouping
of isolates by predefined geographic and host categories. Results of genetic studies of Sarris et
al. (2009) and Quesada-Ocampo et al. (2012) showed that a high genetic differentiation of P.
cubensis populations exists in Europe and surrounding countries and this can also contribute
to the virulence variation in these countries. Processes of genetic drift and selection could also
influence the virulence structure of P. cubensis populations. Recent phylogenetic studies
showed some genetic similarity between P. cubensis and P. humuli (Choi et al., 2005; Sarris
et al.,, 2009). Population genetic studies including P. humuli isolates could be key to
determining the potential extent of gene flow between these sister species, including the
contribution of P. humuli populations to the genetic and variation in virulence of P. cubensis
populations (Lebeda et al., 2012). The study of Quesada-Ocampo et al. (2012) showed that
there is some genetic diversification between the isolates originating from different host
cucurbit species. Higher genetic diversity of resistance in Cucurbita spp. and some other

Cucurbitaceae may substantially contribute to the selection of a new P. cubensis pathotypes



(Lebeda et al., 2006b; Lebeda and Cohen, 2011). These results also suggest that inclusion of
isolates from Cucumis melo and Cucurbita spp., that show a different genetic composition
and high genetic diversity and is necessary to capture the genetic variation of P. cubensis.
These aspects must be also considered from the viewpoint of geography, i.e. regions with
high genetic diversity should be of special concern because P. cubensis populations with high
levels of genetic variation are likely to adapt more rapidly to resistant hosts (Quesada-

Ocampo et al., 2012).

DISEASE MANAGEMENT

Management requires a multi-faceted approach including cultural practices to decrease free
leaf moisture, avoidance by changing the planting date, using disease resistant or tolerant
varieties and applying effective fungicides. Forecasting is an efficient aid in control of P.
cubensis (Main et al., 2001). Monitoring the occurrence and movement of the pathogen
enables the prediction of disease outbreaks in specific areas and the application of suitable
control measures prior to infection (Holmes et al., 2004; Ojiambo et al., 2009; Zhao et al.,
2007). Knowledge of the pathogen biology and ecology may serve in preventing the disease.
A preventive precaution should lead to actions that encourage airflow and reduce leaf
wetness. However, such actions are often insufficient during prolonged, favorable
environmental conditions and in the presence of high inoculum levels. The surface of leaves
should not be wet for more than 2-3 h (Cohen, 1981). Leaf wetness can be partially controlled
in sheltered vegetation using drip irrigation instead of overhead irrigation, frequent
ventilation, and heating before sunrise. Also under field conditions, drip irrigation is
preferable, but dew formation and rain cannot be avoided. Earlier sowing of the crop and
decreased plant density can also contribute to the reduction of infection (Palti and Cohen,
1980). High vegetation density increases the risk of infection as it increases humidity for
prolonged periods, stimulates sporulation of P. cubensis, and facilitates transfer of sporangia

among plants (Lebeda, 1990).

RESISTANCE TO CUCURBIT DOWNY MILDEW

Disease resistance can be broadly defined as the host’s ability to suppress or inhibit a
pathogen’s activity. Resistance is named as non-host, when the plant is not infected, because
pathogen is not able to establish infection and cause disease. Resistance determined by
resistance genes is divided in two groups: race-specific (gene-for-gene relationship) and race-

nonspecific (multiple genes of small individual effect) (Ton et al., 2006). The induced



systemic resistance (ISR) is a phenomenon in which a biotic or an abiotic stimulus (e.g. a
pathogen infection, activation of plant associated microorganisms or the application of
chemicals) causes an elevation of plant resistance to a specific pathogen, or a group of
pathogens (Kuc, 2006; Tuzun, 2006). The identification of two types of resistance (single-
gene-mediated and polygenically inherited resistance) in the studies of the genetic bases of
resistance to P. cubensis, could be likely due to use of different plant materials or different
parameters to measure resistance (suppression of sporulation, presence or absence of
chlorosis/necrosis on infected leaves) (van Vliet and Meysing, 1974; Epinat and Pitrat,
1994a). Most popularly used cultivars of cucumber and cantaloupe and to a lesser extent
squash and pumpkin, have some level of downy mildew resistance bred into them. Even
though cultivars with downy mildew resistance may become diseased, disease onset may be
delayed, disease may be less severe or the pathogen may produce fewer sporangia than on
cultivars without resistance (Colucci, 2008). Unfortunately, P. cubensis, as “risky” pathogen
(according to terminology of McDonald and Linde, 2002) with a high evolutionary potential,
is able to overcome new disease resistant host genotypes rapidly (Drenth and Goodwin,
1999).

Availability of sources of resistance and using appropriate methods for testing
resistance are among the basic requirements for successful breeding for resistance. There are
significant differences in the availability of resistance sources among the most important
cucurbits. Most sources are available for Cucurbita pepo and Cucumis melo (Lebeda, 1999;
Lebeda et al., 2007a,b; Pitrat, 2008; Staub et al., 2008). Studies in Japan showed that
Cucurbita pepo cultivar Soumen displayed a high level of field resistance against the isolates
of P. cubensis from Cucumis sativus and Cucumis melo (Inaba et al., 1986). Although,
efficient sources of resistance were found in wild and weedy accessions of Cucurbita spp.
(e.g. Cucurbita foetidissima, C. argyrosperma var. palmeria C. argyrosperma var. sororia)
(Lebeda and Widrlechner, 2004), there is relatively little effort in breeding for resistance in
pumpkin and squash (Ferriol and Pic6 2008; Paris 2008). It is evident that currently are not
enough data about source of resistance in Cucurbita spp. against P. cubensis, including
characteristics of commercial cultivars (Lebeda and Cohen, 2011). Within the cucurbits,
breeding for resistance against P. cubensis was most comprehensively elaborated in
muskmelon (Cucumis melo) (Lebeda et al., 2007a,b; Pitrat, 2008). Currently, the most
significant two sources of resistance are the accessions of C. melo var. reticulatus P1 124111
(Balass et al., 1992, 1993; Cohen, 1981; Thomas, 1982, 1986; Cohen and Eyal, 1987;
Kenigsbuch and Cohen, 1989; Lebeda, 1991, 1999; Lebeda et al. 2007a) and PI 124112



(Lebeda, 1991; Kenigsbuch and Cohen 1992a,b). Both genotypes originated from Calcutta,
India and became the background for the resistance breeding of muskmelon against P.
cubensis in the USA (Cohen, 1981). Rather little information is available on resistance against
P. cubensis m Citrullus, Benincasa, Luffa and Lagenaria (Lebeda and Widrlechner, 2003).
Resistance breeding of watermelon (C. lanatus) is still not very well developed (Wehner,
2008). The breeding of cucurbits for resistance against P. cubensis is further complicated due
to the great variability in the pathogen population, pathotypes and races (Lebeda et al.,
2006b).

Resistance to downy mildew is likely to be determined by a recessive gene or genes in
C. sativus, whereas in C. melo, it is likely to be determined by a dominant gene(s) (Olczak-
Woltman et al., 2011). Three recessive resistance genes were reported and designated as dml,
dm2, dm3 (Doruchowski and Lachoska-Ryk, 1992; Shimizu et al., 1963). On the other hand,
resistance in cultivar Poinsett (selected from PI 197 087) was determined by one recessive
gene (dm) (van Vliet and Meysing, 1974). Resistance in C. melo was described by Thomas et
al. (1988) — two complementary, incompletely dominant genes (Pc-1 and Pc-2). However,
several authors: Epinat and Pitrat (1989), Angelov and Krasteva (2000) using different plant
material, but reached the same result and reported that resistance in melon was controlled by a
single dominant gene designated Pc-3. These findings indicate major differences in the
understanding of the genetics of resistance to downy mildew in C. sativus and C. melo.
Resistant phenotypes that do not segregate into discrete categories of resistance are assumed
to be under the control of multiple genes for resistance. In general, quantitative resistance
conferred by a single dominant gene (Kelly and Vallejo, 2006). However, quantitative
inheritance of resistance as measured by disease severity is often characterized by low
heritability and is under significant environmental influence (Olczak-Woltman et al., 2009).
In response to recent epidemics, there is an intensified cucumber breeding effort in the USA
to develop resistance to downy mildew (Holmes et al., 2006). The original source of host
resistance (i.e. the recessive dml gene) was identified in cucumber accession PI197087 and
first described in India in the year 1954 (Barnes and Epps, 1954). The resistance response
governed by dml is characterized by sparse pathogen sporulation, small necrotic lesions,
tissue browning and rapid cell death, indicative of the classical hypersensitive response (HR)-
type resistance. Since the 1950s, resistance conferred by dml has been widely used in
commercial cultivars for cucumber production in the USA, and was sufficient to prevent
losses caused by downy mildew until 2004 (Holmes and Thomas, 2009). Cultivars containing

the dml gene still show some level of resistance, unfortunately the high level of resistance



once observed has now been lost. In addition, susceptible cultivars without the dml gene
become infected earlier in the season, and exhibit more severe damage than was observed
previously (Holmes et al., 2004). Besides the USA, breeding for resistance also took place in
Japan (Ezuka and Komada, 1974), Cuba (Pivovarov, 1984; Pivovarov and Kudelich, 1985),
USSR (Medvedeva and Medvedev, 1983), and since 1985 also in Czechoslovakia (Lebeda,
1990, 1999; Lebeda and Prasil, 1994) and in Poland (Doruchowski and Lakowska-Ryk,
2000). Unfortunately, no reliable sources of resistance were found in C. sativus, and therefore,
cucumber cultivars with genetically fixed and efficient resistance were not produced (Lebeda,
1991, 1992a; Lebeda and Prasil, 1994; Lebeda and Widrlechner, 2003; Lebeda et al., 2006b).
Resistance in cucumber was reported decades ago (e.g. Cohen, 1981), however, in many
cultivars (e.g. Palmeto) a relatively rapid breakdown occurred followed by serous infection
with P. cubensis (Lebeda, 1990). Current breeding research for resistance to downy mildew in
cucumber is focused on the identification of resistance germplasm(s) and cultivars via large-
scale screening trials (Shetty et al., 2002; Wehner and Shetty, 1997). This screening provided
no single genotype displaying complete incompatibility to current pathotypes (Lebeda, 1992a;
Lebeda and Présil, 1994), probably because of limited genetic diversity for P. cubensis
resistance in cucumber (Lebeda and Widrlechner, 2003; Shetty et al., 2002). Recent
achievements in cucumber genome mapping and sequencing (Huang et al., 2009; Ren et al.,
2009) provides new opportunities for research, breeding and development of elite cucumber

cultivars with new traits, as well as resistance to diseases and pests.

CHEMICAL CONTROL

Downy mildews caused by the Peronosporales, including P. cubensis, were not affected by
chemical control until modern, systemic compounds became available. Majority of
agricultural fungicides were protectants and multi-site inhibitors until about 1960. For many
decades, the copper formulations, the dithiocarbamates, fentins, chloronitrines and
phthalimides were the only fungicides available for the control of downy mildews. Modern
fungicides with specific modes of action affect were introduced with selective, systemic and
curative activity. These fungicides have specially target pathogens, so that they are much
safer. They protect growing parts or areas which are not covered by applied fungicides and in
contrast to contact fungicides, they control pathogens also at later stages. These features have
allowed the reduction of application number and application rate required during the growing
season (Ferndndez-Ortutio et al., 2008; Gisi, 2002; Mitani et al., 2001). Unfortunately, some

cases of difficulty of disease control have been detected since the early 1970s. Among other



reasons (e.g. poor application, spray timing, rain fastness, misidentification of the pathogen)
resistance was the major problem, which the target pathogens have acquired against certain of
the fungicides that normally control them well (Cohen and Coffey, 1986; Gisi, 2002; Gisi and
Sierotzki, 2008; Holmes and Ojiambo, 2009; Lebeda and Schwinn, 1994; Urban and Lebeda,
2006). The development of fungicide resistance is influenced by complex interactions of
factors such as the biology of the pathogen, mode of action of the fungicide, fungicide use
pattern, the cropping system and environmental considerations (Gisi and Sierotzki, 2008).
Various mechanisms of resistance are known, such as an altered target site, which reduces the
binding of the fungicide; the synthesis of an alternative enzyme capable of substituting the
target enzyme; the overproduction of the fungicide target; an active efflux of reduced uptake
of the fungicide and a metabolic breakdown of the fungicide (Gisi and Sierotzki, 2008; Ma
and Michailides, 2005, Urban and Lebeda, 2006). According to McGrath (2001), two types of
resistance are described. Qualitative resistance, when resistance results from modification of a
single major gene, is seen as complete loss of disease control, pathogens are either resistant or
sensitive to the fungicide. In contrast, quantitative resistance results from modification of
several interacting genes and pathogens exhibit a range of sensitivity to the fungicide,
depending on the number of gene changes. Variation in sensitivity within the population is
continuous or unimodal. Resistance in this case can be regained by using higher rates or more
frequent applications. However, additional selection in the pathogen may eventually result in
complete loss of control.

Quite aggressive programme is essential to make a protective barrier of fungicide prior
to sporangium deposition (Savory et al., 2010). The rather “old” multi-site fungicides
(including e.g. mancozeb, folpet and copper formulations) are still very important elements in
the spray programmes (about 50% of the total oomycete fungicide market). For this aspect,
there is surely crucial the fact that resistance to such inhibitors has never developed and is
unlikely to evolve and those they improve single-site activity and delay resistance evolution.
The major site-specific fungicides are from four chemical classes: the Quinone outside
inhibitors (Qols; “strobilurins”, e.g. azoxystrobin, famoxadone, fenamidone), phenylamides
(PAs; e.g. metalaxyl-M) carboxylic acid amides (CAAs; e.g. dimethomorph, iprovalicarb,
benthiavalicarb, mandipropamid) and cyano-acetamide oximes (e.g. cymoxanil). Smaller
market shares are taken by phosphonates (mainly fosetyl-Al), dinitroanilines (fluazinam),
carbamates (propamocarb) and plant defence inducers such as the benzothiadiazoles (BTH;
acibenzolar-S-methyl/Bion) (Gisi and Sierotzki, 2008). Unfortunately, P. cubensis, as one of

10 highest risk pathogens with high evolutionary potential pathogens (McDonald and Linde,



2002; Lebeda and Urban, 2004a,b; Lebeda et al., 2006a,b, 2010; Pathogen risk list 2005,
www.frac.info) develop in its populations quite quickly resistance to key fungicides. P.
cubensis was the first oomycete with documented resistance to metalaxyl and reduced
sensitivity to mancozeb (Reuveni et al., 1980; Thomas and Jourdain, 1992). In addition,
populations of P. cubensis resistant to strobilurin fungicides have been described (Heaney et
al., 2000). Also CAA-resistant isolates have recently been detected in a few trial site
locations, one each in South Korea, Israecl and USA (FRAC CAA working group reports,
www.frac.info) and in China (Zhu et al., 2007). In other fungicide classes reduced sensitivity
(or resistant) isolates obtained on Plasmopara viticola (cymoxanil) (Gullino et al., 1997,
Genet and Vincent, 1999) and Pythium species (propamocarb) (Moorman and Kim, 2004).
Fosetyl-Al resistant isolates in field populations have never been detected (Gisi and Sierotzki,
2008). Chemical control has to be combined with resistant varieties and cultural techniques, to
minimize selection of fungicide resistant strains and to decrease the high risk of overcoming

resistance genes by pathogen (Lebeda and Cohen, 2011; Savory et al., 2010).

CONCLUSIONS

P. cubensis persistence across much of Europe and Asia and the re-emergence in the USA
represent a significant threat to cucurbit production worldwide. New extensive knowledge,
which extend the previous reviews (Palti and Cohen, 1980; Cohen, 1981; Lebeda, 1990;
Lebeda et al., 2006a,b) are needed to the development of sustainable management strategies,
such a durable host resistance. Control and prediction of future P. cubensis epidemics assure
only an integrated research approach that includes all factors affecting disease (pathogen, host

and environment).
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Abstract

The oomycete Pseudoperonospora cubensis causes downy mildew and is a
highly destructive pathogen of cucurbitaceous plants. The distribution of P cubensis
on cucurbits, and the damage to crops caused by it, were evaluated at 115 localities (96
in 2005, 105 in 2006, 91 in 2007) in the Czech Republic (Central Europe) from 2005 to
2007. In the Czech Republic there are annual epidemics of P. cubensis since 1984. The
first symptoms are usually observed in southern Moravia at the end of June and
epidemics usually start by the second half of July or the beginning of August. Natural
infection has been observed only on cucumber (Cucumis sativus), other cucurbits such
as Cucurbita pepo, C. maxima, Cucumis melo remaining free of infection. Symptoms
appear only on the leaf lamina. Most cucumber fields are destroyed by the end of
growing season (second half of August). The loss of foliage has two major economic
impacts: decreased yields and lower fruit quality. Infection was detected at the
majority of localities (70-94%). Disease prevalence was usually high or very high (e.g.
63% in 2005 and 72% in 2007). Fields with high or very high disease prevalence were
not as widespread in the year 2006, and 30% of the fields were free of infection. Our
long-term observations indicated that there has been no substantial decline in the
incidence and prevalence of the disease.

INTRODUCTION

The influence of harmful agents on the fitness of cultivated plants and the search
for efficient disease control measures has been a major preoccupation of phyto-
pathologists, plant breeders and growers for more than a century. Throughout their life
plants are exposed to a wide range of potential pathogens and pests (Parlevliet, 1992). The
study of the epidemiology of oomycetes has a special place in the history of plant
pathology (Jegger and Pautasso, 2008). Today we know that plant pathogens from this
group cause many of the world’s most serious plant diseases and they are unique among
microbial pathogens in being able to breach the intact surfaces of their host plants and
rapidly establish infections (Soanes et al., 2007).

In recent years there has been a dramatic increase in the occurrence of
Pseudoperonospora cubensis (Berk. & M.A. Curtis) Rostovzev (1903), a causal agent of
downy mildew on cucurbitaceous plants (Colucci et al., 2006; Holmes et al., 2004;
Lebeda and Cohen, 2010). Like many other downy mildew pathogens, P. cubensis is an
zoosporic and obhgate biotrophic parasite. Primarily, it is a foliar disease. Damage of
leaves caused by the pathogen has several major economic impacts, particularly
decreased harvest time and yields and lower fruit quality (Cohen, 1981; Colucci et al.,
2006; Palti and Cohen, 1980).

Apparently, P. cubensis is a pathogen with a high capacity to adapt to changing
environmental conditions and new geographical areas. It is common in temperate and
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humid areas of the world, but it is also known in cooler regions, such as Scandinavia
(Lebeda and Schwinn, 1994). The occurrence of this pathogen in Central Europe (Austria,
Czech Republic, Slovak Republic, Poland) had been known since the beginning of the last
century (Hecke, 1904), but mostly without any epidemic and destructive effect. The
European population of P. cubensis has been in epidemic progress since 1984, with a
deleterious impact on cucumber crops, but almost no epidemics have been recorded on
Cucumis melo and Cucurbita spp. under either field or glasshouse conditions in Central
Europe (Lebeda, 1999; Lebeda and Cohen, 2010).

The aim of the research described here was to survey the impact of cucurbit
downy mildew disease on cucurbitaceous vegetables in the territory of the Czech
Republic, focusing on its distribution and harmfulness. This paper summarizes the results
from the period 2005-2007 and present a continuation of our long-term field and
experimental studies of P. cubensis (e.g. Lebeda and Urban, 2004, 2007; Lebeda et al.,
2006; Sarris et al., 2009).

MATERIALS AND METHODS

Area and Period of Surveying

Distribution and harmfulness (expressed as disease incidence and disease
prevalence) of P. cubensis on cucurbitaceous plants were evaluated annually in the Czech
Republic during the period 2005-2007. Monitoring visits were undertaken during harvest
time (end of July and August) and included domestic vegetable gardens, small private
fields and larger production areas. The distribution of P. cubensis was studied in the two
main geographical areas of the Czech Republic, namely Moravia (its central and southern
parts) and Bohemia (eastern and central parts) (Fig. 1). The main cucurbitaceous
vegetable production areas (South and Central Moravia, East and Central Bohemia, and
Polabi (the lowland region of Bohemia along the River Labe)) were included in the
survey, as well as some areas that are marginal for cucurbit production (e.g. hilly and
mountainous areas of Jeseniky, Beskydy, Ceskomoravskéa vrchovina, Podkrkonosi). The
surveying expeditions were rather extensive (Table 1 and Fig. 1) and altogether, the
occurrence of P. cubensis was monitored in 115 localities (96 in 2005, 105 in 2006, and
91 in 2007).

Recorded Characteristics

Several characteristics were recorded at each locality: the date of observation,
geographic, regional and ecological parameters of the locality, character of growing area,
disease incidence and prevalence, occurrence of other harmful organisms and, when data
were available, records of any fungicide treatment. Two epidemiological parameters were
used to assess the occurrence of P. cubensis. Disease incidence was expressed as a
percentage of surveyed localities and in host plants crops at which P. cubensis occurred.
Disease prevalence (disease intensity) was assessed visually by using a 0-4 scale,
modified for P. cubensis (Lebeda and Kiistkova, 1994; Table 2). Leaf samples were taken
from crops with infected plants for subsequent isolation of pure cultures of P. cubensis for
further investigation (e.g. pathotyping, sensitivity to fungicides, molecular variation).

RESULTS

Host Range of P. cubensis

The occurrence of P. cubensis in the Czech Republic has been most frequently
observed on cucumber (Cucumis sativus), pumpkin (Cucurbita maxima), squash
(Cucurbita pepo), watermelon (Citrullus lanatus); rarely also on melon (Cucumis melo),
Lagenaria siceraria, and wild species (Bryonia alba and Echinocystis lobata). During the
period of our study (2005-2007), natural infection was recorded only on C. sativus, other
cucurbitaceous plants and wild cucurbits were without disease symptoms. On cucumber,
infection was recorded only on leaf laminas, not on fruits, flowers or stems.
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Natural Distribution, Seasonal and Spatial Dynamics of P. cubensis in C. sativus Crops

Disease incidence and prevalence were assessed in the visited localities with C.
sativus crops during 2005-2007 (Tables 3 and 4, Fig. 2). P. cubensis was widespread
across the whole area of the Czech Republic studied and in total 84% of visited localities.
The percentage of localities with infected C. sativus crops was almost identical in the
years 2005 and 2007, but was slightly lower in 2006 (Table 3). This is because of the
higher occurrence of healthy crops in the Moravian area that year (Table 4), the most
likely reason for which was a dry summer. The level of disease prevalence was assessed
in all localities with infected C. sativus crops (Table 3, Fig. 2). Serious infection (disease
prevalence rated as 3 or 4) was detected in the majority (70%) of surveyed localities in
successive years.

Coincidence of Other Harmful Organisms in the Crops of C. sativus

Two ascomycete pathogens, Golovinomyces cichoracearum and Podosphaera
xanthii, causal agents of cucurbit powdery mildew, were the most commonly recorded
natural infections. Only rarely, other fungal pathogens occurred, including Colletotrichum
orbiculare, Cladosporium cucumerinum and Didymella bryoniae. A frequently observed
bacterial pathogen was Pseudomonas syringae pv. Lachrymans. In some localities,
symptoms of viral infections were also noted. Among the most frequently occurring pests
were two-spotted spider mite (Zetranychus urticae), various species of aphids
(Aphidoidea), whitefly (7rialeurodes vaporianum), and in polytunnels and greenhouses,
the thrips (Frankliniella occidentalis).

DISCUSSION

Cucurbits, in particular cucumbers are among the most traditional and favorite
vegetables grown in the Czech Republic (Moravec et al., 2004). The devastating
epidemics of cucurbit downy mildew which have occurred annually since the half of the
1980s (Lebeda, 1986) have resulted in heavy economic losses in cucumber production,
and this has led to a serious reduction of the production area (CMVU, 2008; Moravec et
al., 2004). Despite this, detailed information on the distribution, severity and
epidemiology of the disease is still very limited. The results reported here contribute to an
understanding of the distribution and harmfulness of P. cubensis in the Czech Republic
over the period 2005-2007 and supplement data from our previous reports covering the
years 2001-2004 (Lebeda and Urban, 2004).

Our recent survey over the period 2005-2007 showed that the pathogen is very
damaging, especially for cucumbers. It was distributed across the whole area studied, a
disease impact was evident both in the main and marginal production areas. It caused
serious epidemics each year and the majority of the monitored cucumber fields were
severely infected. The first occurrence of P. cubensis was repeatedly observed in the
lowlands of South Moravia at the end of June or at the beginning of July; however,
serious epidemics usually began in the second half of July (Lebeda and Urban, 2004). Our
field observations confirmed that, because of its polycyclic nature, P. cubensis spreads
very rapidly within cucumber fields in the Czech Republic. Some records of the epidemic
occurrence of P. cubensis are also available from other European countries (Lebeda, 1990;
Lebeda and Cohen, 2010). In Central Europe, the occurrence of P. cubensis is very
unpredictable and outbreaks can be long-lasting and extremely destructive (Lebeda, 1999;
Lebeda and Cohen, 2010). However, with the exception of the Czech Republic, there is
no detailed information on the distribution of P. cubensis in others parts of Europe.
Nevertheless, P. cubensis is definitely a very invasive pathogen and it occurs in all the
most important growing areas of the world and there is some evidence to indicate that the
frequency and severity of outbreaks of the disease are increasing (Holmes et al., 2004,
2006; Lebeda and Cohen, 2010).

The spatial and temporal dynamics of the distribution of P. cubensis on cucumber
in the Czech Republic has been regularly assessed during the last ten years (Lebeda and
Urban, 2004, 2007). Our results on the geographical distribution of P. cubensis revealed
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some differences between the two main regions of Czech Republic (i.e. Moravia and
Bohemia) over the years. A relatively high fluctuation in disease severity in particular
years and localities were recorded in both areas. However, during the period 2005-2007,
we did not observe any significant increase of prevalence or harmfulness of cucurbit
downy mildew in the Czech Republic. Recorded differences in disease incidence and
prevalence (Tables 3 and 4) were more likely the result of among-years-fluctuations,
which agrees with our previous data obtained since 2001 (Lebeda and Urban, 2004;
Lebeda, unpublished data).

P cubensis exhibits clear host specialization (Palti and Cohen, 1980; Thomas et
al., 1987); nevertheless, variation in host range has been reported from different countries
(Lebeda and Cohen, 2010; Shetty et al., 2002). During our surveys the recorded and
evaluated potential hosts were mainly cucumber (Cucumis sativus), squash (Cucurbita
pepo), pumpkin (Cucurbita maxima), but very rarely also melon (Cucumis melo) and
watermelon (Citrullus lanatus). Nevertheless, repeating natural infections were found
only on cucumbers; macroscopical symptoms of infection were not observed on other
cucurbit crops, including wild growing Cucurbitaceae (e.g. Bryonia alba). However, from
previous observations in the Czech Republic it is evident that infections were
occasionally observed on Cucumis melo in 1984 (Kiistkova et al., 2007), 2003 and 2004
(Urban and Lebeda, 2007). Microscopically, sporangia of P. cubensis were also detected
on Cucurbita maxima in 1996 and Cucurbita pepo in 2000 (Kftistkova et al., 2007).
Limited development of symptoms was also recorded on Citrullus lanatus and Cucurbita
pepo in 1985 and 1997, but those observations were from glasshouses where the plants
were under a strong infection pressure (Lebeda et al., 2007).

