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1. INTRODUCTION

Biotrophic oomycete Plasmopara halstedii (Farlow) Berlese & de Toni (1888) is
a causal agent of sunflower downy mildew, one of the major diseases affecting cultivated
sunflowers worldwide. Sunflower is the fourth most intensively grown oil crop following oil
palm, soybean and rapeseed (Gascuel et al., 2015). In the Czech Republic sunflower
represents the third major oil crop after rapeseed and poppy (Ritschelova et al., 2016).
Sunflower is cultivated for food, animal feed production and marginally for alternative
biofuel industry (Sackston, 1981). Sunflower downy mildew causing damping off the
seedlings, plant dwarfing and flower sterility, may result in economic loses up to 100% of
seed production. Massive crop devastation occurs especially when factors such as
susceptible sunflower cultivars, soil contaminated by P. halstedii oospores and suitable
climatic conditions meet. As practices of integrated pest management are being deployed,
the yield losses due to downy mildew are recently estimated to 3,5 % of the global
commercial sunflower seed production (Gascuel et al., 2015).

Pathogenic variability of sunflower downy mildew has been known for more than
50 years but sunflower cultivars bearing dominant resistance (PI) genes able to control the
disease have not been described before 1980°s (Vear, 2016). Long lasting selection pressure
caused by employing P. halstedii resistant sunflower hybrids finally resulted in evolution of
plethora of new virulent forms and physiological races overcoming Pl genes (Ahmed et al.,
2012) which continues ever since (Gulya, 2007; Viranyi et al., 2015; Sedlafova et al., 2016).
Disease management based on fungicide application appeared to be only temporary
solution, as resistance to metalaxyl emerged in the pathogen populations (Albourie et al.,
1998; Garcia-Ruiz et al., 2012).

P. halstedii is apparently capable of rapid genetic evolution (Ahmed et al., 2012;
Viranyi et al., 2015) and its homothallic nature allows the pathogen to colonize new
localities even by a single zoospore (Spring, 2000). Both factors designate P. halstedii as
dangerous pathogen, and it is no wonder that sunflower downy mildew has been declared
a quarantine pathogen in the European Union since 1992 (Delmotte et al., 2008).
Distribution and pathogenic variability of P. halstedii has been continuously monitored in
U.S. and Europe since 1970’s (Gulya, 2007; Viranyi et al., 2015), but only scattered
information on P. halstedii were available from the former Czechoslovakia and the Czech
Republic, respectively. To fill this gap a project focused on monitoring of disease
occurrence and variability of P. halstedii populations was initiated by prof. A. Lebeda and
doc. M. Sedlafova at our department in 2007. Literature overview was compiled and
methodology of pathogen sampling, cultivation and variability testing was reviewed and
optimized (Trojanova et al., 2017).

This thesis brings the first summary of P. halstedii research in the Czech Republic. It
contains proposal for optimal P. halstedii cultivation, deposition and virulence testing,
detailed study of its geographic distribution and harmfulness in CR as well as results
obtained during eight years of monitoring of P. halstedii physiological races on cultivated
sunflowers.



2. AIMS OF THE PH.D. THESIS

This thesis compiles up-to-date knowledge about Helianthus annuus - Plasmopara
halstedii pathosystem with own original data and accessible historical records to provide
complex insight into P. halstedii problematics in the Czech Republic set in the context
of the Central European and global populations of the pathogen. It aims to:

e optimize methods of P. halstedii sampling (collection, isolation), handling (inoculation,
cultivation, maintenance, conservation) and determination of virulence phenotype
on host differential set;

e monitor geographic distribution, incidence and harmfulness of P. halstedii in CR;

e determine races of collected P. halstedii isolates based on virulence phenotype
of sunflower differential set.



3. LITERATURE OVERVIEW
3.1 Taxonomy and phylogeny of Plasmopara halstedii

Plasmopara halstedii (Farlow) Berlese & de Toni (1888) is an oomycete obligate
biotrophic parasite causing downy mildew of sunflower and other more than hundred taxa
from Asteraceae family. Oomycetes had been traditionally studied by mycologists due to
their morphological and ecological similarities with fungi, but molecular and biochemical
data showed relation of these organisms to heterokont algae which led to their re-
classification into kingdom Chromista (syn. Stramenopila, Straminipili) (Dick, 2001).
Recent phylogenetic studies suggest that oomycetes belong to clade of eukaryotic Biconts
called the “SAR” supergroup, including Stramenopila, Alveolata and Rhizaria (Adl et al.,
2012). Taxonomic position of P. halstedii (Tab. 1) underwent several modifications since
the first description of the organism by Farlow in 1883, which was reviewed e.g. by Viranyi
et Spring (2011).

Tab. 1. Recent scientific classification of Plasmopara halstedii

Taxonomic rank

Domain Eukarya

(unranked) SAR

Superphyllum Heterokonta

Phylum Oomycota

Class Oomycetes

Order Peronosporales
Family Peronosporaceae
Genus Plasmopara

Species Plasmopara halstedii

In precise determination of a downy mildew morphological, biological and
molecular characteristics together with host range must be taken into account. Originally
P. halstedii was described by Farlow (1883) as Peronospora halstedii. In 1886 the genus
Plasmopara was separated from original genus Peronospora by Schrotter based on
differences in germination, i.e. by formation of zoospores instead of germ tubes. P. halstedii
has been studied and morphologically described in details since 1920°s (Nishimura, 1922),
however variability in size and shape of P. halstedii sporangiophores and sporangia was
reported if formed on different organs of a host plant (Zahka et Viranyi, 1991).

Traditional determination of downy mildew based on light microscopy of
morphological features, such as sporangia and sporangiophores, became inappropriate
following appearance of molecular methods and description of new species (Thines, 2007).
Despite of mathematic tools and image analysis able to discriminate tiny details, the downy
mildews in general provide low morphological complexity, i.e. limited number of characters
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suitable for routine classification based on light microscopy (Sedlar et al., 2009). Downy
mildews determination based on (conidio)sporangia and (conidio)sporangiophores
(Waterhouse, 1973) or haustoria (Voglmayr et Constantinescu, 2008) usually distinguishes
organisms reliably only at a genus level. Thines (2007) proposed SEM-visualized characters
to be better applicable for classification and phylogeny purposes.

Host range of P. halstedii comprises of many species from Asteraceae family and
thus defines a polyphyletic species complex (Voglmayr et Constantinescu, 2008). Historical
suggestion made by Farlow (1883) to separate Peronospora halstedii (= Plasmopara
halstedii) on Asteriodeae from P. ganglioniformis (= Bremia lactucae) on Cichorioidae, i.e.
according to host subfamilies, was proven insufficient (Viranyi et Spring, 2011). Recent
phylogenetic studies led to Plasmopara species revision and reclassification resulting in
separation of newly introduced genera such as Novotelnova, Protobremia or Plasmoverna
(Voglmayr et Constantinescu 2008, Viranyi et Spring, 2011). Spring et Haas (2002) showed
that composition of fatty acids was unique in P. halstedii. However, fatty acid profiling has
never been broadly accepted as a taxonomic character. Newly, specific protein profiles
represent a promising tool available to distinguish individual downy mildew taxa
(Chalupova et al., 2012). Nevertheless, the major part of current knowledge has been gained
thanks to the development of molecular methods.

[ exclusively obligate biotrophic
parasites of Angiospermae
[ centains necrotrophic and OM waith o
hemibiotrophic plant pathogens coloured conidia
[] others
——
—

— most likely monophyletic brassicolous DM

— paraphyletic or DM wi
, with
monophyly uncertain pyriform haustoria

araminicolous DM

aeaoeliodsouniad
sa|eiodsouoiad

I_ Fiwlophthora 5.0,
150 | Halophytophifors,
Fiylopyihium

250 Pythiaceae — Pythium 5.1,
and lagenidiaceous pathogens

' Salisapiliacae

|_ —— @ Albuginales

—— Rhipidiales
——  Alkinsiellales®
| eptomitales

150 | Saprolegniaceae

sbesau)| ues|elodsouciad

derived Cogamy

afieaul
ues|eiuba|
oudes

100 | ,Achlyaceae"
Verrucalvaceae

saeuba
oudeg

%

Basal linages of the Oomycota, mostly holocanpic and
[ biotrophic on plants, animals, fungl, and Straminipila

Fig. 1. Overview of oomycete phylogeny with respect to downy mildews (adopted from
Thines, 2014).
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Actual data suggest that P. halstedii belongs to a group of exclusively biotrophic
downy mildews with pyriform haustoria, parasites on Angiospermae (Thines, 2014; Fig 1.).
Biotrophic pathogens causing downy mildews can be divided into at least four
morphological and ecological subgroups based on sequences of LSU, COX 2, B-tubulin and
NADH 1 (Gascuel et al., 2015). Three subgroups are highly probable to be monophyletic:
downy mildews with coloured sporangia (genus Peronospora and Pseudoperonospora),
downy mildews with vesicular to pyriform haustoria containing genus Plasmopara (and
Basidiophora, Bremia, Benua, Paraperonospora, Plasmoverna and Protobremia), and
downy mildews on Brassicaceae (Hyaloperonospora and Perofascia). Monophyletic
relationships in the fourth group, including grass parasites Viennotia oplesmeni,
Graminivora graminicola and Sclerospora graminicola, were not clearly proven (Goker et
al., 2007; Thines, 2014).

Recently, the genus Plasmopara was proven as polyphyletic and split into six
entities: core Plasmopara, Novotelnova (Pl. savulescui), Plasmoverna (Pl. pygmaea s.l.),
Poakatesthia (Pl. penniseti), Protobremia (Pl. sphaerosperma), and Viennotia (PI.
oplismeni) (Voglmayr et Constantinescu, 2008). Nowadays, the genus Plasmopara harbours
at least 109 species and together with the genus Peronospora it represents globally the most
abundant oomycetes (Lebeda et al., 2006).




3.2 Up-to-date state of knowledge about P. halstedii

Plasmopara halstedii is native to North America where it was first identified by
B. D. Halsted on Eupatorium purpureum in 1876 (Nishimura, 1922). The first report of
P. halstedii on cultivated sunflower comes from USA in 1920°s (Young et Morris, 1927). In
Europe it was recorded for the first time from Russia in 1960’s, probably introduced via
infected sunflower seed (loos et al., 2007). Nowadays, P. halstedii is present in 52 countries
around the globe including North (3), Central (1) and South (5) America, Europe (23), Asia
(13) and Africa (7) (CABI, 2017; Fig. 2). P. halstedii has been absent from Australia and
Oceania; downy mildew found in that region on Arctotis and Arctotheca belong to closely
related species Plasmopara majewskii (Constantinescu et Thines, 2010). P. halstedii has
been considered a quarantine disease under regulation in the European Union since 1992
(Gascuel et al., 2015) and in the Czech Republic since 2002 (Spurny, 2005).

® = Present, no further details
® = Widespread

@ =Localised

© = Occasional or few reports

Fig. 2. Global distribution of P. halstedii (adopted from CABI, 2017).

Genome of P. halstedii has been completely sequenced and compared with genomes
of other taxa belonging to both obligate biotrophic and saprotrophic oomycetes (Sharma et
al., 2015). Genome of P. halstedii, similarly to other obligate biotrophic downy mildews, is
richer in AT than that of pathogens with saprotrophic lifestyle. The genome of P. halstedii is
known for a low rate of heterozygosity which is consistent with homothallic nature of the
pathogen. Selfing through homothallism can be an adaptation for ensuring sexual
reproduction and production of overwintering oospores even though host plants are
distributed sparsely (Sharma et al., 2015). Homothallism after rare events of parasexual
recombination probably helps to emergence of isolates resistant to fungicides or virulent on
a variety of sunflower cultivars containing R-genes (Rozynek et Spring, 2000).
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During plant infection oomycetes secrete an arsenal of effector proteins that target
host extracellular (apoplastic effectors) or intracellular metabolic processes (cytoplasmic
effectors) and thus enable its colonisation (Kamoun, 2006). Oomycete effectors are the
major virulence determinants recognized by host R proteins during so called gene-for-gene
interaction (Kamoun, 2007). During plant-pathogen coevolution the composition of
effectors in oomycetes undergoes a selective pressure resulting in rapid diversification of
gene sequences (Schornack et al., 2009). Thus effector gene polymorphism can be exploited
for molecular differentiation of races (Gascuel et al., 2016). P. halstedii genome contains
sequences coding oomycete effectors as well, so far 77 CRN-like and 247 RxRL-like motifs
were detected during genome analysis (Sharma et al., 2015) and subsequent secretome
analysis revealed 27 CRN and 27 RXLR effectors (Gascuel et al., 2016). The percentage of
polymorphism in P. halstedii effector genes is twice as high as for non-effector genes
showing resistance evolution. Therefore, effectors detected by Gascuel et al. (2016) were
used for designing KASP (Competitive Allele Specific PCR) markers that were successfully
used for discrimination of some P. halstedii pathotypes.

POX ACTIVITY
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Fig. 3. Peroxidase (POX) activity in roots and hypocotyl of sunflower during compatible
(susceptible host) and incompatible (resistant host) interaction with P. halstedii. Increased
POX activity was observed in roots of both susceptible and resistant hosts, but in hypocotyl
it was increased only in resistant sunflower genotype (arrows), indicating enzyme
involvement in the host defense reaction (Drabkova Trojanova, unpublished data).
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GSNOR ACTIVITY
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Fig. 4. Changes in activity of S-nitrosoglutathione reductase (GSNOR) in roots and
hypocotyl of sunflower during compatible (susceptible host) and incompatible (resistant
host) interaction with P. halstedii. Increased GSNOR activity in resistant host hypocotyl
(arrows) indicates nitrosative stress induced by the pathogen (Drabkova Trojanova,
unpublished data).

Interaction of sunflower with P. halstedii results in production of a broad spectrum
of metabolites, PR proteins and signal molecules originating from both partners. P. halstedii
itself seems to possess the capacity to produce phytohormones from classes of brassinolides
and cytokinins (Sharma et al., 2015), as well as antagonists of phytohormones, e.g. IAA
oxidase resulting in dwarfism of systemically infected sunflowers (Benz et Spring, 1995).
Early after inoculation P. halstedii induces oxidative and nitrosative stress in the host plant
tissues (Chaki et al., 2009) which stimulates activity of both peroxidase and S-
nitrosoglutathione reductase in hypocotyl of resistant genotype (Fig.3 and 4). During
incompatible interaction it corresponds with hypersensitive reaction taking place also in
hypocotyls which stops P. halstedii colonisation (Radwan et al., 2005). Activity of
extracellular invertase, a pathogenesis related protein which catalyses hydrolysis of sucrose
to fructose and glucose utilized by the pathogen (Roitsch et al., 2003), is increased in
compatible sunflower - P. halstedii interaction (Trojanova, 2010).
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3.3 Biology, epidemiology and host range of P. halstedii

Sunflower downy mildew is a homothallic (Spring, 2001) obligate biotrophic
parasite which requires living host tissues to accomplish its life cycle (Gascuel et al., 2015).
The life cycle is complex (Fig. 5), including both sexual and asexual reproduction
(Nishimura, 1922). P. halstedii genetic variability can be increased by rare events of
outcrossing or parasexual recombination (Spring et Zipper, 2006). Host infection is
mediated by motile biflagellate zoospores which germinate from sporangia in humid and
cold conditions (ca 10-15 °C, Viranyi et Spring, 2011), dispersion of the pathogen within
host population is mediated via asexually formed sporangia. Survival of the pathogen to the
next season is assured by durable oospores formed by sexual reproduction (Gascuel et al.,
2015).

fusion of
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Fig. 5. Life cycle of Plasmopara halstedii (compiled according to Spring, 2001)

In spring, soil-born primary infection of host seedlings is caused by overwintering
oospores (Gascuel et al., 2015). Zoospores are released from a single primary sporangium
emerging from oospore, travel in water film towards seedling roots or hypocotyl, encystate
and penetrate host rhizo- or epidermis (Viranyi, 1988). In compatible interaction, coenocytic
hyaline mycelium grows intercellularly within tissues, haustoria penetrate the host cells to
provide nutrition and pathogen gradually colonizes the plant causing symptoms of systemic
infection (Sedlafova et al., 2010). After successful host colonization, hyaline laterally
branched sporangiophores grow out of stomata or penetrate host epidermis to produce
several generations of secondary sporangia. These are released in huge amounts and
disseminated by wind which may lead to disease epidemics in host population. Mitotically
formed zoospores germinate from sporangia deposited on the surface of plants and cause
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secondary infections. At the end of growing season sexual reproduction takes place, when
male antheridium and female oogonium originating from the same mycelium fuse and
durable oospores are produced (Spring, 2001).

Sunflowers infected by P. halstedii show symptoms with intensity depending on
type of infection and plant developmental stage. Soil-born primary infections lead to most
frequent systemic infection affecting the whole host plant causing seedling damping-off,
dwarfism, chlorosis and formation of deformed and straight upward towering capitulum.
Weak primary infections may occasionally turn into cotyledon limited type of latent
infection producing plants without clear symptoms except for sporulation on hypocotyl and
cotyledons (Tourvieille de Labrouhe et al., 2000a). Wind-born secondary infections can lead
into frequent local infections forming restricted chlorotic leaf lesions with pathogen
sporulation which can remain local (Heller et al., 1997) or evolve into systemic infection
towards inflorescence (Spring, 2009). Late secondary infection may lead into latent
infections with mycelium restricted only to sunflower receptacle and achenes, leaving the
host plant symptomless (Spring, 2001).

P. halstedii is predominantly soil-borne and seed-borne pathogen (CABI, 2017) but
wind-borne infections are significant for epidemiology as well (Spring, 2001). The most
susceptible stage of host development is between germination and emergence of seedlings
(Meliala et al., 2000) when the whole plantlet surface is in contact with the soil-borne
inoculum in the form of zoospores. Since zoospores require free water to reach the host,
disease risk rises with the appearance of precipitation shortly after sowing (Tourvieille de
Labrouhe et al., 2008b). Air temperature has clear effect on disease incidence as well; the
most favourable are mean air temperatures between 10 and 15 °C during the 5 days after
sowing (Viranyi et Spring, 2011)

Each systemic infection (primary, evolved from local infection or latent infection of
receptacle) that reaches up to inflorescence may produce seeds containing P. halstedii
mycelium or oospores (Spring, 2001). Seeds from systematically infected sunflowers
produce systematically infected offspring in 2% of cases (Ddken, 1989) however these from
latent infected plants in higher rates (Spring, 2001). Contaminated seeds are thus able to
transport the pathogen on long distances, e.g. from one continent to another (Viranyi, 2002).
Each type of compatible interaction in theory enables the pathogen to complete its sexual
reproduction. Therefore even one infected plant that survives till the end of the growing
season represents a potential source of highly durable inoculum which might establish the
pathogen on new locality. Oospores are capable of survival in the soil for as long as 8-10
years. Therefore the sunflower downy mildew is extremely difficult to eradicate once it has
been established at a locality (CABI, 2017). Disease transmission on local level is mediated
mainly by soil particles with oospores, e.g. within a field during tillage (Viranyi et Spring,
2011), and by wind-distributed sporangia (Spring, 2001). However, the extent of secondary
infections is highly dependent on favourable (wet and cool) weather conditions (Viranyi et
Spring, 2011). Moreover, airborne inoculum facilitates encountering and hybridisation of
different P. halstedii strains coexisting in one area (both different pathotypes and inocula
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from non-sunflower hosts) and thus generating intraspecific variability (Ahmed et al.,
2012).