Because it is an obligate biotrophic parasite, the survival of P cubensis is
dependent on the availability of living host tissues. It has therefore been suggested
(Holmes et al., 2004; Lebeda, 1990; Lebeda and Cohen, 2010) that in northern latitudes,
primary infections are the result of annual long-range dispersal of spores from more
southerly regions, because in northern areas cucurbit plants die back in autumn and are
not available for pathogen overwintering (as active mycelium in host tissues). This
possibility is supported by the recorded ability of Czech isolates of P cubensis to infect
cucurbit species, which are not common in Central Europe and the Czech Republic (e.g.
wild Cucurbita spp., Citrullus lanatus, Lagenaria siceraria; Lebeda and Widerlechner,
2003, 2004). From the results presented in this paper and from previously published data
it is evident that P. cubensis is a very aggressive pathogen with a high epidemiological
potential (Lebeda and Urban, 2007). The existence of various pathotypes was confirmed
(Lebeda et al., 2006) and the spectrum of new host species is increasing (e.g. Runge and
Thines, 2009; Voglmayr et al., 2009).

With regard to the harmfulness of P cubensis, the high number of localities and
crops included in our study enabled us to obtain a clear picture of the geographic
distribution, spatial dynamics and epidemiology of P. cubensis, at least for the Czech
Republic. Our extensive data collected over many years (Lebeda and Urban, 2004) are
probably the most comprehensive reports available about the spatial distribution and
dynamics of P. cubensis in Europe. These results also support previous assumptions
(Lebeda and Schwinn, 1994) about the highly negative economic impact of P. cubensis
on cucumber production in the Czech Republic (in comparison with 1980s the reduction
of production area at the beginning of 2000 reached ca 75% (CMVU, 2008; Moravec et
al., 2004)). Further detailed research on this pathogen is urgently required, together with
broad international cooperation focused on various aspects its epidemiology (Lebeda and
Cohen, 2010; Lebeda et al., 2006).
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Tables

Table 1. Regions of the Czech Republic (see Fig. 1) surveyed for distribution and harm-
fulness of cucurbit downy mildew (2005-2007).

Moravia/Region Abbr. Bohemia/Region Abbr.
South Moravia M Hradec Kralové KH
Olomouc OL Pardubice PA
Zlin ZL Central Bohemia SC
Moravia—Silesia MS South Bohemia JC
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Table 2. Visual scale for expressing different levels of disease prevalence (according to
Lebeda and Kristkova, 1994).

Degree of scale Percentage of the total leaf Disease prevalence
surface in the crop infected

0 0 No disease symptoms

1 0<25 Low

2 >25 <50 Medium

3 >50 <75 High

4 >75 Very high

Table 3. Incidence and harmfulness of cucurbit downy mildew in the Czech Republic over
the period 2005-2007.

Year No. of evaluated Disease incidence Disease prevalence
localities with % of localities with Degree of scale/% of localities
Cucumis sativus with recorded infection
crops healthy crops infected crops 1 2 3 4
2005 83 7 93 21 12 27 40
2006 93 30 70 22 12 20 46
2007 66 6 94 7 16 29 48

Table 4. Differences in incidence and harmfulness of cucurbit downy mildew in two
major parts of the Czech Republic (Moravia and Bohemia).

Year/area No. of evaluated Disease incidence Disease prevalence

of the localities with % of localities with Degree of scale/% of localities with
Czech Cucumis sativus recorded infection
Republic crops healthy crops infected crops 1 2 3 4
2005

Moravia 53 6 94 10 8 32 50
Bohemia 30 10 90 41 18 19 22
2006

Moravia 59 41 59 34 20 32 14
Bohemia 34 12 88 7 3 7 &3
2007

Moravia 50 8 92 9 17 33 41
Bohemia 16 0 100 0 12 19 69

257



Figures

Germany

@ Liberee

Poland

Ustinad Laboin -
@ ° ® Ceskea 1 o

lKH

[‘il"méﬁf“ \‘P“- S f \ ? ~ @ Trutnov
w -
T ,\Smll‘ @ ) O Jitina "™
o’ Miadi ¢ .
@Karlovy // = Boleslav \ Hradee 5 Ryl
Vary \ S . R Krilpvé % uu;i Knézngu
T ® | - ®
’ . S e e
) /L\‘{:ik ® Rakovnik o ® Pl‘i‘lé)«‘l 5 Nymburk K T \ . .l 7
e >
~ . L:-; e = @ “\ ® Pardubice™
/’ Kolin e
v, sC J\\ PA
Flgh 1\ /‘rf L @ Ostrava
. BOHEMIA ( PV -
N
E{\ P u/’ (»’—’ ¢ . _» Novy Jidin
4 Ko
) / 5 g
5 @ finlava Blamhu oL télm .l?\rerwJ
{ \«\ f @® ) / )‘Bpméhf ZL
S e [} Vyikoy “ £lin
— Jl = Brno DR
\ . .
Germany / DT s \{ © Uherské Hradistg
St . JM 2

Slovakia

Austria

Fig. 1. Localities (by dots) surveyed for the Pseudoperonospora cubensis incidence in the
Czech Republic in period 2005-2007.
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Fig. 2. Distribution of disease prevalence among years. Figure shows among-year
variation in localities with Cucumis sativus crops differing in disease prevalence.
Different levels of disease prevalence were expressed on a scale of 0-4 (Lebeda
and Kfistkova, 1994): 0 — no symptoms of P. cubensis infection on a surveyed
locality; 1 — low disease prevalence; 2 — medium disease prevalence; 3 — high
disease prevalence; 4 — very high disease prevalence (for details see Table 2).
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Disease Notes (continued)

First Report of Verticillium Wilt Caused by Verticillium dahliae on
Coleus verschaffeltii in Italy. A. Garibaldi, D. Bertetti, A. Poli, and
M. L. Gullino, Center of Competence AGROINNOVA, University of
Torino, Via Leonardo da Vinci, 44, 10095 Grugliasco, Italy. Plant Dis.
95:878, 2011; published online as doi:10.1094/PDIS-03-11-0247.
Accepted for publication 23 April 2011,

Coleus verschaffeltii Lem. (synonym C. blumei Benth., Plectranthus
scutellaroides (L.) R. Br., and Solenostemon scutellarioides (L.) Codd), a
perennial plant belonging to the Lamiaceae family, is used as a bedding
plant for public gardens. The most popular cultivars produce speckled
leaves of various colors. In October 2010, severe outbreaks of a previously
unknown wilt were observed in a public garden at Torino (northern Italy)
on 50 8-month-old plants. Plants were sprinkie irrigated. Initial symptoms
were withering of leaves starting from the collar and brown streaks in the
vascular tissue of roots, crown, and stem. Subsequently, infected tissues
wilted and plants became stunted. Barly leaf drop was observed and plants
appeared bare, keeping few leaves only at the end of stems. Infected plants
did not die but they lost the original ornamental aspect. Seventy percent of
the plants were affected. Stems of 10 plants were disinfected with 1%
sodium hypochlorite. Cross-sections through symptomatic vascular tissues
were plated on potato dextrose agar amended with 25 ppm of streptomycin
sulfate. After 10 days at 20 to 23°C, a fungus was consistently recovered
from 90% of stems. Irregular, black microsclerotia, 29 to 76 x 14 to 52
(average 49 x 28) pm, developed in hyaline hyphae after 15 days of
growth. Hyaline, elliptical, single-celled conidia, 3.9 to 7.2 x 1.7 to 2.8
(average 5.1 x 2.2) pm, developed on verticillate conidiophores with three
phialides at each node. On the basis of these morphological characteristics,
the fungus was identified as Verticillium dahliae (3). The internal tran-
scribed spacer (ITS) region of tDNA was amplified vsing the primers
ITS1/ITS4 (4) and sequenced. BLASTn analysis (1) of the 491-bp seg-
ment showed a 99% homology with the sequence of V. dahliae (Accession
No. GU461634). The ITS nucleotide sequence of our isolate has been
assigned the GenBank Accession No. JF704205. Pathogenicity tests were
performed twice using 45-day-old plants obtained from seeds of C. ver-
schaffeltii grown in 1-liter pots containing a 50:20:20:10 steamed mix of
peat moss/pumice/pine bark/clay. Roots of 10 healthy plants were
immersed in a conidial suspension (1.7 x 107 ml-}) of one culture of V.
dahliae isolated from infected plants. Ten plants immersed in sterile water
served as controls. Plants were maintained in a glasshouse at daily average
temperatures between 20 and 28°C and relative humidity between 50 and
80%. First wilt symptoms and vascular discoloration in the roots, crown,
and stems developed 20 days after inoculation. V. dahliae was consistently
reisolated from infected vascular tissues of crown and stems of sympto-
matic plants. Noninoculated plants remained healthy. To our knowledge,
this is the first report of Verticillium wilt on C. verschaffeltii in Italy. Verti-
cillium wilt had been previously reported on S. scutellaroides in the
United States (2). At this time, the economic importance of Verticillium
wilt on C. verschaffelzii in Italy is limited.

References: (1} S. F. Altschul et al, Nucleic Acids Res. 25:3389, 1997. (2) D. Farr et
al. Fungi on Plants and Plant Products in the United States. The American
Phytopathological Society. St Paul, MN, 1989. (3) G. F. Pegg and B. L. Brady.
Verticillium Wilts. CABI Publishing, Wallingford, UK, 2002. (4) T. J. White et al.
Page 315 in: PCR Protocols: A Guide to Methods and Applications. Academic Press,
San Diego, 1990.

First Report of Frogeye Leaf Spot of Soybean Caused by Cercospora
sojina Race 11 in Virginia. M. L. Rosso, A. Vazquez, and K. M. Rainey,
Virginia Polytechnic Institute and State University, Blacksburg 24061.
Plant Dis. 95:878, 2011; published online as doi:10.1094/PDIS-03-11-
0151. Accepted for publication 18 April 2011.

Frogeye leaf spot of soybean (FLS} (Glycine max (L.) Merr.), caused by
Cercospora sojina Hara, was first detected in Virginia in 1942 (1). During
the 2008 growing season, a FLS survey was conducted in soybean fields in
Virginia. This was the first FLS race survey conducted in Virginia. Typical
frogeye leaf spot symptoms, as reported by Phillips (4), were observed on
soybean leaves in Westmoreland County. During 2008, Westmoreland
County planted 7,365 ha of soybean. Symptomatic leaves were collected
from V06-1891, V06-1365, V05-4394, V04-8405, and Hutcheson cultivars
from plants in growth stages R5 to R6. Leaves were placed in a moist
chamber for 24 h at 21°C with 12-h light to induce sporulation. C. sojina
was only recovered from V06-1365. Conidia were removed from the
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leaves, placed into V8 juice agar amended with rifampicin (10 mg ml™!)
and ampicillin (0.25 g liter ') and incubated at 21°C with 12-h light. Cul-
tures with dark pigmentation and presence of conidia were observed after
3 weeks. Conidia matched the description of C. sofina (4). Conidia had
three to nine septa, were hyaline, elongate to fusiform, and measured 3 to
6 x 25 to 40 pm. Race identification was conducted using the set of
differentials reported by Mian et al. (3). Spores for inoculation were
produced on soybean stem lima bean agar (SSLBA) media. Ten-
centimeter-diameter pots, each containing four plants, were used. The test
was conducted twice in a complete randomized design with three replica-
tions. Seedlings were inoculated at the V3 growth stage with a spore
suspension of 6 x 10* spores/ml. Control plants were sprayed with sterile
distilled water. Plants were placed in a greenhouse bench humidity
chamber at 21°C for 72 h. Disease rating was conducted 14 days after
inoculation. Since the resistance to FLS is known to be controlled by
single dominant genes, the FLS was scored as a qualitative trait (i.e.,
resistant versus susceptible) as previously done by Mian et al. (2). Plants
that showed numerous, large, spreading lesions were classified as suscepti-
ble and each plant was given a score of 1. Plants that showed no lesions or
only small lesions or flecks were classified as resistant and each plant was
given a score of 0. Control plants remained healthy. On the basis of the
reaction response of the isolate on the set of differentials and comparison
with the proposed race designations of Mian et al. (3), the isolate was
classified as race 11. Race 11 shows compatible reaction (susceptibility)
on the soybean cv. Lincoln, which is the source of Res] resistance gene,
and incompatible reactions (resistance) on cvs. Peking, Davis, and Kent. The
latter two cultivars are sources of the Res3 and Res2 genes, respectively.
Successful development of soybean cultivars with FLS esistance not only
depends on knowledge of the presence of resistance genes, but also on the
understanding of the pathogen population structure. To our knowledge this
is the first report of C. sojina race 11 from soybean in Virginia. Resistance
to this race is conditioned by Res2, Res3, and the single dominant gene in
Peking (3). We recommend use of Res3 and Res2 genes and the single
dominant gene in Peking for resistance to FLS in Virginia.

References: (1) S. B. Fenn. Plant Dis. Rep. 26:383, 1942, (2) M. A. R. Mian et al.
Crop Sci. 39:1687, 1999. (3) M. A. R. Mian et al. Crop Sci. 48:14, 2008. (4) D. V.
Phillips. Page 20 in: Compendium of Soybean Diseases. 4th ed. The American
Phytopathological Society. St. Paul, MN, 1999. .
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First Report of Pseudoperonospora cubensis on Cucurbita moschata in
the Czech Republic. J. Pavelkovd, A. Lebeda, and B. Sedldkovd,
Department of Botany, Faculty of Science, Palacky University in
Olomouc, Slechtiteld 11, 783 71 Olomouc-Holice, Czech Republic. This
research was supported by grants QH 71229, MSM 6198959215, and
internal grant of Palacky University in Olomouc IGA PrF_ 2011. Plant
Dis. 95:878, 2011; published online as doi:10.1094/PDIS-01-11-0055.
Accepted for publication 1 April 2011.

Pseudoperonospora cubensis (Berk. & M.A. Curtis) Rostovzev, the
causal agent of cucurbit downy mildew, was observed for the first time on
Cucurbita moschata Duchesne in the Czech Republic (CR) in August
2009 and repeatedly in September 2010. Recently, C. moschata has not
been an economically important crop in the CR; however, related crops C. -
pepo and C. maxima have increased in importance. Infected plants with P.
cubensis were found in two locations: in a hobby garden in north Moravia
(Novy Jigin - Kojetin [49°33'48.088"N, 17°59°16.632"E], 2009 and 2010)
and in a commercial field in central Moravia (Olomouc-Holice
[49°34'31.95”N, 17°17'35.462"E), 2010). The pathogen caused small,
angular, yellowish or pale green lesions on the upper leaf surfaces and
produced sporangiophores and sporangia on the lower leaf surfaces. The
lesions were delimited by leaf veins and later turned necrotic. Sporan-
giophores were hyaline, branched, and emerged in groups from stomata.
Olive brown-to-dark brown sporangia were ellipsoidal to oblong. Our
morphological observations confirmed that the pathogen was P. cubensis
(2). No previous reports are available of P cubensis on C. moschata in CR
or anywhere in Central Europe. However, P cubensis is common on C.
moschata in some parts of Asia and the United States (1,2). P cubensis
exhibiting clear host specialization has been reported in different countries
and geographic areas (2). A C. moschata isolate (PC 88/2009) originating
from the naturally infected plants was inoculated (1 % 10° spores per ml and




incubation temperature of 18/15°C during light/dark cycles) according to
the methodology described by Lebeda and Urban (3) onto the abaxial
surface of leaf discs of all genotypes of a differential set of cucurbits for P
cubensis pathotype determination (4). C. moschata (line NovoS, Nohel-
Garden, CR) was added to this set. The isolate PC 88/2009 was highly
pathogenic to all screened Cucurbita spp. genotypes (C. pepo, C. maxima,
and C. moschata). However, no infection was detected on most of the
Cucumis accessions; only Cucumis melo subsp. agrestis var. conomon was
susceptible. Also, no infection was observed on other differentials
(Citrullus, Benincasa, Luffa, and Lagenaria). The pathotype was classified
as Pc 4/15/0. This pathotype had not been previously detected in CR.

References: (1) D. F. Farr and A, Y. Rossman. Fungal Databases. Systernatic
Mycology and Microbiology Laboratory, ARS, USDA. Retrieved from http://nt.ars-
grin.gov/fungaldatabases/. December 16, 2010. (2) A. Lebeda and Y. Cohen. Eur. J.
Plant Pathol. 129:157, 2011. (3) A. Lebeda and J. Urban. Page 285 in: Mass
Screening Techniques for Selecting Crops Resistant to Disease. M. M. Spencer and
A. Lebeda, eds. International Atomic Energy Agency (IAEA), Vienna, Austria, 2010
(4) A. Lebeda and M. P. Widrlechner. J. Plant Dis. Protect. 110:337, 2003.

*The e-Xtra logo stands for “electronic extra” and indicates this Disease Note online
contains supplemental material not included in the print edition.
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First Report of Powdery Mildew of Hexinia polydichotoma Caused by
Leveillula lactucae-serriolae in China. B. Xu, J. G. Song, G. He, M. F.
Lv, L. L. Zhang, and Z. Y. Zhao, College of Life Sciences, Tarim
University, and Key Laboratory of Protection and Utilization of Biological
Resources in Tarim Basin affiliated to Xinjiang Production and
Construction Groups, Tarim University, Alar 843300, China. Plant Dis.
95:879, 2011; published online as doi:10.1094/PDIS-03-11-0249.
Accepted for publication 29 April 2011.

Hexinia polydichotoma (Ostenf) H.L. Yang (synonym Chondrilla
polydichotoma Ostenf.) is an indigenous sand-binding plant that is
widely distributed only in the desert regions of Northwest China. During
the summer of 2007, severe outbreaks of a previously unknown powdery
mildew were observed in the Taklimakan Desert in Xinjiang, China.
Almost 95% of the plants surveyed were affected in this area. The upper
surfaces of the stem were covered with white mycelia and the correspond-
ing abaxial surfaces of infected leaves were chlorotic. Affected young,
green stems also showed extended chlorosis. As the disease progressed,
the infected stems turned yellow and necrotic. Heavy infection resulted in
death of the plants. The primary conidia of the fungus were lanceolate
with apical pointed, rarely cylindrical or subcylindrical with attenuated
apex. They measured 53 to 73 x 15 to 21 um and had a surface with a net
of irregular rides and warts. Subcylindrical or subclavate secondary
conidia with rounded ends measuring 50 to 77 x 13 to 20 pm were
observed. The ascomata are subgregarious to scattered, globose, and 165
to 200 um in diameter that are immersed in the dense mycelial tomentum.
Numerous and well-developed appendages on the lower half of the asco-
mata are irregularly branched and can be as long as up to the ascomata
diameter. The appendages measure 79 to 106 x 5 to 10 pm and are asep-
tate, thin walled, and smooth. Asci are numerous (usually more than 20
per ascoma), stalked, clavate-ovoid to nearly cylindrical, and contain two

spores (rarely one or three). Ascospores are-ellipsoid, hyaline, and mea-

sure 25 to 35 x 14 to 20 pm. On the basis of these characteristics, the
fungus was identified as Leveillula lactucae-serriolae (2). A voucher
specimen was deposited in the Herbarium of Martin Luther University,
Halle, Germany (Accession No. HAL 2439F). To confirm the identifica-
tion, the internal transcribed spacer (ITS) rDNA was amplified and
sequenced, and deposited in GenBank (Accession No. HQ821500). Com-
parison with sequences available in the GenBank database revealed that
the ITS sequence shares 99% similarity with that of L. lactucae-serriolae
on Lactuca serriola from Iran (Accession No. AB044375.1) (1). Thus, the
pathogen was identified as L. lactucae-serriolae based on the host plant
species, anamorph morphology, and ITS sequence. Pathogenicity was con-
firmed through inoculation by gently pressing a diseased stem onto the
stem of healthy H. polydichotoma plants. Five inoculated plants were kept
under a plastic bumid chamber, whereas the same number of noninocu-
lated plants served as the control. The plants were placed under natural
conditions (25 to 28°C) with 80 to 90% humidity. At 15 days after inocu-
lation, typical symptoms of powdery mildew developed on the inoculated

plants. No symptoms were seen on the control plants. To our knowledge,
this is the first report of L. lactucae-serriolae in China and the first record
of L. lactucae-serriolae on H. polydichotoma in the world (http://nt.ars-
grin.gov/fungaldatabases/index.cfm). Because the plant is becoming
widely cultivated in the Taklimakan Desert for use in sand-binding, the
powdery mildew poses a serious threat to desertification control.

References: (1) S. A. Khodaparast et al. Mycol Res. 105:909. 2001. (2) S. A.
Khodaparast et al. Mycoscience 43:459, 2002.
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First Report of Powdery Mildew on Ruth’s Golden Aster (Pityopsis
ruthiiy Caused by Golovinomyces cichoracearum  (Erysiphe
cichoracearum). R. N. Trigiano, Department of Entomology and Plant
Pathology, University of Tennessee, Knoxville 37996-4560; A. J. Dattilo,
Biological Compliance, Tennessee Valley Authority, Knoxville 37902; and
P. A. Wadl, Department of Entomology and Plant Pathology, University of
Tennessee, Knoxville 37996-4560. Plant Dis. 95:879, 2011; published
online as doi:10.1094/PDIS-04-11-0289. Accepted for publication 18 April
2011.

Ruth’s golden aster (Pityopsis ruthii (Small) Small: Asteraceae) is an
endangered, herbaceous perennial that occurs only at a few sites along
small reaches of the Hiwassee and Ocoee rivers in Polk County,
Tennessee. As part of a planned restoration program, Ruth’s golden aster
has been micropropagated in vitro and acclimatized to greenhouse condi-
tions. In February 2011, several established plants in a greenhouse in
Knoxville, TN exhibited signs and symptoms of powdery mildew includ-
ing growth of white mycelium and conidiophores on the adaxial surface of
leaves and slight curling upward of leaf margins. Mycelium was superfi-
cial and nipple-shaped appressoria were present. Mycelia, conidiophores,
and conidia were removed from several leaves, mounted in water, and
examined microscopically. Cylindrical to ovoid conidia (n = 100) lacking
fibrosin bodies were borne in chains and bad a mean length of 32.0 ym
(19.2 to 38.7 um) and width of 14.9 pm (6.3 to 21.2 um). The description
and dimension of the conidia agreed well with that provided for Golovino-
myces cichoracearum (Erysiphe cichoracearum) reported on Coreopsis
spp. (1,3) and Cirsium arvense (creeping thistle) (2). The teleomorph was
not observed. Total genomic DNA was extracted from infected leaves,
amplified with ITS1 and ITS4 primers for the 18S rRNA subunit (4), and
visualized on a 2% ethidium bromide agarose gel. An amplicon of fungal
origin, approximately 550 bp and smaller than the approximately 700-bp
plant ITS amplicon, was excised, purified, and then sequenced. This
sequence was deposited in GenBank (Accession No. JF779687) and was
99% identical to two G. cichoracearum accessions (Nos. AB77627 and
AB77625). Infected leaves were rubbed on leaves of four healthy plants
and healthy leaves were rubbed onto other healthy leaves of two additional
plants as controls in the greenhouse. Signs of powdery mildew developed
on those plants inoculated with infected leaves after 7 to 10 days and the
morphology of the fungus was identical to our previous description. To our
knowledge, this is the first report of G. cichoracearum (E. cichoracearum)
infecting Ruth’s golden aster. We are not aware of the disease occurring in
wild populations of the plant, but it does impact the production of micro-
propagated plants in the greenhouse.

References: (1) D. A. Glawe et al. Online publication. doi:10.1094/PHP-2006-0405-~
01-BR. Plant Health Progress, 2006. (2) G. Newcombe and C. Nischwitz. Plant Dis.
88:312, 2004. (3) T. E. Seijo et al. Online publication. doi: 10.1094/PHP-2006-1214-
01-BR. Plant Health Progress, 2006. (4) T. J. White et al. Page 315 in: PCR
Protocols: A Guide to Methods and Applications. M. A. Innis et al., eds. Academic
Press Inc, New York, 1990.
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Abstract

Cucurbit downy mildew, caused by Pseudoperonospora
cubensis, is a major cucumber disease in the Czech
Republic. Disease prevalence, host range and disease
severity were evaluated from 2001 to 2009. The geo-
graphical distribution of P. cubensis was assessed on
ca 80-100 locations per year in two main regions of
the Czech Republic (central and southern Moravia,
and ecastern, northern and central Bohemia). Infection
by P. cubensis was observed primarily on cucumber
(Cucumis sativus) but only on the leaves. During the
study, disease prevalence ranged from 66 to 100%.
The majority of C. sativus crops were heavily infected
at the end of the growing season (second half of
August). Generally, P. cubensis was present at high or
very high disease severity. The loss of foliage results in
the reduction in the quality and quantity of market-
able yield of fruit. Pseudoperonospora cubensis was
widespread across the whole area of the Czech Repub-
lic studied. Very rarely, infection was recorded in
muskmelon (Cucumis melo) and Cucurbita moschata.
Of other pathogens, the most frequently recorded was
the cucurbit powdery mildew (Golovinomyces cichora-
cearum and Podosphaera xanthii).

Introduction

The Cucurbitaceae, a large family and heterogeneous
group of plants, originated from America, Africa and
Asia (Bates et al. 1990; Lebeda et al. 2007b) but are
now grown in most countries of the world, primarily
in the warmer and temperate regions. It is a family of
many economically important species, particularly
those with edible fruits (Robinson and Decker-Walters
1997). In the Czech Republic, cucumber (Cucumis sati-
vus) is among the traditional, favourite and most fre-
quently grown vegetable crops (Moravec et al. 2004).
However, since 1984, cucumber production has been
seriously limited by the occurrence of epidemics of
downy mildew caused by the oomycete Pseudoperonos-
pora cubensis (Lebeda 1986). These outbreaks cause

significant crop damage and lead to death of the plants
at the adult stage. The disease therefore plays a crucial
role in determining the quantity and quality of cucur-
bit production (Lebeda and Cohen 2011; Perchepied
et al. 2005; Velichi 2009).

In Europe, severe outbreaks of cucurbit downy mil-
dew, caused by P. cubensis, have been reported repeat-
edly (Lebeda and Cohen 2011) with frequent yield
reductions recorded in field-grown cucumbers during
the past 20 years (Doruchowski and Lakowska-Ryk
1992). Unlike as in other countries (e.g. USA), no
epidemics have been observed in Cucumis melo L. and
Cucurbita spp. under either field or glasshouse condi-
tions (Lebeda 1999; Lebeda and Cohen 2011). Never-
theless, P. cubensis is potentially a dangerous and
devastating pathogen and annually causes serious
threats to cucurbit crops (e.g. melon, cucumber,
squash, watermelon and luffa) grown around the world
(Cohen 1981; Lebeda and Cohen 2011).

Pseudoperonospora cubensis was first recorded in
Cuba in 1868 (Berkeley and Curtis 1868). It spread
rapidly throughout the majority of the European coun-
tries; it was recorded in Austria and Hungary from
1904, in Yugoslavia from 1952, in Russia from 1963
and in Bulgaria, Romania, Switzerland, Germany, the
Netherlands, Greece, France and Great Britain after
1970 (Lebeda 1990). Since 1984, cucurbit downy mil-
dew has been considered as a disease of high economic
impact in the former Czechoslovakia and in Central
Europe (Lebeda 1990). Pseudoperonospora cubensis
spread from Czechoslovakia (Lebeda 1986) to Poland
in 1985 (Rondomanski 1988) and spread by wind-
blown inoculum to Sweden and Finland (Forsberg
1986; Tahvonen 1985). Recently, more than 60 species
were reported to be affected by P. cubensis (Lebeda
and Cohen 2011). In addition to cucumber, the most
frequently affected hosts are muskmelon (Cucumis
melo), watermelon (Citrullus lanatus), pumpkin
(Cucurbita maxima) and squash (Cucurbita pepo) (Leb-
eda and Widrlechner 2003).
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Symptoms are usually confined to leaves, which influ-
ence the quality and yield of fruits. Infectivity by P. cub-
ensis was shown to be dependent on the host plant and
environmental conditions (Iwata 1942, 1953a,b; Palti
1974; Palti and Cohen 1980; Waterhouse and Brothers
1981). Free leaf moisture greatly accelerates the devel-
opment of P. cubensis (Lebeda and Cohen 2011).

The pathogen initially induces foliar chlorotic
lesions that later turn into necrotic lesions on the older
leaves. Sporulation is primarily seen on abaxial leaf
surfaces. Severely infected leaves wither early and are
malformed (Lebeda and Cohen 2011).

Despite its significance, population and quantitative
studies of the disease are still very rare (Lebeda et al.
2010). In Europe, there is limited information about
spatial distribution, host range and temporal changes
in the prevalence of P. cubensis in specific geographical
regions. We have focused on the temporal and spatial
changes in distribution, host range and disease severity
of P. cubensis in the Czech Republic. The study
included both preliminary (2001-2003) and previously
published data (Lebeda and Urban 2004) and new
data collected from 2004 to 2009. Our aim was to
examine in detail the spatial distribution and disease
severity of downy mildew in cucumber, the main host
plant species of P. cubensis in Central Europe. The
occurrence of powdery mildew was also recorded.

Materials and Methods

Area and period of surveying

The distribution, occurrence and damage were evalu-
ated in 12 regions (from 14) and 37 districts (from 77)
of the Czech Republic (Tables 1 and 2). In most years,
three main surveys were made per year (end of July till
end of August) in two main areas of the Czech Repub-
lic (central and southern Moravia and eastern and
central Bohemia) from 2001 to 2009. The main cucur-
bitaceous vegetable production areas were visited (e.g.
southern and central Moravia, eastern Bohemia and
Polabi), but some marginal areas for cucurbit cultiva-
tion (e.g. areas of Jeseniky, Beskydy, Ceskomoravska
Vrchovina, Podkrkonosi) were also considered
(Fig. 1). The occurrence of P. cubensis was monitored
during the main harvest period on hobby gardens,
small private fields and large production fields. The
prevalence and severity was evaluated annually at ca
80-100 locations (Table 2).

Table 1
Regions surveyed in Czech Republic from 2001 to 2009

Moraviaftegion Bohemia /region

South Moravia (SM)
Olomouc (OL)

Zlin (ZL)
Moravia—Silesia (MS)

Hradec Kralové (HK)
Pardubice (PA)
Central Bohemia (CB)
South Bohemia (SB)
Liberec (LI)

) Praque (P)
Usti nad Labem (UL)
Vysocina (VY)

Recorded characteristics

During each survey, in addition to epidemiological
data (disease prevalence and disease severity), geo-
graphical, regional and ecological characteristics were
also recorded for each site, including the date of obser-
vation, type of growing area, size of crop, fungicide
treatment (if data available) and presence of other
harmful organisms.

Downy mildew severity in cucumber was assessed
using two epidemiological parameters (disease preva-
lence and disease severity). Disease prevalence was
expressed as the percentage of surveyed locations at or
crops on which P. cubensis occurred. Disease severity
was assessed visually by using a 0-4 scale (0 = no dis-
ease symptoms; 1 = 0 < 25 percentage of the total leaf
surface in the fields infected, low severity; 2 = > 25
< 50, medium severity; 3 = > 50 < 75, high severity;
4 = > 75, very high severity), modified for P. cubensis
(Lebeda and Kiistkova 1994).

Results

Host range of Pseudoperonospora cubensis

A relatively small range of cucurbit vegetables are
grown in the Czech Republic. The most frequently
grown are cucumbers (C. sativus), squashes (Cucurbita
pepo) and pumpkins (Cucurbita maxima); less fre-
quently grown are melon (C. melo) and watermelon
(Citrullus lanatus); and only rarely Cucurbita foetidiss-
ima, Cucurbita moschata and Lagenaria siceraria. The
occurrence of P. cubensis in the Czech Republic was
most frequently recorded in C. sativus (Table 3). Infec-
tion of C. melo was recorded only at two locations
(2003 in Oplocany, Olomouc region; 2004 and 2009 in
Olomouc-Holice, Olomouc region). Infection of
C. moschata was first observed in the Czech Republic
in Novy Ji¢in-Kojetin (North Moravia — Silesia region)
in 2009 (Pavelkova et al. 2011). Infection in other cuc-
urbitaceous species was found during any of the nine
survey years (Table 3).

Expression of Pseudoperonospora cubensis infection in
Cucumis sativus crops

During the survey period, infection was recorded only
in leaf laminas, but not in fruits, flowers, stems or

Table 2
Number of surveyed regions, districts and locations from 2001 to
2009

Historical regions Locations

With C. sativus

Year X Bohemia Moravia District X crops
2001 10 6 4 26 130 102
2002 6 2 4 23 109 91
2003 7 3 4 19 107 87
2004 8 4 4 21 110 96
2005 8 4 4 22 96 83
2006 7 4 3 21 105 93
2007 7 3 4 20 91 66
2008 6 3 3 14 76 65
2009 7 3 4 22 106 92
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Host range of cucurbit downy mildew in the Czech Republic from 2001 to 2009

Year no. of monitored locationslocations with infected crops

Host plant 2001 2002 2003 2004 2005 2006 2007 2008 2009

Cucumis sativus 102/98 91/90 87/87 96/63 83/71 93/65 66/62 65/63 92/91
Cucumis melo 0/0 0/0 7/1 2/1 2/0 1/0 1/0 1/0 2/1
Cucurbita pepo 71/0 91/0 68/0 100/0 60/0 82/0 69/0 49/0 71/0
Cucurbita maxima 27/0 34/0 38/0 36/0 36/0 23/0 38/0 32/0 41/0
Cucurbita moschata 0/0 0/0 0/0 0/0 0/0 1/0 1/0 2/0 3/1
Citrullus lanatus 0/0 2/0 3/0 7/0 5/0 4/0 12/0 2/0 4/0
Lagenaria siceraria 0/0 0/0 1/0 1/0 1/0 0/0 0/0 0/0 0/0
Total 130798 105790 91/87 110/63 96/77 105/65 91/62 76/63 106/91

petioles. The disease progress was frequently connected
with the increase in leaf tissue necrosis. Yellow and
angular lesions (delineated by leaf veins) become dark
brown to almost black. Diseased leaves soon withered
and cup upward. Symptoms first appeared on the
older leaves and progressively spread on the younger.

Natural distribution and severity of Pseudoperonospora
cubensis in Cucumis sativus crops

The distribution of P. cubensis in C. sativus crops was
assessed from 2001 to 2009 (Table 4). The proportion
of healthy (non-infected) and P. cubensis-infected
C. sativus crops varied from year to year within all
surveyed locations. Disease prevalence ranged from 66
to 100%. The lowest values were recorded in 2004
(66%) and 2006 (70%); by contrast, the highest values
were in 2003 (100%), 2002 and 2009 (99%). Fluctua-
tions were also recorded in the distribution of the
pathogen between two main geographical areas, Mor-
avia and Bohemia, and between the years. Substantial
differences between values of disease prevalence were
demonstrated in 2004 and 2006 (Table 4).

All infected C. sativus crops were also evaluated for
the degree of disease severity from 2001 to 2009
(Fig. 2). The proportion of different disease severity
levels differed among individual years. Generally,
P. cubensis was most frequently present at very high

Table 4

Fluctuation in the prevalence (%) of Pseudoperonospora cubensis
infection in Cucumis sativus crops in the Czech Republic (Bohemia
and Moravia)

Bohemia Moravia Total
Year Healthy Infected Healthy Infected Healthy Infected
2001 9 91 0 100 4 96
2002 0 100 1 99 1 99
2003 0 100 0 100 0 100
2004 88 12 5 95 34 66
2005 10 90 6 94 7 93
2006 12 88 41 59 30 70
2007 0 100 8 92 6 94
2008 6 94 0 100 3 97
2009 2 98 0 100 1 99

infection levels (DI = 3-4, high or the highest disecase
severity), and occurrence at low infection levels
(DI = 1-2, low or medium disease severity) was rather
rare (Fig. 2). Fields with healthy or slightly infected
C. sativus plants predominated only sporadically dur-
ing the surveyed period, particularly in 2004 and 2006.
Some substantial differences were also recorded by
assessing disecase severity on surveyed localities in Mor-
avia and Bohemia as well as within individual years.
A greater variation in the degree of disease prevalence
was observed in Bohemia than in Moravia.
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Occurrence of Pseudoperonospora cubensis with other harmful
organisms

The natural occurrence of other fungal pathogens on
C. sativus plants was also recorded. The most common
were two ascomycete pathogens, Golovinomyces cichor-
acearum and Podosphaera xanthii, the causal agents of
cucurbit powdery mildew (Table 5).

Discussion

We here summarize information about the occurrence,
distribution and disease severity of cucurbit downy
mildew on cucurbitaceous crops in the Czech Republic
from 2001 to 2009. The occurrence of cucurbit downy
mildew was observed every year throughout the Czech
Republic. Natural infection was recorded frequently in

Table 5

Disease impact and species spectrum of cucurbit powdery mildew on
location with Cucumis sativus-infected plants monitored under field
or covered conditions in the Czech Republic during the years 2001—
2009

Infection degree Species
ID%No. of monitored spectrumyNo. of
No. of locations locations
monitored
Year  locations 0 1 2 3 4 Gec Px GetPx
2001 102 99 2 1 0 0 3 0 0
2002 91 88 2 1 0 0 3 0 0
2003 87 82 5.0 0 0 2 2 2
2004 96 83 11 1 1 0 10 2 1
2005 83 79 I 2 1 0 2 1 1
2006 93 81 8§ 2 o0 2° 8 1 2
2007 66 s7 5 1 2 1° 3 3 2
2008 65 61 31 0 0 1 1 2
2009 92 91 1 0 O 0 1 0 0
) 775 721 38 9 4 3 33 8 10

Ge, Golovinomyces cichoracearum; Px, Podosphaera xanthii; Ge¢+ Px,
Golovinomyces cichoracearum + Podosphaera xanthii.

“Infection degree (ID) 0—4 visual scale (Lebeda and Kfistkova 1994).
®One location from 2006 and one from 2007 — only cucurbit pow-
dery mildew infection was observed; no data about cucurbit powdery
mildew species spectra on Cucumis sativus from these two locations.

[m 2

2007

B3 B4

Fig. 2 Pseudoperonospora cubensis
severity in 2001-2009 in the Czech
Republic (Bohemia and Moravia),
values 0-4 represents degree of
scale for disease severity

2008 2009

C. sativus and only rarely in other cucurbits (Cucumis
melo and Cucurbita moschata) (Table 3). Disease prev-
alence varied during the period studied (Table 4). Dif-
ferences in prevalence within the recorded localities
with C. sativus crops and within particular years were
probably caused by both the quality of long-distance-
transported primary inoculum and variability in the
macro- and microclimatic conditions in individual
years. This supposition is supported by our studies of
spatial and temporal changes of pathogenic variability
of P. cubensis populations in the Czech Republic
(Lebeda and Urban 2007). Also, our comparative
molecular study showed that P. cubensis populations
from the southern Europe are completely different
from those in Central Europe (Sarris et al. 2009). Simi-
lar results of species spectra and pathogenic variability
were recently reported for cucurbit powdery mildew
(Kristkova et al. 2009; Lebeda et al. 2009).

During our surveys, the first occurrence of P. cuben-
sis was repeatedly observed in lowlands of South Mor-
avia (Czech Republic) at the end of June or at the first
half of July. Widespread epidemics usually began in
the second half of July (Lebeda and Urban 2004). Dis-
ease impact was evident in the main as well as mar-
ginal production areas; the majority of monitored
fields with cucumbers were repeatedly seriously
infected (Fig. 2). Some differences in the geographical
distribution of P. cubensis were revealed between the
two main regions of Czech Republic (i.e. Moravia and
Bohemia) (Table 4), as well as relatively high fluctua-
tion in disease severity within localities in the given
years in both areas. Recorded differences in discase
severity were more probably the result of weather fluc-
tuations among the years. The presence of crops with
serious infection was slightly higher in the years 2007,
2008 and 2009 than in the other years. Serious regular
infections and reduction in cucumber yields have been
the main reasons for the continued reduction (ca
80% until now) in the growing area since the 1990s
(CMVU - Czech and Moravian Vegetable Union
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2004; Moravec et al. 2004). On the other hand, there is
an increasing area of Cucurbita pepo and Cucurbita
maxima production (Moravec et al. 2004) because of
their resistance against local P. cubensis populations
(Table 3).

The survival of P. cubensis is primarily dependent
on availability of the living host tissues. It has been
suggested (Holmes et al. 2004; Lebeda 1990) that in
northern latitudes, primary infections are the result of
annual long-range dispersal of spores from southern
Europe, where the pathogen can overwinter as active
mycelium in living host tissue. This is also supported
by the repeatedly recorded ability of P. cubensis iso-
lates (established experimentally in laboratory condi-
tions) to infect cucurbit species (e.g. Citrullus lanatus,
Benincasa hispida and Lagenaria siceraria), which are
not commonly grown in the Central Europe (Table 3;
Lebeda et al. 2006; Lebeda and Urban 2007). It seems
that at least a portion of the pathogen population
occurring in Central Europe might have been trans-
ported from southern and south-eastern regions of
Europe, where highly pathogenic isolates (pathotypes)
are known (Cohen et al. 2003; Lebeda and Urban
2004; Lebeda et al. 2006, 2010). Nevertheless, this sur-
vey has shown that species like Cucumis melo, Cucurbi-
ta spp., Citrullus lanatus and Lagenaria siceraria are
rarely infected by P. cubensis when grown in natural
field conditions (Table 3). This means that in the path-
ogen population, isolates can overcome resistance of
these species (Lebeda and Urban 2007; Lebeda et al.
2010). However, the environmental conditions and
other circumstances are unfavourable for the establish-
ment of infection.

Except for the ‘green bridge’ discussed elsewhere, the
overwintering of P. cubensis is due to the formation of
oospores (Lebeda and Cohen 2011). There are some
reports of the occurrence of oospores in Europe (e.g.
Austria and Italy), Russia, China, Japan and India
(Bains et al. 1977; Bedlan 1989; D’Ercole 1975; Hiura
and Kawada 1933; Lange et al. 1989a,b; Palti and
Cohen 1980; Waterhouse and Brothers 1981). How-
ever, oospores have not yet been recorded in the Czech
Republic (Lebeda and Urban 2007). A new possibility
for overwintering of P. cubensis was suggested recently
(Runge and Thines 2009). The only perennial cucurbit
species that is native to temperate Europe is climbing
Bryonia dioica (bryony or wild hops). It is widely dis-
tributed throughout Europe and in the Mediterranean
region (Jeffrey 2001) and could, theoretically, serve as
an overwintering host of P. cubensis in Europe (Runge
and Thines 2009). So far, there has been no record of
cucurbit downy mildew disease (A. Lebeda unpubl.
data) on either Bryonia species (B. alba and B. dioica)
occurring in the Czech Republic (Kubat et al. 2002),
although B. dioica has been shown to be a host of
P. cubensis under laboratory conditions (Runge and
Thines 2009; Waterhouse and Brothers 1981). Never-
theless, no direct role of this species in the field epide-
miology of P. cubensis has been shown. The
epidemiology of P. cubensis in Central Europe and its

economic impact on cucurbit crops could be largely
influenced by variation in diverse factors such as
microclimatic conditions, fungicide treatment, growing
of different species and resistant cultivars (Lebeda
et al. 20006).

A relatively narrow range of potential hosts for
P. cubensis are grown in the Czech Republic (Moravec
et al. 2004); mainly cucumber (C. sativus), squash
(Cucurbita pepo), pumpkin (Cucurbita maxima) and
more rarely melon (Cucumis melo) and watermelon
(Citrullus lanatus) were recorded and evaluated during
our surveys (Table 3). Although recent laboratory
studies on variation in P. cubensis pathogenicity
showed that most isolates are compatible with cucum-
ber, melon, squash, pumpkin, watermelon and Benin-
casa (Lebeda and Gadasova 2002; Lebeda and Urban
2007; Lebeda et al. 2010), repeated natural and serious
infections were found only in cucumbers (Table 3).
Occasional infections were observed in Cucumis melo
in 1984 (Kristkova et al. 2007), in 2003 and 2004
(Lebeda and Urban 2007) and in 2009. Moreover, spo-
rangia of P. cubensis were microscopically detected
also in Cucurbita maxima in 1996 and Cucurbita pepo
in 2000 (Kristkova et al. 2007). Limited development
of symptoms was also recorded in Citrullus lanatus
and Cucurbita pepo in 1985 and 1997, but these obser-
vations were in the glasshouses where plants were
under strong infection pressure (Lebeda et al. 2007a).
Macroscopic symptoms of infection were not observed
in the period 1985-2009 on wild-growing Cucurbita-
ceae (e.g. Bryonia alba) (Lebeda unpublished results).
Pseudoperonospora cubensis exhibits clear host special-
ization (Palti and Cohen 1980; Thomas et al. 1987);
nevertheless, variation in host range has been reported
from different countries (Lebeda and Cohen 2011;
Shetty et al. 2002). In Italy, cucurbit downy mildew
appears on cucumber and melon and recently on
squash (Cappelli et al. 2003). In France, the disease
appeared in melon in 1984 and has since been com-
monly found in the main French production areas; in
1992, downy mildew was the most serious pathogen on
melon cultures (Epinat and Pitrat 1994).

Since the early 1960s, downy mildew in Israel
occurred naturally in only cucumber and melon
(Cohen 1981; Palti and Cohen 1980). Other cucurbit
species (Cucurbita moschata and C. pepo subsp. pepo)
were first attacked in 2002 (Cohen et al. 2003). In
southern China, a severe epidemic of downy mildew
on cultivated Luffa acutangula (angular sponge gourd)
was observed in 1999 (Cohen et al. 2003). Reports
from India (Fugro et al. 1997; Mahrishi and Siradhana
1988) indicate that Luffa spp. may be severely attacked
under field conditions. These Chinese and Indian pop-
ulations may belong to a distant pathotype different
from the populations in the USA and Israel, which are
incompatible with Luffa spp. (Lebeda et al. 2006; Tho-
mas et al. 1987). In the USA, P. cubensis was consid-
ered as the most important pathogen of cucumber in
the 1940s. During the 1950s and 1960s, downy
mildew—resistant cucumber cultivars were produced,
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which were responsible for disease control for 40 years
(Colucci et al. 2006). New population of P. cubensis
has emerged in 2004, which rendered these cultivars no
longer resistant (Colucci et al. 2006). First records of
P. cubensis in new host plants have been reported. In
Korea, the host range of P. cubensis was extended to
Lagenaria siceraria in 2005 (Choi and Shin 2008) than
to Sechium edule in Taiwan in 2005 (Ko et al. 2008)
and in India in 2008 (Baiswar et al. 2010). Symptoms
of cucurbit downy mildew were first reported on Tric-
hosanthes cucumerina in Malaysia in 2008 (Salati et al.
2010). The first detection of P. cubensis in Cucurbita
moschata in the Czech Republic was in 2009 (Table 3;
Pavelkova et al. 2011). Moreover, P. cubensis was also
observed on taxonomically distant species Impatiens
irvingii in Cameroon in 2007 (Voglmayr et al. 2009).
This is the first report on P. cubensis attacking another
family (Balsaminaceae). Global climate changes could
be one of the influences on the ability of the pathogen
to expand both its geographical and host range (Gar-
rett et al. 2000).

Like other members of Peronosporaceae, P. cubensis
has specific requirements for general environmental
and microclimatic conditions on individual sites
(Cohen 1981). Diverse optimal values have been
reported for the microclimatic factors regarding the
dependence of P. cubensis occurrence and distribution
on environmental conditions (Bedlan 1987; Buloviené
and Surviliené 2006; Cohen 1981; Lindenthal et al.
2005). It was found that the length of a latent period
and intensity of infection were dependent upon the
value of each individual factor (Cohen 1981). Temper-
ature and leaf moisture are probably dominant factors
affecting the initiation of infection and symptom
appearance (Li 2006). Our field observations revealed
that different microclimatic conditions on individual
localities, even within a very fine spatial scale, may
modify disease severity, and in extreme cases, they
may lead to the total absence of a disease (see Fig. 2).

Coincidence with other plant pathogenic fungi on
C. sativus populations was also recorded. Powdery mil-
dew (causal agents, Golovinomyces cichoracearum and
Podosphaera xanthii) is a rather common disease
affecting cucumbers in Central Europe (Kfistkova
et al. 2009) and the Czech Republic (Lebeda et al.
2009). It was suggested that the very low powdery mil-
dew frequency and infection intensity on C. sativus are
caused by early and serious infection by P. cubensis
(Kristkova et al. 2007). This is the main explanation
why in our monitoring, the co-occurrence of cucurbit
downy and powdery mildew was observed only in a
few cases. Higher frequency of localities with these two
diseases was recorded only in the years 2004 and 2006,
when the macroclimatic conditions were unfavourable
for P. cubensis development (Fig. 2). The occurrence
of powdery mildew alone was higher in the same years,
in the areca without occurrence of downy mildew; it
was observed in Bohemia in 2004 and in Moravia in
2006. More research is needed to explore this phenom-
enon. Although P. cubensis first appeared in Europe

approximately one hundred years ago, information
about the geographical distribution of the pathogen is
still limited. From previous studies, it is obvious that
in the Czech Republic, the main damage of this disease
is caused to field-grown cucumbers, but some rare
records on the occurrence of the fungus on other
cucurbits (Cucumis melo and Cucurbita moschata) have
started to appear. One of the aims of the future
research should be focused, therefore, on detailed
screening of potential host species for natural infection
of this pathogen, to reveal its increasing infectious
potential. However, the field observations must be fol-
lowed by the study of multiple pathotypes of the path-
ogen. This information could help the breeders and
growers to better predict the occurrence of this disease
and in time provide the best protection of their crop.
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Abstract

During the 2009, 2010, and 2011 growing seasons, disease prevalence and severity and
the host range of Pseudoperonospora cubensis, the causal agent of cucurbit downy mildew,
were evaluated at more than 70 locations in two main regions of the Czech Republic.
Infection by P. cubensis was observed primarily on Cucumis sativus, rarely on other
cucurbits. Medium to high disease-severity levels were most frequently recorded on C.
sativus. During the years 2010 and 2011, P. cubensis infection was also recorded on Cucumis
melo, Citrullus lanatus and Cucurbita moschata. Occurrence of P. cubensis on C. melo and C.
lanatus has been formerly reported from the Czech Republic, however, infection on C.
moschata was observed for the first time in the Czech Republic in 2009. In the years 2010 and
2011, four new hosts (Cucurbita pepo, Cucurbita maxima, Cucurbita ficifolia and Lagenaria
siceraria) of P. cubensis were found in the Czech Republic.

Virulence structure and its temporal changes (2010 to 2011) were studied in populations
of P. cubensis in the Czech Republic. Seventy P. cubensis isolates, collected from Cucumis
sativus and melo, Cucurbita maxima, pepo, and moschata, and Citrullus lanatus, were
analyzed for virulence variation. The variation of pathogen populations was expressed by the
designation of pathotypes using tetrad numerical codes. The most susceptible group of
differentials were Cucumis species; in contrast, the lowest frequency of pathogenicity was
recorded on Cucurbita pepo subsp. pepo, Citrullus lanatus and Luffa cylindrica. A high
proportion of Czech P. cubensis isolates were able to infect two cucurbit species, Benincasa
hispida and Lagenaria siceraria, that are not commonly cultivated in the Czech Republic or
elsewhere in Central Europe. In this study period (2009-2011), there were substantial changes
to the pathogen virulence structure in comparison with the period 2001-2008.

INTRODUCTION

The Cucurbitaceae, a large family and heterogeneous group of plants are most diverse in
America, Africa and Asia (Bates et al., 1990; Lebeda et al., 2007) but are now grown in most
countries of the world, primarily in the warmer and temperate regions. It is a family of many
economically important species, particularly those with edible fruits (Robinson and Decker-
Walters, 1997). In the Czech Republic, cucumber (Cucumis sativus) is among the traditional,
favorite and most frequently grown vegetable crops (Moravec et al., 2004). However, since
1984 cucumber production has been seriously limited by the occurrence of epidemics of
cucurbit downy mildew caused by the oomycete, Pseudoperonospora cubensis (Berk. & M. A.
Curtis) Rostovzev (1903), (Lebeda, 1986). These outbreaks cause significant crop damage
and lead to death of the plants at the adult stage (Lebeda and Schwinn, 1994). During last
decade in the Czech Republic, other cucurbits, such as Cucurbita pepo, C. maxima and C.
moschata have been grown more frequently (Lebeda et al., 2011).

Cucurbit downy mildew is the most important foliar disease of cucurbit crops
worldwide. Currently, the pathogen is very destructive in all humid areas of the world as well
as some temperate areas, and the disease, therefore, plays a crucial role in determining the



quantity and quality of cucurbit production. Recently, more than 60 species were reported to
be affected by P. cubensis (Lebeda and Cohen, 2011). In the Czech Republic, disease
prevalence, host range and disease severity were evaluated from 2001-2009. The geographical
distribution of P. cubensis was assessed on ca. 80 -100 locations per year in two main regions
of the Czech Republic (central and southern Moravia, and eastern, northern, and central
Bohemia) (Lebeda et al., 2011). Infection by P. cubensis was observed primarily on cucumber
(Cucumis sativus) but only on the leaves. The majority of C. sativus crops were heavily
infected at the end of growing season (second half of August). Generally, P. cubensis was
present at high or very high disease severity across the whole area of the Czech Republic
studied. The loss of foliage from such severe infections results in the reduction of the quality
and quantity of marketable fruits. Very rarely, in past years, we had also recorded infections
on muskmelon (Cucumis melo) and Cucurbita moschata (Lebeda et al., 2011). However,
beginning in 2009, the pathogen population changed dramatically, and new hosts were
recognized by new pathotypes that were able to establish serious infection of Cucurbita spp.
(Pavelkova et al., 2011) and Citrullus lanatus, not observed in 2001 to 2008 (Lebeda et al.,
2011).

The objectives of this study were: 1) to address the existence of new host species for P.
cubensis; 2) to measure variation in virulence (at the level of a pathotype) of P. cubensis in
the Czech Republic in the period 2009-2011.

MATERIALS AND METHODS

The distribution, disease prevalence and severity caused by P. cubensis on
cucurbitaceous vegetables were evaluated in 2009-2011 in the Czech Republic, in a similar
fashion to our earlier surveys (Lebeda et al., 2011). Three surveys were made per year (late
July to late August) in two main areas of the Czech Republic (Moravia, central and southern
parts; and Bohemia, eastern and central parts; Fig 1) from 2009 to 2011 (Lebeda et al., 2011).
The main cucurbitaceous vegetable production areas were visited (e.g., South and Central
Moravia, East Bohemia and Polabi). However, some marginal areas for cucurbit cultivation
(e.g., areas of Jeseniky, Beskydy, Ceskomoravskd Vrchovina, Podkrkonosi) were also
surveyed. The occurrence of P. cubensis was monitored during the main harvest period in
hobby gardens, small private fields and large production fields. Disease prevalence and
severity were evaluated annually at more than 70 locations following the methodology of
Lebeda et al. (2011).

The virulence of 70 isolates (collected in 2010 /37/ and 2011 /33/) was screened on a
differential set of 12 cucurbit taxa (Lebeda and Widrlechner, 2003). A leaf-disc method was
used (Lebeda and Urban, 2010), with a visual 0-4 scale (Lebeda, 1991) used to evaluate
sporulation intensity over a two-day period from 6 to 14 days after inoculation. The
sporulation intensity was expressed as the percentage of maximum sporulation intensity
(Lebeda and Urban, 2010). Leaf discs with no, or only a low level of sporulation (< 35%)),
were considered to show an incompatible response; those with a medium or high level of
sporulation were considered compatible genotypes (Lebeda and Urban, 2010). The virulence
level of isolates was determined on the basis of the number of virulence factors, i.e. number of
compatible reactions within the differential set of cucurbitaceous taxa. Pathotypes were
designated with tetrad numerical codes (Lebeda and Widrlechner, 2003).