Tab 2. One of the first lists of P. halstedii host range sensu lato in North America published
by Wilson in 1908.

Genus Species Genus Species
Ageratina altissima Helianthus maximiliani
Ambrosia artemisiifolia occidentalis
Artemisia ludoviciana strumosus
Bidens cernua tuberosus
comosa Iva xanthiifolia
connata Madia sativa
frondosa Rudbeckia fulgida
laevis laciniata
Centaurea  sp. triloba
Erechtites hieraciifolia Silphium laciniatum
Erigeron annuus perfoliatum
Eupatorium  purpureum terebinthinaceum
Gnaphalium purpureum trifoliatum
spathulatum Solidago canadensis
Helianthus  annuus riddellii
divaricatus Vernonia baldwinii
x doronicoides noveboracensis
grosseserratus Verbesina encelioides
hirsutus Xanthium strumarium
x laetiflorus

Host range of P. halstedii can be understood in sensu lato or sensu stricto species
concept but always it harbours host plants from Asteraceae family. Sensu lato host range
represents group of more than 80 species of the Asteraceae family (Gulya et al., 1997) and
this attitude prevails in historical literature, e.g. Wilson (1908) listed 40 species in 17 genera
as hosts of P. halstedii in the North America (Tab. 2). Host range sensu stricto was based on
inoculation tests with P. halstedii inoculum from cultivated sunflower on more than 70
potential hosts and cross inoculation tests with inocula from wild P. halstedii hosts on
cultivated sunflower (for review see Viranyi et Spring, 2011; Tab. 3.) and later supported by
molecular data (Choi et al., 2009a). However, some wild Asteraceae hosts such as Ageratum
houstonianum and Ceratopsis lanceolata were determined using only morphometric
features without any molecular biology backup (Mattos et al., 2006, Choi et al., 2009b). On
the contrary Plasmopara on Xanthium strumarium was based on SSR and rDNA sequences
reclassified to P. angustiterminalis (Komjati et al., 2007). It implies that host range of
P. halstedii is not settled yet and revision of potential hosts will require cross inoculation
tests and molecular analyses.
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Tab. 3. Proposed narrow (sensu stricto) host range of P. halstedii.

Sunflower hosts confirmed Wild hosts confirmed with Wild hosts unconfirmed by

by inoculation tests cross-inoculation tests any inoculation test
H. agrophyllus Ambrosia artemisiifolia Ageratum houstonianum
(Walcz et al., 2000) (Mattos et al., 2006)
H. annuus Artemisia vulgaris Ceratopsis lanceolata
(Walcz et al., 2000) (Choi et al., 2009b)
H. deblils H. x laetiflorus
(Spring et al, 2003)
H. divaricatus Iva xanthiifolia
(Gulya, 2002)
H. grosserratus Rudbeckia fulgida
(Riveraetal., 2016)
H. lenticularis Xanthium strumarium *

(Komjati et al., 2007)
H. petiolaris **
H. % multiflorus

H. tuberosus

* Downy mildew was reclassified according to molecular genetic investigation as P. angustiterminalis Novot.

** Walcz et al., 2000
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3.4 Variability in populations of Plasmopara halstedii

Pathogenic variability in populations of downy mildews infecting economically
important crops (such as Bremia lactucae on lettuce, Plasmopara viticola on grapevine,
Pseudoperonospora cubensis on cucurbits) has been intensively studied since the 2" half of
20™ century. Physiological specialization in Plasmopara halstedii was proposed in between
races with different geographic origin in early 1970’s (Orellana, 1970; Zimmer, 1974). Up
to date more than 44 races, capable to overcome some resistance genes (Pl) incorporated
into sunflower, have been described (Virdnyi et al., 2015; Sedlafova et al., 2016).
Physiological races of P. halstedii denoted by three-digit codes differ in their specific
reaction on a set of nine sunflower genotypes (Fig. 6) (Tourvieille de Labrouhe et al.,
2000Db); newly recognized virulence patterns are composed from five-digit codes based on
reaction of fifteen differentials (Tourvieille de Labrouhe et al., 2012; Gascuel et al., 2015).
Differential set consisting of Helianthus annuus lines bearing unique combinations of
resistance genes has been under continuous development since 1990’s (reviewed in
Trojanova et al., 2017). Despite intensive testing during last quarter century only recently
molecular markers for rather precise determination of P. halstedii races have been designed
(Gascuel et al., 2016).

Fig. 6. Phenotype of sunflower differentials reaction to infection by a P. halstedii isolate.
Susceptible differential lines with sporulation of P. halstedii are marked by arrows.

Intraspecific pathogenic variability in P. halstedii is known since 1970’s when
Zimmer (1974) described sunflower lines resistant to P. halstedii isolates originating from
Europe but susceptible to those from North America. These two clusters of P. halstedii
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isolates were later described as European race (race 1 or newly race 100) and Red River
Valley race (race 2, or race 300) (Sackston et al., 1990). In 1980 a new race of P. halstedii
able to overcome PI2 gene, until then effective against Red River Valley race, was reported
from South Dakota, USA (Carson, 1981) which was later described as race 3 (700) (Gulya
etal., 1982). In 1985 race 4 (730) was identified in Minnesota (Gulya et Urs, 1985) and race
5 (770) was described 1988 in North America (Ljubich et al., 1988). Several other races
were detected later which initiated changes in methodology of tests and race terminology
(Gulya et al., 1991a). Availability of relevant data also relates to a period which the
pathogenic variability stood in the centre of attention in individual countries. In France, for
example, the number of recorded P. halstedii pathotypes increased from the only one in
1987 to fourteen in 2011 (Ahmed et al., 2012). Globally, at least 36 races were documented
in 2006 (Gulya, 2007) which number increased to current at least 44 races (Trojanova et al.,
2017). Moreover a shift in occurrence of individual races has been recorded in P. halstedii
populations during the last decades (Tab 4) (Viranyi et al., 2015).

Tab. 4. Distribution of P. halstedii races in Europe before (X) and after () the year 2007
(adopted from Viranyi et al., 2015).

Vir. Code BG Cz F D H 1 RO RUS SRB E TR
100 X X XYy XY X Y XYy XY XY

300 XY X XY X X XY XY LYy X
304 Y

307 XY

310 XY Y XY XY

314 XY

320 Y

330 XY XYy XY Y XY LYy X
334 XY

700 LY Y X XY LYy XY LYy XY LYy X
703 XY Y Yy X
704 Y Y Y Y

707 XY

710 Y Y XYy XY Y XY LYy X
713 X
714 Y Y Y

717 XY

721 Y

730 Y XY XY XY Y XY XY Ly X
731 Y

750 Y

770 Y hd XY Y X
773 X
774 Y

Total 4+5 0+6 14+13 74+9 64+7 443 547 74+7 3+3 B81+9 940

Notes: Explanation: X means before 2007, ¥ means after 2007.
BG — Bulgaria, CZ-—Czech Republic, F-France, D-—Germany, H-—Hungary, [=Italy,
RO = Romania, RU = Russia, SRB = Serbia, E=Spain, TR = Turkey.
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Tests based on host differential phenotyping are time and material demanding
(Gascuel et al., 2016) thus molecular tools have been tested over the time. Isozyme analysis
of P. halstedii isolates revealed differences in between isolates originating from different
hosts, but it was not capable of detecting races (Komjati et al., 2008). Several attempts to
use molecular approaches, such as RAPD (Random amplified polymorphic DNA)
(Borovkova et al., 1992; Guchetl et al., 2012), RFLP (restriction fragment length
polymorphism) (Bovkorov et al., 1993), TARP (target region amplification polymorphism)
(Chen et al., 2005), ITS (sequence of internal transcribed spacer region of nuclear ribosomal
DNA) (Spring et al., 2006) or SSRs (microsatellite markers) (Slobodianova, 2016), were
not successful in discrimination of P. halstedii races recognized by a phenotypic response of
sunflower differential set. Attention of molecular biologists focused also on polymorphic
markers related to host-pathogen interaction such as EST (expressed sequence tags) markers
(Giresse et al., 2007) and finally Gascuel et al. (2016) succeeded in discriminating some
(but not all) multi-isolate clusters belonging to the same physiologic race using 22 KASP
(Competitive Allele Specific PCR) markers designed on polymorphic effector genes
involved in the host-pathogen recognition. Hopefully, even more specific molecular markers
will be designed in the future to facilitate fast routine race determination.
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3.5 Sunflower downy mildew management

Breeding of resistant pedigree, i.e. employment of major resistance genes (PI) and
factors has been the major strategy used for P. halstedii control in sunflower monocultures.
Apart from the major genes which effectivity can be overcome by a pathogenic shift in
populations of the downy mildew also quantitative trait loci in sunflower genome are
intensively studied to provide field resistance and thus decrease the degree of disease
intensity and yield losses.

Great effort has been made to “improve” the crop by introgression of major
resistance (R) genes originating from both cultivated and wild Helianthus species (Hu et al.,
2010) such as annuals H. annus, H. argophyllus and H. praecox or perennials
H. grosseserratus, H. maximiliani, H. tuberosus, etc. (Seiler, 1992). So called PI genes
provide complete, but race specific resistance (Tab. 5) (Vear et al., 2007) according to a
gene-for-gene concept (Flor, 1955). Long lasting study of PI genes conferring resistance to
newly appearing P. halstedii races has already resulted in discovery of no less than 23 PI
genes (Liu et al., 2012) and still continues.

Tab. 5. Efficiency of Pl genes against P. halstedii races studied in France (adopted from
Vear, 2004). R = resistant, s = susceptible.

Groups 2
300
304 (2000)
304 (2002)
307
314
330 (usA)
330 (EsP)
700
703
704
710
714

Genes

PIL (Rha 266, Rha 265)

PI2 (Rha 274)

PI2 (PSC8)

PI7 (YVQ)

PI6 (Ha 335, YDQ)

PI7 (Ha 337, YEQ)

PI7 (83 RM)

13 PIArg (Rha 419)

PI5 (XRQ, YSQ)

PI? (PM 17)

PI8 (Rha 340)

P18

PI? (803-1)

PI? (QPR1)

Pl4 (XA)

P14 (XK)

PI? (QHP1)

X|V|V|V|0|0|0|0|0|A0|0|0|0|0 | 0D

PI? (PMI3)

2|m|;|B| 0|00 B|W|B|D|B|W|DW* BB D] 100
T||>;|>0||>0|o|o|o|o|o|o]|I|@ |@|@ |DT|D|@
T||;|v (||| o|W|B|I|@ |@ |0 |0 |D|@
T|;|v || |o|o|o|o|W| WD |@|@|@ |00
T|v || (||| o|W|W|I|I @ |@ |0 |0 D@
T|» ||| |>0|o|o|0|~ |~ |o|D|0|0|0| 0|0
T|» ||| |||~ 0|30 0|0 00|
T|;|o|v |« 0|00 o|o|D|D|ID|O O |0
v || |»|»|0|o|o|o|o|o|o|D|0|0D| @ |0 |@
T|;|;|w |« ;|| |B|o| B |0 |0 |0 |0 |0 |0
T|v || |« 0|00 o|B|D|D|DD| O |O |
v |v|g|e o ;|| ||| o]0 |0 |0 |0 |0 |0 |0

w

P1? (RHA 428)
2 Groups of Gentzbittel et al. (1999) map

On the contrary, quantitative resistance provides more durable, however partial
resistance that may be sufficient to avoid crop yield lost and may decrease the selection
pressure on P. halstedii populations driven by major Pl genes (Vear et al., 2007). Four-year

22



study of resistance independent on major genes comprehensive hundreds of sunflower lines
revealed that at least 50 inbred lines already possess significant level of quantitative
resistance (Tourvielle de Labrouhe et al., 2008a) and that it should be possible to combine it
with R genes in modern sunflower cultivars (Vincourt et al., 2012).

Practices of integrated plant protection combine growing of resistant sunflower
cultivars with fungicide application. Chemical control against sunflower downy mildew
includes fungicides based on metalaxyl and later approved metalaxyl-M (mefenoxam,
R-metalaxyl) (CABI, 2017). Protective preparations containing both compounds are
approved in the European Union (PPDB, 2017a; PPDB, 2017b). In the Czech Republic no
fungicide for sunflower downy mildew control based on metalaxyl is registered (Povolny et
Hampl, 2015), only those based on metalaxyl-M (eAGRI, 2017). Both compounds may be
used to prevent soil-born infection via seed treatment (CABI, 2017) or used in foliar sprays
to control air-borne disease (Turner, 2015).

Metalaxyl (formula CisH2:NOs4 IUPAC name methyl N-(methoxyacetyl)-N-(2,6-
xylyl)-DL-alaninate; synonym 2-[(2,6-dimethylphenyl)-(2-methoxy-1-oxoethyl) amino]
propanoic acid methyl ester; trade names: Ridomil, Subdue, Apron, Proturf) and its active
enantiomer metalaxyl-M (= mefenoxam), are systemic fungicides known to affect RNA in
oomycetes. The mode of action is based on lethal inhibition of proteosynthesis due to
interference in esp. ribosomal RNA synthesis (Turner, 2015). Metalaxyl, the first of the
phenylamide fungicide class was introduced to market in 1977 (Miiller at Gisi, 2012) to
control both air-borne and soil-borne diseases caused by oomycetes. The fungicide was
originally marketed esp. for use against P. infestans but crop was devastated by a potato
blight epidemic in Ireland in 1980 as resistance developed. Soon after the fungicide suffered
severe resistance problems also in populations of Pseudoperonospora cubensis,
Peronospora tabacina, and Plasmopara viticola (Gisi et Cohen, 1996). The first report of
metalaxyl tolerant P. halstedii isolates in Europe comes from Hungary in 1980°s (Oros et
Viranyi 1984), while in North America the first resistant isolates appeared in 1995 (Gulya et
al., 1999). Luckily, metalaxyl resistant P. halstedii isolates in the Czech Republic have not
been recorded (Bartusek, 2013). Metalaxyl-M was introduced two decades after metalaxyl
(Nunninger et al., 1996) due to increasing number of resistant isolates in controlled
oomycetes and to reduce the amount of chemicals dispersed in environment (Miiller et Gisi,
2012) because the pure enantiomer should be twice efficient than original metalaxyl
(Turner, 2015). However, Molinero-Ruiz et al. (2005) already recorded metalaxyl-M
tolerant P. halstedii isolates in Spain. Resistance to phenylamides in general is considered to
be monogenic, such as in the case of Bremia lactucae (Crute et Harrison, 1988). Therefore
metalaxyl/metalaxyl-M tolerant isolates may rise by a single mutation, which represents the
weak point and future risk for intensive usage of these fungicides which put selection
pressure on the pathogen’s population. Therefore multipart fungicides such as combination
of metalaxyl and mancozeb showing synergic effect and higher efficiency against
P. cubensis (Samoucha et Cohen, 1984) or those with alternative active substances such as
strobilurins (Sudisha et al., 2010) were tested.
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Biological control may offer an eco-friendly alternative for disease control.
Intensively studied phenomenon of induced plant resistance (Hammerschmidt, 1999)
represents supportive method to traditional chemical disease control and resistance
breeding. Biological control agents in H. annuus - P. halstedii pathosystem show promising
results. Induced sunflower resistance resulting in reduced downy mildew disease symptoms
and pathogen growth inhibition can be achieved by treatment with chemical activators such
as BTH (benzo(1,2,3)-hiadiazole-7-carbothioic acid S-methyl ester) (Ban et al., 2004),
BABA (DL-B-amino butyric acid) or INA (2,6-dichloroisonicotinic acid) (Korési et al.,
2009). Induced systemic resistance lowering the disease intensity was also detected after
treating sunflower seeds with essential oil from Bupleurum gibraltarium (Fernandez-Ocaria
et al., 2004) or chitosan (Nandeeshkumar et al., 2008a). Similar effect induced colonization
of sunflowers roots by plant growth promoting fungi (PGPF) (Nagaraju et al., 2012;
Nandeeshkumar et al., 2008b). Though biological control agents are not as effective as
fungicide treatment, they fulfil requirements of sustainable agriculture and should not be
neglected in the integrated pest control.
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3.6 Plasmopara halstedii virus

In 1990 virus like particles were detected in Plasmopara halstedii, for the first time
reported in race 300 causing abnormal sunflower downy mildew symptoms (twisted host
leaves, limited sporulation) in North America (Gulya et al., 1990). Transmission electron
microscopy proved presence of isomeric virions in pathogen infection structures at all stages
of ontogeny, but never in cytoplasm of invaded plant cells, i.e. outside of the pathogen
thallus (Gulya et al., 1992). Presence of virions was later observed in various isolates of
P. halstedii regardless their origin, pathotype or reaction to fungicides (Heller-Dohmen et
al., 2008). Recent extensive PCR-based screening disclosed Plasmopara halstedii virus
(PhV) in ca 90% of samples, originating from both herbaria and fresh collections, and
confirmed its global distribution (Grasse et Spring, 2015).

Plasmopara halstedii virus (PhV) represents ss(+)RNA virus which infects
exclusively P. halstedii (Grasse et Spring, 2015) and causes its hypovirulence on host plants
(Grasse et al., 2013). Isomeric PhV virions observed within different P. halstedii isolates
have been identical, non-enveloped, sized 37 nm in diameter (Fig. 7) and often forming
crystalline-like aggregations in P. halstedii cytoplasm (Heller-Dohmen et al., 2008). Virus
RNA is divided into two segments coding RNA dependent RNA-polymerase (RdRp, RNA
strand 1, ORF 2745 nucleotides) and coat protein (CP, RNA strand 2, ORF 1128
nucleotides) (Grasse et Spring, 2015) with molecular mass 36 kDa (Heller-Dohmen et at.,
2011). PhV shows extremely low genetic variability (Grasse et Spring, 2015).