RESULTS AND DISCUSSION

During the 2009, 2010, and 2011 growing seasons, disease prevalence and severity and
the host range of P. cubensis, were evaluated at more than 70 locations in two main regions of
the Czech Republic (central and southern Moravia, and eastern, northern and central
Bohemia). Infection was observed primarily on cucumber (Cucumis sativus), rarely on other



cucurbits. Disease prevalence of P. cubensis on C. sativus ranged from 91-97%. Disease
severity was assessed visually by using a 0-4 scale (Lebeda et al., 2011). The low (infection
degree ID = 1), or medium to high (ID = 2-3) severity levels were most frequently recorded
on C. sativus. During the years 2010 and 2011, P. cubensis infection was also recorded also
on Cucumis melo (2011), Citrullus lanatus (both years) and Cucurbita moschata (2010)
(Table 1). The occurrence of P. cubensis on C. melo and C. lanatus has been formerly
reported from the Czech Republic (Lebeda et al., 2011), however, infection on C. moschata
was only reported for the first time in the Czech Republic in 2009 (Pavelkova et al., 2011).
During the years 2010 and 2011, four new hosts (Cucurbita pepo and Cucurbita maxima
/2010-2011/, Cucurbita ficifolia /2010/ and Lagenaria siceraria /2011/) were found (Table 1).

The structure of, and temporal changes in, virulence in Pseudoperonospora cubensis
have been studied in the Czech Republic from 2001 to 2010 (Lebeda et al., in press). Nearly
400 P. cubensis isolates collected mostly from Cucumis sativus (ca 96%), but also from
Cucumis melo, Cucurbita maxima, Cucurbita pepo, Cucurbita moschata, and Citrullus
lanatus, were analyzed for variation in virulence (at the pathotype level). The structure of, and
changes in, virulence in the pathogen populations were expressed by the designation of
pathotypes using tetrad numerical codes, based on a differential set of 12 genotypes of
cucurbitaceous taxa (Lebeda and Widrlechner, 2003). The differential set identified 67
different pathotypes of P. cubensis. In these pathogen populations, 70 to 100% of the isolates
expressed a high number (9-12) of virulence factors. “Super pathotype” 15.15.15 was often
observed in our study and was one of the four most frequently recorded pathotypes (Lebeda et
al., in press). Recently two new pathotypes were determined (15.7.9., 14.0.0.) from the new
host plants (Table 2), however, we are expecting more new pathotypes from cucumbers (data
not elaborated yet).

The most susceptible group of differentials were Cucumis species, in contrast the lowest
frequencies of virulence were recorded on Cucurbita pepo subsp. pepo, Citrullus lanatus and
Luffa cylindrica. Notably, many Czech P. cubensis isolates were also able to infect two
cucurbit species (Benincasa hispida and Lagenaria siceraria; Table 2) that are not commonly
cultivated in the Czech Republic or elsewhere in Central Europe.

Over time, clearly P. cubensis populations have been evolving toward higher levels of
virulence, with substantial changes when compared to the period 2001-2009 (Lebeda et al.,
2010). Since 2009, the pathogen population has changed dramatically, and new pathotypes are
now able to establish serious infections on Cucurbita spp. and Citrullus lanatus (Lebeda et
al., 2011; Tables 1 and 2), which was not observed between 2001 and 2008 (Lebeda et al., in
press).

Previous studies have shown that P. cubensis is a highly variable pathogen from the
viewpoints of host-specificity, race-specificity and virulence (Lebeda et al., 2006, in press,
Fig. 1.; Lebeda & Cohen, 2011), findings also supported by recent molecular studies (Sarris et
al., 2009; Mitchell et al., 2011; Quesada-Ocampo et al., in press; Runge et al., 2011). The
comparison of P. cubensis isolates collected from 2001 to 2010 in the Czech Republic
confirms that the virulence structure of Czech pathogen populations is very broad and
dynamic in time and space (Lebeda et al., in press). However, from this study it is clearly
evident that during these most recent surveys the host range and variation in virulence
changed substantially (Tables 1 and 2). This supports previous hypotheses (Lebeda et al.,
2006; Lebeda and Cohen, 2011) that higher genetic diversity of resistance in Cucurbita spp.
and some other Cucurbitaceae may indirectly, but significantly contribute to the selection of
new P. cubensis pathotypes (Lebeda et al., in press). These changes must be seriously
considered in the development of effective disease management, including the evolutionary
dynamics of fungicide resistance (Lebeda and Cohen, 2012)
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Table 1. Pseudoperonospora cubensis infection of cucurbitaceaous vegetables, other than
cucumber (Cucumis sativus), recorded in the Czech Republic in 2009-2011

Host species Number of DI (degree of infection)*/ [number of monitored
monitored localities /frequency of localities (%)]
Ve localities 5 . 5 3 1
2009
Cucumis melo 2 1/50 1/50 0/0 0/0 0/0
Cucurbita moschata 3 2/75 1/25 0/0 0/0 0/0
2010
Cucurbita pepo 66 56/85 8/12 2/3 0/0 0/0
Cucurbita maxima 38 32/85 4/10 2/5 0/0 0/0
Cucurbita moschata 2 0/0 2/100 0/0 0/0 0/0
Cucurbita ficifolia 1 0/0 1/100 0/0 0/0 0/0
Citrullus lanatus 6 5/83 0/0 0/0 1/17 0/0
2011
Cucumis melo 2 1/50 0/0 0/0 0/0 1/50
Cucurbita pepo 58 48/83 7/12 3/5 0/0 0/0
Cucurbita maxima 29 18/62 9/31 2/7 0/0 0/0
Cucurbita moschata 2 1/50 1/50 0/0 0/0 0/0
Citrullus lanatus 10 8/80 0/0 1/10 1/10 0/0
Lagenaria siceraria 2 0/0 2/100 0/0 0/0 0/0

*Degrese of infection (DI) measured on a 0-4 scale (Lebeda and Kiistkova, 1994)




Table 2. Characterization of virulence of P. cubensis isolates originating from a new host species (sampled in the period 2009-2011) (added and adapted according to Lebeda
et al., in press)

Host Origin No. of differential genotype VF
plant Isolate Region/District/Location Pathotype 1 2 3 4 5 6 7 8 9 10 11 12

CMe 89/09 OL/OL/ Olomouc-Holice 15.14.11 + + + + - + + + + + - + 10
CMe 19/11 OL/OL/Olomouc-Holice 15.14.15 + + + + - + + + + + + + 11
CMe 20/11 OL/OL/Olomouc-Holice 15.7.9 + + + + + + + - + - - + 9
CP 58/10 JM/HO/Muténice 15.15.3 + + + + + + + + + + - - 10
CP 61/10 JM/HO/Ratiskovice 15.15.11 + + + + + + + + + + - + 11
CP 72/10 Z1/Z1/Napajedla 15.15.3 + + + + + + + + + + - - 10
CP 73/10 Z1/ZL/Napajedla 15.15.3 + + + + + + + + + + - - 10
CP 59/11 ZL/KM/Postoupky 15.15.10 + + + + + + + + - + - + 10
CP 66/11 ZL/KM/Napajedla 15.15.11 + + + + + + + + + + - + 11
Cp 87/11 MS/NJ/Novy Ji¢in-Kojetin 14.0.0. - + + + - - - - . . - - 3
Cp 89/11 MS/NJ/Novy Ji¢in-Kojetin 15.15.3 + + + + + + + + + + - - 10
CM 12/10 JM/BO/Moravské Branice 15.15.7 + + + + + + + + + + + - 11
CM 67/10 JM/HO/Veseli nad Moravou 15.15.11 + + + + + + + + + + - + 11
CM  81/10 OL/OL/Olomouc-Holice 15.6.0 + + + + - + + - - - - - 6
CM  45/11 OL/OL/Olomouc-Holice 15.15.3 + + + + + + + + + + - - 10
CM 54/11 OL/PR/Polokovice 15.15.10 + + + + + + + + - + - + 10
CMo 86/10 MS/NJ/Novy Ji¢in-Kojetin 15.15.15 + + + + + + + + + + + + 12
CMo 88/09 MS/NJ/Novy Ji¢in-Kojetin 4.15.0 - - + - + + + + - - - - 5
CL 83/10 OL/OL/Olomouc-Holice 15.15.11 + + + + + + + + + + - + 11

CMe - Cucumis melo; CP - Cucurbita pepo;, CM - Cucurbita maxima; CMo - Cucurbita moschata; CL - Citrullus lanatus

1 — 12, for details see Lebeda and Widrlechner (2003).

+, compatible reaction of P. cubensis isolates on cucurbit differential genotypes; -, incompatible reaction of P. cubensis isolates on cucurbit differential genotypes.
VF, number of virulence factors.



100 ~

90 -

70 -

60 -

40 -

30 -

Frequency of compatible reaction (%)
4
<

1 2 3 4 5 6 7 8 9 10 11 12
Differential genotype

Fig. 1. Variation in susceptibility of cucurbit differential genotypes (1-12, see Lebeda and
Widrlechner (2003)) to P. cubensis isolates (N=11) from new host species (origin
from the years 2009 and 2010, see Tables 1 and 2) (adapted according to Lebeda et al.,
in press)
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Structure and temporal shifts in virulence of
Pseudoperonospora cubensis populations in the
ilp] Czech Republic

A. Lebeda*, J. Pavelkova, B. Sedlakova and J. Urban

Department of Botany, Faculty of Science, Palacky University in Olomouc, Slechtitelii 11, 783 71 Olomouc, Czech Republic

The structure and temporal dynamics of the virulence of Pseudoperonospora cubensis (causal agent of cucurbit downy mil-
dew) were studied in pathogen populations in the Czech Republic from 2001 to 2010. A total of 398 P. cubensis isolates col-
lected from Cucumis (Cm.) sativus, Cm. melo, Cucurbita (Cr.) maxima, Cr. pepo, Cr. moschata and Citrullus lanatus were
analysed for variation in virulence (pathotypes). Virulence was evaluated on a differential set of 12 genotypes of cucurbita-
ceous plants. All isolates of P. cubensis were characterized by their level of virulence (classified according the number of viru-
lence factors, VF; low VF = 1-4, medium VF = 5-8, high VF = 9-12): high (75%), medium (24%) and low (1%). The
structure and dynamics of virulence in the pathogen populations were expressed by pathotypes using tetrad numerical codes
and a total of 67 different pathotypes of P. cubensis were determined. The most susceptible group of differentials was
Cucumis spp., while the lowest frequency of virulence was recorded on Cr. pepo ssp. pepo, Ci. lanatus and Luffa cylindrica.
A high proportion (c. 90%) of isolates were able to infect cucurbit species Benincasa hispida and Lagenaria siceraria, which
are not commonly cultivated in the Czech Republic or elsewhere in central Europe. In the recent pathogen populations
(2008-2010) there was prevailing frequency (70-100%) of isolates with high numbers (9-12) of virulence factors. ‘Super
pathotype’ 15.15.15 was often observed in the study within the pathogen populations and was one of the four most fre-
quently recorded pathotypes. Pseudoperonospora cubensis populations shifted to a higher virulence over time. From 2009
the pathogen population changed dramatically and new pathotypes appeared able to establish natural and serious infection
of Cucurbita spp. and Ci. lanatus, which was not observed in 2001-2008. Generally, virulence structure and dynamics of
P. cubensis populations are extremely variable in the Czech Republic.

Keywords: cucumber, cucurbit downy mildew, cucurbits, pathotypes, tetrad numerical codes, virulence
differentiation

Introduction

Cucurbit downy mildew, caused by Pseudoperonospora
cubensis, is the most important foliar disease of cucurbit
crops worldwide (Lebeda & Cohen, 2011). The disease is
most often recorded in tropical, subtropical and warm
temperate areas of the world. However, in the 1980s it
was also observed in cooler areas, such as Scandinavia
(Tahvonen, 1985; Forsberg, 1986). Currently, the patho-
gen is very destructive in all humid areas of the world, as
well as some temperate areas (Lebeda & Cohen, 2011).
Pseudoperonospora cubensis can overwinter in areas
with mild winter temperatures or in protected cultiva-
tion, as active mycelium in either cultivated or wild spe-
cies of cucurbits (Lebeda & Cohen, 2011). In the USA,
the pathogen is thought to be reintroduced annually in
areas with hard winters via long-distance transport of
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inoculum from warmer areas (Holmes et al., 2004;
Ojiambo & Holmes, 2011). Survival by oospores is the
subject of ongoing debate; there are reports of oospore
formation from Russia, China, Japan, India and Italy (for
details Cohen & Rubin, 2011; Lebeda & Cohen, 2011),
and recently, infectious oospores were produced experi-
mentally under laboratory conditions (Cohen & Rubin,
2011). Because of the polycyclic nature of P. cubensis, the
disease spreads rapidly both in open fields and protected
environments (Lebeda & Cohen, 2011). Infection is
caused by zoospores, which requires free leaf moisture,
with sporulation occurring at relative humidity >90%
(Cohen & Rotem, 1971; Cohen, 1977). The disease is
often devastating and requires frequent fungicide appli-
cation for control (Lebeda & Cohen, 2012). However,
resistance has rendered several fungicides ineffective.
Pseudoperonospora cubensis was the first oomycete to
develop resistance to metalaxyl and reduced sensitivity to
mancozeb, and there are now a broad spectrum of fungi-
cides that are ineffective against P. cubensis (Lebeda &
Cohen, 2011,2012).
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Pseudoperonospora cubensis is considered a ‘risky’
pathogen (sensu McDonald & Linde, 2002) with a high
evolutionary potential and broad adaptability (Lebeda &
Urban, 2007). The spectrum of known host species is
enlarging (Lebeda & Widrlechner, 2003; Lebeda &
Cohen, 2011) and there have been reports of new hosts of
P. cubensis in many countries (e.g. Cohen et al., 2003;
Colucci et al., 2006; Choi & Shin, 2008; Ko et al., 2008;
Baiswar et al., 2010; Salati et al., 2010a; Pavelkova et al.,
2011). Palti (1974) reported that differences in host spe-
cies’ responses to the pathogen were probably the result
of different physiological races and/or pathotypes in var-
ious countries. A detailed survey of virulence in P. cuben-
sis demonstrated the existence of a large number of
pathotypes (c. 100) and potential races around the world
(Lebeda etal., 2006).

Thomas et al. (1987) proposed the first differential set
for virulence determination based on three host genera
(Cucumis [Cm.], Cucurbita [Cr.], Citrullus) and distin-
guished five different pathotypes of P. cubensis. Lebeda
& Kiistkova (1993) noted that host—pathogen specificity
between Cr. pepo and P. cubensis is probably controlled
by race-specific factors. In contrast, no virulence varia-
tion in P. cubensis (originating from cucumber) was
detected on Cm. sativus and wild Cucumis species
(Lebeda, 1992a,b; Lebeda & Prasil, 1994).In 2003 a new
pathotype of P. cubensis was described in Israel (Cohen
etal.,2003). A differential set was developed for P. cuben-
sis pathotype determination based on 12 cucurbitaceous
differential genotypes (Lebeda & Widrlechner, 2003).
Pathotypes are determined by the interactions observed
on each of the 12 hosts and assigned unique tetrad codes
to describe the interaction (Lebeda & Widrlechner,
2003). This system allowed characterization of the viru-
lence variability of P. cubensis at the individual and popu-
lation levels (Lebeda et al., 2006; Lebeda & Urban,
2007). Recently, studies on the genetic variation of
P. cubensis (Sarris et al., 2009; Mitchell et al., 2011) and
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its populations (Runge et al., 2011; Quesada-Ocampo
et al., 2012) were published. However, detailed studies
focusing on virulence variation of this pathogen in areas
of its natural distribution are lacking. This paper is a con-
tribution to this knowledge gap. The objectives of this
study were: (i) to measure variation in virulence (at the
level of a pathotype) of P. cubensis in the Czech Republic
in the period 2001-2010; and (ii) to illustrate the
dynamics of pathogen populations from the viewpoint of
temporal and spatial changes in virulence structure.

Materials and methods

Study area and survey period

The distribution, occurrence and damage caused by
P. cubensis on cucurbitaceous vegetables were evaluated
in 12 of 14 regions and 37 of 77 districts of the Czech
Republic. Three main surveys were conducted per year
(late July to late August) in two main areas of the Czech
Republic (Moravia, central and southern parts; and
Bohemia, eastern and central parts; Fig. 1) from 2001 to
2010 (Lebeda et al., 2011). The main cucurbitaceous
vegetable production areas were visited (e.g. south and
central Moravia, east Bohemia and Polabi) but some
marginal areas for cucurbit cultivation (e.g. areas of
Jeseniky, Beskydy, Ceskomoravska Vrchovina and
Podkrkonosi) were also surveyed (Fig. 1). The occurrence
of P. cubensis was monitored during the main harvest
period in hobby gardens, small private fields and large
production fields. Disease prevalence and severity were
evaluated annually at c. 80-100 locations (Lebeda ez al.,
2011).

Source of Pseudoperonospora cubensis isolates

Extensive monitoring carried out from 2001 to 2010 con-
firmed that P. cubensis is widespread and occurs annually

Figure 1 Main collection areas of cucurbit downy mildew (Pseudoperonospora cubensis) isolates in the Czech Republic and origin of the
isolates collected on new host plants (Cucumis melo, Cucurbita spp., Citrullus lanatus).
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Table 1 Survey of screened Pseudoperonospora cubensis isolates in the
period 2001-2010

No. of screened isolates  Original host plant

Isolation and maintenance of P. cubensis

The collected infected leaf samples were incubated on
wet filter paper in plastic pots (110 x 85 x 45 mm)
(Lebeda & Urban, 2010). Inoculum was prepared by cut-

Year Total Bohemia Moravia CS CMe CP CM CMo CL K R R v
ting out one lesion from each infected leaf and agitating in
2001 4219 23 420 o 00 0 distilled water to detach the spores. This water was then
200254 43 °4 0 0 00 0 sprayed over the abaxial surface of a leaf of the highly sus-
2003 56 14 42 56 0 0 O 0 0 : . .
2004 40 4 6 0 0 o o o 0 ceptible cucumber cv. Marketer 430 and placed in a Petri
2005 25 7 18 %5 0 o o o 0 dish (100 mm in dlameter.) on wet filter paper. Inoculated
2006 29 12 17 29 0 0o o o0 0 leaves were incubated in a growth chamber under
2007 39 12 27 39 0 0o o0 o 0 standard conditions as previously described (Lebeda &
2008 32 14 18 32 0 0 0 ©0 0 Urban, 2010). The pathogen usually produced spore-
2009 44 16 28 42 1 0o 0 1 0 bearing sporangiophores 7-8 days after inoculation.
2010 37 13 24 28 0 4 3 1 1 Cultures of P. cubensis on cucumber leaf discs were
Total 398 122 276 387 1 4 3 2 1

CS: Cucumis sativus; CMe: Cucumis melo; CP: Cucurbita pepo;
CM: Cucurbita maxima; CMo: Cucurbita moschata; CL: Citrullus
lanatus.

across the whole studied area of the Czech Republic. The
plant material infected by P. cubensis was most fre-
quently collected from Cm. sativus (2001-2010)
(Table 1). Infection of Cm. melo was recorded only at
two locations in 3 years (2003: Oplocany, Olomouc
region; 2004 and 2009: Olomouc-Holice, Olomouc
region; Lebeda et al., 2011). From 2009, rare infection of
Cr. moschata was recorded at two locations in the Czech
Republic (Novy Ji¢in-Kojetin, Silesia region of Moravia,
2009-2011; Olomouc-Holice, central Moravia, 2010)
(Lebeda et al.,2011; Pavelkovaetal.,2011; A. Lebeda &
B. Sedlakova, unpublished results). Other cucurbitaceous
plants were without natural infection of P. cubensis until
2010. From 2010 P. cubensis infection was also recorded
on Cr. pepo, Cr. maxima, Cr. ficifolia, Citrullus lanatus
and Lagenaria siceraria (A. Lebeda et al., unpublished
results), mostly in south Moravia (Fig. 1). Pseudopero-
nospora cubensis isolates originating from these crops
were also subjected to pathotyping.

stored in Petri dishes at —80°C. The spores were viable for
about 6 months, after which it was necessary to inoculate
a new set of plants to maintain pathogen viability. Some
of the P. cubensis isolates used in this research are depos-
ited in the Czech National Collection of Microorganisms
atPalacky University in Olomouc.

Plant material

Cucumis sativus cv. Marketer 430 was used for multipli-
cation of the pathogen isolates. The virulence of isolates
was established on a differential set of 12 cucurbit taxa
(Lebeda & Widrlechner, 2003) (Table 2). Plants were
grown in the greenhouse at 25/15°C day/night tempera-
ture, under natural lighting with daily watering and the
addition of fertilizer (Kristalon Start, applied by water-
ing) once per week. Plants were not treated with any
pesticides. The plants (leaves) were used for testing when
5-8 weeksold (three to six true leaves present).

Determination of variation in virulence

A total of 398 isolates of P. cubensis were recovered and
screened for virulence variation (pathotypes) from 2001
to 2010 (Table 1). A leaf-disc method (Lebeda & Urban,

Table 2 Differential set of Cucurbitaceae taxa for the determination of pathogenic variability in Pseudoperonospora cubensis (Lebeda & Widrlechner, 2003)

Accession number

No. Taxon Donor EVIGEZ® Cultivar name Country of origin
1 Cucumis sativus H39-0121 Marketer 430 USA

2 Cucumis melo ssp. melo Pl 292008 H40-1117 Ananas Yogne’am Israel

3 Cucumis melo ssp. agrestis var. conomon CUM 238/1974 H40-0625 Baj-Gua Japan

4 Cucumis melo ssp. agrestis var. acidulus Pl 200819 H40-0611 Myanmar

5 Cucurbita pepo ssp. pepo PI 171622 H42-0117 Dolmalik Turkey

6 Cucurbita pepo ssp. texana Pl 614687 H42-0130 USA

7 Cucurbita fraterna Pl 532355 H42-0136 Mexico

8 Cucurbita maxima H42-0137 Golias Czechoslovakia
9 Citrullus lanatus H37-0008 Malali Israel

10 Benincasa hispida BEN 485 H15-0001 USA

11 Luffa cylindrica H63-0010 Unknown

12 Lagenaria siceraria H59-0009 Unknown

®EVIGEZ - Czech genebank number.
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2010) was used to determine P. cubensis pathotypes
(Lebeda & Widrlechner, 2003). Each genotype of a dif-
ferential set (Lebeda & Widrlechner, 2003) was repre-
sented by five leaf discs (15 mm diameter) in three
replicates (one replicate per plant, i.e. altogether 15 leaf
discs were screened); replicates were carried out at the
same time. A highly susceptible cucumber (Cm. sativus)
cv. Marketer 430 was used as a control. Discs were inocu-
lated with a spore suspension (10° spores mL™") using a
glass sprayer and incubated in a growth chamber under
standard conditions (Lebeda & Urban, 2010). A visual
0—4 scale (Lebeda, 1991; Lebeda & Urban, 2010) was
used to evaluate sporulation intensity over a 2-day period
from 6 to 14 days after inoculation as follows: 0 = no
sporulation, 1 = 0 to £25% of the leaf disc covered by
sporulation, 2 = >25% to <50% of the leaf disc covered
by sporulation, 3 = >50% to <75% of the leaf disc
covered by sporulation, and 4 = >75% of the leaf disc
covered by sporulation.

Sporulation intensity (SP) was expressed as the per-
centage of maximum sporulation intensity (Lebeda,
1992a):

B (n x v) x 100
SP*Z x x N

where 7 = the number of discs in every category of
infection, v = the category of infection, x = the maxi-
mum level of sporulation and N = the total number of
evaluated discs.

Sporulation was used as a measure of virulence of indi-
vidual isolates. Leaf discs with no, or only a low level of
sporulation (SP < 35%), were considered to show a resis-
tant response (usually a resistant reaction (—); values 0 or
1 on the above scale); and those with a medium or high
level of sporulation (SP > 35%) to be from susceptible
genotypes (susceptible reaction (+); values 2—4 on the

scale). The reproducibility of results was very high (i.e.
95%), there were no or only small differences (mostly
only one degree on the evaluation scale) between individ-
ual discs (of which there were 15 for each differential
genotype) in each assay. The virulence level of isolates
was determined on the basis of the number of virulence
factors (VF 1-12, numbered according the differential
genotypes, Table 2), i.e. the number of susceptible reac-
tions within the differential set of cucurbitaceous taxa
(Table 2). Based on a binary evaluation of suscepti-
ble/resistant reaction patterns (+ or —) of a certain isolate
of P. cubensis, a numeric tetrad code was created for each
isolate, on the basis of differential set groupings. The code
comprised three parts, each corresponding to one of three
groups of four differentials (Table 2, nos 1-4, 5-8, 9-12).
Within each group, numerical values of 1, 2, 4 or 8 were
assigned to + results and then summed. The three sums
were then presented as a code, in the format (sum of
group 1).(sum of group 2).(sum of group 3), which served
as a identifier for each pathotype (Tables 3-5). The
numeric composition of the code gives a clear picture of
the virulence of an isolate (Lebeda & Widrlechner,
2003).

Results

Host—pathogen specificity

The development of infection on individual differential
genotypes differed substantially during the studied period
(Fig. 2a). From the screening, Cucumis spp. genotypes
were most frequently susceptible, i.e. a large number of
isolates were virulent on them. Genotypes of Cucurbita
spp. exhibited a large race-specific-like variation in sus-
ceptibility to different P. cubensis isolates. Benincasa
hispida and La. siceraria were frequently susceptible to

Table 3 Variability of the most frequently recorded pathotypes of Pseudoperonospora cubensis in the period 2001-2010

No. of differential genotypes/pathotype reaction pattern

Frequency
Pathotype 1 2 3 4 5 6 7 8 9 10 " 12 Nor.® (% of total)
15.14.10° + + + + - + + + - + - + 76 19-1
15.14.11° + + + + - + + + + + - + 51 12-8
156.156.11 + + + + + + + + + + - + 29 7-3
156.15.15 + + + + + + + + + + + + 26 65
156.14.14 + + + + - + + + - + + + 21 53
15.15.10 + + + + + + + + - + - + 19 4-8
15.10.10 + + + + - + - + - + - + 16 4-0
15.10.14 + + + + - + - + - + + + 15 3-8
15.15.14 + + + + + + + + - + + + 15 38
156.2.10 + + + + - + - - - + - + 12 30
7.14.10 + + + - - + + + - + - + 12 30
292 734
Total

@Nor., number of records (total of 398 isolates of P. cubensis, Table 1).
®The two most frequently observed pathotypes in the period 2001-2010.

+, compatible/virulent reaction of P. cubensis isolates on cucurbit differential genotypes.
—, incompatible/avirulent reaction of P. cubensis isolates on cucurbit differential genotypes.
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Table 4 Fluctuation of the most frequent pathotypes in the Pseudoperonospora cubensis population in the period 2001-2010

Year/Frequency of pathotype (%)?

Pathotype 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
15.14.10° 148 360 345 282 250 455
15.14.11° 196 12:0 138 53-8
15.15.11 250 189
15.15.15 107 219 27.0
15.14.14 9-5 107
15.15.10 200
15.10.10 185
15.10.14 71 14-8
15.15.14 4-8 107
15.2.10 136
7.14.10 138
@Frequency was calculated from the total number of collected and analysed (for pathotypes) isolates of P. cubensis in individual years
(Table 1).
®The two most frequently recorded pathotypes in the period 2001-2010.
Table 5 Characterization of Pseudoperonospora cubensis isolates originating from new host species (sampled in the period 2009-2010)

No. of differential genotypes
Host plant  Isolate  Origin Pathotype 1 2 3 4 5 6 7 8 9 10 11 12 VF
CMe 89/09 OL/0OL Olomouc-Holice 15.14.11 + + + + - + + + + + - + 10
CP 58/10 JM/HO Muténice 15.15.3 + + + + + + + + + + - - 10
cP 61/10  JM/HO Ratiskovice 15.15.11 + 0+ + + o+ o+ o+ o+ o+ o+ - + 11
CP 72/10 ZL/ZL Napajedla 15.15.3 + + + + + + + + + + - - 10
CP 73/10 ZL/ZL Napajedla 15.15.3 + + + + + + + + + + - - 10
CM 12/10 JM/BO Moravské Branice 15.15.7 + + + + + + + + + + + - 11
CM 67/10 JM/HO Veseli nad Moravou 15.15.11 + + + + + + + + + + - + 11
CM 81/10 OL/0OL Olomouc-Holice 15.6.0 + + + + - + + - - - - - 6
CMo 86/10 MS/NJ Novy Ji¢in-Kojetin 15.15.15 + + + + + + + + + + + + 12
CMo 88/09 MS/NJ Novy Ji¢in-Kojetin 4.15.0 - - + - + + + + - - - - 5
CL 83/10 OL/0OL Olomouc-Holice 15.15.11 + 0+ o+ o+ o+ o+ o+ o+ o+ 4 - + 11

CMe: Cucumis melo; CP: Cucurbita pepo; CM: Cucurbita maxima; CMo: Cucurbita moschata; CL: Citrullus lanatus; VF: number of virulence

factors.

+, compatible/virulent reaction of P. cubensis isolates on cucurbit differential genotypes.
—, incompatible/avirulent reaction of P. cubensis isolates on cucurbit differential genotypes.

the Czech isolates of P. cubensis (except for an isolate
from 2010, for which the frequency of compatible reac-
tions on La. siceraria was lower — only 69%). Luffa
cylindrica expressed high variability in susceptibility/
resistance (over 60% susceptible reactions in 2001 and
2010 and only about 3% in 2006 and 2007). Citrullus
lanatus showed a high frequency of resistant reactions.
However, compatible interactions with more than 40%
of all tested isolates were recorded in 2003, 2004, 2007
and 2008, and 74 % in 2010.

The reaction of 11 P. cubensis isolates (originating
from Cucurbita spp. and Ci. lanatus; Table 1) on differen-
tial genotypes 1-10 (Table 2) were almost identical
(Fig. 2b). However, there were only two susceptible reac-
tions with Lu. cylindrica and five with La. siceraria,
which was the lowest frequency of susceptible reactions
detected. A high frequency of susceptibility to these iso-
lates was recorded on Cr. pepo ssp. pepo and Ci. lanatus.
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Variation in virulence at the isolate level

In total, the 398 isolates were classified as 67 different
pathotypes. The number of pathotypes recorded ranged
from 33in 2001 to fivein 2007 (Fig. 3). The most frequent
pathotypes detected varied by year, but overall, patho-
types 15.14.10 and 15.14.11 were the most frequently
recorded (Table 3). One pathotype (15.15.15; i.e. viru-
lent to every differential genotype) was named ‘super
pathotype’ and detected frequently in 2001, 2003, 2004,
2008 and 2010, and belonged to the four most frequently
recorded pathotypes (Table 3), especially in the years
2003, 2008 and 2010 (Table 4). At the isolate level,
73-4% of isolates were classified into 11 P. cubensis path-
otypes (Table 3).

Eleven isolates, originating from Cm. melo, Cr. pepo,
Cr. maxima, Cr. moschata and Ci. lanatus (Table 1), sam-
pled in 2009 and 2010, were classified as seven different
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Figure 2 Variation in susceptibility of cucurbit differential genotypes
(1-12, Table 2) to (a) 398 Pseudoperonospora cubensis isolates
(Table 1; mean for the period 2001-2010) and (b) 11 P. cubensis
isolates from new hosts from 2009 to 2010 (Table 5 and Fig. 1).
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Figure 3 Temporal shift of virulence variation (number of
pathotypes/year) of Pseudoperonospora cubensis in the Czech
Republic in the period 2001-2010.

pathotypes (Table 5). Two of the pathotype designations
(4.15.0 and 15.6.0) were unique in the whole period of
study.

Variation in virulence at the population level

The virulence profiles of the studied pathogen popula-
tions were highly variable. At the population level, a large
proportion of the screened isolates could be considered as
highly virulent (i.e. 9-12 VF; Fig. 4). Only pathotypes

A. Lebeda et al.
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Frequency (%) of P. cubensis virulence groups

Figure 4 Structure of Pseudoperonospora cubensis populations
according to their virulence level (i.e. total number of virulence
factors (VF) able to overcome differential genotypes, Table 2).
Three basic categories were distinguished: low virulence level (1-4
VF), moderate (5-8 VF) and high (9-12 VF).
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Figure 5 Frequency of Pseudoperonospora cubensis isolates by
number of virulence factors (mean for the period 2001-2010).

with high virulence were detected in 2007. In contrast,
isolates with low virulence (1-4 VF) were recorded only
in 2001. Isolates with 9-10 VF had a considerably higher
frequency than isolates with other numbers of VF (Fig. 5).
Although isolates with moderate and high virulence pre-
dominated in the pathogen populations from 2001 to
2010, the ratio between these two pathogenic groups var-
ied. It was about 1:1-1:3 in 2001, 2002, 2005, 2006,
2008 and 2009, but changed to 1:8 in 2003, 1:12 in 2004
and 1:17in 2010 (Fig. 4).

Of the isolates originating from a new host species
(Cm.melo, Cucurbita spp., Ci. lanatus), 82 % were highly
virulent pathotypes (9-12 VF) and only 18% expressed
moderate virulence (5-8 VF).

Temporal and spatial variation in virulence

Temporal changes in the virulence of P. cubensis popula-
tions in the Czech Republic during the 10-year period
were observed (Fig. 3). This phenomenon was demon-
strated by the frequency with which specific pathotypes
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were detected in individual years (Table 4). The highest
number of pathotypes (33) was detected in the first year
of the study (2001), decreasing dramatically to 17 patho-
types in 2002, and then shifting to between 5 and 14
(Fig. 3) from 2003 to 2010. The distinct temporal shift to
reduced variation in virulence was most apparent from
2001 to 2007, after which the number of pathotypes
increased to 10-15, as before (Fig. 3). Virulence of iso-
lates varied by location, but this was not substantial and
it is difficult to make any concrete conclusions regarding
this phenomenon. Starting in 2009, new P. cubensis path-
otypes were found annually and it seems that the viru-
lence structure of the pathogen population has been
changing substantially during the last 3 years (Table 4,
Fig. 2b; A. Lebeda & J. Pavelkova, unpublished results).

Discussion

Previous studies have shown that P. cubensis is a highly
variable pathogen from the viewpoint of host-specificity,
race-specificity and virulence (Lebeda et al., 2006;
Lebeda & Cohen, 2011). These findings are also
supported by recent molecular studies (Sarris et al., 2009;
Mitchell et al., 2011; Runge et al., 2011; Quesada-
Ocampo et al., 2012). Nevertheless, understanding the
variation in virulence of populations at the scale of coun-
try or continent, including spatiotemporal shifts, is still
very poor. This paper may be the first comprehensive con-
tribution to this topic from the viewpoint of pathotypes.

The comparison of P. cubensis isolates collected from
2001 to 2010 in the Czech Republic confirms that the vir-
ulence structure of Czech pathogen populations is very
broad and dynamic in time and space. It is evident that
P. cubensis populations are extremely variable in host
specificity and virulence. Variation in virulence within
Czech populations is even broader than was previously
reported in 2002 (Lebeda & Gadasova, 2002). Virulence
structure showed a temporal shift from 2001 to 2007 to a
higher number of virulence factors and a lower number of
pathotypes (Lebeda & Urban, 2007). However, variation
in virulence changed and increased again in the few years
after that (2008-2010) (Table 4; Fig. 4).

Although this variation is consistent with some other
downy mildews (e.g. Lebeda & Schwinn, 1994), such a
broad spectrum of variation in virulence has not been
reported before for P. cubensis from any other country
(e.g. Bains & Sharma, 1986; Thomas et al., 1987; Cohen
etal.,2003; Salati et al., 2010b) where mostly only a few
pathotypes were recorded. Highly virulent isolates were
observed in Israel (Cohen et al., 2003) originating from
Cr. moschata and Cr. pepo ssp. pepo. European isolates
(mostly originating from the Czech Republic) are highly
variable and differ substantially (Lebeda & Gadasova,
2002; Lebeda et al.,2006,2010) in comparison to the five
pathotypes described previously from Japan, Israel and
the USA (Thomas et al., 1987; Cohen et al., 2003). How-
ever, the previously reported pathotypes were described
based on a different set of differential host genotypes, i.e.
itis likely that the variability was underestimated. Never-
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theless, the high variability in European isolates was
hypothesized and expected (Lebeda, 1991), and agrees
with previous experimental results that demonstrated
substantial differences in pathotype structure among var-
ious European locations (Lebeda & Gadasova, 2002;
Lebeda & Urban, 2007). Unfortunately, these results
cannot be compared directly with the data from other
countries/continents (e.g. USA, Asia), where mostly only
molecular polymorphism of P. cubensis populations has
been studied (e.g. Quesada-Ocampo et al., 2012). Never-
theless, the results of the present work indicate that the
virulence structure of Czech P. cubensis populations is
very variable and probably also different from that of
other parts of the world (Lebeda & Gadasovd, 2002;
Lebeda et al., 2006; Colucci, 2008; Lebeda & Cohen,
2011). This is also supported by recent molecular studies
(Quesada-Ocampo et al., 2012). In addition, P. cubensis
was shown to be quite variable in time and space (Tables 4
& 5; Fig. 3). This explains in part why it is not possible to
predict reliably its development and structure.

Downy mildew pathogens are variable and able to
overcome new disease-resistant host genotypes rapidly
(Drenth & Goodwin, 1999). There are good examples
(e.g. Bremia lactucae) that show a temporal shift in
virulence (Lebeda & Zinkernagel, 2003). McDonald &
Linde (2002) hypothesized that the evolutionary poten-
tial of a pathogen population is reflected in its population
genetic structure, and pathogen populations with a high
evolutionary potential are more likely to overcome
genetic resistance than those with a low evolutionary
potential. The findings of the present study indicate that
P. cubensis has a high evolutionary potential and,
according to the terminology of McDonald & Linde
(2002), it should be considered a ‘risky’ pathogen
(Lebeda & Urban, 2007). The evolutionary forces
operating in cucurbit-P. cubensis interactions and
responsible for pathogen population diversity and break-
down of host resistance are not well known (Lebeda &
Widrlechner, 2003). The high potential for genetic varia-
tion could depend on many variables which are the
subject of the following discussion.

Populations of P. cubensis have not been sufficiently
studied at the pathotype level, using a settled differential
set, for there to be enough data to understand spatiotem-
poral virulence variation (Lebeda ez al., 2006). The differ-
ential set used by Thomas et al. (1987) for pathotype
determination was expanded (Lebeda & Gadasova,
2002; Lebeda & Widrlechner, 2003) to comprehensively
unify the effort for characterizing populations of P. cub-
ensis at the level of pathotypes (Lebeda et al., 2006).
While the majority of available studies solely define path-
otypes (Lebeda & Widrlechner, 2003), the lack of uni-
form and comparable differential genotypes does not
allow for pathotype determinations to be drawn from the
pronounced divergences in host-range reactions reported
both within and between countries. The situation is fur-
ther complicated by the lack of differentials to distinguish
among races on the most important Cucurbitaceae host
taxa (e.g. Cucumis, Cucurbita, Citrullus) (Lebeda et al.,
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2006). However, different races have been postulated
and reported (e.g. Shetty et al., 2002; Lebeda ez al., 2006)
on various cucurbits, and there are probably different
genes involved in resistance to different races (Lebeda
et al., 2006), if a gene-for-gene interaction is assumed.
Other data indicate that the host-pathogen specificity
between Cm. melo—P. cubensis and Cucurbita spp.—
P. cubensis is controlled by race-specific factors (Lebeda,
1991, 1999; Lebeda & Kiistkova, 1993,2000; Lebeda &
Gadasova, 2002; Lebeda & Widrlechner, 2003, 2004)
which can serve as a force for microevolutionary changes
in pathogen populations.

The cucurbit—P. cubensis system is not well known or
well defined from the viewpoint of host-pathogen speci-
ficity and genetics (Lebeda & Widrlechner, 2003; Lebeda
etal.,2006; Lebeda & Cohen, 2011). The virulence struc-
ture of the pathogen population is principally a function
of the structure of the host population (i.e. host species,
number of resistance genes and their dynamics in time
and space) (Miiller et al., 1996). However, a study on
coevolution in various pathosystems showed that this is
not totally correct (Lebeda & Zinkernagel, 2003) and
population structure is influenced by other factors. In
general, the most important processes that affect the
generation and maintenance of genetic diversity within
populations of downy mildews include mutation, the
reproductive system, cytoplasmic factors, migration
and gene flow, genetic drift and selection (Drenth &
Goodwin, 1999). Similar processes could also influence
variation of P. cubensis populations. Little is known
about mutations and mutation rates in oomycetes
(Drenth & Goodwin, 1999), including P. cubensis
(Lebeda & Cohen, 2011). Nevertheless, this process
could contribute to broad variation because of extremely
large population sizes and high asexual reproduction
potential (Lebeda & Cohen, 2011). Recent laboratory
studies of sexual reproduction demonstrated oospore
formation in P. cubensis, which may play a crucial role in
sexual recombination of this pathogen and the appear-
ance of new pathotypes (Cohen & Rubin, 2011). How-
ever, detailed studies of this phenomenon need to be
conducted (Lebeda & Cohen,2011).

Migration and gene flow are considered very important
aspects of the population genetics of oomycetes (Drenth
& Goodwin, 1999). In US population studies of P. cuben-
sis, it was hypothesized that transport of the pathogen
can occur over long distances via atmospheric wind cur-
rents (Holmes et al., 2004). A recent detailed spatiotem-
poral study of P. cubensis spread in the eastern USA
clearly showed that infection of cucurbits by P. cubensis
appears to be an outcome of a contagion process and that
factors occurring on a large spatial scale (c. 1000 km)
facilitate the spread of the pathogen (Ojiambo &
Holmes, 2011). The study demonstrated that the median
nearest-neighbour distance of a spread of new disease
cases was c. 110 km, and the epidemic expanded at a rate
0f9-2and 10-5 km day™" (Ojiambo & Holmes, 2011). In
Europe, transport of sporangia from southern to central
Europe and to Scandinavia has also been suggested

(Lebeda & Schwinn, 1994). However, spatial dispersal
depends not only on climatic factors (e.g. temperature,
humidity, wind currents), but also on host population
density, species and genetic structure. Previous and recent
population studies of P. cubensis in the Czech Republic
showed that the pathogen population is very diverse
(pathogenicity variation, fungicide resistance) and
dynamic in time and space (Lebeda & Urban, 2007,
Urban & Lebeda, 2007; Lebeda et al., 2010). The data
from the present study showed the occurrence of a large
number of different pathotypes (67 in total) in the patho-
gen population over the studied period and their spatio-
temporal fluctuations. This rather unique and changeable
virulence structure could be the result of pathogen migra-
tion in Europe. Because the Czech Republic is located in
central Europe and sporangia of P. cubensis are wind-dis-
persed over a long distance (Ojiambo & Holmes, 2011),
the population structure could be primarily (at the begin-
ning of the cucurbit growing season, i.e. May-June)
formed by pathogen propagules coming from southern
Europe, and secondarily (i.e. during the main growing
season, July—August) by propagules from all neighbour-
ing and some other European countries. The main reason
for this expectation could be relatively short distances
and a high population turnover in countries in Europe,
very frequently changing wind currents, and differences
in the cucurbits grown, which could contribute to the
selection of various pathotypes. These factors could also
substantially contribute to the very changeable virulence
structure of P. cubensis populations from a temporal
viewpoint. On the other hand, infrequent human-
mediated transport of P. cubensis is also expected
(Quesada-Ocampoetal.,2012).

Quesada-Ocampo et al. (2012) recently reported on a
detailed study of the genetic structure of worldwide
P. cubensis populations and identified six different
genetic clusters. However, approximately half of the iso-
lates belonged to one of the clusters. There was no direct
correspondence between inferred genetic clusters and
grouping of isolates by predefined geographic and host
categories. Multilocus genotypes were shared across con-
tinental, host-of-origin and temporal scales, indicating
that some genotypes are widely dispersed and persistent
(Quesada-Ocampo et al., 2012). Previous genetic studies
found that isolates from the Czech Republic, the Nether-
lands and France were significantly different from isolates
from Greece (Sarris et al., 2009). Also, the study by
Quesada-Ocampo et al. (2012) showed that countries in
western Europe (France, the Netherlands, Germany) had
a similar cluster composition, as did Greece, Italy and
Spain. However, the Czech Republic, Turkey and Israel
each displayed a different cluster composition. These
results show that a high genetic differentiation of
P. cubensis populations exists in Europe and surrounding
countries and this can also contribute to the virulence var-
iation in these countries, including the Czech Republic.
This conclusion is supported by the high genetic diversity
estimates for isolates from Greece, Italy and the Czech
Republic. In contrast, Quesada-Ocampo et al. (2012)
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observed that, compared with this, California had low
diversity estimates. This may be because of its geographic
separation from eastern US states with severe downy mil-
dew outbreaks. Recently, Runge et al. (2011) found
potential evidence for a spatiotemporal split between the
two major lineages/subspecies of P. cubensis between
east Asia and western countries, which seems to have
equalized over time through the worldwide spread of
both groups of pathogens.

Processes of genetic drift and selection could also
influence the virulence structure of P. cubensis popula-
tions. Recent phylogenetic studies showed some genetic
similarity between P. cubensis and P. humuli (Choi
et al., 2005; Sarris et al., 2009). There were also reports
(Mitchell et al., 2011; Runge et al., 2011) that there is
some limited infectivity of P. cubensis on hop and P. hu-
muli on cucumbers. According to Mitchell et al. (2011),
P. humuli is nested within P. cubensis; however, Runge
et al. (2011) demonstrated that P. humuli is separate
and most likely basal to P. cubensis. Population genetic
studies including P. humuli isolates could be key to
determining the potential extent of gene flow between
these sister species, including the contribution of
P. humuli populations to the genetics and variation in
virulence of P. cubensis populations. The study of
Quesada-Ocampo et al. (2012) showed that there is
some genetic diversification between the isolates origi-
nating from different host cucurbit species. The diversity
estimates were also higher for isolates collected from
non-cucumber hosts than from cucumber. This supports
a previous idea (Lebeda et al., 2006; Lebeda & Cohen,
2011) that higher genetic diversity of resistance in
Cucurbita spp. and some other Cucurbitaceae may sub-
stantially contribute to the selection of new P. cubensis
pathotypes. These results also suggest that inclusion of
isolates from Cm. melo and Cucurbita spp. that show
different genetic composition and high genetic diversity
is necessary to capture the genetic variation of P. cuben-
sis. These aspects must be also considered from the view-
point of geography, i.e. regions with high genetic
diversity should be of special concern because P. cubensis
populations with high levels of genetic variation are
likely to adapt more rapidly to resistant hosts (Quesada-
Ocampo et al., 2012). This process was recently
demonstrated in the Czech Republic by repeated severe
infections of Cucurbita spp. (Table 5; Lebeda et al.,
2011; Pavelkova et al., 2011). There is an alternative
possibility that a new pathotype(s) evolved somewhere
else and migrated into the Czech Republic. Future
detailed studies may contribute to the understanding of
the evolutionary forces responsible for spatiotemporal
shifts in pathogenicity and genetic variation within and
among populations of P. cubensis.
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Abstract

Application of fungicides is still the principal method for managing harmful-
ness of Pseudoperonospora cubensis, a causal agent of cucurbit downy mildew, which
is one of the most important diseases on cucumber. There are non-systemic (contact)
fungicides as well as systemic fungicides (single-site inhibitors). The latter ones are
more efficient but, unfortunately, their repeated application highly increases a risk of
development of resistant pathogen strains. Therefore, effective chemical control
strategies rely mostly upon weekly applications of contact fungicides. Totally 63
isolates of P. cubensis collected in 8 regions of the Czech Republic (25 in 2005, 18 in
2006 and 20 in 2007) were assessed for a degree of their resistance to fungicides. Six
fungicide agents were chosen for testing their effectiveness, using five concentrations,
in a floating disc bioassay. The active ingredient of two fungicide agents used was
metalaxyl. As one of these agents has been so far the most widely used against downy
mildew on cucumber in the Czech Republic in the past few years, it enabled us to
monitor the distribution and development of resistant strains in Czech P. cubensis
populations. Significant differences in effectiveness among fungicides were observed.
Metalaxyl, metalaxyl-M, cymoxanil and dimethomorph were found ineffective;
nearly all pathogen isolates expressed a resistant reaction to the recommended
concentration of these fungicides. In contrast, propamocarb and fosetyl-Al were
found effective at the recommended concentrations. Nevertheless, a few strains
resistant or tolerant to propamocarb were observed in 2005 and 2006, indicating that
selection for resistance strains is in progress in the Czech P. cubensis populations, and
thus more screening is necessary. The results indicate that generally, the effectiveness
of the studied fungicides against P. cubensis has progressively declined.

INTRODUCTION

Usage of fungicides is the most effective and most economic approach currently
used to protect cucurbit crops (Urban and Lebeda, 2006). Externally operating protectants
and multi-site fungicides were the only possibilities how to control downy mildews
during the last century until about 1960 (Fernandez-Ortunio et al., 2008). The restrictions
on the use of several fungicides with a different mode of action have resulted in a growing
need for new products (Mitani et al., 2001). The detection and introduction of new and
more systemic fungicides with specific activity against oomycete plant pathogens offered
the benefit of internal plant therapy (Fernandez-Ortunio et al., 2008). Unfortunately, the
occurrence of pathogen resistance is not rare, especially in agricultural practice.
Particularly under the selection pressure when the fungicides were used over time (Gisi
and Sietrotzki, 2008; Ma and Michailides, 2005). If the initial inoculum density is low,
the probability of surviving of resistant individuals is smaller. Therefore all agronomic
measures reducing disease pressure are very important for a successful resistance
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management (Gisi and Sietrotzki, 2008). Persistence of fungicide-resistant subpopulations
involves theirs ecological fitness. If they are fit as sensitive isolates, they persist for a long
time even without any use of the fungicides (Ma and Michailides, 2005).

Since 1984, cucurbit downy mildew has been the most devastating foliar disease
of cucumber crops grown both on fields and greenhouses in the Czech Republic (Lebeda
and Urban, 2004a, b), as well as in the whole Central Europe (Lebeda, 1990; Lebeda and
Schwinn, 1994). Control of this disease in the fields was mostly based on the use of
phenylamides, such as metalaxyl, which have been shown very effective since their
registration in 1980 (O’Brien and Weinert, 1995). However, the appearance of P. cubensis
strains resistant and/or tolerant to this funglclde has raised serious concern for more
detailed research of this problematics (Lebeda and Schwinn, 1994).

The current paper summarizes the results of our Tesearch on the dynamics of
temporal changes in P. cubensis populations on cucumber in the Czech Republic during
the period 2005-2007. Pathogen populations studied were monitored for the possible
occurrence of resistant or tolerant reaction to several commonly used fungicides.

MATERIALS AND METHODS

Origin and Characterization of Pseudoperonospora cubensis Isolates

The extensive screening of P. cubensis distribution, harmfulness and host range
was carried out in the Czech Republic during the growing seasons of 2005, 2006, and
2007. The timing of expeditions was focused on the main harvest time (August and
September). During the studied period, 115 locations (96 in 2005, 105 in 2006, and 91 in
2007) were visited in the main growing areas, as well as in some areas with climatic
conditions not common for growing cucurbits. Infection was recorded only on cucumber
(C. sativus), other cucurbitaceous crops frequently grown in the Czech Republic were free
of infection. Many leaf samples were taken from infected plants of C. sativus for
subsequent isolation of pure cultures of P. cubensis. Altogether, 63 of obtained isolates
(25 in 2005, 18 in 2006, 20 in 2007) were used for a fungicide resistance bioassay. All
screened isolates belonged to various pathotype groups and expressed mostly either
medium or high pathogenicity.

Pathogen Isolation and Maintenance

The leaf samples taken from infected plants were placed on wet filter paper in
plastic pots (110x85x45 mm) and incubated in humid conditions at approximately 18°C
for 1-2 days until sporangiophores with sporangia occurred (Lebeda, 1986). Inoculum
was prepared by shaking small pieces of leaves with visible sporulation in distilled water.
Leaves of susceptible C. sativus were placed in a Petri dish on wet filter paper and
inoculated by atomizing prepared spore suspension by means of a glass sprayer over their
abaxial surface of leaves. Inoculated leaves were incubated in a growth chamber under
standard conditions (Lebeda, 1986, 1991). Pathogen sporulation occurred usually after 7-
8 days of incubation. Obtained pure cultures of P. cubensis were stored in Petri dishes at -
80°C and later used for fungicide bioassay. In the freezer, the spores stayed viable for
about 6 months, after which it was necessary to refresh the stored cultures by new
inoculations.

Plant Material

A highly susceptible cultivar of cucumber (‘Marketer 430”) was used for pathogen
multiplication and floating leaf-disc bioassays. Plants were grown under optimal
conditions (25°C/15°C day/night, daily watering, and weekly fertilization) in a glasshouse
and were not treated chemically. The leaves from 6-8-week-old plants (3-6-true-leaf
stage) were used for multiplication and for discs cutting as well (Lebeda, 1986; Lebeda
and Widrlechner, 2003).
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Fungicides and a Floating Leaf Disc Bioassay

Six commonly used agents were chosen for screening P. cubensis resistance to
fungicides; Ridomil Plus 48 WP (active ingredients: 40% Cu-oxychloride, 8% metalaxyl),
Ridomil Gold MZ 68 WP (a.i.: 64% mancozeb, 4% metalaxyl-M), Acrobat MZ (a.i.: 600
g/l mancozeb, 90 g/l dimethomorph), Aliette 80 WP (a.i.: 80% fosetyl-Al), Previcur 607
SL (a.i.: 607 g/L propamocarb), Curzate K (a.i.: 77.3% Cu-oxychloride, 4% cymoxanil).
Five concentrations of each fungicide were tested, one recommended by the producer (i.e.
optimal), two others bellow and two above the optimum (Table 1). Leaf discs treated with
distilled water served as a positive control. Leaf discs (15 mm in diameter) were floated,
abaxial surface up, on fungicide solutions in multiwell plates (Anonymous, 1982). Four
leaf discs were tested from each concentration of fungicides used, each test made in three
replicates. After 24h, leaf discs were inoculated with spore suspensions (1x10° spores/ml)
and incubated as described above.

Evaluation of a Fungicide Bioassay

The evaluation was made in two-days intervals, 6"~14™ day after inoculation
using the 0-4 scale (Lebeda, 1986; Lebeda and Wldrlechner 2003). On control leaf discs,
first symptoms of sporulation occurred most frequently 5-6 days after inoculation. The
total degree of infection (sporulation intensity) was expressed as a percentage of the
maximum scores according to Towsend and Heuberger (1943):

(nxv)x100
P= ;
z xx N

where P is the total degree of infection (%), » the number of discs in each (0-4) infection
degree category, v infection degree, x the extent of a used scale and N the total number of
leaf discs evaluated in three replications.

Three types of reactions were assigned according to degree of infection obtained
under each fungicide concentration tested: sensitive (the total degree of infection P
<10%), tolerant (10< P <35%) and resistant (P >35%).