Fig. 7. PhV virions in TEM (adopted from Heller-Dohmen et al., 2008).
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Only several oomycete species are known to harbour viruses or virus like particles
(for review see Heller-Dohmen et al., 2008) and only two of them were studied in details,
i.e. Sclerophthora macrospora Virus A (SmV-A, Yokoi et al., 2003) and Sclerophthora
macrospora Virus B (SmV-B, Yokoi et al., 1999). Comparison of RNA sequences revealed
that SmV-A, isolated from S. macrospora that causes downy mildew on a vast number of
cereal crops including rice (Oryza sativa L.), represents virus the most similar to PhV
(Heller-Dohmen et al., 2011). Since PhV sequence of RNA-dependent RNA polymerase
(RdRp) shows similarities with viruses from the Nodaviridae family and shares coat protein
(CP) sequence with Tombusviridae family (Fig. 8) (Heller-Dohmen et al., 2011), the
taxonomic position of the PhV is ambiguous. Therefore Grasse et Spring (2017) proposed
placing of PhV, together with SmV-A and Tombunodavirus UC1, in a new independent
group between families Nodaviridae and Tombusviridae.

Size 2000 mt 4000 ™ 6000 nt

L A .
e RRp Nodaviidae

o s v

Plasmopara halsledi
(Copsid fone

— SClerophthora

Tombusviridae

Chimeric Virus 14

Fig 8. Genomic organization and proposed taxonomic position of Plasmopara halstedii
virus. Green bars indicate RdRp similarities while red bars indicate CP similarities (adopted
from Grasse et Spring, 2017).
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4. RESULTS
4.1. Methodology

4.1.1. Trojanova, Z., Sedlafova, M., Gulya T.J., Lebeda A. (2017): Methodology of
virulence screening and race characterization of Plasmopara halstedii, and resistance
evaluation in sunflower — a review. Plant Pathology 66, 171-185.
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Methodology of virulence screening and race
characterization of Plasmopara halstedii, and resistance
evaluation in sunower a review

Z. Trojanova?®, M. Sedlafova?, T. J. Gulya® and A. Lebeda®*

2Department of Botany, Faculty of Science, Palacky University in Olomouc, Slechtitelts 27, 783 71 Clomouc, Czech Republic; ®Sunower
and Plant Biology Research Unit, USDA-ARS, Fargo, ND, 58102; and ®Depariment of Flant Fathology, North Dakota State University,
Fargo, ND, 58102, USA

Sunower downy mildew is a disease of high global economic impact as well as a causal agent that is extremely dif-
cult to eradicate. During the past decades, several approaches for the determination of Plasmopara halstedii (Ph) races
have been used worldwide and are discussed in this review. Procedures of isolation, cultivation and maintenance of Ph
isolates, as well as the screening of sunower for resistance, are also critically reviewed. The predominant, globally
used resistance screening protocol is a whole seedling immersion inoculation. Soil drench inoculation allows more
precise control of the number of Ph zoosporangia applied to a single sunower seedling. A detached leaf assay has been
described, but it has been used mainly for Ph subcultivation and fungicide tests. For race determination, a differential
set consisting of nine sunower genotypes has been used since 1988, coupled with a numerical triplet code for virulence
phenotyping of Ph. The increasing variability in global Ph populations has demonstrated the inadequacy of the current
set of differentials, and several researchers have proposed additional public lines as new differentials. Furthermore, bulk
isolates may show different results in repeated tests, as Ph may contain genetically distinct zoospores within a single
zoosporangium. For precise race determination, single zoosporangia or single zoospore isolates are advisable. However,
due to low success of isolation, approximately 1 2%, this method cannot be applied in routine Ph race screening.
Methods surveyed in this review have a broad spectrum of applications, including taxonomic studies.

Keywords: Helianthus annuus, host resistance, inoculation, pathogen race, sunower downy mildew, virulence formula

Introduction

The biotrophic comycete Plasmopara halstedii (Ph) is a
global threat to sunower ( Helianthus annuus) as the
causal agent of downy mildew (Gulya, 2007). Ph is
native to North America (Delmotte et al., 2008) where it
was rst found by Halsted near Cambridge (MA, USA)

on Eupatorium purpurewm in 1876 and described later
by Farlow (1883; for review see Virdnyi & Spring,
2011). Downy mildew on cultivated sunowers was rst

recorded in the USA in the 1920s (Young & Morris,
1927). Cultivation of open-pollinated sunower varieties
that were highly susceptible to Ph, both in Europe and
North America, helped the rapid spread of the disease
(Virdnyi, 2002; Sedlafova et al., 2013, 2016; Ban et al.,
2014; Anonymous, 2015; Virdnyi et al, 2015) and
caused several severe outbreaks (Zimmer, 1971; Gore,
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2009). Therefore sunower downy mildew has been
declared a quarantine pathogen in the European Union
since 1992 (Delmotte et al., 2008).

Since the rst appearance of Ph races in the 1970s
(Zimmer, 1974), breeders have developed sunower germ-
plasm using single dominant resistance genes, coded as P/
genes (Vear et al., 2008a). To date, almost 20 P/ genes
have been discovered and subsequently incorporated into
the crop (Hahn & Wieckhorst, 2010; Qi et al., 2014,
2016; Viranyi et al., 2015), thus providing broad varia-
tion of race-specic resistance to downy mildew (Tour-
vieille de Labrouhe etal, 2008). Similar to other
pathosystems, growing of new sunower hybrids inu-
ences the pathogenic variability of Ph. Already more than
44 races of Ph have been recorded worldwide (Sedlafova
et al., 2016). Monitoring of Ph populations, in turn, pro-
vides necessary data for the crop breeding programmes.

This goal cannot be achieved without accurate, reliable
and repeatable screening methods, which are surveyed and
described in this paper. Many methods of isolation, multi-
plication, maintenance and storage of Ph have been devel-
oped. In addition, there have been many methods
proposed for Ph virulence determination and sunower
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resistance. This article reviews these methods, consolidates
them and aims to propose the optimal methodology for
both handling this pathogen and examining its interac-
tions with host plants.

Characteristics of the Pathosystem H. annuus
P. halstedii

Species concept and host range ofP. balstedii

The species concept of Ph has evolved greatly since its
initial description (Farlow, 1883) and there is still no
perfectly clear and broadly accepted opinion (for review
see Viranyi & Spring, 2011). For the purposes of this
review, a simplied Ph  sensu lato and sensu stricto con-
cept is introduced, as explained in the following text.
This concept is based on the wide and narrow species
concept described by Voglmayr (2008).

Phsensu lato(Choiet al., 2009a) represents a morpho-
logically well-characterized organism capable of infecting
more than 80 species of the Asteraceae family (Gulya
et al., 1997). Infections of Ph were described for hosts
other than H. amnuus, such as invasive Ambrosia
artemisiifolia(Walczet al., 2000; Vajna, 2002),lva xan-
thifolia(Gulya, 2002a),Ageratum boustonianum(Mattos
et al., 2006), cultivated Rudbeckia fulgida Goldsturm
(Dankers et al., 2004; Hong, 2006; Rivera et al., 2014)
and R. fulgida var. speciosa (Rivera et al., 2015), culti-
vatedCoreopsis lanceolata{Choiet al., 2009b) or peren-
nial sunower Helianthusx laetiorus (Spring et al.,
2003). Because the pathogen was determined according
to its morphology in most cases, not always comple-
mented by Kochs postulates, it is not denite that these
infections were caused by Ph. For example, Xanthium
strumarium was rst also considered a potential host of
Ph (Novotelnova, 1962) but the pathogen was later
described asPlasmopara angustiterminalis(Novotelnova,
1962; Komijiti et al., 2007). A similar situation arose
withArctotis x hybridaand Arctotheca calendula, which
were proven to be hosts of a new species, Plasmopara
majewskii(Constantinescu & Thines, 2010) and not Ph,

The Ph sensu stricto concept is based on molecular
studies which revealed that Plasmopara isolates from
Ambrosia artemisiifolia are clearly distinguishable from
otherPlasmoparaisolates originating fromH, aunuusor
X. strumarium(Choiet al., 2009a).

It is also important to emphasize that isolates originating
from only a few wild species (A. artemisiifolia(Walczet al.,
2000}, I. xanthifolia (Gulya, 2002a), H.xlaetiorus
(Spring et al., 2003) and X. strumarium (Komjiti et al.,
2007)) were capable of infecting differential lines of H.
annuus (Virinyi & Spring, 2011). Recently, Rivera et al.
(2016) also showed that Ph isolates originating fromR. ful-
gidaare able to cross-infect sunower.

It is evident that the host range of Ph can be under-
stood in different ways according to the Ph s. s. or s. L
species concept and the situation is signicantly compli-
cated by the occurrence of cross-infections, host jumps
and possible cryptic species hybridization, such as in the
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case of Pseudoperonospora cubensis/Psendoperonospora
humuli species (Runge et al., 2011). Recently, a high
quality draft genome of Ph was analysed and reported
(Sharma et al., 2015) that enables much better under-
standing of pathogen variation and host pathogen inter-
actions.

Sunower biology and genetics of resistance to  P.
halstedi

Cultivated sunower, H. annuus, is an annual diploid
plant,n=17 (Heiseret al., 1969). The genusHelianthus
comprises 49 species from which 12 species are diploid
annuals (#=17) and 37 species are diploid, tetraploid or
hexaploid perennials (Seiler, 1992; Schilling, 2006; Kan-
tar et al., 2015). Ph can infect all Helianthus species
(Viranyi & Spring, 2011), although resistance is far more
prevalent among the perennial species. The rst resis-
tance to downy mildew (Pl;) was identied in sunower
hybrid Advent at ICCPT, Romania, almost 50 years ago
(Vranceanu & Stoenescu, 1970). Resistance is much
more easily transferred from the diploid annual species
to cultivated sunower, but breeders have succeeded in
transferring P! genes from polyploid perennial
Helianthus species as well (Vear, 2016). Documented
sources of Ph resistance from wild Helianthus include
some populations of annuals H. annus, H. argophyllus
and H. praecox subsp. hirtus and perennial species H.
grosseserratus, H. maximiliani, H. nuttallii, H. pauci-
oru s and H. tuberosus (Seiler, 1992). One of the rst
hybrids resistant to Ph was produced by hybridization of
cultivated sunower with H. tuberosus, which resulted in
the discovery of the Pl, gene (for review see Sackston,
1992). Later, other P! genes and quantitative trait loci
(QTLs) have been detected and exploited for the produc-
tion of resistant hybrids. Up to now, resistance genes
have been obtained from wild H. annuus, H. praecox,
H. tuberosus and H. argophyllus (Mulpuri et al., 2009;
Qiet 4l., 2016).

Major gene resistance and quantitative resistance are
the main mechanisms recognized in sunower. Most of
the resistance mechanisms are described as a gene-for-
gene interaction based on P/ dominant resistance genes
in sunowers and corresponding Awrgenes in the patho-
gen (Keen, 1990). Many P/ genes have been discovered
(for review see Vearet al., 2008a; Mulpuriet al., 2009),
mapped (for review see Hahn & Wieckhorst, 2010;
Qi et al, 2016) and used in resistance breeding (Liu
et al., 2012). These genes, although from different ori-
gins, are not usually inherited individually but seem to
form at least ve independent clusters (Table 1) (Vear,
2010). Individual Pl genes provide resistance against
individual, several or many Ph races (Hahn & Wieck-
horst, 2010). For example, the PI; gene confers resis-
tance against race 100, the Pl, gene provides resistance
against races with triplet codes beginning with 100 and
3xx, and Ply and Pls,, genes provide resistance against
all known races (Vear, 2010; Qiet al., 2016). However,
selection pressure-driven evolution of new Ph races that

Plant Pathology{2017)66, 171185



Methodology forPlasmopara halstedii

Table 1 Pigene clusters from the publicly availableHelianthus annuus
map of simple sequence repeat (SSR) or microsatellite markers
(according to Vincourtet al.(2012); Vearet al.(2008a); Liuet al.

(2012); Qiet al.(2014, 2016))

Effective
Linkage Resistance against
group gene races
LG8 Ply 100
Plz 100, 3xx*
Plg 1xx, 3xx, 7x1, 7x2, 7x3
PP 1xx, 3xx, 7x1, 7x2, 7x3
Plis All currently known races in NA and EU®
LG13 Pls 1xx, 31x, 32x, 33x, 7xx
Plg All currently known races in Europe®
LG1 Plarg All currently known races
Plia 100, 300, 310, 330, 700, 710, 730, 731, 770
Pliy ?
Plis ?
LG2 Plg All currently known races
LG4 Ply7 All currently known races

NA, North America; EU, European Union.

aexcept for race 304 and 314 withP! » in sunflower line PSC8.
®valid only forP! 7 in sunflower line 83RM.

°Races virulent onP! ;5 have been found in Argentina.
9Races virulent onP! g have been found in the US in 2015/16.

overcome P! genes can make this type of resistance
rather short-lived (Ahmed et al., 2012). Therefore quan-
titative (non-race specic) resistance, connected with

QTLs, is the second main mechanism of resistance. This
type of resistance has been studied during the past dec-
ade primarily by French INRA researchers (Bert et al.,
2004; Tourvieille de Labrouhe et al., 2008; Vear et al.,
2008b). As yet, there have been no public releases of
such germplasm. However, in the absence of effectiveP!

genes, some commercial hybrids suffer more virulent
attacks by Ph than others, so eld resistance probably

exists in marketed material.

Due to the intensive and long-lasting research of
Helianthus germplasm, numerous well-maintained lines
can be accessed from germplasm collections. The two
largest sunower germplasm collections are located in
the USDA-National Plant Germplasm System (NPGS) in
Ames (IA, USA) and in the N. I. Vavilov Research Insti-
tute of Plant Industry (VIR) in St Petersburg, Russia
(Gulya et al., 2010). The USDAs sunower gene bank
contains ¢. 2500 accessions of cultivated sunower, plus
1659 accessions of the annualHelianthusand 889 acces-
sions of perennial species (Kane ef al., 2013; L. Marek,
North Central Regional Plant Introduction Station, Iowa
State University and USDA ARS, Ames, USA, personal
communication). Seeds of both cultivated and wild
Helianthusaccessions are available to researchers world-
wide, free of charge. Over 2300 accessions of both culti-
vated sunowers and wild Helianthusaccessions from 48
countries can be found in VIR (Gulya et al, 2010).
Distribution of seeds to researchers outside Russia is
somewhat limited. Similarly, the set of 500 accessions of
wild Helianthus species and 420 cultivated accessions
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(including 331 old open-pollinated varieties and a core
collection of 96 inbred lines) are available from INRAs
seed centres in France (Kane et al., 2013). There are
other smaller sunower seed collections in Argentina
(INTA), Brazil (Embrapa), Canada (Agriculture and
Agri-Food Canada), China (CGRIS), India (NBPGR),
Serbia (Institute of Field and Vegetable Crops, Novi Sad)
and Spain (CSIC) (Gulyaet al., 2010).

Germplasm collections of the USDA and VIR are great
sources of material for breeding and future research.
Growing genomic resources, seed collections open to the
public, interesting ecology of various sunower species
and rapidly evolving molecular tools prove that sun-
ower is a suitable taxon to study various ecological and
evolutionary traits (Kaneet al., 2013).

Intraspecic variability of P. balstedii

According to the best of the authors knowledge 44 dif-
ferent races of Ph have been determined so far (Gulya,
2007; Liu et al., 2012; Viranyi et al., 2015; Sedlafovi
et al., 2016). Research on Ph virulence variation started
in the 1970s with the rst appearance of virulent races.

Since then, many isolates, both from cultivated sunow-

ers and from other hosts, were collected and put in her-
baria and other collections. All kinds of bulk single
zoosporangia or single zoospore isolates can be found in
collections of F. Vear and D. Tourvieille de Labrouhe
(INRA, UMR 1095, Domaine de Crouelle, Ave du Bre-
zet, Clermont-Ferrand, France), INRA (LIPM, Castanet
Tolosan, France), T. ]J. Gulya (USDA-ARS Northern
Crop Science Laboratory, Fargo, North Dakota, USA),
O. Spring (Institute of Botany, University of Hohenheim,
Stuttgart, Germany), F. Virdnyi (until 2011) and R. Bén
(PlasmoProtect and Plant Protection Institute, Szent
Istvan University, Godollo, Hungary), or A. Lebeda and
M. Sedlifova (Department of Botany, Palacky University
in Olomouc, Olomouc, Czech Republic).

Considering difculties of the species denition, Ph s,
s.can be understood as a group of isolates attacking cul-
tivated H. annuus and other Helianthus species. This
group of isolates expresses high virulence diversity when
grown on various sunower genotypes (Vir anyi &
Spring, 2011). The pathogen virulence prole (i.e. race)
is determined by reactions of differential sunower lines
(Gulya et al., 1998; Tourvieille de Labrouhe et al.,
2000). However, this method provides partly subjective
results, leading to many researchers attempting to
develop tests based on molecular biology methods (for
review see Virdnyi & Spring, 2011).

Borovkov & McClean (1993) used a method of
restriction fragment length polymorphisms (RFLP) and
proved the existence of randomly repeated sequences that
can distinguish between some races of Ph. Random
amplied polymorphic DNA (RAPD) PCR markers stud-
ied by Borovkova er al. (1992) were too sensitive and
revealed differences even between isolates from the same
virulence phenotype. However, in a study by Roeckel-
Drevet ef al. (2003), RAPD-based analysis detected
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differences between isolates from distant geographical
regions and showed low genetic variability among iso-
lates in the same region, caused probably by bottleneck
and founder effects. Intelmann & Spring (2002) per-
formed RFLP studies of mitochondrial DNA and used
simple sequence repeats and microsatellites as primers
for the PCR. Several primer combinations were success-
ful in differentiating between various eld isolates but
any correlation of a specic amplication pattern with
specic pathotype was not observed. Target region
amplication polymorphism (TRAP) and 86 TRAP
markers were capable of discriminating every isolate
tested by Chen et al. (2005), but none of the markers
was tightly associated with pathogenicity (i.e. race) or
with the geographic origins of the isolates. Variability of
large repeated elements in ITS2 regions successfully dis-
criminated isolates from other Ph hosts, but did not
reveal variability among isolates of different races origi-
nating from H. annuus (Spring et al., 2006a). Large
repeated elements in ITS2 regions of other downy mil-
dew pathogens and other large subunit (LSU)-based
markers are more suitable for phylogeny studies (Vogl-
mayr et al., 2004; Thines, 2007a,b) or for Ph detection
in seeds (loos et al., 2007). Single nucleotide polymor-
phisms (SNPs) and size variation in expressed sequence
tags (EST) were studied by Giresse et al. (2007) who
revealed 12 EST-derived markers displaying SNPs and
insertion-deletion variations. Those 12 EST-derived
markers were used in Ph genetic, aggressiveness and mor-
phology variability studies and revealed ve multilocus
genotypes. However, no correlation among genetic pro-
les, pathogenic races or morphological characteristics of
the isolates was observed. SNPs detected by those 12
EST-derived markers revealed that Ph was introduced
into France several times (Delmotte et al., 2008). They
also elucidated that the rapid occurrence of new Ph races
in France during the last 20 years was probably caused
by hybridization and clonal evolution of introduced races
(Ahmedet al., 2012),

Great efforts have been made to nd convenient DNA
regions that might be used for molecular-based race deter-
mination, but no reliable molecular-based method for Ph
race determination has been developed yet. Any determi-
nation of Ph races using molecular methods and DNA
markers cannot be applied routinely (Virdnyi & Spring,
2011). Thus, researchers and plant breeders currently still
need to rely on the phenotype of the reaction of sunower
differential lines to Ph as the only practical bioassay for
pathogen race identication and denomination.