The values of ED50 (a fungicide concentration, which inhibits fungal growth by
50%) were determined for each isolate screened and expressed in the ranges of fungicide
concentrations.

RESULTS AND DISCUSSION

Altogether, 63 isolates of P. cubensis were screened for growth characteristic after
treatment with 6 agents used. The studied isolates were uniform in the sensitivity to
fosetyl-Al. Highly sensitive reactions were recorded to all tested concentrations of this
fungicide. Generally, propamocarb also showed a high level of effectiveness and the
majority of tested isolates were controlled even by the lowest tested concentration (607
ug a.i./ml). However, sensitive isolates with some very limited sporulation were recorded
during the whole studied period (Table 2). Furthermore, in 2005 and 2006 a few isolates
exhibited tolerant or resistant reaction to lower (607 and 1214 pg a.i./ml) and optimal
(2428 pg a.i./ml) concentrations (Table 2).

Metalaxyl, metalaxyl-M and cymoxanil were generally ineffective and 81.5% of
the screened isolates showed resistance even to the optimal concentration. Moreover,
temporal shift towards higher resistance to these fungicides was observed in the Czech P,
cubensis populations during the monitored period (Fig. 1).

Reaction of P. cubensis isolates was eminently different for dimethomorph. This
fungicide was practically ineffective, and the majority of isolates showed resistance or
tolerance to the optimal concentration (450 pg a.i./ml). Surprisingly, the number of
pathogen isolates tolerant to all concentrations tested increased intensely from 2005 to
2007 (Table 3).

New fungicides effective against cucurbit downy mildew, which have been
introduced to the market during the last few decades, replaced the contact fungicides used
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earlier. Unfortunately, some reports are available about failures in their effectivity against
P cubensis and a rapid increase of fungicide-resistant subpopulations of a pathogen,
especially under selection pressure from different fungicides (Gisi, 2002; Urban and
Lebeda, 2006). This phenomenon is known mostly from countries outside Europe
(Australia, Israel, Japan, Taiwan, USA), only a few data are available for European
countries (Greece, Italy, Russia), the majority of them from 1980s and 1990s (Urban and
Lebeda, 2006). Furthermore, the mechanisms of pathogen’s resistance to fungicides are
not well known, with the exception of the strobilurin fungicides (Takeda et al., 1999; Ishii
et al., 2002). Our research confirms the decreased sensitivity or temporal shift to higher
level of resistance to common used fungicides. This trend is probably typical in the whole
Central Europe. Nevertheless, chemical control is the most effective measure currently
used to protect cucumber crops from cucurbit downy mildew. More detailed research
should focus on the geographic distribution and the dynamics of spatial and temporal
aspects of fungicide resistance in P. cubensis. Intensive international collaboration in this
area is required.
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Tables

Table 1. Tested concentrations of the fungicides.

Fungicide Concentration of fungicide (ug a.i./ml)/concentration of source agent (%)
1 2 3* 4 5

Metalaxyl 50/0.0630 100/0.125 200/0.250 400/0.500 800/1.000
Metalaxyl-M 25/0.0630 50/0.125 100/0.250 200/0.500 400/1.000
Propamocarb 607/0.1000  1214/0.200 2428/0.400 4856/0.800 9712/1.600
Fosetyl-Al 400/0.0500 800/0.100 1600/0.200 3200/0.400 6400/0.800
Cymoxanil 30/0.0750 60/0.150 120/0.300 240/0.600 480/1.200
Dimethomorph  112.5/0.125 225/0.250 450/0.500 900/1.000 1800/2.000

*The concentration recommended by the producer (Kuzma, 2005; Minat, 2006, 2007).
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Table 2. Response of P cubensis isolates to different concentrations of propamocarb
(finer scale was used, because of shift in sensitive reaction of some isolates).

Year Type' of Propamocarb concentration (ug a.i./ml)/frequency of isolates (%)
reaction 0 607 1214 2428 4856 9712
2005 Ssp- 0.0 48.0 56.0 56.0 92.0 100.0
Ssp+ 0.0 44.0 40.0 40.0 8.0 0.0
T 0.0 8.0 4.0 4.0 0.0 0.0
R 100.0 0.0 0.0 0.0 0.0 0.0
2006 Ssp- 0.0 61.0 89.0 89.0 94.5 94.5
Sep+ 0.0 28.0 0.0 0.0 0.0 0.0
T 0.0 5.5 5.5 11.0 5.5 5.5
R 100.0 5.5 5.5 0.0 0.0 0.0
2007 Ssp- 0.0 70.0 90.0 100.0 100.0 100.0
Sep+ 0.0 30.0 10.0 0.0 0.0 0.0
T 0.0 0.0 0.0 0.0 0.0 0.0
R 100.0 0.0 0.0 0.0 0.0 0.0

Sp-: Sensitive reaction without sporulation (P = 0%).

Ssp+: Sensitive reaction with limited sporulation (0 < P < 10%).
T: Tolerant reaction (10 < P <35%).

R: Resistant reaction (P > 35%).

Table 3. Response of P. cubensis isolates to different concentrations of dimethomorph.

Year  Type of  Dimethomorph concentration (pg a.i./ml)/frequency of isolates (%)

reaction 0 112.5 225 450 900 1800

2005 S 0.0 8.0 12.0 28.0 36.0 100.0
T 0.0 4.0 8.0 4.0 32.0 0.0

R 100.0 88.0 80.0 68.0 32.0 0.0

2006 S 0.0 0.0 0.0 5.5 45.0 83.5
T 0.0 16.5 27.5 49.5 49.5 16.5

R 100.0 83.5 72.5 45.0 5.5 0.0

2007 S 0.0 0.0 0.0 0.0 30.0 80.0
T 0.0 35.0 70.0 85.0 70.0 20.0

R 100.0 65.0 30.0 15.0 0.0 0.0

S: Sensitive reaction (0 < P < 10%).
T: Tolerant reaction (10 < P <35%).
R: Resistant reaction (P > 35%).
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Fig. 1. Responses of P. cubensis populations to different concentrations of metalaxyl and
metalaxyl-M and cymoxanil during 2005-2007.
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Abstract

BACKGROUND: Cucurbit downy mildew, major disease of cucurbit crops worldwide,
causes substantial economic losses. Disease control is mainly managed by fungicide
applications. In the Czech Republic, Pseudoperonospora cubensis is responsible for
enormous yield losses in the past 25 years. Severe outbreaks of cucurbit downy mildew
have been reported repeatedly on cucumbers.

RESULTS: A total of 142 Czech P. cubensis isolates were used for fungicide
resistance/tolerance screening. Significant differences were proved among tested
fungicides and even during the six-year period of study (2005-2010). Six commonly used
and registered fungicides (except Ridomil Plus 48 WP that served as control fungicide)
were screened for chemical protection of cucurbit plants against P. cubensis in the Czech
Republic. Majority of isolates (134) originated from C. sativus and 8 isolates from new
hosts (Cucurbita spp. and Citrullus lanatus. The frequency of occurrence of
sensitive/tolerant/resistant isolates to all tested concentrations of individual fungicides
was investigated. Fosetyl-Al (Aliette 80 W) and propamocarb (Previcur 607 SL) were
the most effective fungicides in the studied period. All tested isolates were sensitive on all
tested concentrations of fosetyl-Al. However, some isolates expressed resistance (profuse
sporulation) or tolerance (limited sporulation) to lower and/or even to recommended
concentrations of propamocarb in the years 2006 and 2008-2010. Metalaxyl (Ridomil
PLUS 48 WP) and metalaxyl-M (Ridomil Gold MZ 68 WP) were ineffective. There was
recorded higher variability of isolates with tolerant or resistant response at higher
concentrations in the years 2008-2009. However, this trend was not confirmed in the
year 2010, when effectivity of these fungicides slightly increased and 69% and 43% of
isolates were controlled at recommended concentration of metalaxyl-M and metalaxyl
respectively and limited or profuse sporulation was observed only sporadically at higher
concentrations. Sensitivity of isolates to cymoxanil (Curzate K) differed also among the
studied years. While cymoxanil was ineffective in the years 2005-2008 and in 2010, there
was 68% of isolates controlled at recommended concentration in 2009. In Czech P.
cubensis populations during the years 2005-2010, there was recorded the temporal shift
towards higher sensitivity to dimethomorph on all screened concentrations.

CONCLUSION: The efficacy of screened fungicides varied significantly, but it
corresponded with the results of previous years. The variability in fungicide efficacy
could be the result of pathogen migration in Europe. It could be expected, that the
efficacy of disease control measures will be very variable in the future according to P.
cubensis character.

Keywords: Pseudoperonospora cubensis, cucumber, Cucurbita spp., Citrullus lanatus,
fungicide resistance, EDsg value



1 INTRODUCTION

Fungicides have been used for over 200 years to successful managing crop diseases (Brent
KJ, www.frac.info). Majority of agricultural fungicides were protectants and multi-site
inhibitors until about 1960. Inorganic Bordeaux mixture, sulfur and copper compound and
organic such as phthalimides, dithiocarbamates, dinitrophenols, and aromatic hydrocarbons
were employed most frequently. New and more systemic fungicides with specific activity
have been introduced after the restrictions on the use of several fungicides with a different
mode of action (Fernandez-Ortuno et al., 2008; Mitani et al., 2001). These site-specific
fungicides significantly increased the efficiency of plant protection, mainly because of some
curative effects and quickly translocation in the plant even to the parts not directly treated.
The major problem of disease control that has been detected since the early 1970s was
resistance of pathogens that have acquired against certain of the fungicides that normally
control them well (Cohen and Coffey, 1986; Gisi, 2002; Gisi and Sierotzki, 2008; Holmes and
Ojiambo, 2009; Lebeda and Schwinn, 1994; Urban and Lebeda, 2006). The development of
fungicide resistance is influenced by complex interactions of factors such as the biology of the
pathogen, mode of action of the fungicide, fungicide use pattern, the cropping system and
environmental considerations (Gisi and Sierotzki, 2008).

For determination of the risk of a pathogen to develop resistance to fungicides
pathogens were classificated in some groups (McDonald and Linde, 2002; Pathogen risk list
2005, (www.frac.info)). Pathogens have evolved resistance to fungicides already after few
years of product use and have shown a high risk of development of resistance to fungicides.
Pseudoperonospora cubensis [(Berkeley & MA Curtis) Rostovzev], a causal agent of cucurbit
downy mildew, is typical member of this high risk class (Lebeda and Cohen, 2011; McDonald
and Linde, 2002; Pathogen risk list 2005, www.frac.info). Like other foliar diseases, P.
cubensis undergoes many and short disease cycles per season and the dispersal through spores
over time and space is high (Lebeda and Cohen, 2011; Pathogen risk list 2005,
www.frac.info). Although, disease symptoms are confined to the leaves, adversely are
affecting the quality and consequently yield of fruit. According to severe damage of cucurbit
crops, which ending with death of the adult plants, P. cubensis is determining element in
cucurbit production in certain regions (Cohen, 1981; Perchepied et al., 2005; Velichi, 2009;
Lebeda and Cohen, 2011). Recently, cucurbit downy mildew has been reported in more than
80 countries on more than 60 species (Lebeda and Cohen, 2011). Although P. cubensis is
distributed worldwide, the occurrence and damage of cucurbitaceous crops by this pathogen

may differ among various geographic regions and host plants (Palti and Cohen, 1980; Cohen,



1981; Lebeda, 1990). Development of P. cubensis is dependent on host susceptibility and
favorable environmental conditions (Iwata, 1942, 1953a,b; Palti, 1974; Palti and Cohen,
1980). In Europe as well as in the Czech Republic, severe outbreaks of cucurbit downy
mildew have been reported repeatedly on cucumbers (Cucumis sativus L.) since
approximately 1985 (Doruchowski and Lachowska-Ryk, 1992; Lebeda and Cohen, 2011;
Urban and Lebeda, 2004a,b, 2006, 2007). However recent observations from the Czech
Republic from the years 2009-2011 showed that the host range of P. cubensis has been
changing. In the Czech Republic, P. cubensis infections have been newly recorded on
muskmelon (Cucumis melo L.), watermelon (Citrullus lanatus (Thunb.) Matsum & Nakai),
pumpkin (Cucurbita maxima Duch.), squash (Cucurbita pepo L.), Cucurbita moschata Duch.,
Cucurbita ficifolia Bouché and Lagenaria siceraria (Mol.) Standl., (Lebeda et al., 2012;
Pavelkova et al., 2011). As well as from other countries, this phenomenon has been reported,
namely from Israel in 2002 (Cohen et al., 2003) and from the USA in 2004 (Holmes et al.,
2004; Colucci et al.,, 2006; Holmes and Ojiambo, 2009; Holmes and Thomas, 2009). It
confirms that P. cubensis belongs currently to the most dangerous and destructive pathogen of
cucurbit crops around the world (Lebeda and Cohen, 2011; Lebeda and Schwinn, 1994;
Lebeda and Urban, 2007).

P. cubensis i1s highly variable in its pathogenicity (Lebeda and Widrlechner, 2003,
2004; Lebeda et al., 2012). The continual changes in pathogen populations worldwide
reported make difficult to manage cucurbit downy mildew. Chemical control has being
combined with resistant varieties and cultural techniques to minimize selection of fungicide
resistant strains and to decrease the high risk of overcoming resistance genes by pathogen
(Lebeda and Cohen, 2011; Savory et al., 2010). Quite aggressive programme is essential to
make a protective barrier of fungicide prior to sporangium deposition (Savory et al., 2010).
The rather “old” multi-site fungicides (including e.g. mancozeb, folpet and copper
formulations) are still very important elements in the spray programmes (about 50% of the
total oomycete fungicide market). Crucial step for this aspect is surely fact that resistance to
such inhibitors has never developed and is unlikely to evolve, and that they improve single-
site activity and delay resistance evolution. The major site-specific fungicides used in
chemical control of P. cubensis are from four chemical classes: the Quinone outsie inhibitors
(Qols; “strobilurins™, e.g. azoxystrobin, famoxadone, fenamidone), phenylamides (PAs; e.g.
metalaxyl-M) carboxylic acid amides (CAAs; e.g. dimethomorph, iprovalicarb,
benthiavalicarb, mandipropamid) and cyano-acetamide oximes (e.g. cymoxanil). Smaller

market shares are taken by phosphonates (mainly fosetyl-Al), dinitroanilines (fluazinam),



carbamates (propamocarb) and plant defence inducers such as the benzothiadiazoles (BTH;
acibenzolar-S-methyl/Bion) (Gisi and Sierotzki, 2008). Unfortunately, P. cubensis, as one of
10 highest risk pathogens with high evolutionary potential pathogens has developed in its
populations quite quickly resistance to key fungicides (McDonald and Linde, 2002; Lebeda
and Urban, 2004a,b; Lebeda et al., 2006, 2010; Pathogen risk list 2005, www.frac.info). P.
cubensis was the first oomycete with documented resistance to metalaxyl and reduced
sensitivity to mancozeb (Reuveni et al., 1980; Thomas and Jourdain, 1992). Occurrence of
resistant strains of this pathogen to some other fungicide classes are also reported, such to
strobilurins (Heaney et al., 2000), CAAs in South Korea, Isracl, USA (FRAC CAA working
group reports, www.frac.info) and in China (Zhu et al., 2007). In other fungicide classes,
reduced sensitivity (or occurrence of resistant isolates) has been reported from other oomycete
fungi, e.c. Plasmopara viticola (cymoxanil) (Gullino et al., 1997; Genet and Vincent, 1999),
Phytophthora infestans (Cohen et al., 2007; Gisi and Sierotzki, 2008; Griinwald et al., 2006;
Pérez et al.,, 2009) and Pythium species (propamocarb) (Moorman and Kim, 2004).
Nevertheless Fosetyl-Al resistant isolates in field populations have never been detected (Gisi
and Sierotzki, 2008).

Cucurbit downy mildew is one of the most economically important and prevalent
diseases of cucurbitaceous crops with worldwide distribution (Lebeda and Cohen, 2011; Palti
and Cohen, 1980). Despite of importance of P. cubensis (one of the most surveyed
Peronosporomycete biotrophic plant parasite, studied by mycologist and plant pathologist
more than 100 years), progress in resistance breeding, fungicide control and disease
management is rather slow (Lebeda and Cohen, 2011). The present work describes dynamics
in efficacy of six screened fungicides and provides information about temporal changes in
populations of P. cubensis in the Czech Republic using experimental data obtained during the

period 2005-2010.

2 MATERIALS AND METHODS

2.1  Origin and Characterization of Pseudoperonospora cubensis Isolates

Occurrence, host range and disease severity of P. cubensis were monitored on cucurbits in the
Czech Republic during the period 2005-2010. Over 100 locations per year were evaluated in
the main and in some marginal cucurbitaceous vegetable production areas, especially at the
end of harvest time (August and first half of September). Infected host plants were visually
evaluated using a 0-4 scale (Lebeda and Kiistkova, 1994), modified for P. cubensis. During

the growing seasons between the years 2005-2008, only infected leaves of cucumber (C.



sativus) were collected, but in the years 2009 and 2010 other cucurbits (Table 1) were also
infected. Most of the leaf samples were taken from infected cucurbitaceous plants for
subsequent isolation of pure cultures of P. cubensis. A total of 142 obtained isolates (25 in
2005, 18 in 2006, 20 in 2007, 22 in 2008 and 2009, 35 in 2010) were used for a fungicide
resistance bioassay, but they were firstly screened on pathogenic variation (detection of
pathotypes). Tested isolates belonged to various pathotype groups and expressed mostly either
medium or high pathogenicity. 8 of screened isolates originated from Cucurbita spp. and
Citrullus lanatus (Table 2).

2.2 Pathogen Isolation and Maintenance

The leaf samples taken from infected plants were placed on wet filter paper in plastic pots
(110 x 85 x 45 mm) and incubated in humid conditions at approximately 18°C for 1-2 days
until sporangiophores with sporangia occurred (Lebeda, 1986). Inoculum was prepared by
shaking small pieces of leaves with visible sporulation in distilled water. Leaves of
susceptible C. sativus were placed in a Petri dish on wet filter paper and inoculated by
atomizing prepared spore suspension by means of a glass sprayer over their abaxial surface of
leaves. Inoculated leaves were incubated in a growth chamber under standard conditions
(Lebeda, 1986, 1991). Pathogen sporulation occurred usually after 7-8 days of incubation.
Obtained pure cultures of P. cubensis were stored in Petri dishes at -80°C and later used for
fungicide bioassay. In the freezer, the spores stayed viable for about 6 months, after that it
was necessary to refresh the stored cultures by new inoculations.

2.3  Plant Material

A highly susceptible cultivar of cucumber (‘Marketer 430’) was used for pathogen
multiplication and floating leaf-disc bioassays. Plants were grown under optimal conditions
(25°C/15°C day/night, daily watering, and weekly fertilization) in a glasshouse and were not
treated chemically. The leaves from 6-8-week-old plants (3-6-true-leaf stage) were used for
multiplication and as well for discs cutting (Lebeda, 1986; Lebeda and Widrlechner, 2003).
2.4  Fungicides and a Floating Leaf Disc Bioassay

Six agents commonly used and registered (except Ridomil Plus 48 WP*) for chemical
protection of cucurbit plants against P. cubensis in the Czech Republic were chosen for
screening P. cubensis resistance to fungicides. These fungicides belonged to different
chemical classes and were with specific features (Tomlin, 1997; Table 3): Ridomil Plus 48
WP (active ingredients: 40% Cu-oxychloride, 8% metalaxyl, producer: Novartis Crop
Protection AG, Basel, Switzerland), Ridomil Gold MZ 68 WP (a.i.: 64% mancozeb, 4%
metalaxyl-M, producer: Syngenta Crop Protection AG, Basel, Switzerland), Acrobat MZ (a.i.:



600 g/l mancozeb, 90 g/l dimethomorph, BASF SE, Ludwigshafen Germany), Aliette 80 WP
(a.1.: 80% fosetyl-Al, producer: Aventis CropScience SA, Lyon, France), Previcur 607 SL
(a.i.: 607 g/l propamocarb, producer: Aventis CropScience GmbH, Frankfurt/Main,
Germany), Curzate K (a.i.: 77.3% Cu-oxychloride, 4% cymoxanil, producer: SPOLANA a.s.,
Neratovice, Czech Republic). ). *Ridomil Plus 48 served as a control fungicide because its
registration validity has already stopped in the CR and it is admitted to expend it (KuZzma,
2004, 2005). These screened agents are often worldwide used in chemical control of many
oomycete fungi from the families Peronosporaceae and Pythiaceae (Gisi, 2002; Gisi and
Sierotzki, 2008)

Five concentrations of each fungicide were tested, one recommended by the producer
(i.e. optimal), two others bellow and two above the optimum (Table 4). Leaf discs treated with
distilled water served as a positive control. Leaf discs (15 mm in diameter) were floated,
abaxial surface up, on fungicide solutions in multiwell plates (Anonymous, 1982). Four leaf
discs were tested from each concentration of fungicides used, each test made in three
replicates. After 24h, leaf discs were inoculated with spore suspensions (1 x 10° spores/ml)
and incubated as described above.
2.5  Evaluation of a Fungicide Bioassay
The evaluation was made in two-day intervals, 6" — 14" day after inoculation using the 0-4
scale (Lebeda, 1986; Lebeda and Widrlechner, 2003). On control leaf discs, first symptoms of
sporulation occurred most frequently 5-6 days after inoculation. The total degree of infection
(sporulation intensity) was expressed as a percentage of the maximum scores according to

Towsend and Heuberger (1943):

z(nxv)xlOO
xxN

where P is the total degree of infection (%), » the number of discs in each (0-4) infection
degree category, v infection degree, x the maximum level of sporulation and N the total
number of leaf discs evaluated in three replications.

Three types of reactions were assigned according to degree of infection obtained under
each fungicide concentration tested: sensitive (the total degree of infection P <10%), tolerant

(10< P <35%) and resistant (P >35%)).



The values of EDsg (a fungicide concentration, which inhibits fungal growth by 50%)
were determined for each isolate screened and expressed in the ranges of fungicide

concentrations.

3 RESULTS
3.1  General characteristics of investigated pathogen populations

During the growing seasons between the years 2005 and 2010, infection of P. cubensis was
observed primarily on C. sativus (93%), other cucurbitaceous crops were rarely infected
(Cucumis melo 0,6%; Cucurbita pepo 2,4%; C. maxima 1,8%; Cucurbita moschata 1,2%; and
Citrullus lanatus 0,6%) and only during the years 2009 - 2010 (Table 1). In generally,
majority of C. sativus crops were heavily infected at the end of the growing season (second
half of August) and P. cubensis was present at high or very high disease severity. P. cubensis
was widespread across the whole area of the Czech Republic studied (central and southern
Moravia and eastern, northern and central Bohemia) (Lebeda et al., 2011; unpubl. data).
Pathogenicity structure and their temporal changes were studied in the populations of
P. cubensis i the period 2005-2010. About 200 isolates were analyzed for pathogenic
variation (pathotypes) (Table 1). The substantial part of P. cubensis isolates (80%) belonged
to the group of highly pathogenic isolates, and the rest was detected as medium pathogenicity
pathotypes. The data on structure and changes in pathogen populations were expressed by
pathotypes. More than 60 different pathotypes have been determined. “Super pathotype”
15.15.15 was recorded repeatedly. Since the year 2009 the pathogen population has changed
dramatically, a new pathotypes appeared able to establish the natural infection of Cucurbita
spp. and Citrullus lanatus, this phenomenon was not observed before. In Czech P. cubensis
populations, there was prevailing frequency of isolates with high number (8-11) of
pathogenicity factors (Lebeda et al., 2012). A total of 142 P. cubensis isolates were used for

fungicide resistance/tolerance screening.

3.2  Fungicide efficacy

Effectiveness of screened fungicides against P. cubensis isolates was investigated among the
years 2005-2010 (Table 1-7, Figs 1-5). Significant differences among tested fungicides and
even during the six-year period of study were proved. The range of reaction types of P.
cubensis isolates was very wide in the studied period, altogether 20 patterns of reaction types
were detected (14 types were determined in cymoxanil, 18 in dimethomorph, 13 in metalaxyl,

16 in metalaxyl-M). Fosetyl-Al and propamocarb showed to be highly effective for the field



control of the disease. Effectiveness of dimethomorph has changed from resistance to
tolerance and sensitivity during the six-year period of study. Czech P. cubensis populations

appeared to be insensitive to metalaxyl, metalaxyl-M and cymoxanil.

3.2.1 Fosetyl-Al

P. cubensis isolates were uniform in the sensitivity to fosetyl-Al in the period 2005-2010
(Table 5). Sensitive reactions were recorded on all tested concentrations. All screened P.
cubensis 1solates were controlled by the optimal concentration (1600 pg a.i./ml) and EDsg
values were lower than 400 pg a.i./ml. However, some isolates from the year 2009 expressed
sensitive reaction with limited sporulation (Ssp+). Moreover, this type of reaction appeared
also at same P. cubensis isolates at concentrations 400 and 800 pg a.i./ml in the years 2009
and 2010. Despite the risk of potential selection of more insensitive strains to this fungicide
(in the years 2009 and 2010), fosetyl-Al remains a highly effective as a control agent of Czech

cucurbit downy mildew populations.

3.2.2 Propamocarb

Sensitive reactions of tested isolates predominated on all concentrations of propamocarb.
EDs values were lower than 607 ug a.i./ml in the period 2005-2010 (Table 6). Despite this,
Czech populations of P. cubensis appeared to be very variable in responses to this fungicide.
The proportion of the isolates with sensitive reaction with limited sporulation (Ssp+) in
optimal (2428 ug a.i./ml) and lower concentrations (607 and 1214 pg a.i./ml) was quite high
(especially in the years 2005 and 2008). Moreover, strains with increased insensitivity
(tolerant or resistant response) to this fungicide were also detected. Some analyzed isolates
were tolerant/resistant to the optimal and lower concentrations. Additionally, in 2006, tolerant
response were detected also in higher concentrations (4856 and 9712 pg a.i./ml). Profuse
sporulation (resistant reaction) was observed only on lower concentrations of some isolates
from the years 2006 and 2009. Despite the variation in occurrence of propamocarb-tolerant or
propamocarb-resistant strains, the recent efficacy of propamocarb is still high for the field

control of the disease.

3.2.3 Dimethomorph
Frequency of sensitive/tolerant/resistant strains to dimethomorph varied significantly during
six-years period of study (Fig. 1). Till the year 2007, when the majority of isolates showed

resistance or tolerance to the optimal concentration (450 pg a.i./ml), this fungicide was



practically ineffective. However, isolates with higher values of EDsy (450-1800 pg a.i./ml)
predominated only in the year 2005 (Fig. 2). Sensitive/tolerant responses prevailed on
recommended concentration from 2008 to 2009 and EDs, values were frequently lower than
112.5 pg a.i./ml (75% in 2007, 100% in 2008, 73% in 2009 and 100% in 2010). Surprisingly
in 2010, the number of isolates expressed sensitive reaction reached nearly 100% on all tested
concentrations. From 2005 to 2010, temporal shift towards higher sensitivity on all screened

concentrations was recorded in Czech P. cubensis populations.

3.2.4 Cymoxanil

Except the year 2009, the majority of isolates were resistant to the recommended
concentration of cymoxanil (120 ug a.i./ml), and also to lower concentrations (30 and 60 pg
a.l./ml) during 2005-2010 (Fig. 3). According to this fact, highly resistant strains being
characterized with EDsg values higher than 120 pg a.i./ml prevailed in these years (Fig. 2).
From the year 2006 to the year 2008, P. cubensis populations were highly resistant to
concentration 240 ug a.i./ml and also to lower tested concentrations and isolates which
belonged to the most resistant category (EDso values higher than 480 pg a.i./ml) were detected
during this three-years period of study. In the year 2009, cymoxanil showed increasing
efficacy when resistant strains prevailed only on lower tested concentrations and the majority
of the populations was controlled by the recommended concentration. EDsy values of the
majority isolates (91%) were lower than 120 pg a.i/ml in 2009. Sensitive reactions
predominated only on concentrations 2x and 4x higher than optimal (240 and 480 pg a.i./ml)
in the years 2005, 2009 and 2010. Cymoxanil showed very low efficacy during studied period
(except the year 2009).