Development of race determination and nomenclature

Since the rst description of Ph pathogenic races in the
1970s (Orellana, 1970; Zimmer, 1974), neither uniform
race nomenclature nor a standardized set of differentials
had been available until the 1990s (Gulya, 2007). Only
two races of Ph existed (or were distinguishable) in the
1970s: race 1, also referred to as the European race,
and race 2, referred to as Red River Valley race, which
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was present in north-central USA and Canada (Sackston
et al., 1990; Gulya, 2007). Race 1 attacked only sun-
owers without any resistance genes and was the only
known race in Europe until the late 1980s, whereas race
2 was able to overcome theP! ; resistance gene. The situ-
ation became more complicated in the US with occur-
rence of new races (Gulya et al., 1991b), but neither a
standardized differential set nor nomenclature was avail-
able at that time. Races were named with sequential
numbers according to the order of race detection. In
1980, in North Dakota, a new race appeared, later
denominated as race 3 (Carson, 1981), capable of over-
coming Ply, Pl; and Pl; genes (Gulya et al., 1982); in
19835, race 4, capable of overcomingP! {,P! ;,PI 3 andPI
genes, appeared in Minnesota (Gulya & Urs, 1985) and
in 1988, race 5, overcoming Pl;, Pl, Pl3, Ply and Pl;,
appeared in the USA during greenhouse experiments
(Ljubich et al., 1988). Race 6 was then detected in a
French isolate collected in 1988 and race 7 was rst
described in an isolate originating from Argentina (Gulya
et al., 1991b). The potential for a sequential numbering
system to cause confusion was becoming apparent
because the same number could be used for different
races discovered in different countries (Gulya, 2007).
In France, a new system based on alphabet letters was
introduced for a brief time (Tourvieille de Labrouhe
et al., 2000).

There was a practical need to apply a different
approach to race nomenclature, so Sackstonet al.(1990)
and Gulya ef al. (1991a) proposed a new testing and
denomination system based on virulence formulas using
Pl genes overcome by the respective isolates. The viru-
lence formulas of the rst known Ph races are listed in
Table 2. This system, the rst attempt at standardization
of an alternative to sequential numbering, proved
impractical and ambiguous and was not accepted by
researchers. The rst ofcial differential set (Table 3)
was proposed, which laid the foundation of the differen-
tial set used recently (Gulyaet al., 1991a), but sequential
numbers continued to be used, with the latest known
sequential race number being 11 (Gulya, 2007).

As soon as pathogen race information exceeds a cer-
tain level of complexity, mathematical codes are most
advantageous, in particular coded triplets. Thus, a triplet
coding system was proposed in 1995 to ease communica-
tion and comparisons of results, based on a new differen-
tial set of nine sunower inbred lines available from the
USDA (Gulya, 1995). These lines, and a triplet coding
nomenclature system, were adopted by a multinational
committee of pathologists and have been widely accepted
globally. Races characterized prior to 1995 could be
assigned a triplet code (i.e. race 1 became race 100, race
2 became 300), but in reality, a correct race designation
for an isolate collected prior to 1995 could only be made
if it was subsequently tested on the current nine differen-
tials (Tourvieille de Labrouheet al., 2000; Gulya, 2007).
This system has been used up to now with minor
changes (Limpert & Muller, 1994; Gulya et al., 1998;
Tourvieille de Labrouheet al., 2000).
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Table 2 Coded virulence formulas (CVF) of the sunflower differential set and names of the first knownPlasmopara halstediiraces (adopted
according to Gulya, 2007)

P. halstedirace
Sequential number 1 2 3 4 5 6 7 8 9 10 11
Triplet CVF 100 300 700 730 770 310 330 710 330 703 731
Differential set® Reaction of differential lines
D-1 HA-304 s s S s s S s s s s S
D-2 RHA-285 R ] ] ] ] ] ] ] s ] ]
D-3 RHA-274 R R s s s R R s R s s
D-4  PMI-3 (DM-2) R R R s s s s s s R s
D-5 PM-17 R R R s s R s R s R s
D-6 803-1 R R R R 5 R R R R R R
D-7 HAR-4 R R R R R R R R R s S
D-8 QHP1(HAR-5) R R R R R R R R R s R
D-2 HA-335 R R R R R R R R R R R
French name? D o] A B
Pigenes 0° 1° 1,2° 1,25 (CL)° 1,2,5° 1,9° 1,25¢°  1,23,4,ab°
1,5° 1,234b° 123454abe® 12345abcde® 125b°

D-1 to D-9, lines of differential set. R, resistant; s, susceptible.
2Tourvieille de Labrouheet a/.(2000).

5Sackstonet af.(1990).

“Gulyast al.(1991a).

The currently used differential sunower set (Table 2)
consists of nine differential lines (D-1 to D-9), divided
into three groups of three (Tourvieille de Labrouhe
et al., 2000) and that carry specic combinations of
resistance genes (Table 1). Individual races are deter-
mined on the basis of the phenotypic response of the dif-
ferential lines (DLs) from each triplet (Gulya ez al.,
1998) and each triplet reaction phenotype represents one
number in the three-number code used for race denomi-
nation. Thus, each DL is evaluated as either susceptible
(s) or resistant (R) to a pathogen isolate. If a DL is eval-
uated as resistant, a value of 0 is given. On the other
hand, if the DL is susceptible, a value is given according
to its position in the triplet: if the DL is rst in the tri-
plet a value of 1 is given, if second, it generates a value
of 2, and if third, a value of 4 is given. These values are
then added to generate the code number. For example,
the race 714 is coded as follows: in the rst triplet all
DLs are susceptible (s+s+s=1+2+4=7), in the
second triplet the rst DL is susceptible, while the
second and third DLs are resistant (stR+
R=1+0+0=1), in the third triplet the rst and sec-
ond DLs are resistant, and the third DL is susceptible
(R+R+s=0+0+4=4) (for other examples, see
Tourvieille de Labrouheet al., 2000). However, recently,
an extension of the triplet code to a quintuplet code was
proposed, with 15 differentials recommended to be used
for Ph race evaluation (Tourvieille de Labrouhe et al.,
2012). In this system Ph races are named by a ve-digit
code (Gascuel et al,, 2015; Sedlifova et al., 2016).
Despite a long lasting discussion in the sunower com-
munity, the six additional lines still await international
endorsement.
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The triplet code serves two purposes, as it stands for
the race nomenclature and also represents the coded vir-
ulence formula (CVF), which gives information about
the virulence pattern of the race. The CVF is exible and
the code can be extended with additional differentials
(in groups of three) without losing information of the
original CVF. This system has also been used for other
pathogens, not only oomycetes (e.g. Bremia lactucae
(Lebeda & Petrzelova, 2010)), but also fungi (e.g. rusts
of cereals (Bushnell & Roelfs, 1984)).

The differentials used for Ph race identication have
gone through several permutations since their introduc-
tion. The rst two sets, proposed by Sackston et al.
(1990) and Gulya et al. (1991a), were not used for tri-
plet code nomenclature, but only served forPlgene viru-
lence formula determination. The rst differential set
designed for the triplet coding system of race determina-
tion, similar to one that is presently used, was introduced
in 1995 and consisted entirely of USDA released lines
(Gulya, 1995). Slight modications of the original set
appeared in 1998, with the suggested replacement of two
USDA lines with INRA reselections (Gulya et al., 1998;
Tourvieille de Labrouheet al., 2000). In some instances,
researchers used closely related lines containing the same
Plgenes as those in the original differential set (Table 3).
In an effort to achieve global consistency in race
identication, most researchers have adopted the lines
proposed.

With the evolution of new virulent races overcoming
all nine original differential lines (Ahmedet al., 2012), it
is apparent that additional differentials are needed (Tour-
vieille de Labrouhe et al., 2012; Gascuel et al., 2015).
Both the USDA and INRA have developed germplasm
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with Ph resistance and in some cases have identied new
Pl genes. To be most useful to the global research com-
munity, any additional lines should meet several criteria.
They should be homozygous, xed lines with a single,
new gene. Lines with newPlgenes that are already used
by private breeders in commercial hybrids should be con-
sidered over lines deemed less desirable by industry
breeders. From an agronomic point of view they should
be easy to grow in all production areas, be self-compati-
ble, and produce moderate to large quantities of seed per
plant. Additionally, the proposed lines should be freely
available to public and private researchers without any
restrictions, so that they could be used both for race
identication and also for breeding purposes. In this
way, ultimately, the new genes could be incorporated
into commercial hybrids to aid growers to control downy
mildew. An ideal scenario would be the development of
isogenic lines containing the same genes as the original
differential set, as achieved by Flor for testing the ax
rust pathogen (Flor, 1955). By backcrossing the current
differential lines with an inbred line having good agro-
nomic characters, one could ensure easy seed production.
Also, one could select for lines that allow high, uniform
sporulation by races of Ph to which they are susceptible,
which would make interpretation of the downy mildew
reaction phenotype easier to assess.

Sunower downy mildew control

The most effective disease management relies upon the
cultivation of certied seed of resistant sunower (Vear
et al., 1997). However, single race-specic resistance has
been overcome by new races with more complex viru-
lence emerging due to signicant selection pressure
(Ahmed et al., 2012). Therefore, growers in most coun-
tries also rely upon chemical control by seed-applied
fungicides. The rst chemical control, both in the EU
and the USA, was provided by systemic phenylamide
seed treatments (Albourieet al., 1998) such as metalaxyl,
used since 1980 (Kisset al., 1979; lliescu, 1980; Melero-
Vara et al., 1982), or mefenoxam introduced a decade
later (Shetty, 1998). Nevertheless, since 1995, metalaxyl
tolerant isolates have been discovered, both in the EU
and the USA (Oros & Viranyi, 1984; Delenet al., 1985;
Gulya et al., 1999; Molinero-Ruiz et al., 2005; Spring
et al., 2006b; Garca-Ruiz et al., 2012) as well as a
report of mefenoxam-tolerant isolates (Molinero-Ruiz
et al., 2005). Subsequently, different chemical com-
pounds were tested (Gulya, 2002b; Sudisha et al., 2010)
and the strobilurin compound azoxystrobin (FRAC 11)
is nowadays used for sunower seed dressing to prevent
underground infection of seedlings in some countries.
A new compound, oxathiapiprolin, has recently been
found to be effective against oomycetes (Pasteris et al.,
2016). Its biological activity was tested againstPhytoph-
thora infestansandPlasmopara viticolabut it might also
have potential in sunower protection.

Application of plant growth-promoting fungi (PGPF)
(Nagaraju et al., 2012) and plant growth-promoting
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rhizobacteria (PGPR) (Nandeesh Kumar et 4l., 2008)
represent ecofriendly and promising strategies of disease
management yet to be tested and evaluated. However,
growing of hybrids with new dominantPlgenes or QTLs
combined with other approaches of integrated crop pro-
tection remains one of the approaches promising sustain-
able sunower downy mildew control (Vear, 2016).

Methodology of Tests

Pathogen collection and isolation

While many researchers collect the entire downy mildew
infected plant, only one or two infected leaves bearing
abundant sporulation need to be collected to provide suf-
cient zoosporangia for race identication. The plant
material should be kept in labelled, moisture-tight con-
tainers (plastic boxes or bags) and kept cool (Gulya
et al., 1991a). Collected material should be transported
to the laboratory as soon as possible. Dirty, non-sporu-
lating samples can be rinsed in running tap water, placed
in containers with moist blotter paper, and incubated
overnight in the dark at temperatures of 15 18 °C to
induce sporulation. Because sporangia collected from the
eld are of unknown age and viability, it is advisable to
rst inoculate them onto a universal suscept {bearing no
known resistance genes) to produce fresh sporangia with
high viability (Gulyaet al., 1991a).

Individual Ph isolates can be obtained either from sin-
gle, infected leaves (bulk isolates) or from single zoospo-
rangia/zoospores and each type of isolate is useful for
different purposes. The advantage of bulk isolates is that
preparing them is relatively easy, fast and requires no
special equipment. Bulk isolates also preserve the
possible variability of the original sample and that is
why they represent close imitation of the situation in
natural conditions (Molinero-Ruiz et al., 1998, 2002).
Thus, those isolates are suitable for testing resistance or
susceptibility of sunower germplasm to Ph in traditional
plant breeding. At the same time, bulk isolates are
probably genetically heterogeneous, and thus are not
entirely appropriate for taxonomical or molecular
biology studies.

Many different techniques of single spore isolation
have been used for various fungi (Hildebrand, 1938; Ho
& Ko, 1997; Goh, 1999). However, in general they are
not applicable to biotrophic organisms. A useful method
for isolating single zoosporangia or zoospores of Ph was
developed by Sackston & Vimard (1988) and Spring
et al.(1998), using sunower leaf disc inoculation (LDI)
(Spring et al., 1997), The efciency of single-zoosporan-
gia inoculations is low (¢. 10 15%, T. ]J. Gulya, unpub-
lished data). However, isolation of a single
zoosporangium does not guarantee genetic homogeneity,
because each zoosporangium contains multiple motile
zoospores (Spring et al., 1998). Thus, single zoospore
isolates would be most genetically uniform, but, as vyet,
there are no published methods to efciently produce
such isolates. In cooperation with Professor O. Spring
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(Hohenheim University, Germany), the authors have
optimized a capillary tube technique for single zoospore
isolation ofP. halstedii. Fresh zoosporangia are rst cul-
tivated on 1% water agar in the dark at 19 °C for c.
1 h. Released zoospores are then isolated under an
inverted microscope using a capillary tube connected to
a micromanipulator and transferred onto cotyledon seg-
ments from a susceptible sunower line. The inoculated
cotyledons are incubated at 19°C with a 12/12 h (light/
dark) photoperiod, omitting the initial dark period of
12 16 h. Leaf discs are best cultivated in cultivation
plates containing distilled water, which provides humid-
ity for later sporulation. To the authors knowledge, the
efciency of single-zoospore inoculations is even lower
than for zoosporangia (1 2%; O. Spring, Hohenheim
University, Germany, personal communication; Z. Tro-
janova & M. Sedlifova, unpublished data). Thus, this
method is very time-consuming, and would be impracti-
cal if dealing with large numbers of isolates.

Preparation of plant material for infection

Cultivars with a high level of susceptibility to all known
Ph races, and without resistance genes, are required for
sunower downy mildew growth and multiplication.
There are many possible cultivars that are suitable for Ph
cultivation such as: HA-89 (Sackston et al., 1990), HA-
288 (T. J. Gulya, unpublished data), HA-300 (Gulya
et al., 1991b), HA-302 (Gulya, 1996), HA-304 (Tour-
vieille de Labrouhe et al., 2012), HA-821 (Spring et al.,
1997), HA-850 (Gulya, 1996), Giganteus (Spring ef al.,
1997), Peredovik, Krasnodarets (Sackston et al., 1990),
INRA inbred lines FU, BT, GB (Tourvieille de Labrouhe
et al., 2012) and AD-66 (Shindrova, 2005) or line GK-
70, which is no longer available (Virinyi & Gulya,
1993). Public inbred lines are best suited, because seed
can be easily produced, and are generally available well
in to the future. In contrast, open-pollinated cultivars
(e.g. Krasnodarets) and commercial hybrids are less desir-
able because they are only available for a limited time
period and generally not available globally. When consid-
ering inbred lines, confection lines, because of their larger
cotyledons, generally enable the production of more
spores than the smaller-seed oilseed lines. Ph can be
maintained either on seedlings or on plant parts such as
detached leaves or leaf discs. Each method has its advan-
tages and is convenient for different purposes.

The simplest method of obtaining a culture of Ph is to
plant susceptible sunower cultivars in soil already con-
taining Ph oospores that can be obtained from elds with
a previous history of downy mildew. It is also possible to
use Ph-contaminated elds directly for cultivation of sus-
ceptible sunower cultivars. However, these elds may
not be conveniently close, and infection rates are unpre-
dictable because infection is highly dependent on the
presence of waterlogged soil soon after planting. This
method cannot be recommended, because Ph is a quaran-
tine disease in all countries of the European Union
(Anonymous, 1997).
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Whole seedlings or plant parts are suitable for Ph cul-
tivation under laboratory conditions. Sunower seeds to
be inoculated with Ph should be clean and contamina-
tion-free, which diminishes the risk of damping off dur-
ing growth. Simple surface sterilization of seeds can be
accomplished by immersing in a dilute solution of house-
hold bleach (0.5 1% sodium hypochlorite) plus a small
amount of surfactant or dish detergent to aid seed wet-
ting (Gulya, 1996). Seeds should be soaked for 2
15 min, but longer immersions have no adverse effect on
seed viability, and may hasten seed germination due to
rehydration. Afterwards, the seeds should be thoroughly
rinsed under running tap water.

Germination of sterilized seed can be achieved in many
ways. Seed can be spread in one layer on a tray with a
wet germination paper or seed germination blotters
placed both underneath and on top of the seed, and kept
in a germinator (Gulya, 1996). Alternatively, seed can be
germinated in ragdolls (Gulya, 1996), in which seed is
spread in between two moistened layers of brown germi-
nation paper that is rolled up and placed in a plastic bag
(F. Viranyi, Szent Istvan University, Godollo, Hungary,
personal communication). Germination can also be car-
ried out on moistened lter paper in a Petri dish (Carson,
1981; O. Spring, Hohenheim University, Germany, per-
sonal communication). Incubation of seed is performed
in the dark, with temperatures varying from laboratory
to laboratory (room temperature, or incubators set at
20 24 °C). The time from seed germination to optimal
radicle length for inoculation is usually 2 3 days,
depending on cultivar and temperature. According to the
authors experience, germination of seed between two
layers of moistened lter paper in a plastic bag at 20 °C
produces seedlings suitable for inoculation within 3 days.
It should be emphasized that different lines require dif-
ferent times from germination to reaching the appropri-
ate size for inoculation. To get all differential lines ready
for simultaneous inoculation, germination of cultivars
with slow growth rates should be initiated one or more
days earlier than fast-growing cultivars. Alternatively,
seedlings of the appropriate radicle size can be selected
and stored at 4 °C until slower-germinating seedlings
have reached the proper stage.

Only healthy seedlings without any damage or signs of
microbial contamination, with 1 2 ¢m long roots, should
be used for inoculation. Removal of seed hulls is not nec-
essary for whole seedling inoculation, as this does not
decrease the infection rate {(Gulya, 1996). Moreover,
careless dehulling may damage the seedlings and lead to
growth disorders or infection by secondary pathogens.