3.2.5 Metalaxyl

Metalaxyl showed to be ineffective in the years 2005-2010, practically all of the screened
isolates expressed resistance even to the optimum concentration (200 pg a.i./ml) and the
highest proportion of isolates with EDsy values between 200-800 pg a.i./ml was noted during
this six-years period of study. (Fig 2 and 4). In the years 2007 and 2008, the majority of
screened isolates was also resistant to concentration 400 pg a.i./ml (2x higher than optimal).
However, the isolates which belonged to the most resistant category (EDso values higher than
800 pg a.i./ml) were not detected during this two-years screened period. In the period 2005-
2009, sensitive response appeared markedly on concentrations 400 and 800 pg a.i./ml and it

was also observed in all concentrations in 2010. EDsq values lower than 50 pug a.i./ml were



detected only in the year 2010. Isolates with EDsy values between 50-200 pg a.i./ml were
noted during all studied period, but they prevailed only in the year 2010. Monitored P.
cubensis populations were characterized by a high level of resistance to metalaxyl and

remained ineffective for disease control.

3.2.6 Metalaxyl-M

The majority of screened isolates (61%) belonged to the group of highly resistant strains with
resistant reaction at the recommended concentration (100 ug a.i./ml) of metalaxyl-M (Fig. 5).
Isolates with higher values of EDsy (100-400 pg a.i./ml) predominated in the period 2006-
2009 (Fig. 2). And during this four-years period, P. cubensis isolates showed extremely high
resistance (resistance exhibited on all tested concentrations of the fungicide) were detected.
However, the most resistant category of isolates with EDsy values higher than 400 pg a.i./ml
was determined only in the years 2007 and 2009. Proportion of responses of screened P.
cubensis isolates to metalaxyl-M showed to be more heterogenous as compared with
metalaxyl. Occurrence of sensitive/tolerant strains on all screened concentrations and isolates
with EDs values lower than 25 pg a.i./ml was observed only in the years 2005, 2008 and
2010. In the year 2010, metalaxyl-M showed similar increasing efficacy as metalaxyl in 2010.
Sensitive strains prevailed on optimal (100 pg a.i./ml) and higher concentrations (200 and 400
pg a.i./ml). In addition, 94% of isolates expressed EDsy values between 25-100 pg a.i./ml.
This phenomenon was not observed in previous years (2005-2009). Despite the increasing
occurrence of metalaxyl-M-sensitive/tolerant strains, the recent efficacy of metalaxyl-M 1is

still low for the field control of the disease, as well as in the case of metalaxyl.

3.3 Detailed characterization of P. cubensis isolates originated from Cucurbita spp. and
Citrullus lanatus

P. cubensis isolates collected from Cucurbita maxima, Cucurbita pepo, Cucurbita
moschata, Cucurbita ficifolia and Citrullus lanatus were also used for fungicide
resistance/tolerance screening. (Table 7). Although, majority of these tested isolates (62%)
showed sensitive responses on recommended concentration of all screened fungicides,
significant differences in efficacy of tested fungicides among these isolates were detected.
Whereas cymoxanil and metalaxyl found to be ineffective, P. cubensis isolates appeared to be
sensitive to metalaxyl-M, dimethomorph, propamocarb and fosetyl-Al.

These P. cubensis isolates showed tolerant or resistant response to the recommended

and lower concentrations of cymoxanil (30, 60, and 120 pg a.i./ml). 62.5% of isolates was



highly resistant with EDs, values between 120-480 pg a.i./ml. Metalaxyl-resistant and tolerant
strains showed similar proportion as cymoxanil on recommended and lower concentrations
(50, 100 and 200 pg a.i./ml), and EDs, values were recorded between 200-400 pg a.i./ml.
However some sensitive strains with EDsy values were lower than 50 pg a.i./ml were also
detected on this concentrations.

Sensitive response to metalaxyl-M and dimethomorph predominated on recommended
concentrations at these tested fungicides. Nevertheless, differences in sensitivity were found
between these two fungicides on lower concentrations. Whereas sensitive response to
dimethomorph prevailed above tolerant, and EDsy values were lower than 112.5 pg a.i./ml,
most of P. cubensis isolates (62.5%) showed resistant/tolerant reactions to metalaxyl-M and
EDs( values expressed broader range (25-100 pg a.i./ml).

Fosetyl-Al and propamocarb were found effective. All screened P. cubensis isolates
belonged to highly sensitive strains with EDsg values lower than 400 pg a.i./ml for fosetyl-Al
and 607 pg a.i/ml for propamocarb. Unfortunately, some sensitive strains with limited
sporulation (25%) and limited sporulation (tolerant reaction, 25%) on lowest concentration of
propamocarb (607 ug a.i./ml ) appeared.

There were noted significant differences in responses of P. cubensis isolates collected
from other infected cucurbit crops (Cucurbita spp., Citrullus lanatus) to screened fungicides.
The most sensitive to fungicides were P. cubensis isolates originated from Cucurbita
moschata and Cucurbita ficifolia, on contrary to the lowest efficacy to fungicides of P.

cubensis isolates from Citrullus lanatus and Cucurbita maxima.

4. DISCUSSION

Chemical control still constitutes the predominant part of the control measures used against
oomycetes (Cohen and Coffey, 1986; Lebeda and Schwinn, 1994; Gisi, 2002; Gisi and
Sierotzki, 2008). Unfortunately, there are some reports about failures in their effectivity
against P. cubensis and a rapid increase of fungicide-resistant subpopulations of a pathogen,
especially under selection pressure from different fungicides (Gisi, 2002; Gisi et al., 2007a,b;
Lebeda and Cohen, 2012; Urban and Lebeda, 2004a,b, 2006, 2007; Savory et al., 2011). This
phenomenon is known mostly from countries outside Europe (Australia, Israel, Japan,
Taiwan, USA), only a few data are available for European countries (Greece, Italy, Poland,
Russia), the majority of them from 1980s and 1990s (Lebeda and Cohen, 2012; Urban and
Lebeda, 2004a,b, 2006, 2007) with exception of investigations in Poland /data from 1997-
1998/ (Robak, 2001). Furthermore, the mechanisms of pathogen’s resistance to fungicides are



not well known, with the exception of some groups of fungicides, namely strobilurins
(Takeda et al., 1999; Ishii et al., 2002) and recently CAA fungicides (Blum et al, 2011; Gisi et
al., 2007a,b, Gisi and Sierotzki, 2008; Zhu et al., 2008). Our research on this field presented
here showed significant differences among tested fungicides and even during the six-year
period of study (2005-2010). Our results of screened fungicides could be divided into three
groups: propamocarb and fosetyl-Al, which are still effective in disease management;
metalaxyl, metalaxyl-M and cymoxanil, towards which a high resistance has developed; and
dimethomorph, towards which a shift to higher sensitivity has occurred. As well as they
verified our previous experiments in some fungicides (fosetyl-Al, propamocarb, methalaxyl)
from 2001-2004 (Urban and Lebeda, 2004a,b, 2006, 2007) from the Czech Republic and
confirm the trend noted in P. cubensis populations in the whole Central Europe. The issue is
that the decreased sensitivity or temporal shift to higher level of resistance to common used
fungicides has been often observed in pathogen populations. Some preliminary studies have
already been published about this fungicides (fosetyl-Al, propamocarb, methalaxyl) from
2005 to 2007, as well as about new groups of fungicides (cymoxanil, dimethomorph,
metalaxyl-M) (Hiibschova and Lebeda, 2010). Nevertheless, this paper is the first
comprehensive composed contribution about resistance/tolerance of 142 Czech P. cubensis
isolates from 2005-2010 to six commonly used and registered fungicides (except Ridomil
Plus 48 WP that served as control fungicide, for details see section Material and Methods) for
chemical protection of cucurbit plants against P. cubensis in the Czech Republic. Majority of
isolates originated from C. sativus and only eight isolates from new hosts (Cucurbita spp. and
Citrullus lanatus (Table 1,2). The frequency of sensitive/tolerant/resistant isolates to all tested

concentrations of individual fungicides was investigated.

Fosetyl-Al

Despite the fact that fosetyl-Al appeared to be the most effective control agent for Czech P.
cubensis populations, data in this paper demonstrate the risk of potential selection of more
fosetyl-Al insensitive strains. Sensitive reaction with limited sporulation on optimal and lower
concentrations was recorded in P. cubensis populations in 2009 and 2010. This phenomenon
was also recorded during the previous three-years period of study /2001-2003/ (Lebeda and
Urban, 2007; Urban and Lebeda, 2004a,b, 2006, 2007). Even a high proportion of isolates had
a certain level of resistance/tolerance to fosetyl-Al in 2001. However, this type of insensitivity
was not observed in the following years in the Czech Republic. The nature of P. cubensis

populations could be one of the possible explanations for the extinction and restoration of P.



cubensis strains with increased insensitivity to the fosetyl-Al. The structure (genetic,
pathogenicity and fungicides resistance) of Czech pathogen populations is strongly affected
by its localization on the edge of P. cubensis distribution area, however, by location in Central
Europe (Lebeda, 1990) and is annually renovated with the primary inoculum as nature of
source areas. Because overwintering through oospores is very rare in P. cubensis populations
and it has been observed not yet in many countries with P. cubensis occurrence (Cohen and
Rubin, 2011; Lebeda and Schwinn, 1994). Reduced fitness of the resistant subpopulations
compared with the wild-type population could be another possible explanations for the
extinction and restoration of P. cubensis strains with increased insensitivity to the fosetyl-Al
(Lebeda and Cohen, 2012; Urban and Lebeda, 2007). Occurrence of fosetyl-Al resistant P.
cubensis strains is very rarely reported (Gisi and Sierotzki, 2008) and has been noted only in
Israel (Cohen and Samoucha, 1984) and China (Sun, 1996; Wang et al., 1996a,b). Resistance
to fosetyl-Al is also known in some other oomycete fungi, e.g. Phytophthora infestans in
Israel (Cohen and Samoucha, 1984), Phytophthora cinnamoni in France (Vegh et al., 1985) or
Bremia lactucae in California (Brown et al., 2004). However, according to Gisi and Sierotzki

(2008) resistant isolates in field populations have never been detected till this time.

Propamocarb

During our six-years period of study, there was noted a detectable shift to higher insensitivity,
especially on suboptimal propamocarb concentrations in the P. cubensis populations (mainly
in 2006 and 2009). Our obtained recent data also confirmed previous shift, when the sensitive
isolates with limited sporulation (Ssp+) on the lower and optimal concentrations of the
fungicide have been detected firstly since the year 2001 and when the strains with tolerant
reaction (T) on these concentrations appeared in 2004 for the first time (Urban and Lebeda,
2004a,b, 2006, 2007). Even this fact, propamocarb is still effective against cucurbit downy
mildew in field conditions in the Czech Republic. The fact that P. cubensis strains with
increased insensitivity to propamocarb are persistently incorporated into the populations
(probably via mutation, migration, gene flow) could be the reason for their repeatedly
reported occurrence in the Czech Republic during the period 2001-2009 (Drenth and
Goodwinn, 1999; Urban and Lebeda, 2004a,b, 2006, 2007, McDonald and Linde, 2002). The
occurrence of propamocarb-resistant strains is world-wide reported very rarely and was
described in P. cubensis only in Israel (Cohen and Samoucha, 1984). Field resistance to

propamocarb has been detected in Pythium species (Gisi and Sierotzki, 2008).



Dimethomorph

In Czech P. cubensis populations during the years 2005 - 2010, there was recorded the
temporal shift towards higher sensitivity to dimethomorph on all screened concentrations.
Dimethomorph was discovered as a specific Oomycete fungicide in the early 1980s (Gisi et
al., 2007a,b) and has been widely used for oomycete disease control and could replace other
fungicides to manage resistance of this pathogen (Wang et al., 2009; Zhu et al., 2007).
Recently, Blum et al. (2011) reported some information about the mechanisms of P. cubensis
resistance to fungicides. The four putative CeA genes were identified in P. cubensis. The
CesA3gene of CAA-resistant and CAA-sensitive isolates was sequenced, and mutations were
identified at position 1105 of this gene, conferring CAA resistance. CAA fungicides fully
control sensitive P. cubensis populations. In P. cubensis, dimethomorph-resistant isolates
have been recently found in a few trial site locations, in South Korea, Israel, USA
(www.frac.info) and China (Zhu et al., 2007). However, CAA-resistant isolates have been
detected in some other oomycete fungi, e.g. in Plasmopara viticola populations firstly for
more than 15 years (Olaya et al., 2009) and have been reported repeatedly mainly from some
of the grape growing regions in France and Germany, but with reported no serious product
failures (Gisi et al., 2007b; Chabane et al., 1996). Gisi et al. (2007a,b) and also Zhu et al.
(2008) mentioned the fact that because CAAs express different intrinsic activities, resistance
factors can vary significantly. The segregation of pattern suggests that resistance to CAA may
be controlled by more than one (probably two) recessive nuclear genes. And hence resistance
is expressed only in homozygous offspring, which may require several cycles of sexual
reproduction to become fixed and expressed in phenotypically aggressive isolates. As well as
Blum et al. (2010, 2011) reported recently that the resistance mechanism in P. viticola has
been elucidated and linked to a single point mutation in the CesA3 gene. According to the
observations by Gisi and Sierotzki (2008), CAA-resistant isolates of P. viticola may be less fit
in the absence of selection pressure than sensitive isolates. Therefore, the risk and extent of
resistance in P. viticola is moderate for CAA fungicides. Nevertheless no dimethomorph-
resistant isolates have been detected in other oomycete fungi, Phytophthora infestans, even
the fact that CAA fungicides (dimethomorph) have been used commercially for more than 10
years against P. infestans (Cohen et al., 2007; Gisi and Sierotzki, 2008). Also, enforced
selection experiments and mutagenesis did not yield isolates in P. infestans with stable
resistance to CAAs (Bagirova et al., 2001; Stein and Kirk, 2004; Yuan et al., 2006; Cohen et
al., 2007; Rubin et al., 2008). Cross-resistance among all CAAs was reported (Gisi et al.,

2007a,b). However, isolates were found at low frequency which showed resistance only to



iprovalicarb but not to dimethomorph and vice versa. Nevertheless no cross resistance was
found between CAAs and other modes of action such as phenylamides, Qol fungicides and

zoxamide (Gisi et al., 2007b).

Cymoxanil

Data in this paper show a high level of resistance of the monitored P. cubensis populations to
cymoxanil during the six-years period of study. Although, some cymoxanil-sensitive strains
were found on optimal (120 pg a.i./ml) and higher concentrations (240 and 480 pg a.i./ml) in
2009 and 2010. Therefore cymoxanil showed very low efficacy for disease control in the
Czech Republic during the years 2005-2010. Unfortunately, data are lacking about this
phenomenon from Czech Republic till the year 2004, because screening of cymoxanil
resistance/tolerance in Czech cucurbit downy mildew populations has not been investigated
until the year 2004. As well as also from other countries there is available only limited
information about efficacy of cymoxanil that originated from Israel (Cohen, 1986; Cohen and
Grinberger, 1987; Cohen et al., 1985; Samoucha and Cohen, 1988a, b) and Poland (Robak,
2001). In Israel, Cohen and Grinberger (1987) reported that the cymoxanil dose required to
achieve 90% control of the disease (EDy) ranged between 197-647 and 201-878 pg a.i./ml for
metalaxyl-sensitive and metalaxyl-resistant isolates. Samoucha and Cohen (1988a,b)
discovered that fungicidal mixtures, especially those containing cymoxanil, were highly
synergistic in controlling downy mildew in intact cucumber plants. This phenomenon was
also verified by Robak (2001) in Poland who reported that the tank mixture of two fungicide
products, Curzate M 72,5WP (cymoxanil/mancozeb) and Bravo Plus 500 SC
(chlorothalonil/zinc) has belonged among the most effective products for disease control in
Poland during the two-years field investigations (1997-1998). Cymoxanil was introduced 30
years ago and has been used also for control to other Oomycete fungi, mainly Phytophthora
infestans and Plasmopara viticola in many European countries and as well as worldwide (Gisi
and Sierotzki, 2008; /this citation related to P. viticola/; Hamlen and Power, 1998; Pérez et
al., 2009; Power et al., 1995; Samoucha and Cohen, 1989 /P. infestans/). For more than 15
years, there was no or little evidence for resistance to cymoxanil in P. infestans populations in
some European countries (Pérez et al., 2009; Power et al., 1995; Reis et al., 2005; Sujkowski
et al., 1995) that was also verified by Hamlen and Power (1998) with results of in vitro and in
vivo study of distribution of sensitivity responses to cymoxanil within global populations of P.
infestans. These facts could be supported by the multi-site mechanism of action of cymoxanil-

based fungicides, use of this fungicide in mixture with fungicides from other different



chemical classes and by no evidence of field control failures of P. infestans (Hamlen and
Power, 1998) Nevertheless recently, Griinwald et al. (2006) demonstrated directional
selection for resistance to cymoxanil after repeated field applications of the compound and
indicated the potential for resistance within P. infestans in Mexico, the putative center of
origin of this pathogen. This phenomenon was also reported in field populations of
Plasmopara viticola in several vineyards of Italy and France where reduced sensitive (or
resistant) P. viticola isolates have been occurred (Gisi and Sierotzki, 2008; Guillino et al.,

1997; Genet and Vincent, 1999; Klinkenberg et al., 1998).

Metalaxyl, Metalaxyl-M

Data in this paper clearly demonstrated that monitored P. cubensis populations showed a high
level of resistance to metalaxyl and remained ineffective for disease control and correspond
with our previous published results from Czech Republic during the years 2001-2004 (Urban
and Lebeda, 2004a,b, 2006, 2007). However, different situation has been found in Czech P.
cubensis populations until the year 2000 where the metalaxyl-sensitive strains have
predominated probably (Ackermann, 1990), although the existence of some resistant strains
was proved already for 1995 (Urban and Lebeda, 2006). Our results related to metalaxyl-M
showed that the recent efficacy of metalaxyl-M is still low for the field control of the disease
despite the increasing occurrence of metalaxyl-M-sensitive/tolerant strains in pathogen
populations. However previous experimental data about resistance/tolerance of Czech P.
cubensis populations to metalaxyl-M is not available till the year 2004, therefore our results
related to metalaxyl-M are for the first time presented in details here. Due to the continuous
and intensive usage of metalaxyl and other fungicides of the same cross-resistance group
(especially metalaxyl-M) during the monitoring period, it is impossible to compare the fitness
of resistant and sensitive P. cubensis subpopulations without the presence of selection
pressure of the fungicides (Urban and Lebeda, 2007). Nevertheless, (Cohen et al., 1983)
reported that resistant (R) strains had a high competitive capacity compared to sensitive (S)
ones in the absence of metalaxyl. In the later studies, Samoucha and Cohen (1984) showed
that S strains increased the infectivity of R strains when mixtures of the two were inoculated
into cucumber plants treated with metalaxyl. And the same authors in the next year (1985)
showed that R strains diminished in sites where metalaxyl was abandoned, but they rapidly
built up when it was reintroduced. Furthermore, recent data indicate that highly resistant
strains probably predominate in Central Europe, where the expected great mixing of

populations occurs due to migration, i.e. long-distance transport of spores (Lebeda, 1990).



However, limited information is available from surrounding countries (Austria, Germany,
Slovakia), that’s the main reason why the experimental confirmation is still missing. The low
efficacy of metalaxyl has been reported during the field investigations only from Poland, the
only one neighbor of Czech Republic (Robak, 2001). In scientific literature, occurrence of
metalaxyl-resistant/tolerant strains in P. cubensis populations has been very often mentioned
and has been found in Israel, Greece, Italy, USA, Russia and Australia (reviewed by Urban
and Lebeda, 2006, Lebeda and Cohen, 2012), as well as Poland (Robak, 2001) and in Serbia
(Bagi et al., 2009). This phenomenon has been also known from other Oomycete fungi (Gisi,
2002), e.g. Phytophthora infestans (Mukalazi et al., 2001; Pérez et al., 2009; Sujkowski et al.,
1995) and Pythium (Wynn and Crute, 1983). There is well known the monogenic, semi-
dominant nature of resistance to phenylamide fungicides. Therefore, the risk and extent of
resistance in all oomycetes is classified as high for phenylamides and as moderate for CAA
fungicides (Gisi et al., 2007b). Meanwile, metalaxyl as major fungicide for controlling
cucurbit downy mildew has been gradually replaced by the cinnamic acids fungicide
dimethomorph (Wang et al, 2009) because there is no cross-resistance between

dimethomorph and phenylamides (Cohen and Samoucha, 1984).

Detailed characterization of P. cubensis isolates originated from Cucurbita spp. and
Citrullus lanatus

Although, majority of tested P. cubensis isolates collected from Cucurbita maxima, C.
pepo, C. moschata, C. ficifolia and Citrullus lanatus showed sensitive responses on
recommended concentrations of all screened fungicides. However the significant differences
in efficacy of tested fungicides among these isolates were found. There's no available
previous data about resistance/tolerance of P. cubensis isolates originated from other cucurbit
hosts to fungicides. That’s why our results related to this phenomenon are presented for the
first time in detail on this article. In Europe, severe outbreaks of cucurbit downy mildew have
been reported repeatedly on cucumbers (Cucumis sativus L.) since approximately 1985
(Doruchowski and Lachowska-Ryk, 1992; Lebeda and Cohen, 2011). Newly (2009-2011), P.
cubensis infections have been observed on other cucurbit plants Cucumis melo, Citrullus
lanatus, Cucurbita maxima, C. pepo, C. moschata, C. ficifolia and Lagenaria siceraria in the
Czech Republic (Lebeda et al., 2012; Pavelkova et al., 2011). Such a dramatic change in the
population structure of the pathogen appeared in Israel in the year 2002 (Cohen et al., 2003),
USA in 2004 (Holmes et al., 2004; Colucci et al., 2006; Holmes and Ojiambo, 2009; Holmes
and Thomas, 2009) and in Italy (Cappelli et al., 2003). The source/reason for the changes in



P. cubensis populations has been known not yet. Nevertheless possible reasons are mutation,

migration and/or sexual recombination. That’s why further detailed research of P. cubensis

isolates originated from newly observed cucurbit hosts will be very useful and should be

included also screening of resistance/tolerance of these isolates to fungicides. As well as the

international collaboration will be necessary on this field in the future.
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TABLES

Table 1
Origin and characterization of Pseudoperonospora cubensis isolates

Origin of isolates

Year No.of  No. of No. of No. of
isolates jsolatesin  isolatesin  Host plant pathotypes
Bohemia  Moravia
2005 25 7 18 cS 12
2006 29 12 17 cS 12
2007 39 12 27 CcS 5
2008 32 14 18 CcS 9
2009 44 16 28 CS, CMe, CMo 14
2010 37 13 24 CS, CP, CM, CMo, CF, CL 11
In total 206 74 132 - 63

CS — Cucumis sativus, CMe — Cucumis melo, CP — Cucurbita pepo, CM — Cucurbita maxima, CMo — Cucurbita
moschata, CF- Cucurbita ficifolia, CL — Citrullus lanatus

Table 2
Origin and characterization of new hosts isolates
Origin
Host Isolate Pathotype
Region/District Location
Cp 58/10 South Moravia Muténice 15.15.3
Hodonin
P 61/10 South Moravia Ratigkovice 15.15.11
Hodonin
Zlin
P 2/1 jedl 15.15.
C 72/10 Jlin Napajedla 5.15.3
CM 67/10 Eoutl MO{‘aVIa Veseli nad Moravou 15.15.11
Hodonin
CM 81/10 g Olomouc-Holice 15.6.0
Olomouc
Moravia-Silesia L, .,
CMo 86/10 o, Novy Ji¢in-Kojetin 15.15.15
Novy Ji¢in
CF 87/10 Ulpmmane Olomouc-Holice X
Olomouc
CL 83/10 Olomouc Olomouc-Holice 15.15.11
Olomouc

CP — Cucurbita pepo, CM — Cucurbita maxima, CMo — Cucurbita moschata, CF- Cucurbita ficifolia, CL —
Citrullus lanatus



Table 3

Characterization of the fungicides used for resistance screening (modified according to Urban
and Lebeda, 2006; Gisi, 2002)

Fungicide/ Group
name/
Chemical group

Mode of action — target site/
systemicity/Transportation/Translocation behavior
within plants

Resistance risk

Metalaxyl,
Metalaxyl-M/

Nucleic acids synthesis — RNA polymerase I/
Systemic with protective, curative and eradicative
action/ Apoplastic symplasic, translaminar

Resistance and cross
resistance well known
in various Oomycetes

glzr)l/ylamldes but mechanism
acylalanines unknown.
High risk.

Propamocarb/ Lipid synthesis and membrane integrity — multi-site Low to medium risk.
Carbamates/ inhibitor, affect mel'nbrz!ne permeqbility,'fatty acids
Carbamates (proposed)/ Systemic with protective action/

acropettally/apoplastic
Fosetyl-Al/ Combination of direct antifungal activity (inhibits Few resistance cases
Phosphonates/ spore germir}ation or blocks mycelium development reported in few
Ethyl agd sporulation) and induction of host p}ant defense pathogens.
phosphonates (higher-than-normal levels of phytoalexin and pthers Low risk.

metabolites in treated and infected plants) — primary

and direct site of action is not elucidated/Systemic

with protective and curative action/Acropetally and

basipetally/Apoplastic and symplastic
Cymoxanil/ Affects growth of intercellular hyphae and formation =~ Resistance claims
Cyanoacetamide- of 'haustoria as well as produc;tior} of sporar}gia - described.

. primary and direct site of action is not elucidated (it . .
oxime/ AR . S Low to medium risk.
Cyanoacetamide- has been arguet inhibition RNA and §1C1d sy.nthe51s.1
oxime (Leroux et al., 1987)/Systemic, curative action/rapidly

translocated — acropetally (in the shoot and leaves,

after foliar and stem application), basipetally and

translaminar (within leaves)
Dimethomorph Cell wall biosynthesis — cellulose synthase/ Locally Resistance known in
/Carboxylic Acid systemic, preventive and curative action (strong Plasmopara viticola

Amides (CAA)/
cinnamic acid
amides

antisporulant activity)/Translaminar and weak
acropetal in leaves (but not from leaf to leaf)

but not in
Phytophthora
infestans.