Inoculated seedlings can be planted into soil, sand,
petlite or in various mixtures of these substrates. The
growth substrate should be free of pathogens, well-
drained and low in nitrogen (Gulya, 1996). Growing
inoculated sunowers in soil represents the most natural
conditions but there is a great risk of occurrence of other
soil pathogens. Therefore sterilization of the soil (both
eld and commercially available mixtures) is strongly
recommended. Some types of soil and substrates contain
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high amounts of clay or organic matter that make the
growth medium susceptible to waterlogging. This may
lead to damping off of seedlings, premature sporulation
of isolates (and contamination with other strains) or can
act antagonistically to downy mildew development.
Gulya (1996) recommends a substrate consisting of
washed 1l sand and coarse grade perlite mixed in a
ratio of 3:2 (v/v). This kind of substrate is relatively ster-
ile, pathogen-free, well-drained and inexpensive. How-
ever, neither sand nor perlite contains any nutrients and
so it is recommended to use a water-soluble fertilizer
application once a week (Gulya, 1996). In the authors
experience, the best substrate for these tests is moistened
perlite, which is cheap, pathogen-free, not subject to
waterlogging, and has the additional benet of being
much lighter than the sand/perlite mixture. Disinfection
of growing containers and other tools by 1% KOH is
highly recommended to avoid risk of contamination by
Plasmopara halstedii virus, which causes hypovirulence
of the downy mildew (Grasseet al., 2013).

Plasmopara halstediiinoculum preparation and
inoculation

Inoculum can be prepared from either fresh or frozen
sporangia. If possible, it is recommended to use fresh
sporangia from greenhouse-grown plants (Gulya et al.,
1991a; Gulya, 1996). An alternative to fresh sporangia is
sporangia stored directly on sunower leaves at 4 °C in
moist conditions, which can be used for inoculation up
to 7 days after sporulation induction (T. ]J. Gulya,
unpublished data). Zoosporangia can be preserved for a
longer time at =20 °C, =80 °C or in liquid nitrogen.
Zoosporangia stored directly on detached cotyledons at
=20°C remain viable up to 3 months (Vir anyi, 1985). If
stored at =80 °C they can survive up to 1 or several
years, although the survival percentage declines with
time (M. Sedlifovdet al., unpublished data). This is con-
sistent with ndings of Vir anyi (1985), who proved that
zoosporangia on detached cotyledons survived at=60°C
up to 1 year. Several private breeders in the USA rou-
tinely store sporulated leaves at =20 °C and are able to
revive viable zoosporangia 8 12 months later (T. J.
Gulya, unpublished data). This kind of storage is suitable
for working collections and short-term storage. On the
other hand, air-dried (<10% moisture) sporangia vacu-
umed from infected leaves and immediately frozen and
stored in cryotubes in liquid nitrogen can be viable for
up to a decade (Gulya et al., 1993). In general, lower
water content in the stored zoosporangia prolongs the
time of possible storage (Gulya et al., 1993). Therefore,
vacuumed zoosporangia, dried over a desiccant and
stored at =80 °C, would probably survive for many
years also. Storage of zoosporangia dried to<10% mois-
ture, either in liquid nitrogen or=80°C, are suitable for
reliable long-lasting storage. However, inoculum result-
ing from such conservation should not be used directly.
First, the isolate must be regenerated on a susceptible
sunower genotype.

Plant Pathology(2017)66, 171185

36

179

For inoculation, zoosporangia are rinsed off sporulated
leaves and suspended in distilled water or a non-chlori-
nated spring water. While distilled water has been used
from the start, recent research has shown that calcium
ions are necessary for signalling with host plant and
development of pathogenic oomycetes (i.e. Pythium and
Phytophthora) (Donaldson & Deacon, 1992; Bircher &
Hohl, 1999). Gulya (1996} found that a minimal amount
of calcium (10 mm CaCl,) greatly increases infection ef-
ciency, especially with low inoculum concentrations.

Zoosporangia concentration is determined with the aid
of a haemocytometer or a counting chamber (Burker,
Fuch-Rosenthal, etc.). Concentration of inoculum used
by various researchers varies from ¢. 10 000 to 50 000
zoosporangia per millilitre. These concentrations usually
provide up to 100% infection of plants, while higher
concentration may cause seedling damping off (Gulya,
1996).

Sunower seedlings of appropriate size are inoculated
either by immersion in inoculum (whole seedling inocula-
tion, WSI) or by addition of appropriate amount of
inoculum (soil drench inoculation, SDI) and incubating
for 2 5 h in the dark at temperature ranging between 16
and 19°C. For details see below.

Cultivation of inoculated plants, pathogen sporulation

Inoculated sunowers are grown in suitable substrate
medium in conditions optimal for Ph development as
referred previously. Temperature favourable for Ph
development is relatively low (16 20 °C) (Gulya et al.,
1991a; Gulya, 1996) with optimum at 19°C. Generally,
higher temperatures (20 24°C) are appropriate for plant
growth while lower temperatures (16 20°C) are favour-
able for pathogen development and sporulation. At 19°C
both plant growth and pathogen sporulation will be
satisfactory. Leaf discs should be cultivated at lower tem-
peratures to avoid rotting and decomposition of the tis-
sue before pathogen sporulation. Photoperiod should
range from 12 to 16 h with approximate light intensity
from 150 to 220umol m =2 s=! (Gulya et al., 1991a).
Inoculated seedlings should not be allowed to dry but,
on the other hand, they should not be waterlogged for
the entire time of cultivation, as anoxia induces stress,
and thus the roots would be curtailed and systemic infec-
tion would not develop well (Gulya, 1996). Moreover,
increased humidity might cause premature pathogen
sporulation that could contaminate other Ph isolates
grown at the same place. Plants should be watered daily
and fertilized weekly with commercial general purpose
fertilizer (i.e. 10-10-10) if grown in perlite or perlite
sand mixture, but some laboratories omit this fertiliza-
tion step. In USDA greenhouse tests, a water soluble fer-
tilizer is used at a rate that supplies 100 ppm of N.
Water level or moisture level should be checked daily in
cultivation plates or trays with leaf discs and adjusted if
needed.

Inoculated plants should be grown under the condi-
tions mentioned above for 11 14 days or until rst true
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leaves reach a length of 1 cm. At this stage symptoms of
systemic infection should be already obvious and plant
tissue is sturdy enough to survive pathogen sporulation.
While infected plants may sometimes produce sporula-
tion under greenhouse conditions, they usually require
100% relative humidity for at least 8 hours. This can be
achieved by covering the plants with plastic bags or mov-
ing the plants to a chamber where misting is applied to
achieve 100% relative humidity. Growing seedlings
longer than 14 days may result in plant death as the sys-
temic infection overwhelms the plant, which complicates
matters by minimizing the amount of zoosporangia pro-
duced, which are used as inoculum for subsequent exper-
iments. Ph will sporulate spontaneously on leaf discs
after 5 10 days. It is important to point out that only
plants inoculated with the same isolate should be housed
in the same humidity chamber to induce sporulation, and
thus minimize cross-contamination.

Virulence phenotype determination

There are three main methods that can be used for deter-
mining virulence phenotype WSI, SDI or LDI.

Whole seedling inoculation (described by Cohen &
Sackston (1973)) testing is accomplished by inoculating
germinated seedlings of the differential set. Plants must
full the conditions described for subcultivation of Ph
isolates and they are treated in the same way. WSI may
be done several ways but generally it should be per-
formed according to Gulyaet al.(1991a). The inoculum
should be prepared from fresh zoosporangia produced
overnight and the concentration should be between
20 000 and 50 000 zoosporangia mL=", The seedlings of
each differential line are immersed in inoculum in sepa-
rate vials or small Petri dishes in the same way as seed-
lings of susceptible H. anmuus cultivars during
multiplication of the isolate. After a 3 h inoculation in
the dark at 16 20 °C, 10 20 seedlings per differential
line are planted in rows in a tray lled with suitable sub-
strate. The inoculated plants are then cultivated in condi-
tions suitable for Ph for 14 days. Although this method
of differential set inoculation is precise and provides
nearly 100% seedling infection, it requires a great
amount of inoculum.

For SDI inoculation (Goossen & Sackston, 1968), at
least 10 seedlings of suitable age, size and condition per
differential line are planted in rows into a tray contain-
ing suitable substrate. Seedlings are placed just below the
substrate surface so they are visible for inoculation.
Inoculum is prepared and its concentration is determined
using a counting chamber or haemocytometer. The vol-
ume containing approximately 10 000 zoosporangia is
calculated and is deposited on each seedling using an
automatic pipette. Trays with the inoculated differential
set are then incubated for 12 h in the dark (covered with
foil) and then maintained at normal greenhouse condi-
tions. The phenotypes are assessed after 14 days. The
advantage of this method is the very low amount of

inoculum used and the reliability of the results compared
to the previous method.

In the last method of virulence testing, LDI (Sackston
& Vimard, 1988), leaf discs of approximartely 12 mm in
diameter are cut from cotyledons or true leaves of 14-
day-old sunowers. These discs are immediately
immersed into freshly prepared inoculum of concentra-
tion ranging between 20 000 and 50 000 zoosporan-
gia mL=Y, and inoculated in the dark at 16 20 °C for
3 h. Inoculated leaf discs can be cultivated by oating in
distilled water in appropriate closed sterile cultivation
plates or placed on moistened cellulose cotton wool in a
tray covered with glass. At least 15 leaf discs from each
differential line are gently placed into rows, abaxial side
up, in a tray containing moistened cotton wool covered
by lter paper. Trays are then covered with glass to
maintain high humidity and cultivated in conditions suit-
able for Ph. Leaf discs are evaluated at 5, 9, 12 and
15 dpi. LDI is not recommended for virulence phenotype
testing as it produces false positive results (Spring et al.,
1997). The cut edge of the leaf disc might facilitate
ingress into the tissue of a pathogen that would be
stopped by plant barriers (cuticle, epidermis, etc.). Resis-
tance mechanisms in sunower are thought to take place
mostly in the root or hypocotyls, and thus the ability of
a Ph isolate to infect leaf discs may not be a true reec-
tion of resistance/susceptibility. However, LDI is ideal
for fungicide tests or clonal techniques (single zoospo-
rangium/zoospore isolation).

Drawing from experience with the lettuce Bremia lac-
tucaepathosystem, there are two basic methods (qualita-
tive and quantitative) that can be used for assessing
resistance/susceptibility of sunower to Ph (Lebeda &
Petrzelova, 2010). Qualitative assessment is suitable for
resistance screening of breeding material, whereas the
quantitative method is more applicable to research pur-
poses. The qualitative assessment scale in Table 4 is
based on methods used for B. lactucae (Lebeda & Pet-
rzelova, 2010) and can be used for both LDI and WSI.

For both methods of inoculation, the total degree of
infection, which is expressed as a percentage of the maxi-
mum scores (Townsend & Heuberger, 1943), is deter-
mined for every tested line according to the equation:

Table 4 Scale for qualitative assessment of Plasmopara halstedii
sporulation

Sign Type of response Characteristics

+ Susceptible Macroscopically
visible sporulation
on 80 100% of seedlings

= Resistant No visible sporulation
on seedlings

(=) Incompletely Limited sporulation often

resistant followed by macroscopically visible

chlorosis

(+) Heterogeneous Mixture of completely

susceptible and some
resistant plants in tested sample
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S nxv

where P=the total degree of infection P, n=the num-
ber of leaf discs or seedlings in each assessed category
(degree of infection),v=the degree of infection (0 3 for
seedlings or 0 4 for leaf discs), x=scale range (3 for
whole plants or 4 for leaf discs), N=total number of
assessed plants or leaf discs (i.e. usually 15 leaf discs or
10 seedlings).

Interpretation of pathogenicity test results and evalua-
tion of the intensity of pathogen sporulation is still very
subjective, although there are semiquantitative evaluation
systems that can help make evaluations more precise.
Gulya et al. (1991a) did not fully describe resistant and
susceptible reactions of inoculated plants, but only stated
that profuse sporulation and stunting of plants are the
main criteria for susceptibility. If a line is not 100%
infected (in routine resistance tests, 90% is also accept-
able in some laboratories), the inoculum is considered as
a mixture of different races. In such cases, the pathogen

should be subcultured from the differential lines giving
anomalous results and supplemental tests with cultivated
inoculum should be performed. If all lines exhibit
<100% (or 90% in some laboratories) infection, then the
test needs to be repeated in its entirety. In contrast,
Tourvieille de Labrouhe et al. (2000) used a four-step
scale. In this method, there are two resistant categories,
RI=no sporulation and RIl=weak sporulation on
cotyledons; there are also two susceptible categories,
SI=sporulation on leaves and SlI=intense sporulation
on cotyledons only. However, it is not clearly stated how
many plants must be in categories SI and SII to interpret
the line as susceptible. According to the present authors
experience, intensity of pathogen sporulation on every
leaf disc can be classed according to the semiquantitative
0 3 scale for whole plants (Dickinson & Crute, 1974) or
0 4 scale for leaf discs (Lebeda, 1983, 1986) (Table 5;
Fig. 1).

At least 15 leaf discs or 10 seedlings in two replicates
per isolate should be tested. The reaction of a particular
differential line is then determined as either resistant or
susceptible. If the total degree of infection P is lower
than 30% and no leaf disc is classed in the 2, 3 or 4

Table 5 Semiquantitative scale (modified according to Lebeda, 1986) used for evaluation of Plasmopara halstediisporulation intensity on sunflower

differential lines

Category of

Description of sporulation on specific plant material

sporulation intensity Whole seedling

Leaf disc

No visible sporangiophores on leaves

A WN =2 O

Limited sporulation, sporadic sporangiophores present
<50% of cotyledon area covered with sporangiophores
>50% of cotyledon area covered with sporangiophores

No visible sporangiophores

<25% of leaf disc surface is covered with sporangiophores
25 50% of leaf disc surface is covered with sporangiophores
50 75% of leaf disc surface is covered with sporangiophores
>75% of leaf disc surface is covered with sporangiophores

Figure 1 Semiquantitative scale for
evaluation of the intensity of Plasmopara
halstediisporulation on sunflower differential
lines during pathogenicity tests: (a) scale for
whole seedling inoculation (0 3), (b) scale
for leaf disc inoculation (0 4).
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category of sporulation intensity, the differential line is
considered to be resistant to the downy mildew; in the
opposite case, the differential line is determined as sus-
ceptible. Even when applying these suggestions, some
isolates are difcult to categorize and the result is
somewhere between resistant and susceptible. In this
case, it is recommended to repeat the whole procedure,
but rst examine the purity of the seeds as well as the
inoculum. The most precise method for virulence pheno-
typing would, ideally, be the use of monozoosporic
isolates.

Conclusions

Methods for virulence phenotype (race) determination
and denomination in Ph discussed here have a broad
spectrum of applications, e.g. in searching for new
sources of resistance in sunower germplasm, in resis-
tance screening of new breeding material, and for
detailed research into plant resistance mechanisms, viru-
lence variation among Ph isolates and populations, and
infection by Plasmopara halstedii virus. Although viru-
lence phenotype evaluation still remains partly subjective,
the previously described instructions can lead to reliable
results. The most important points of methodology are:
the use of the standardized set of differential lines,
healthy sunower seedlings, growing in disinfected con-
tainers (to avoid contamination by Plasmopara halstedii
virus), use of fresh Ph inoculum, and screening of disease
symptoms on cotyledons as well as on the rst true
leaves. These techniques are also the basic prerequisite
for detailed genetic research, using either traditional
methods or future molecular approaches. Half a century
after the rst discovery of downy mildew resistance in
sunower, research into Ph continues to be important
and a topic for discussion between many laboratories
around the world. The main goal of this review was to
contribute to international harmonization of methodol-
ogy used in Ph research and sunower breeding for
downy mildew resistance.
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4.2. Geographical distribution of Plasmopara halstedii

4.2.1. Sedlatova, M., Trojanova, Z., Lebeda A., (2013): Distribution and harmfulness of
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Abstract

SEDLAROVA M., TROJANOVA Z., LEBEDA A. (2013): Distribution and harmfulness of Plasmopara halstedii on
sunflower in the Czech Republic. Plant Protect. Sci., 49: 1-10.

In 2007-2012 the first detailed study of P. halstedii distribution and severity was performed in the Czech Re-
public by monitoring altogether 128 localities. Incidence of the pathogen was recorded at seven localities in
south-eastern (Central and South Moravia) and central parts (East and Central Bohemia) of the country; at only
four localities the occurrence of sunflower downy mildew symptoms and pathogen sporulation were recorded
repeatedly. In all cases the primary infection prevailed, and the severity of infections was rather low. The major-
ity of records were for sunflower experimental fields (e.g. fields of Central Institute for Supervising and Testing
in Agriculture. Brno-Chrlice, Czech Republic), one record came from a commercial field and one record from a
hobby field. Results of surveys indicate that reservoirs of primary inoculum likely exist in the soil contaminated
by P. halstedii oospores in these habitats, but additional transfer by infected seed may be possible. Historical
and geographical consequences of recorded infections are discussed, as well as virulence variation in the Czech
pathogen populations which is currently in the process of investigation.

Keywords: sunflower downy mildew; Helianthus annuus; disease incidence; disease severity; pathogen population;
quarantine disease

Sunflower downy mildew represents an eco- in the north of Mexico was discussed, it has not
nomically important disease reducing the crop been sufficiently proved by molecular and other
yield in all sunflower growing areas worldwide data (LENTZ et al. 2008 and responding articles
(GuLrya 2007). The disease with typical symptoms, in PNAS). According to previous knowledge the
including damping off, dwarfing or retardation of  centre of P. halstedii origin was placed to North
flowering in systemically infected plants or local ~America (SAcksTON 1981). Probably the patho-
chlorotic spots on plants with secondary infection, gen was later spread in a plant material to other
is caused by the biotrophic oomycete Plasmopara continents, excluding Australia and Antarctica
halstedii (Farl.) Berl. et de Toni 1888 (originally (GuLyA 2007). P. halstedii as the causal agent
described as Peronospora halstedii Farlow in 1882).  of sunflower downy mildew was first described

Sunflower is native to Central America and ar- in the USA in 1888 (SINDELKOVA et al. 2008).
chaeobotanists showed that the crop was domes-  The first appearance of the disease in Europe
ticated in the east-central United States (HEISER  was recorded in Russia in the 1960s (DELMOTTE
2008). Although an additional domestication event et al. 2008). Later it expanded from Russia to the

Supported by the Ministry of Agriculture of the Czech Republic, Project No. QH71254, Ministry of Education,

Youth and Sports of the Czech Republic, Project No. MSM 6198959215, and Palacky University in Olomouc,
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Balkan Peninsula (Bulgaria, Greece, and Turkey)
and consequently to many other European coun-
tries (e.g. Hungary, Italy, France, Spain, Germany,
and the Czechoslovakia) (VIRANYI 2002). Inten-
sive agriculture combined with suitable weather
led to local epidemics of the disease throughout
Europe in the second half of the 20'" century.
Since 1977 the spread of the disease has become
serious enough to claim P. halstedii a dangerous
harmful organism and threat to sunflower produc-
ers in Europe. Since 1992 P. halstedii has been a
subject of quarantine regulation in the European
Union (DELMOTTE et al. 2008). The paradigm
that economically and epidemiologically relevant
sunflower downy mildew incidences are derived
from the only soil infections has been questioned
(SPrRING 2009). Recently, a high potential for tran-
sition from local to systemic infection was found
in field experiments with ornamental sunflower
in Germany. These infections play a key role in
the production of contaminated seeds carrying
the pathogen into the next season (SPRING 2009).
While the local transfer of the disease is promoted
by wind-borne sporangia or contaminated soil, its
distinct transfer or introduction into new conti-
nents was probably enabled by seed containing
the P. halstedii mycelium (VIRANYI & SPRING
2011). The way of disease transfer by seed has
been broadly discussed (DOKEN 1989).

The first occurrence of P. halstedii within the
area of the former Czechoslovakia was reported
in the 1950s by BOJNANSKY (1956, 1957) mainly
from South Moravia and South Slovakia. Sun-
flower downy mildew was later found in experi-
mental fields of Mendel University in Brno in
1999 (VEVERKA & KRiZKOVA-KUDLIKOVA 2006).
Since then only several observations of sunflower
downy mildew were made and the distribution of
the disease in the Czech Republic is considered
to be rare (KOKES & MULLER 2004). This is also
supported by the monitoring of harmful organ-
isms done by State Phytosanitary Administration
which proved the incidence of P. halstedii in the
Czech Republic yearly since 2000, except for
2004 (State Phytosanitary Administration 2012).
During the above-mentioned period P. halstedii
was detected on eight localities in South Moravia
(TEsAROVA et al. 2010a,b; State Phytosanitary Ad-
ministration 2012), two localities in East Bohemia
(State Phytosanitary Administration 2012) and
one locality in West Moravia in 2011 (FiaALOVA
& CecH 2011).
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Sunflower downy mildew has not been implicated
in the main economic losses of sunflower yield in
the Czech Republic while the most serious diseases
include white mould caused by Sclerotinia sclero-
tiorum (Lib.) de Bary and grey mould caused by
Botrytis cinerea Pers. that deteriorate the quality
of the crop (KubpLikoVA & VEVERKA 1999). Since
2002 the sunflower downy mildew has been regis-
tered as quarantine disease in the Czech Republic
and its occurrence has been monitored by State
Phytosanitary Administration. Only resistance-
certified and pathogen-free seed is allowed to be
grown in the Czech Republic, and adherence to
phytosanitary as well as agronomical practice is
required (SINDELKOVA et al. 2008).

Distribution of sunflower downy mildew and its
race spectrum in the local pathogen populations
have been intensively studied in several countries
in Europe, such as Bulgaria (SHINDROVA 2010),
Spain (MOLINERO-RUI1Z et al. 2002), France (SAKR
2009), Germany (ROZYNEK & SPRING 2000), Hun-
gary (VIRANYI & GuULYA 1995), and Italy (Tos1 &
BEccaRr1 2007). However, no detailed information
has been available for the Czech Republic. Although
sunflower is not cultivated in the CR as extensively
as in South-European countries and downy mildew
is not the main threat to the crop, the position of
this country in the Central European region creates
conditions for the disease spread. Thus detailed and
reliable information about the pathogen distribu-
tion in the Czech Republic was required.

The major objective of this paper is to present
data from six-year systematic observations of the
distribution and disease severity of P. halstedii on
sunflowers grown in various areas and habitats
within the Czech Republic.

MATERIAL AND METHODS

The occurrence of Plasmopara halstedii (Farl.)
Berl. et de Toni 1888 was surveyed in the period
of May—October in 2007-2011 and May—July in
2012 all over the Czech Republic with the main
focus on the region of Central and South Mora-
via, the south-eastern part of the country, where
sunflower (Helianthus annuus L.) is grown the
most frequently, and on the region of East and
Central Bohemia (Figure 1). At some localities
the monitoring was repeated annually in order to
determine changes in the incidence of the infec-
tion. Several characteristics were recorded at each
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Figure 1. Map of sunflower localities monitored in the Czech Republic during 2007-2012 (squares) with records of

Plasmopara halstedii infections (marked by asterisks)

Regions in the Czech Republic: MSK — Moravskoslezsky Region, ZLK — Zlinsky Region, OLK — Olomoucky Region, JHM —
Jihomoravsky Region, HKK — Krélovéhradecky Region, PAK — Pardubicky Region, VYS — Vysocina Region, LBK — Liberecky
Region, STC — Stredoc¢esky Region, PHA — Hlavni mésto Praha Region, JHC — Jihoc¢esky Region, ULK — Ustecky Region, KVK

— Karlovarsky Region, PLK — Plzensky Region

locality (date of observation, geographical location,
type of habitat, approximate size of sunflower
cultivar population/field, developmental stage of
plants, and sunflower genotype/hybrid if known)
(Table 1). Disease intensity (DI) in the popula-
tion of sunflower cultivars was estimated using
0—-4 scale, i.e. 0 — no plants with visible symptoms
of disease in the host population; 1 — only plants
with secondary infection or individual plants with
systemic infection (less than 5% of plants in the
host population); 2 — ca. 5-25% plants in the host
population with systemic infection; 3 — ca. 25-50%
systemically infected plants in the host popula-
tion; 4 — more than 50% of the host population
shows symptoms of systemic infection. In gardens
and small fields the whole crop was surveyed for
P, halstedii occurrence, in large fields the crop was
surveyed by random transects across the field,
including its margins.

RESULTS

The health status of 228 populations of sunflower
cultivars grown at various types of habitats (fields,
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gardens, front gardens, road and field margins
and others) was monitored altogether in 128 lo-
calities all over the Czech Republic in 2007-2012
(Table 1). All surveyed localities and highlighted
localities with confirmed P. halstedii records dur-
ing 2007-2012 are summarised in Figure 1. The
majority of the populations of sunflower cultivars
was observed in gardens (135) and in fields (47)
(for details see Table 2). Most of the sunflower
habitats were localised in South Moravia (eastern
part of the Czech Republic) and in the eastern and
central part of Bohemia (Figure 1). All these areas of
the Czech Republic are mostly lowland territories
with advanced agriculture and rather warm climate
conditions suitable for sunflower growing.
During the six-year period (2007-2012) the
presence of P. halstedii was confirmed at seven
localities (i.e. Olomouc-Holice, Brno-Chrlice,
Lednice, Podivin, Krométiz, Céslav, and Ledce),
where host plants (H. annuus) with downy mil-
dew systemic infection, mostly with the pathogen
sporulation, were found (Table 1). Plants with
secondary infection symptoms were reported
from Olomouc every year and from Brno-Chrlice
and Lednice only in 2010. Repeated occurrence
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Table 1. List of localities in the Czech Republic surveyed for Plasmopara halstedii and assessed for disease severity
in 2007-2012

No. of Cultivar Occur- DI in particular year

Locality name cultivar Habitat  population/ rence N ® aQ S — N

populations field size of P h. § § § 5] 5] 5
Moravskoslezsky Region (MSK)
Frenstat pod Radhostém 1 G 10 plants - 0 n.r. n.I. n.r. N n.r.
Hodslavice 1 G 12 plants - 0 nr. n.r. nr. N n.r.
Motkov 1 G 8 plants - 0 nr. nr nr.  nr n.r.
Novy Ji¢in-Kojetin 2 G 20 plants - 0 n.r. n.r. 0 n.r. n.r.
Novy Ji¢in-Zilina 1 G 5 plants - 0 n.r. n.r. n.r. n.r. n.r.
Stitina 1 G 10 plants - 0 n.r. n.r. n.r. n.r. n.r.
Trojanovice 1 G 8 plants - 0 n.r. n.r. n.r. n.r. n.r.
Zivotice u Nového Ji¢ina 1 G 2 plants - 0 n.r. n.r. n.r. n.r. n.r.
Zlinsky Region (ZLK)
Babice 1 RM 4 plants - n.r. n.r. 0 n.r. n.r. n.r.
Bilovice 1 G 10 plants - 0 n.r. n.r. nr.  nr n.r.
Huslenky 2 G 20 plants - 0 n.r. n.r. 0 n.r. n.r.
Huslenky 4 M 15 plants - n.r. 0 0 0 0 n.r.
Kromériz 2 EF 0.2 ha + n.r. 1 0 nr. nr nr.
Kunovice 1 G 10 plants - n.r. n.r. n.r. n.r. 0 n.r.
Kvasice 1 G 2 plants - n.r. n.r. n.r. n.r. 0 0
Martinice 1 E 50-60 ha - n.r. n.r. 0 n.r. n.r. n.r.
Ostrozska Nova Ves 1 F 25 ha - n.r. n.r. n.r. 0 n.r. In.r.
Ostrozska Nova Ves 1 G 10 plants - n.r. n.r. n.r. n.r. 0 nr.
Spytihnév 1 E 25 ha - n.r. n.r. n.r. 0 i n.r.
Valasské Mezirici 5 G 10 plants - 0 0 0 0 0 n.r.
Olomoucky Region (OLK)
Bystrocice 2 RM 5 plants = 0 0 n.r. I.r. n.r. n.r.
Charvaty 3 G 10 plants - 0 n.r. 0 0 n.r. n.r.
Drahanovice 1 F 20 ha - 0 n.r. n.r. n.r. n.r. n.r.
Drahanovice 2 G 10 plants - 0 0 n.r n.r. n.r. n.r
Drahany 2 G 10 plants - 0 n.r. 0 nr. n.r.
Mostkovice 2 G 4-10 plants - nr. n.r. 0 n.r. 0 n.r.
Oldrichov 1 G 1 plant - 0 n.r. n.r. n.r. n.r. n.r.
Olomouc-Holice 6 EF 0.5-1 ha + 2 2 3 1 2 1
Olomouc-Lazce 2 G 7 plants - 0 n.r. n.r. 0 18 ¢ n.r.
Olomouc-Nedvézi 1 FM 10 plants - n.r. n.r. 0 nr. n.r. n.r.
Olomouc-Nedvézi 1 G 50 plants - n.r. n.r. n.r. 0 n.r. n.r.
Olsany u Prostéjova 1 G 7 plants - n.r. 0 n.r. n.r. n.r. n.r.
Plumlov 4 G 1-15 plants - 0 0 0 0 n.r. n.r.
Slatinice 2 G 2-5 plants - 0 0 n.r. n.r. n.r. n.r.
Jihomoravsky Region (JHM)
Blucina 4 FG 10 plants - 0 0 0 n.r. 0
Brno-Chrlice 5 EF 2 ha + nr. 1 0 2 2 0
Brezina 1 RM 1 plant - n.r. 0 n.r. nr. n.r. n.r.
Cej¢ 2 FM 10 plants - 0 n.r. n.r. 0 n.r. n.r.
Cejkovice 1 F 50 ha - n.r. 0 n.r. n.r. n.r. 0
Hajany 1 E 50 ha - n.r. n.r. n.r. n.r. 0 n.r.
Hustopece 1 F 50 ha - n.r. n.r. n.r. n.r. 0 n.r.
Jedovnice 2 G 4 plants - 0 n.r. n.r. n.r. 0 I
Kotvrdovice 1 G 10 plants - n.r. 0 n.rI. nr. L n.r.
4
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Table 1 to be continued

No. of Cultivar Occur- DI in particular year

Locality name cultivar Habitat  population/ rence [ ® o = — ~

populations field size of P h. < § § § § §
Jihomoravsky Region (JHM)
Kitiny 3 7-10 plants - n.r. 0 0 0 n.r. n.r.
Lechovice 1 E 10 ha - n.r. n.r. n.r. 0 n.r. n.r.
Lednice 1 FG 7 plants - n.r. 0 n.r. it n.r. Nn.r.
Lednice 1 F 40 ha - n.r. n.r. 0 n.r. n.r. n.r.
Lednice 3 EF 5 ha + nr. nr. I 3 1 2
Lipovec 3 G 5-10 plants - 0 n.r. 0 0 n.r. n.r.
Moravské Branice 3 G 1-10 plants - 0 0 n.r. 0 n.r. n.r.
Moravsky Krumlov 1 F 0.5 ha - n.r. 0 n.r. n.r. n.r. n.r.
Moravsky Krumlov 1 RM 1 plant - n.r. n.r. n.r. n.r. 0 n.r.
Moutnice 1 E 4 plants - n.r. n.r. 0 n.r. n.r. n.r.
Nosislav 2 G 20-50 plants - 0 n.r. 0 n.r. .. n.r.
Nosislav 2 FG 20 plants - n.rI. n.r. n.r. 0 0 n.r.
Ochoz u Brna 3 G 2-4 plants - n.r. n.r. 0 0 0 0
Orechov 2 F 80 ha - n.r. 0 n.r. o Hi 0 n.r.
Oftechov 2 G 1-10 plants - 0 0 n.r. n.r. n.r. n.r.
Oftechov 1 FM 5 plants - nr.  nr 0 n.r. n.r. n.r.
Podivin 6 E 1-50 ha + 0 0 2 3 2 0
Pohorelice 2 E 15-30 ha - 0 0 n.I. n.r. n.r. n.r.
Ratiskovice 3 G 10 plants - 0 n.r. n.r. 0 0 n.r.
Rybniky 1 E 10 ha - nr.  nr n.rI. n.r. 0 n.r.
Sedlec 2 E 50 ha - 0 0 n.r. n.r. n.r. n.r.
Silavky 1 F 40 ha - nr.  nr 0 nr n.r.
Starovicky 4 F 0.2-100 ha - 0 0 0 0 n.r. n.r.
Starovicky 2 FG 1-5 plants - 0 n.r. .. 0 .. n.r.
Starovicky 1 G 2 plants - n.r. n.r. n.r. n.r. 0 n.r.
Straznice 1 FG 15 plants - n.r. n.r. 0 n.r. n.r. n.r.
Valtice 1 FG 10 plants - 0 n.r. n.r. n.r. ir n.r.
Velké Bilovice 1 FG 4 plants - n.r. n.r. 0 n.r. n.r. n.r.
Velké Némcice 2 FM 20-30 plants - n.r. 0 0 n.r. n.r. n.r.
Velké Némcice 4 E 15-250 ha - n.r. 0 0 0 0 n.I.
Véstonice 1 F 50-60 ha - n.r. 0 n.r. n.r. n.r. n.r.
Vnorovy 3 FM 30-40 plants - n.r. n.r. 0 0 0 n.r.
Zajeci 1 E 40 ha - n.r. n.r. n.r. 0 n.r. n.r.
Zelesice 1 10 plants - n.r. n.r. n.r. 0 n.r. n.r.
Krdlovéhradecky Region (HKK)
Albrechtice nad Orlici 2 G 6-10 plants - n.r. n.r. 0 0 n.r. n.r.
Détenice 1 G 4 plants - n.r. n.r. 0 n.r. n.r. n.r.
Dobruska 1 G 10 plants - 0 n.r. n.r. n.r. n.r. n.r.
Holovousy 3 G 5-10 plants - 0 n.r. 0 n.r. 0 n.r.
Horice 2 G 10 plants - 0 n.r. n.r. 0 n.I. n.r.
Jaromér 1 G 20 plants - n.r. n.r. n.r. 0 n.r. 0
Jicin-Robousy 2 G 5 plants - 0 n.r. n.r. 0 n.r. n.r.
Ledce 3 G 4-15 plants + nr. nr 1 0 0 nr.
Nemyceves 1 FG 10 plants - 0 n.r. n.r. n.r. n.r. n.r.
Ohavec¢ 1 G 1 plant - n.r. n.r. n.r. 0 n.r. niy.
Opocno 4 G 5-10 plants - 0 n.r. 0 0 0 0
Ostromér 2 G 5-10 plants - n.r. Ar; n.r. 0 0 n.r.
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Table 1 to be continued

No. of Cultivar Occur- DI in particular year

Locality name cultivar Habitat population/ rence D ® N = — N

populations field size of P h. § § § § § §
Ttebechovice pod Orebem 1 G 2 plants - nr.  nr 0 n.r. n.r. n.r.
Velichovky 2 G 3-5 plants - nr.  nr 0 0 n.r. n.r.
Velky Vrestov 2 G 3—-4 plants - nr.  nr 0 0 n.r. nr.
Vilantice 2 G 2-10 plants - n.r. n.r. 0 0 n.r. n.r.
Zdar nad Orlici 1 G 10 plants - ;L n.r. n.r. 0 n.r. n.r.
Pardubicky Region (PAK)
Bohunovice 1 G 5 plants - n.r. 0 n.r. n.r. n.r. 0
Chvojenec 1. E 15 ha - n.r. n.r. n.r. 0 n.r. n.r.
Ceské Hefmanice 3 G 6-10 plants - n.r. 0 0 n.r. 0 0
Horky 1 G 10 plants - n.r. n.r. n.r. n.r. 0 0
Kosofin 2 G 4 plants - 0 n.r. 0 n.r. n.r. n.r.
Kraliky 1 G 7 plants - 0 nr. nr. nr. N n.r.
Nedvézi 1 G 50 plants - n.rI. n.r. n.r. 0 n.r. n.r.
Sedliste 3 G 10 plants - 0 0 n.r. n.r. 0 0
Vysocina Region (VYS)
Velké Mezirici 3 G 5 plants - n.r. n.r. 0 0 0 n.r.
Stredocesky Region (STC)
Beroun 1 G 5 plants - 0 n.r. n.r. n.f n.r. n.r.
Chotanky 1 E 20 ha - nr.  nr. nr 0 n.r. n.r.
Caslav 1 EF 0.5 ha + nr. Inr 1 nr. nr nr.
Dlouhopolsko 1 F 20 ha - n.r. n.r. n.r. 0 n.r. n.r.
Kosmonosy 1 E 25 ha - 0 n.r. n.r. n.r. n.r. n.r.
Krchleby 1 G 3 plants - .. n.r. .. 0 n.r. n.r.
Loucen 3 G 5-10 plants - n.r. 0 0 0 n.r. n.r.
Mcely 4 G 2-10 plants - 0 n.r. 0 0 0 0
Mcely 1 E 20 ha - nr. nr. N 0 n.r. n.r.
Milovice 1 G 10 plants - n.r. n.r. n.r. 0 n.r. n.r.
Odrepsy 1 F 10 ha - n.r. n.r. n.r. 0 n.r. nr.
Prodasice 2 E 20 ha - 0 n.r. L. 0 n.I. I.r.
Seletice 1 G 10 plants - n.r. n.r. NI 0 .. n.r.
Velenka 1 F 20 ha - nr.  nr n.r. 0 n.r. nr.
Vlkov pod Oskobrhem 1 F 15 ha - n.r. n.r. n.r. 0 n.r. n.r.
Zavadilka 1 G 2 plants - n.r. n.r. n.r. 0 n.r. n.r.
Hlavni mésto Praha Region (PHA)
Praha-Suchdol 4 G 10 plants - 0 0 0 0 n.r. n.r.
Jihocesky Region (JHC)
Ceské Budéjovice 1 G 5 plants - 0 n.r. .. n.r. .. n.r.
Ustecky Region (ULK)
Borislav 1 G 15 plants - 0 nr. . nr. N n.r.
Plzerisky Region (PLK)
Nyrany 3 F 15-40 ha - 0 0 0 n.r. N.I. n.r.