Cross resistance
between all members
of the CAA group

Low to medium risk




Table 4
Tested concentrations of the fungicides

Concentration of fungicide (pg a.i./ml)/concentration of source preparation™

(o)

Fungicide 1 2 3k 4 5
Metalaxyl 50/0.063 100/0.125 200/0.25 400/0.5 800/1.0
Metalaxyl-M 25/0.063 50/0.125 100/0.25 200/0.5 400/1.0
Propamocarb 607/0.1 1214/0.2 2428/0.4 4856/0.8 9712/1.6
Fosetyl-Al 400/0.05 800/0.1 1600/0.2 3200/0.4 6400/0.8
Cymoxanil 30/0.075 60/0.150 120/0.300 240/0.600 480/1.200
Dimethomorph  112.5/0.125  225.0/0.250 | 450.0/0.500 900/1.000 1800/2.000

* Metalaxyl — source of preparation Ridomil Plus 48 WP, metalaxyl-M — s.p. Ridomil Gold MZ 68 WP,
propamocarb — s.p. Previcur 607 SL, fosetyl-Al — s.p. Aliette 80 WP, cymoxanil — s.p. Curzate K, dimethomorph
— 8.p. Acrobat MZ

** The concentration recommended by the producer (Kuzma, 2005; Minaf, 2006, 2007, 2008 ,2009 and 2010)

Table 5
Response of P. cubensis 1solates to different concentrations of fosetyl-Al

Type of Fosetyl-Al concentration (ug a.i./ml)/frequency of isolates (%)
Year reaction
400 800 1600* 3200 6400
2005 Ssp- 100.0 100.0 100.0 100.0 100.0
Ssp+ 0.0 0.0 0.0 0.0 0.0
T 0.0 0.0 0.0 0.0 0.0
R 0.0 0.0 0.0 0.0 0.0
2006 Ssp- 100.0 100.0 100.0 100.0 100.0
Ssp+ 0.0 0.0 0.0 0.0 0.0
T 0.0 0.0 0.0 0.0 0.0
R 0.0 0.0 0.0 0.0 0.0
2007 Ssp- 100.0 100.0 100.0 100.0 100.0
Ssp+ 0.0 0.0 0.0 0.0 0.0
T 0.0 0.0 0.0 0.0 0.0
R 0.0 0.0 0.0 0.0 0.0
2008 Ssp- 100.0 100.0 100.0 100.0 100.0
Ssp+ 0.0 0.0 0.0 0.0 0.0
T 0.0 0.0 0.0 0.0 0.0
R 0.0 0.0 0.0 0.0 0.0
2009 Ssp- 68.2 90.9 95.5 100.0 100.0
Ssp+ 31.8 9.1 4.5 0.0 0.0
T 0.0 0.0 0.0 0.0 0.0
R 0.0 0.0 0.0 0.0 0.0
2010 Ssp- 97.0 100.0 100.0 100.0 100.0
Ssp+ 3.0 0.0 0.0 0.0 0.0
T 0.0 0.0 0.0 0.0 0.0
R 0.0 0.0 0.0 0.0 0.0

Ssp- = sensitive reaction without sporulation (P = 0 %); Ssp+ = sensitive reaction with limited sporulation (0 <
P < 10%); T = tolerant reaction (10< P <35%); R = resistant reaction (P >35%)
* The concentration recommended by the producer (Kuzma. 2005; Minat. 2006. 2007. 2008 .2009 and 2010)



Table 6

Response of P. cubensis 1solates to different concentrations of propamocarb

Year Type of Propamocarb concentration (ug a.i./ml)/frequency of isolates (%)
reaction
607 1214 2428* 4856 9712
2005 Ssp- 48.0 56.0 56.0 92.0 100.0
Ssp+ 44.0 40.0 40.0 8.0 0.0
T 8.0 4.0 4.0 0.0 0.0
R 0.0 0.0 0.0 0.0 0.0
2006 Ssp- 61.0 89.0 89.0 94.5 94.5
Ssp+ 28.0 0.0 0.0 0.0 0.0
T 5.5 5.5 11.0 5.5 5.5
R 5.5 5.5 0.0 0.0 0.0
2007 Ssp- 70.0 90.0 100.0 100.0 100.0
Ssp+ 30.0 10.0 0.0 0.0 0.0
T 0.0 0.0 0.0 0.0 0.0
R 0.0 0.0 0.0 0.0 0.0
2008 Ssp- 32.0 54.5 82.0 100.0 100.0
Ssp+ 59.0 45.5 18.0 0.0 0.0
T 9.0 0.0 0.0 0.0 0.0
R 0.0 0.0 0.0 0.0 0.0
2009 Ssp- 40.9 77.3 90.9 100.0 100.0
Ssp+ 27.3 13.6 9.1 0.0 0.0
T 18.2 9.1 0.0 0.0 0.0
R 13.6 0.0 0.0 0.0 0.0
2010 Ssp- 55.0 89.0 97.0 100.0 100.0
Ssp+ 34.0 11.0 3.0 0.0 0.0
T 11.0 0.0 0.0 0.0 0.0
R 0.0 0.0 0.0 0.0 0.0

Ssp- = sensitive reaction without sporulation (P = 0 %); Ssp+ = sensitive reaction with limited sporulation (0 <
P < 10%); T = tolerant reaction (10< P <35%); R = resistant reaction (P >35%)
* The concentration recommended by the producer (Kuzma. 2005; Minat. 2006. 2007. 2008 .2009 and 2010)

Table 7

Response of new hosts P. cubensis populations* to different concentrations of screened

fungicides in the year 2010

Fungicide concentration

Fungicide/Total no. of isolates (%)

F 1 2 37 4 5 F-Al Pr C D M M-M

| - - - - - 100 75 0 62.5 12.5 37.5
I ) - - - - 0 25 0 25 0 0
I () O - - - 0 0 0 0 25 0
v G 6] - - 0 0 12.5 12.5 0 0
\ + () - - - 0 0 0 0 0 37.5
Vi + 0|6 - - 0 0 12.5 0 0 0
vib + + | ()] - - 0 0 12.5 0 0 0
vie + o+ |+ ] - - 0 0 0 0 62.5 0
IX + o+ () - 0 0 12.5 0 0 25
X + + |+ |+ - 0 0 50 0 0 0

*-, sensitive reaction (no sporulation); (-), tolerant reaction (limited sporulation); +, resistant reaction (profuse sporulation);
** 1-5 fungicide concentration, see Table 3; *** concentration as recommended by the producer; P, patterns of reaction types
I-X; F-Al, fosetyl-Al; Pr, propamocarb; C, cymoxanil; D, dimethomorph; M, metalaxyl; M-M, metalaxyl-M
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Fig. 1 Responses of P. cubensis population to different concentrations of dimethomorph in the period 2005-2010
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3.5 Temporal changes in cucurbit downy mildew populations
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ABSTRACT. Since 1984, cucurbit downy mildew, d by Pseudop spora cubensis (Berk. & M.A. Curtis) Rostovzev,
is economically the most important di of cucurbit vegetables in the Czech Republic and in central Europe. Between
2001 and 2008 the disease was recorded annually in all growing areas of the Czech Republic. Natural infection has been
regularly observed only on Cucumis sativus. Sporadic infection was recorded on Cucumis melo (2003, 2004), while other
cucurbits, e.g., Cucurbita pepo, C. maxima, Citrullus lanatus, were free of infection. The majority of cucumber fields
were heavily damaged. Czech populations of P. cubensis are found to be characterized by a high level of pathogenicity
(expressed on pathotype level). Over the years 2001-08, significant year-to-year differences in the effectiveness of dif-

ferent fungicides have been observed in the Czech Republic.

Inrecent years a dramatic increase in the occurrence of downy
mildew has been recorded in Europe and the U.S. (Colucci et al.,
2006; Holmes et al., 2004; Lebeda and Cohen, 2010). Cucurbita-
ceous crops worldwide are susceptible to Pseudoperonospora
cubensis. This pathogen has a high capacity to adapt to changing
environmental conditions and new geographical areas (Lebeda
and Schwinn, 1994). P. cubensis attacks a broad spectrum of
cucurbitaceous plants including field-grown and protected crops
as well as wild plants. The most important host species include
cucumber and melon (Cucumis sativus and C. melo), and pump-
kin and squash (Cucurbita pepo and C. maxima) (Lebeda and
Widrlechner, 2003). The disease has two major economic impacts:
decreased yields and lower fruit quality (Lebeda and Widrlechner,
2003). The pathogen is characterized by large variation both in
its pathogenicity and in its resistance to fungicides (Lebeda et
al., 2006; Urban and Lebeda, 2007). Moreover, according to the
classification of pathogens by McDonald and Linde (2002), P,
cubensis belongs to the group of “the highest risk pathogens,”
namely, those which can easily break down the resistance of some
host cultivars and which also exhibit high fungicide resistance.
This paper summarizes population studies of P. cubensis in the
Czech Republic during last decade (2001-08). ~

Materials and Methods

Occurrence of P. cubensis. Distribution, host range and dam-
age caused by P. cubensis to cucurbits were evaluated repeatedly
(at yearly intervals) at about 90 locations per year in the Czech
Republic over the period 2001-08 (in 2001, 130 locations; in
2002, 109; in 2003, 107; in 2004, 110; in 2005, 96; in 2006,
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105; in 2007, 91; and in 2008, 76). Monitoring was undertaken
when plants reached maturity and at harvest time (end of July
and August) and sites included domestic vegetable gardens, small
private fields and larger commercial production areas in the main
cucurbitaceous vegetable production areas (for details see Urban
and Lebeda, 2007). Some marginal cucurbit production areas
were also surveyed.

To assess damage caused by P. cubensis disease incidence
and disease prevalence were determined. Disease incidence was
expressed as the percentage of surveyed localities and host crops
atwhich P. cubensis occurred. Disease prevalence (intensity) was
assessed visually by using a graded 04 scale, modified for P
cubensis (Lebeda and Kiistkova, 1994).

Isolation and maintenance of P. cubensis. The collected in-
fected leaf samples were incubated on wet filter paper in plastic
pots (110 x 85 x 45 mm) (Lebeda, 1986). Leaves of the highly
susceptible cucumber cultivar ‘Marketer 430 were inoculated
and then incubated in a growth chamber under standard condi-
tions (Lebeda, 1986).

Pure cultures of P. cubensis were stored in petri dishes at —80
°C. The spores were viable for about 6 months. Some of the P.
cubensis isolates used in this research are deposited in the Czech
National Collection of Microorganisms (http://www.vurv.cz/col-
lections/vurv.exe/) at Palacky University in Olomouc, Department
of Botany (http://botany.upol.cz).

Plant material. Cucumis sativus ‘Marketer 430’ was used for
multiplication of the pathogen isolates and for fungicide-resistance
screening. Plants were grown in the glasshouse at 25 °C/15 °C
day/night temperature, with daily watering and the addition of
fertilizer (Kristalon Start, applied by a watering) once a week.
Plants were not treated with pesticides and fungicides. The plants
were used for testing when 5-8 weeks old (3—6 true leaves present).

Determination of pathogenic variation. The pathogenicity of
317 isolates was screened on a differential set of 12 cucurbit taxa
(Lebeda and Widrlechner, 2003). A leaf-disc method was used
(Lebeda, 1986; Urban and Lebeda, 2007). A visual 0—4 scale
(Lebeda, 1991) was used to evaluate sporulation intensity over
a 2-d period from 6 to 14 d after inoculation. The sporulation
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Table 1. Tested concentrations of the fungicides [one recommended by the producer (i.e. optimal), and two others below and

two above the optimum].

Concn of fungicide (ug a.i/mL)/concn of source agent (%)

Fungicide 1 2 3= 4 5

Metalaxyl 50/0.0630 100/0.125 200/0.250 400/0.500 800/1.000
Metalaxyl-M 25/0.0630 50/0.125 100/0.250 200/0.500 400/1.000
Propamocarb 607/0.1000 1214/0.200 2428/0.400 4856/0.800 9712/1.600
Fosetyl-Al 400/0.0500 800/0.100 1600/0.200 3200/0.400 6400/0.800
Cymoxanil 30/0.0750 60/0.150 120/0.300 240/0.600 480/1.200
Dimethomorph 112.5/0.125 225/0.250 450/0.500 900/1.000 1800/2.000

2The fungicide concentration as recommended by the producer (Minéf, 2008).

intensity was expressed as the percentage of maximum sporula-
tion intensity (Lebeda, 1992). Leaf discs with no, or only a low
level of sporulation, were considered to show an incompatible
response; those with a medium or high level of sporulation, to be
from compatible genotypes. The pathogenicity level of isolates
was determined on the basis of a number of pathogenicity factors,
i.e. number of compatible reactions within the differential set of
cucurbitaceous taxa. Pathotypes were designated with tetrade
numerical codes (Lebeda and Widrlechner, 2003).

Fungicide efficacy assays. A floating leaf disc bioassay was
used to screen for 183 P. cubensis isolates for tolerance or resist-
ance to the following fungicides: Ridomil Plus 48 WP (active
ingredients: 40% Cu-oxychloride, 8% metalaxyl), Ridomil Gold
MZ 68 WP (a.i.: 64% mancozeb, 4% metalaxyl-M), Acrobat MZ
(a.i.: 600 g/l mancozeb, 90 g/l dimethomorph), Aliette 80 WP (a.i.:
80% fosetyl-Al), Previcur 607 SL (a.i.: 607 g/l propamocarb) and
Curzate K (a.i.: 77.3% Cu-oxychloride, 4% cymoxanil). Ridomil
Gold MZ 68 WP, Curzate K, and Acrobat MZ were tested from
2005. Five concentrations of each fungicide were tested (Table
1). Leaf discs (15 mm in diameter) were prepared (Anonymous,
1982) and than inoculated after 24h. Incubation and evaluation
were carried out as described above. Three types of reactions were
assigned: the total degree of infection P <10%, fungicide tolerant
(10< P<35%) and resistant (P >35%) (Urban and Lebeda, 2007).

Year

Results and Discussion

Distribution, hostrange and disease impact of P. cubensis. Ex-
tensive monitoring of the occurrence of P. cubensis was conducted
in the Czech Republic during 2001-2008. It was confirmed that
P, cubensis is widespread and occurs annually across the whole
area of the Czech Republic studied. Periodic natural infection was
observed only on the leaf laminae of Cucumis sativus. Infection
of C. melo was recorded only twice (2003: Oplocany, Olomouc
region; 2004: Olomouc-Holice, Olomouc region). The majority
of the C. sativus crops evaluated were infected (Fig. 1). Disease
prevalence on these crops was usually high or very high (Fig.
2). From our prolonged observations it is evident that there are
annual (year to year) disease fluctuations; however, substantial
declines of disease damage to the cucumber crop were never
observed during the study period. :

Pathogenic variation of P. cubensis populations and its tem-
poral shift. In total, the 317 analyzed isolates belonged to 65
different pathotypes. From both a temporal and spatial viewpoint,
substantial fluctuations in pathotype structure were recorded during
the study period. The greatest pathogenic variability was recorded
in the year 2001 (33 different pathotypes); in contrast the lowest
variability was in 2007, when only five different pathotypes were
recorded. A large proportion of the screened isolates could be

o
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Fig. 1. Temporal fluctuation of Pseudoperonospora cubensis incidence in Czech cucumber crops.
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considered as highly pathogenic (Fig. 3). The unique pathotype
(“super pathotype™) 15.15.15 was detected repeatedly in 2001,
2003, 2004, and 2008. It was one of the most frequent pathotypes
observed in 2003 and 2008.

According to the differential screening tests, Cucumis spp.
genotypes were confirmed as being highly susceptible. Tested
genotypes of Cucurbita spp. exhibited a large race-specific varia-
tion in susceptibility to different P. cubensis isolates. Benincasa
hispidaand Lagenariasicerariawere highly susceptible to Czech
isolates of P. cubensis. Luffa cylindrica expressed a general trend
of decreasing level of susceptibility. Citrullus lanatus showed a
high level of resistance; however, compatible interactions with
more than 40% of the isolates were recorded in 2003, 2004,
2007, and 2008. Recent data demonstrate a higher pathogenic
variability as was reported before (Lebeda and Gadasova, 2002).
The pathogenicity structure of the Czech P. cubensis populations
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is not stable and shows a temporal shift to higher pathogenicity
levels and to lower pathogenic variability. Various P. cubensis
pathotypes have been observed in different countries around the
world (Cohen et al., 2003; Lebeda et al., 2006). European isolates
(mostly from the Czech Republic) are highly variable and dif-
fer (Lebeda and Gadasova, 2002; Lebeda et al., 2006) from the
five pathotypes described previously from Japan, Israel and the
United States (Thomas et al., 1987; Thomas and Jourdain, 1992).
Substantial differences in pathotype structure among various
European countries are evident (Lebeda and Gadasov4, 2002).
Variation in fungicide resistance. A total of 183 isolates of P.
cubensis were screened for tolerance/resistance to six frequently
used fungicides. These fungicides were then compared according
to frequency of fungicide tolerant/resistant strains that occurred.
Propamocarb (Previcur 607 SL) and fosetyl-Al (Aliette 80
'WP) appeared to be effective at the recommended concentrations.
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However, the occurrence of fungus isolates that sporulated at low
concentrations of this fungicide indicated that the selection for
tolerance occurs in the pathogen population. While a continuous
temporal shift to higher resistance was caused by the ineffective
fungicides metalaxyl, metalaxyl-M and cymoxanil (Ridomil Gold
MZ 68 WP, Ridomil Plus 48 WP, and Curzate K, respectively)
the ineffective dimethomorph (Acrobat MZ) was found to cause
a temporal shift from resistant to tolerant isolates in the Czech
populations. Recently, failures in fungicide efficacy against P
cubensis and a rapid increase in the occurrence of fungicide-
resistant subpopulations of a pathogen have been found, espe-
cially under selection pressure from different fungicides (Urban
and Lebeda 2006). P. cubensis is capable of quickly overcoming
efficacy of some fungicides. It belongs to a group of "the highest
risk pathogens” with high evolutionary potential.

Conclusions

The occurrence of cucurbit downy mildew was observed annu-
ally (2001-08) throughout the Czech Republic. Natural infection
caused by P. cubensis was recorded frequently on Cucumis sativus
but only rarely on Cucumis melo. Disease intensity varied dur-
ing the study period. Differences in severity within the recorded
localities with C. sativus crops were probably primarily caused by
variability in the macro- and microclimatic conditions in individual
years. P. cubensis exhibits clear host specialization. However, the
host range is known to vary between different countries (Lebeda
and Cohen, 2010; Lebeda et al., 2006). Generally the Czech P,
cubensis populations were characterized by high pathogenicity, but
the structure is not stable from the temporal viewpoint. A highlevel
of resistance of P. cubensis populations to metalaxyl, confirmed
in our study, is commonly known in many Oomycetes including
P. cubensis (Urban and Lebeda, 2006, 2007). Sensitive strains
seem to be absolutely substituted by those with high resistance
in Central Europe, where we can expect a great effect of popula-
tions mixing, which occurs due to migration, i.e. long-distance
transport of ‘spores (Lebeda, 1990). The future development of
insensitivity to fosetyl-Al and propamocarb is unpredictable. It
is evident that P. cubensis is a very aggressive pathogen with a
high epidemiological potential, enormous pathogenic variability

- and broad variation in fungicide resistance.
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4.

CONCLUSIONS

The data obtained in this Ph.D. thesis could be summarized as follows.

The occurrence of cucurbit downy mildew was observed annually throughout the area of
the Czech Republic. Natural infection was recorded predominantly on C. sativus and only
rarely on other cucurbits (Cucurbita spp. and Citrullus lanatus — since the year 2009). Our
long-lasting observations showed the annual disease fluctuations; however substantial
declines of disease damage to the cucumber crop have never been observed during the
studied period.

The virulence profile of the studied pathogen population was highly variable. At the
population level, majority of the screened Pseudoperonospora cubensis isolates were
highly virulent (with 9 to 12 virulence factors /VF/). A total of 67 different pathotypes
were determined in the period 2001-2010. A broad spectrum of variation in virulence
observing in Czech P. cubensis population has not been reported in P. cubensis from
another country till now.

Results of screening of fungicide tolerance/resistance in Czech P. cubensis population
could be divided into three groups: propamocarb and fosetyl-Al, towards which no
resistance has developed, however the risk of resistance development still exists;
metalaxyl, metalaxyl-M and cymoxanil, towards which a high resistance has developed;
and dimethomorph, towards which a shift from resistance to tolerance and/or
susceptibility has developed.

Temporal population dynamics of P. cubensis were studied. Fluctuation in disease
severity within the recorded localities with C. sativus crops were probably caused by
variability in the macro- and microclimatic conditions in individual years. Virulence
structure showed a temporal shift from 2001 to 2007 to a higher number of virulence
factors and a lower number of pathotypes. However, variation in virulence changed and
increased again from 2008 to 2010. Although fosetyl-Al and propamocarb seems to be
highly effective for the field control of the disease, less significant changes in sensitivity
were also detected. Despite the increasing occurrence of metalaxyl-M-sensitive/tolerant
strains, the recent efficacy of metalaxyl-M is still low for the field control of the disease,
as well as for metalaxyl. P. cubensis populations appear to be insensitive to cymoxanil.
Eftectiveness of dimethomorph varied from resistance to tolerance and sensitivity during a

period of six consecutive years.



S. SOUHRN (SUMMARY, in Czech)

Nazev: Popula¢ni dynamika plisné okurkové (Pseudoperonospora cubensis)

P. cubensis je celosvétové povazovadna za nejvyznamnéjSiho patogena porostl
tykvovitych rostlin. Ackoli se symptomy choroby objevuji pouze na listech, infekce
zplisobuje ekonomicky vyznamné sniZeni kvality i kvantity sklizng. V Ceské republice jsou
epidemické vyskyty na okurkach zaznamenavany kazdoro¢né jiz od roku 1984. Tato prace

vytvoreni vysoce efektivniho systému ochrany porostt.

VétSina sledovanych porostti C. sativus byla v letech 2007-2009 napadena siln¢ az velmi
siln¢ (stupenn 3-4), na rozdil od nasledujici dvouleté periody (2010-2011), kdy na vétSing
porost C. sativus bylo nejcastéji pozorovano bud’ slabé napadeni (stupen 1) nebo stfedni az
silné (stupen 2-3). Od roku 2009 byla infekce P. cubensis opakované¢ zaznamenana rovnéz na
melounu cukrovém (Cucumis melo; 2009, 2011) a na melounu vodnim (Citrullus lanatus;
2010-2011). Poprvé v historii dlouhodobého sledovani byla infekce zjiSténa na tykvi
muskatové (Cucurbita moschata; 2009-2010), tykvi obecné (Cucurbita pepo; 2010-2011),
tykvi velkoplodé (Cucurbita maxima, 2010-2011), tykvi fikolisté (Cucurbita ficifolia; 2010) a

na lagenarii (Lagenaria siceraria; 2011).

V populaci P. cubensis bylo detekovano velké mnoZstvi patotypt (celkem 67 — za obdobi
2001-2010), ptevazovaly stiedné¢ az vysoce virulentni kmeny. Nejvyssi frekvence
kompatibilnich reakci mezi izolaty P. cubensis a genotypy diferenciacniho souboru pro
Cucurbita pepo subsp. pepo, Citrullus lanatus a Luffa cylindrica. Vysoky podil izolatt byl
dokonce schopen infekce na Benincasa hispida a Lagenaria siceraria, které nejsou bézné
péstovany v Ceské republice, nebo jinde ve Stiedni Evropé. Od roku 2009 dochazi v
patogenni populaci P. cubensis v Ceské republice k vyraznym zménam, kdy se objevily nové
vysoce virulentni kmeny patogena schopné zpusobit pfirozenou a zdvaznou infekci na
Cucurbita spp. a na Citrullus lanatus, ktera nebyla v letech 2001-2008 pozorovana. ,,Super
patotyp* 15.15.15 byl zjiStén opakované v populaci patogenu a je dokonce Ctvrtym nejcastéji

zaznamenanym patotypem za celé desetileté obdobi.
Nejacinn€j$imi piipravky vici izolathm P. cubensis byly ve sledovaném obdobi Aliette 80
WP a Previcur 607 SL. VSechny testované izolaty byly citlivé vici vSem testovanym

koncentracim ptipravku Aliette 80 WP. BohuZel u ptipravku Previcur 607 SL byl v populaci



patogenu v letech 2008-2010 pozorovan vyskyt kmenil s rezistenci nebo toleranci nizsich
koncentraci. V roce 2008 byla zaznamendna tolerantni reakce dokonce i v doporucené
koncentraci. Piipravky, které obsahovaly i€¢innou latku metalaxyl (Ridomil Gold MZ 68 WP
a Ridomil PLUS 48 WP) byly v letech 2005-2009 neti¢inné, piicemz v letech 2008-2009 byla
zjiSténa vySsi heterogenita izolatl s toleranci/rezistenci koncentraci vysSich nez optimalni u
obou fungicidii, avSak tento trend se v nasledujicimroce (2010) nepotvrdil, naopak 69%
izolata v piipadé¢ Ridomilu Gold MZ 68 WP a 43% izolatli u Ridomilu PLUS 48 WP bylo
kontrolovano doporucenou koncentraci obou piipravkii a omezena nebo vyrazna sporulace
izolatli na koncentracich vyssich nez optimalni byla ojedinéla a lze tedy fici, Ze jeho €innost
vroce 2010 mirn¢ vzrostla. Efektivita piipravku Curzate K se béhem sledovaného obdobi
rovnéz ménila, zatimco v letech 2007-2008, a také v roce 2010 byl tento ptipravek neucinny,
vyjimkou byl rok 2009, kdy 68% izolatl bylo kontrolovano doporuc¢enou koncentraci a pouze
32% populace patogenu vykazovalo toleranci &i rezistenci na této koncentraci. Uginnost
ptipravku Acrobat MZ se ve sledovaném obdobi liSila velmi vyznamné, zatimco v roce 2007
byl tento pfipravek neucinny (70% populace tolerovalo a 20% bylo rezistentni k doporucené
koncentraci, a také na vySSich koncentracich pfevazovaly tolerantni/rezistentni reakce), tak v
letech 2008-2009 byla pozorovéna rostouci tendence zastoupeni tolerantnich kmenta ke vSem
testovanym koncentracim, a v roce 2010 bylo uz 83% populace patogenu kontrolovano vSemi

Vv

koncentraci a 3% také koncentraci 1x vySsi.

P. cubensis se v Ceské Republice vyznaduje kazdoroénimi epidemickymi vyskyty.
Snizeni intenzity napadeni porostii tykvovitych zelenin timto patogenem byl pozorovan v roce
2004 a v letech 2010-2011. V prubéhu dlouholetého pozorovani se tedy ukazala urcita
meziroéni fluktuace, ovSem podstatné snizeni dopadu choroby na sledované porosty
tykvovitych zelenin se nikdy neobjevilo. NejcastéjSim a nejcitlivéjSim hostitelskym druhem je
Cucumis sativus. Od roku 2009 se plisen tykvovitych objevuje 1 na druzich rodu Cucurbita a
na druhu Citrullus lanatus. Uvedena skuteCnost poukazuje na to, Ze ve stfedoevropskeé
populaci P. cubensis dochazi v poslednich letech k zasadnim zméndm. Dynamika a struktura
virulence populaci P. cubensis v Ceské Republice se ukazala jako extrémné proménliva.
Vyskyt vysokého poctu riiznych patotypl a jejich znacna proménlivost zastoupeni v Case a
prostoru se dosud nevyskytla v populacich P. cubensis v jinych statech. Tato do znacné miry
unikatni a nestabilni struktura virulence miize souviset s migraci tohoto patogenu a polohou

Ceské republiky v Evropé. Uéinnost vybranych fungicidi se také vyznamné lisila a



korespondovala s vysledky z minulych let, kdy doSlo ke zvySeni rezistence vii¢i nékterym
pfipravkim. V minulosti zjiSténé riziko selekce rezistentnich/tolerantnich kment bylo
prokazano u dvou nejucinnéjSich piipravki (Aliette 80 WP a Previcur 607 SL), vyraznéji u
ptipravku Previcur 607 SL. Na zakladé vysledkli dlouhodobého sledovani v letech 2001-2010
lze tici, ze Ceska populace plisn€ okurkové je rezistentni viici ptipravklim na bazi metalaxylu.
Rezistence k ptipravkim Acrobat MZ a Curzate K byla v ¢eské populaci tohoto patogenu
zaznamenana uZ v letech 2005-2006. ProtoZe se P. cubensis ukézala jako velmi variabilni
v Case 1 prostoru, jeji dalSi vyvoj nelze zcela spolehlivé urcit. Ale Ize predpokladat, ze na
zéklad¢ vysokého evolu¢niho potencidlu a adaptability na nové klimatické podminky, bude

roz$ifeni, virulence a u¢innost kontrolnich opatteni vii¢i P. cubensis znacné kolisat.