P. h. — Plasmopara halstedii; DI — degree of infection (disease severity) of downy mildew in the population of sunflower culti-
vars (for details see Material and Methods); Habitats: EF — experimental field, F — field, FM — field margin, FG — front garden,
G — garden, RM - road margin; Records: + present (in bold), — not present, n.r. — not recorded; DI — degree intensity: 0 — no
plants; 1 — less than 5% of plants; 2 — ca. 5-25% plants with systemic infection; 3 — ca. 25-50% systemically infected plants;

4 — more than 50% with symptoms of systemic infection
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Table 2. Incidence of Plasmopara halstedii in the individual sunflower habitats

Number of records/Number of infections by P. halstedii

Habitat

2007 2008 2009 2010 2011 2012 total
Experimental field 17/1° 3/3 4/2 3/3 3/3 3/2 17/14
Field 8/0 10/0 8/1 15/1 6/1 1/0 48/3
Field margin 1/0 2/0 5/0 3/0 2/0 0/0 13/0
Front garden 5/0 2/0 3/0 2/0 2/0 0/0 14/0
Garden 38/0 15/0 25/1 37/0 20/0 0/0 135/1
Road margin 1/0 2/0 1/0 0/0 1/0 0/0 5/0
Total 54/1 34/3 46/4 60/3 34/4 4/2

“number of sunflower cultivar populations surveyed; "number of sunflower cultivar populations with detected infection; in

bold — presence of infection

of the systemic disease symptoms and pathogen
reproduction was confirmed at four localities,
i.e. Olomouc-Holice, Brno-Chrlice, Lednice and
Podivin. In the experimental field of the Central
Institute for Supervising and Testing in Agriculture
in Brno-Chrlice the absence of P. halstedii was
recorded in 2009 and 2012, likely due to a shift
of experimental fields used for sunflower testing
and thus leaving the source of the pathogen in-
oculum in soil. It is evident that most records (i.e.
five) of sunflower downy mildew come from the
experimental fields (Olomouc-Holice, Brno-Chr-
lice, Lednice, Kromériz, Caslav) with purposedly

grown susceptible cultivars where the resistance of
newly selected sunflower varieties is tested on soil
with the long-lasting contamination of pathogen
oospores. Only two localities, a garden in Ledce
and small fields with heavy and waterlogged soil
in Podivin, can be supposed to be a natural occur-
rence of P. halstedii. Probably the main reason for
these records is sunflower growing inconsistently
with the recommended agronomical practice. In
a six-year summary, the frequency of P. halstedii
incidence was the highest in experimental fields
(87%) and very low in commercial fields (4%) and
in private gardens (1%).

Figure 2. Symptoms of sunflower downy mildew include primary infections with A — plant dwarfing upon systemic
infection, B — damping off young plants, C — failure of flowering, D — chlorosis on the adaxial side, and E — sporulation
on the abaxial side of a leaf; or secondary infections characterised by F — local lesions on leaves bounded by veins
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Disease severity expressed as degree of infec-
tion (DI) assessed in populations of sunflower
cultivars on sites with the presence of P. halstedii
ranged from 1 to 3 (on a 0—4 scale). Sunflower
fields in Caslav, Kroméiiz, and Ledce were in-
fected weakly (DI = 1), the other populations of
sunflower cultivars were mostly infected mod-
erately: in Podivin (DI = 2 in 2009 and 2011, or
3in 2010), Lednice (DI = 1 in 2011 and 2012, or
3 in 2010), Brno-Chrlice (DI = 0 in 2009, 1 in
2008, or 2in 2010-11), and Olomouc-Holice (DI =
1in 2010 and 2012, 2 in 2007-2008 and 2011,
or 3 in 2009) (for details see Table 1). Changes
in the degree of infection may be attributed to
variation of microclimate conditions, the level
of soil contamination with pathogen oospores
and genotypes of host plants. However, the va-
riety composition of sunflower fields remained
unknown in most of the localities. The observed
symptoms of downy mildew primary infection
included plant dwarfism (Figure 2A), seedling
damping off (Figure 2B), retarded flowering (Fig-
ure 2C), deformations of the leaf blade combined
with chlorotic lesions along veins on the adaxial
side (Figure 2D) and frequent sporulation on the
abaxial (downy) side of leaves (Figure 2E). Lesions
on leaves bounded by veins (Figure 2F) indicated
secondary infection. Altogether, 57 field samples
of the pathogen sporulating on host plant leaves
and/or stems were collected in 2007-2012 and
will be used for detection of pathogen races.

DISCUSSION

According to data published by EPPO the downy
mildew caused by P. halstedii has recently been
present in the following European countries: Al-
bania, Austria, Bulgaria, Czech Republic, Estonia,
France, Germany, Greece (reported by THANAS-
SOULOPOULOS & MAPPAs 1992), Hungary, Italy,
Moldova, Romania, Slovakia, Spain, Switzerland,
Turkey, Russia, and Ukraine. Within North Amer-
ica it is distributed in Canada, United States of
America, and within South America in Argentina,
Brazil, Chile, Dominican Republic, Paraguay, and
Uruguay. Within Asia the pathogen was detected
in China, Georgia, India, Iran, Iraq, Israel, Japan,
Kazakhstan, and Pakistan. In the African continent
P. halstedii was reported from Egypt, Ethiopia,
Morocco, Kenya, and South Africa (reported by
VILJOEN et al. 1997), Uganda, and Zimbabwe.
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It is evident that the global pathogenic variability
of P. halstedii has been increasing (GuLya 2007).
New hybrid cultivars evoke selection pressure
which results in the emergence of new physiologi-
cal races (e.g. in France, Germany, and Italy) with
different virulence patterns (SAKR 2009; VIRANYI
& SPRING 2011). Phytosanitary practices are un-
dertaken to prevent or at least reduce their spread
to other countries. However, continuous and sys-
tematic monitoring of the pathogen occurrence
is necessary to take appropriate preventive steps.

Our recent study has brought the first compre-
hensive data on P. halstedii incidence in the Czech
Republic. It was confirmed to occur only at separate
locations and mostly in sunflower experimental
fields, like those of the Central Institute for Super-
vising and Testing in Agriculture (Brno-Chrlice,
Caslav, Lednice), Agricultural Research Institute
in Kromériz (Kromériz) and Palacky University in
Olomouc (Olomouc-Holice). Soils in these locations
might be proposedly infested in the past or accidental
incidence of P. halstedii was maintained to test new
sunflower cultivars for resistance against P, halstedii
and other diseases. Unfortunately, the source of soil
contamination remains unknown. Any incidence of
P, halstedii was detected in commercial fields unless
recommended agronomical practice was omitted
(i.e. in Podivin where sunflower is grown yearly on
heavy and water-soaked soil). The occurrence of
primary infections in commercial or hobby fields
probably comes from infected sunflower seed that
established P, halstedii in the locality some time ago.
Repeated planting of seed susceptible to P. halstedii
or inefficient fungicides might contribute to disease
incidence. Wind-borne infections are not probable
as P, halstedii is still confined to solitary and remote
localities in the CR. Monitoring of harmful organisms
by State Phytosanitary Administration (SPA) of the
Czech Republic detected several localities mostly in
South Moravia and East Bohemia (State Phytosanitary
Administration 2012). Unfortunately, the records of
sunflower downy mildew by SPA do not contain any
information on the cultivar composition. We faced
a similar task during our research and only limited
information on cultivar sets was determined dur-
ing the survey. Nevertheless, P. halstedii recorded
in experimental fields of the Central Institute for
Supervising and Testing in Agriculture revealed
H. annuus cultivars lacking genes of downy mildew
resistance (Labud, Oxana, Pilar and PR63A82) and
cv. NK Brio bearing resistance to P. halstedii races
100, 703, 710 (ANoNYMOUS 2005, 2011).



Plant Protect. Sci.

Vol. 49, 2013, No. 1: 1-10

The most frequent incidence of P. halstedii found
in South Moravia in our survey is in agreement with
historical records of BOJNANSKY (1956, 1957). It is
evident from SPA annual reports that P. halstedii
occurs scarcely also at a few more localities in the
Czech Republic probably not included herein. Ac-
cording to our knowledge and presented results it
can be assumed that preventative measures against
sunflower downy mildew are effective in case that
the pathogen occurrence has not been found on an
epidemic scale in the Czech Republic. The detailed
research focused on pathogenic variability in Czech
populations of P. halstedii is in progress.
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Pathogenic variability of Plasmopara halstedii infecting
sunflower in the Czech Republic
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Plasmapara balstedii was isolated from diseased sunflowers collected from eight locations in the Czech Republic from
2007 1o 2014, Races of the pathogen were determined based on 84 isolates collected during the study. In wotal, eight
races of P. balstedii were detected using a set of nine sunflower differential lines. Races 700, 704, 705, 710, 714 and
715 were proven by soil drench inoculation, and rwo additional races (730 and 770) proposed by the previously
applied leaf disc inoculation method. Race 700 was the most dominant in the Czech P. halstedii populations, with race
710 being the second most frequent. Races 704 and 714 were found over three seasons, while other races were
recorded only in one growing season (race 730 in 2010, and the new races 705 and 715 in 2014). A comprehensive
study was further conducted for isolates collected in 2013-14 using an extended differential set consisting of 15 sun-
flower lines. According to the latter methodology which marks races with five-digit virulence codes, races 70080,
70471, 70571, 71060, 71461 and 71571 were recorded. The growing complexity of P. halstedii pathogenicity exhib-
ited by the ability to infect higher numbers of differential genotypes and resulting in determination of the new pathogen
races (virulence profiles) 70571, 71461 and 71571 is alarming. Although the limited number of isolates studied cannot
characterize the entire pathogen diversity in the Czech Republic, the trend towards more diverse virulence in P. halste-
dii populations is clearly demonstrated by the new records of races 704, 705, 714 and 715, all capable of overcoming
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Introduction

Plasmapara  halstedii, the causal agent of sunflower
downy mildew, significantly affects yields of sunflower
(Virdnyi & Spring, 2011). The community of comycete
molecular geneticists ranked P. balstedii as the 16th most
important comycete from both an economic and scien-
tific point of view (Kamoun et al, 2015). The pathogen
is distributed worldwide in sunflower-growing countries
(Gulya, 2007), with the exception of New Zealand and
Aunstralia where only other closely related species from
the genus Plasmopara have been recorded on wild spe-
cies from the Asteraceae family (Constantinescu & Thi-
nes, 2010; McTaggart et al., 2015). Plasmopara halstedii
is homothallic with a low level of heteroeygosity
[Sharma et al,, 2015), which goes hand in hand with
multiple generations of asexual reproduction and
inbreeding (Spring, 2000). Despite this, numerous races
differing in virulence exist within the species (Virdnyi &
Spring, 2011; Virdnyi et al., 2015).

The distribution and pathogenic variability in P. bal-
stedii has been studied intensively especially in North
America and Furope. It was not untl 1998 that a stan-
dardized set of differentials for virulence testing and a

“E-mail: ales.lebeda@upolcx

@ 2017 Brilish Seciely for Plant Pathclogy

uniform race nomenclature was available (Gulya ef al.,
1998; Trojanovd et al., 2017). Morcover, laboratories
worldwide may sll differ in their subjective assessment
of the phenotypic reaction of differential lines o P. hal-
stedii infection. The current consensus for defining sus-
ceptibility/resistance  is  based on  sporulation  on
cotyledons andfor on true leaves. This combined evalua-
tion {at two developmental stages of plants) has become
generally accepted in the leading Plasniopara laboratories
worldwide. Several molecular methods have been tested
as promising tools for differentiation of the pathogen’s
intraspecific variabilicy. Distincion of P. balstedii from
related Plasmopara spp. (Choi et al., 2009) as well as
differentiation of P. balstedii solates originating from
Rudbeckia (Rivera er al., 2016) has been successful. No
reliable molecular system is available for race identifica-
tion within P. halstedii populations on sunflower so far.
Certain P, halstedii pathotypes can be distinguished
using  polymorphism  analysis  and  KASP  markers
designed for CRMN or RXLR effector genes {Gascuel
et al., 2016), partial sequence analysis of the nuclear ITS
region (Spring et al., 2006) or RFLP (Borovkov &
McClean, 1993), Giresse ef al. (2007) revealed 12 EST-
derived markers displaying SNPs and insertion-deletion
variations among isolates that seemed to be promising.
Recently, sequencing and analysis of the P. balstedii gen-
ome provided information for future genomic studies
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{Sharma ef al, 2015). Despite these recent effors,
maolecular markers corresponding to the race virulence
patterns are not available to date (Virdnyi & Spring,
2011).

The biology of P. balstedii has been studied since the
1920s (Nishimura, 1922). Pathogenic variability was first
suggested in 1940 bur reported only since 1960 when it
was observed in the field (Novotel'nova, 1962). Untl
1981, only two pathogen races, i.c. European (race 1, tri-
plet coded virulence formula 100) and Red River Valley
race 2, 300), were recognized (Gulya er al, 1991a)
Carson (1981) reported race 3 {700) from Brant, North
Dakota; later Gulya & Urs (1985) detected race 4 (730}
in Minnesota, and Ljubich et al. (1988) described race §
(770) from greenhouse experiments in Fargo, MNorth
Dakota. Subsequently, new races with more complex vir-
ulence (¢ and 7, corresponding to 310 and 330, respec-
tively) were found in North  America,  Argentina,
Bulgaria, Hungary and France (Gulya er al, 1991a).
Distribution and pathogenic variability of P. balstedsi
has been continuously monitored in the major sunflower-
growing areas of America and Europe. In 2007 the glo-
bal number of P. balstedii races reached 36 (Gulya,
2007), 24 of which were reported in North America, 20
in Europe, 10 in Africa, and 5 races in both South Amer-
ica and Asia. In the following years, new races were
found in Europe; 721 and 731 that were discovered in
Hu|garia during 20078 (Shindrova, 2010), race 704 (Bdn
ef al., 2014b) and 714 (Bdan er al, 2014a) in Hungary
and race 774 in France (Gascuel ef al., 2015). Recently,
Virdnyi et al. (2015) revised the global status and
revealed dramatic changes in the P. balstedii population,
reporting 42 races worldwide, of which 36 were reported
in Morth and South America and 24 in Europe. Recently,
new races 705 and 715, originating from the Czech
Republic, have been identified (Sedldrovd et al, 2016).
Thus, over the last 40 years of intensive international
monitoring, the namber of P balstedii physiological
races has increased to ar least 44,

In Europe the most comprehensive research concerning
P. balstedii started in France in the 1950s (Gulya, 2007,
Virdnyi et al., 2015), the decade following the first Euro-
pean record of the pathogen occurrence in the area of
former Yugoslavia (Virdnyi & Spring, 2011}, Ower the
years, 17 races have been determined in French popula-
tions (Gascuel ef al., 2015). Pathogen variability has also
been intensively studied in Hungary (Bdn et al, 20042,
by, Spain (Molinero-Ruiz ef al,, 2002), Bulgaria (Shin-
drova, 2010), Germany (Rozynek & Spring, 2000), Italy
(Tosi & Beccari, 2007) and Russia (Ivebor & Antonova,
2006).

In the Czech chub]'ic (former (_'.?_:;:.chusluvakia],
P. balstedii was recorded first in the 1950s ({Bojiansky,
1956). Several records of sunflower downy mildew from
the last decade came from research plots or the State
Phytosanitary Administration, but information concern-
ing pathogen population structure has been lacking since
the start of monitoring of P. halstedii on cultivated sun-
flower in 2007 (Sedldfovd et al, 2013). Herein is

reported results of a comprehensive study conducted dur-
ing the last 8 vears and data is provided on race compo-
sition of P. balstedii populations at eight locations in the
Czech Republic,

Materials and methods

Origin of P. balstedii isolates

Isolates were obtained from infected sunflowers collected from
eight locations in the Czech Republic (Fig. 1) during annual col-
lecting expeditions in 2007-14. Locations represent three habi-
tats: experimental ficlds with pathogen oospores present in soil
{checked by laboratory growing of susceptible sunflowers in soil
samples) related to research institutes and universities (Brmo
Chrlice, Caslav, Kromériz, Lednice, Olomouc — Holice); com-
mercial and noncommercial fields (Podiving; and gardens with
omamental sunflowers (Ledee, Lednice Mendel University
(MU} Seven locations have been previously reported [Sedlarova
et al., 2013}, while the eighth locarion was discovered in 2013,
The sample from Lednice — MU was represented by a single sun-
flower plant with symptoms grown in an ornamental garden of
Mendel University in Lednice, South Moravia, abour 3 km away
from Lednice.

Tsolates were annually collected from field-grown sunflowers
showing symptoms of systemic imfection. Bulk isolates repre-
sented by derached infected leaves from single plants were col-
leeted from May to July and if possible, several bulk isolares
were collected from different planes at the same location {feld).
Fresh zoosporangia were used for inoculation of a universal sus-
ceptible sunflower cultivar (Helianthus annuus ‘Peredovik’ or H.
ansees *Giganteus') (Gulya et al, 1991b} and isolates obtained
by this procedure were used for race determination. Isolates
were stored ar —20 or —80 °C, as part of the working UPOC
collection (Trojanovd ef al., 2017}

Pathogen inoculation and multiplication

Isolates of P, balstedii were maintained and propagated on sus-
ceptible sunflower cultivars (Peredovik or Giganteus) in growth
chambers according ro Trojanovd er al, (2017) and inocularted
by the whole seedling immersion (WSI) method (Coben 8¢ Sack-
stom, 1973}, Fresh or fromen P. balstedii zoosporangia were
washed off into distlled water and the suspension was adjusted
o 2 concentration berween 1 = 107 and 5 = 10% mL ™", Three-
day-old dehulled sunflower seedlings germinated berween two
layers of moistened flter paper in a plastic bag ar 20 “C were
immersed into inoculum, incubared in the dark for 2-5 h ar 17—
19 °C, and then planted into moistened perlite. Inoculated
plants were grown in the growth chamber for 12-14 days in a
1212 h photoperiod, 17 *C {night/1% °C {day). Secedlings were
then ineubared ac 17-1% 2C, 100% relative humidity and dark
for 12-16 h to indwce sporulation. Fresh sporangia were used
for new inoculation processes, race dererminarion, or storage ar
=20 "C.,

Sunflower differential set

The differential sets of sunflowers for race derermination are
summarized in Table 1. During the study period (2007-14) two
testing methods were wsed. In 200711 the leaf disc inoculation
(LT} method was applied due to low amount of seed, bt was
later replaced by the more precise soil drench inoculation

Flant Pattology (2017
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Table 1 Virulence formulae of Ihe sunflower differential sel tor Plasmaogara halsfedii race determination™ of Crech isolates orignating from 2007 Lo

2014

Differential ling o0 7o0B0M o4 roamt rosTa® 700 10805 14 Taet® Tamd msmt Taps TR
01 GE (HA-304)" (Paredovik)® + +

-2  RHA-265 +

0-3 RHA-274 t t t t +

D4 PMI-3 (DM-2)°

b5 PMAT - - - - — - - - - -

O-& &031

07 HAR-4 - - - B - - - - - - -
D8 QHP-2 (QHP-1) (HAR-5° o

0-9  HA-33E . ¢ + '

O-10 Y70 i} o i} o a o
D11 PSCH a o + a o a 0
C-12 XA a o a o a 0
D-13  PS52RM i} [¥] + i} o a o
D14 WVAG a - o] = a - o - - = 1] 0
D-15 RHA-419 0 - o 0 o a 0

Reaction phenctype: +, virdent; —, avirulent; 9, nat lested

Modilied according lo Gulya ef al. (1938), Tourvieile de Labroune et al (2012} and Gascusl ef af (2015); for details on methadalogy ses Trojanavd

et al. (2017},

YFive-digit codes were used for isolates originating from 201314,
“FRace determined only by LDI method

ADsfterential line used with SDIin 2012

“Differertial line used with LN i 2007-11.

method (SDI), In the period 2007-11, the differential set
reported by Gulya e al. (1998) was used with substitution in D-
1 (differential ling 1) of HA-821 with Peredovik. The differential
set adapted from Tourvieille de Labrouhe er all (2000) with
HA-304 in D-1 position, PMI-3 in -4, and QHP1 in D-8 was
used during 2002, combined with SDI. Moreover, in 2012, the
isolates available from previous tesrs were re-evaluated. From
2013, the extended scr with 15 differentials, e, five-digit coding
system, was used in combination with SDI Based on the differ-
ential set of Tourvicille de Labrouhe ef al. {2012}, D-1 and D-§
were updated by GBE and QHPL, respectively. In cases of
ambiguous results on D=1, D=4 and 13-8, the tests were comple-
mented by differential lines from older differential sets.

Flant Pathology (2017)

Race determination

Races of P. balstedii isolates were determined according o a
semiquantitative evaluation of host-pathogen reaction repre-
sented by P. balstedin isolates and sunflower differential lines
{Trojanovid et al., 2017). Races were denomimated by cither a
three- (Tourvigille de Labrouhe ef af,, 20000 or a five-digit cod-
ing system | Tourvieille de Labrouhe ef al., 2012) and confirmed
by at least two individual repetitions with unambiguouws resules,
Two different methods of host-pathogen interaction evaluation
were used in this study, Detailed methodology for P balstedi
and evaluation of tests was recently reviewed by Trojanova

et al. (2017},
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Leaf disc inocrelation (LD)

The methaod according ro Sackston & Vimard (1988) was used
for isolates collected from 2007 to 2011, Although LT is not
recommended for virlence phenotype testing as it produces
false positive results (Spring er al, 1997), it was applied due to
low amounes of seed of sunflower differentials available for tese-
ing. Plants of H. annuus Peredovik' and nine differential lines
{Table 1) were grown in moistened perlire enriched with a stan-
dard MNPE fertilizer for 10-14 days in the greenhouse, until
cotyledons developed large enough to cut off discs of 12 mm in
diameter (using a cork borer). Leaf discs, 15 per line, were
immersed inte incculum, ie. suspension of fresh sporangia
(2w 10° mL™Y), incubared ar 16-1% °C in the dark for 3 h,
and finally laid abaxial side down to moistened flter paper.
Inoculated discs were cultivated in growth chambers with a 12/
12 h phoetoperied, 16 °C {nighti/18 °C (day) and 100% air
humidity, Pathogen sporulation intensity on every leaf disc was
momnitored using a semiquantitative 0 to 4 scale, 5-11 days after
inoculation, and total degree of infection (DI} was determined
for each differential and for virulence phenotype determined
(Oros & WViranyl, 1987; Trojanovd et al., 2017). The reaction of
a particular differential line was then determined as either resis-
rant or susceptible, based on the formula;

P =100 x {En = ) fix = N)

where P = the total degree of mfection, »n = the number of leaf
discs or seedlings in ecach assessed category, v = the degree of
infection (0-3 for seedlings or 04 for leaf discs), » = scale
range (3 for seedlings or 4 for leaf discs) and N = total number
of assessed plants or leaf discs {ie. usoally 15 leaf discs or 10
seedlings). For total DI on leaf discs lower than 25% (and a
sporulation intensity classed only in category 1), the differential
line was cassified as resistant. For DI higher than 50%, the dif-
fevential line was considered susceptible. For DI 25-50%, the
test was repeated. If an ambiguous reaction (DT = 25-60%)
oceurred repeatedly, the isolate was considered a mixture of
races (e isolate K11/08),

Soil drench moculation (SDI)

The method of Goossen & Sackston (1968) was used to iden-
tify races for isolates collected from 20012 to 2004, Sceds of
H. ammaus “Gigantews” and 9 {Tourvieille de Labrouhe er al.,
20001 or 15 (Towvieille de Labrouhe ef al, 20012) differential
lines (Table 1) were germinated for 2-3 days. At least 10
dehulled seedlings per line were planted into a tray with mose-
ened perlite, Each plant was inoculared with approx. 10 000
fresh zoosporangia in a droplet of inoculum of known concen-
tration (for details see Trojanovd et al,, 2017). Inoculated seed-
lings were cultivared in a growing chamber with a 1212 h
photoperiod, 19 °C {dagl17 2C {night), with the firse 12-16 h
following inoculation in the dark. The 12th to 14th day post-
inoculation, conditions of 100% relative humidity and dark
were combined for 12-16 h o induce sporularion. Toeal DT
was determined for each differential line according to a semi-
quantitative 0 to 3 scale {for details sec Trojanowva et al.,
2017y For DI lower than 30% (represented again only by
seedlings i category 1), the differential line was considered as
resistant to P. halstedii. For DI higher than 50%, the differen-
fal line was considered susceptible. In ambiguous reactions
[30-50%5), the fresh zoosporangia from a differential line of
indistinet virulence phenotype served as source of inoculum for
a new test. Resistance reaction was proven as described previ-
ously by Trojanovi et al. (2017).

Results

Eighty-four isolates of P. balstedii were tested, originat-
ing from eight locations in the Crech Republic collecred
during 2007-14 (Fig. 1). These were locations from the
region of Central Moravia (Kroméiiz, QOlomouc Hol-
ice), South Moravia (Brono — Chelice, Lednice, Lednice
Mendel University (MU}, Podivin) and East Bohemia
(Céslav, Ledee) (Table 2). From the locations in Cdslav,
Kroméfiz, Ledce and Lednice — MU, the pathogen was
isolated only once during the study, whilst samples were
obtained repeatedly from the other four locations
{Table 3).

Becanse two different methods of inoculation were
used (LD, SDI) and both three- and hve-digit P. balste-
dii race coding systems were applied (Table 1), only the
first three digits are mentioned in swmmarizing resules
le.g. race 71060 is equal to 710 bur nor vice versa, as
the reaction on differentials from the last two wiplets
might differ). Use of LDI (until 2011) and 5DI (after
2012) was distinguished. When possible, older isolates
with race determination by LDI were also re-evaluared
by SDL Because race 700 was determined consistently by
both methods (Table 4), the validity of the LDI test for
race 700 was considered. However, LD could provide
false positive results (Table 4), e.g. race 710 resulting
from ST in isolate P90, as well as in isolares H24/11
and H25/11 was previously determined as 730 and 770,
respectively (Table 4). Although the limits of LDI were
apparent, isolates of races 730 (B3A10) and 770 (P&/19,
B1/10, BSA0, B0 and L17/11) could not be retested.
Therefore, these results canmot be confirmed or dis-
proved.

In total, eight races were determined during the
study, but only six races (700, 704, 705, 710, 714 and
715} were confirmed by the SDI method. The most
abundant race in the Czech Republic was race 700,
detected in each location, except Lednice — MU, How-
ever, it is obvious that race 700, being frequent in
P. balstedii populations  during 200711, has  been
replaced in part by more virulent races. The second
most abundant race found in this study was 710,
detected since 2010 in pathogen populations at loca-
tions with a continuous presence of P. halstedii, esp.
Olomoue — Holice and Podivin (Table 3). The presence
of other races was transient and random. At five loca-
tions, two or more pathogen races were detected over
the period 2007-14. The highest pathogenic variability
of P balstedii was found in Podiving except for race
730, all other seven races present in the Czech Republic
were detected there (Table 3).

Discussion

This is the first comprehensive study of P. balstedi
pathogenic variability in the Czech Republic. However,
methods of virulence testing in P, balstedii underwent
substantial changes during this time (Trojanovd ef al.,
2017). r’l]thuugh LD 15 fase, requires low amounts of
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Table 2 Plasmoparg halsiedi solates collsctad in the Czech Republic
during 2007-14 with vindence formulas (WF) and methods used for
raoe dalermenalion

fear of Inoculation
collecion  Locality lsclale  method® VF
2007 Comous — Holce  H10OT LE To0
H207 LC 70
2008 Brno - Chalice Ba/0a Lo k]
Ba/O8 LDl o0
Bsne LO Too
BED8 LC Too
Kromeésiz Kite  LDI o0
Ki1/0e L o
Kizme Lo o0
Olomouc - Holica H1a8 LDl 700
H208 LD 70
2009 Céslay crioa LDl 700
CAiE LD o0
Ledce Ladag LD s}
Padin e fies] LD, 500 oo
P LC Too
Pata LC o0
Py L ]
PR LCW o0
P LO T
2010 Brro - Cheice B0 LD Tra
B210 L T
B30 LO T30
BaM0 LD o0
B&AG LD 770
BEMD LC T
Lednics L1210 LD Fioa
L1300 L oo
L1410 LO T
Padivin FFMa LC Toa
PEMO LO 700
Pafn LD S0 {73), 710
P00 LCW T
F11110 LCi Jo0
2011 Brro — Cheice B2M11 L0 o0
B3 Lo T
B411 LD o0
B5M1 LD o0
BEA1 LD i
BaM1 LD, 501 oo
BICF11 LD Joo
Lednice Li6M1 Lo o0
L1711 LCW T
L1811 LC 700
L1811 L0 o0
Olomous - Hedca  (H22M1 LDI T00
H2311 LO. S0 o0
H24/11 LD, S0 (7707, 710
H28M1 LD, S0 (FTOF), 710
Padiin P11 L0, 500 T4
P12 LD, S0 {7047, 714
P45/1  LDI, S0 T
amz Lednice Liof2 S TO4
Olomeus — Holiea HiM2 S Tid
Han2 j=1n]] Tia
HaM2 =] o
(continued)
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Table 2 (contnued)

Year of Inoeulaticn
oollection  Locality |salate maethod” W
Ha4M12 301 o
H5M12 501 o
H7M2 =] o
HeA2 S0 [ [¥]
2013 Brna - Chrlice Ba/13 501 1080
BO/13 501 Tioed
B13M13 S00 F10E0
Ladinice L1113 501 04T
L33 501 T4
L4f13 501 k]
LEM3 s01 0471
Ladnice — MU M7M3 501 71481
Olomouc - Holice  H1513 501 T10ed
Hi16M13 S0 F10E0
Hi1TH3 s01 F10E0
H1813 500 Ti0ed
H19M13 501 Ti0ed
2014 Dlemeus - Hollce H12/14 s00 A0E0
H1314 500 1080
HigM4 500 Tioed
Hi1&14 s01 FO0E0
H18M14 501 T00E0
H20M4 501 71080
Podivin P2id 501 0571
FE14 S01 151
P4 501 1080
o4 SO0 71571
P14 s01 48

“LDI, leaf disc immersion; SDI, soil drench inoculation.

Birulence formula has been tested repeatedy with ambiguoss resulls,
i@ Ihe Bolale appears 10 meprasant a middure ol r&oes 700 and 770
"Race determined ooty by LD method.

Lednics - MU (Mendel Liniversity] is ¢ 3 km fram Lednice

plant material, and is well suited for pathogen muldpli-
cation (Spring ef al., 1998) or metalaxyl resistance test-
ing (Rogynek & Spring, 2001), it is not ideal for
P. halstedii variability testing. The hypocotyl of the plant
is excluded in this method; however, as this is where the
putative hypersensitive reaction takes place during an
incompatible reaction (Radwan ef al., 2005), P, kalstedii
can still produce spores even during an incompatible
interaction with a resistant host (Spring ef al,, 1997),
Because of this non-standard interaction, there can be
differential line misinterpretations as false susceptible.
Differential lines D6 (803-1) and D9 (HA-335) (Spring
et al., 1997) can be especially problematic. Initially the
laboratory did not possess sufficient material of sun-
flower differentials, thus the LDI method was used in
2007-11. The anthors were aware that the use of differ-
ent methods may have influenced the results in the first
years of the survey. Thus the following conclusions are
based primarily an the SDI method, and isolates with the
virulence codes 730 and 770 resulting only from LDI
testing are provided with a note. During the first 5 years
of P. halstedii monitoring and pathogenicity testing,
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Table 3 Geographical distribubion of Plasmopara halstedd races in the Czech Repubse during 2007-14

Lacation 2007 2008 2008 2010 2011 22 23 2014 Mo, ol races
Brie - Chrlice TO0 TO0, 7I, TT0T FO0, T4 70 5
Céslav 700 i
Kramériz 700, Trot 2
Ledoe 700 1
Lednice OO TOO, 7F0° T4 04, TOO 3
Lednice — MUP 714 1
Olomouc — Hollee 700 Tod F00, 710 o Mo ron, 710 2
Bodivin TO0, TIOY 70O, 70 04, 714 068, 710, 714, 716 T

"Race determened by LDI method
PLadnice — MU (Mendel University) is ¢, 3 km from Lednioe,

Table 4 Comparnison of Plsmopare halstead race determination using
techaiques of leal disk mmersion (LD and soil drench inoculalion
{501}

Technigue
Isalate Lo 501
F1/09 00 a0
B8 0 Ton
HZ311 00 T
P15/11 704 704
FOM0 730 o
H24/11 m 710
H2511 Eii) 0
P11 T4 714
P12 T4 714

races 700, 704, 730 and 770 were detected. However,
races 730 and 770 were never later proved by the 5DI
method in the given isolates and therefore the validity of
these results remains speculative. On the other hand, the
presence of races 700 and 704 were proven by the 5DI
method, confirming the presence of these races in the
Czech Republic. Moreover, further testing revealed that
both LDI and SDI give the same result for race 700.
Thus, the presence of race 700 in the Czech Republic
during 200711 is confirmed. The most diverse P. balste-
dii population, i.e. the highest number of races, was
found at the seminatural (noncommercial crop, small
field such as hobby garden) location in Podivin. A suit-
able environment in this habitat over many vears fos-
tered repeated cycles of the pathogen, resulting in the
occurrence of new races 705 and 715 (Sedldfovd er al.,
2016). 1t cannot be excloded that the mixed colture habi-
tats facilitated evolution of the new races through expo-
sure of different sunflower lines to the pathogen,
compared to the monoculture crop habitats with a rather
unidirectional selection pressure {Virdnyi et al., 2015).
Even under standard conditions {precise SDI method
for moculation, new and extended sunflower differential
set, cultivation of single zoospore isolates avoiding pres-
ence of various races in bulk isolates), P. balstedii race
testing varies berween researchers and remains partly
subjective {Trojanovd ef al., 2017). Furthermore, several

problemaric differential lines, even those replaced by
alternarive lines (Tourvieille de Labrouhe et al., 2000,
2012), still do not generate clear resultss (data not
shown). Problems were experienced here with D1 HA-
304 which, although generally susceptible, often did not
reach a DI of more than 50%, although the DI of the
control line (H. anmens *Giganteus') was 100%., A simi-
lar sitwation occurred with D4 PMI-3, although the older
D4 DM-2 line showed a clear susceptible reaction. On
the other hand, D8 QHP1 constantly produced a highly
susceptible phenotype (sporulation intensity 3 according
o semiguantitative scale for seedlings) in 1-3 plants out
of 10 even in a clearly incompatible interaction (segrega-
tion for specific virulence factors during increase of that
line might be the cause); the differential was later ranked
as resistant. These limitations were addressed by repeat-
ing tests with inoculum isolated from these problematic
lines and comparing the results with older differential
lines bearing the same genetic background. This seemed
to be resolved in the case of D1 (GB) and D& (QHP2),
which resulted in a clear reaction. In contrast, a substi-
tute genotype should be considered for D4 PMI-3.

The pathogenic variability of the P. balstedii popula-
tion has significantly increased since thel970s (Zimmer,
1974). In the Czech Republic only two races were reli-
ably detected until 2010 {considering the fact that SDI
uncovered the tested 730 and 770 to be 710). The most
remarkable shift occurred in 2011 with detection of 704
and 714, and in 2012 with 710 becoming prevalent,
while at least six races were present in 2014, However,
the total number of detected races might have increased
due o the discovery of new locations where P. halstedii
is present (sunflowers as host plants are not grown on a
location every year) and application of more precise
determination by SDI since 2012, In the last vears of the
survey, four races, 70471, 71461, 70571 and 71571,
were  detected  with high virulence cump]:x'it}r which
overcome Ply and even Plis genes. Beside these results,
new ocenrrences of races 704 and 714 have been
reported from Hungary (Ban et al., 2014a,b) as well as a
recent prevalence of race 714 in France (Virdnyi ef al.,
2015).

The cccurrence of P. balstedii and changes in its popu-
lation up to 2007 seems to be minimal in Argentina,
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Russia and Spain (Virdnyi et al., 2015). However, it is
unclear if lack of new races of P, balstedii in those coun-
tries is due to low dynamics in P. halstedi populations
or less intensive monitoring. In the present study, P. bal-
stedii screening started in 2007 and regretrably there is
no data from the period prior to 2007 to compare,
although the occurrence of P, balstedii in the Czech
Republic has been known since the 1950s (Bojnansky,
1956). However, changes in P balstedii  virolence
dynamics in the Crech Republic are more apparent even
in this relatively short time period.

The high pathogenic variability in P. balstedii is
known in many countries where various races have been
recogmized, e 17 races in France (Gascuel et al., 2015),
24 in Canada and 23 in the USA (Virdnyi ef al., 20035),
and from these, usually one or several races are predomi-
nant {Gulya, 2007). In the Czech Republic, races 700
and 710 can be considered the most dominant, Race 700
has been constantly present in the population since 2007
and race 710, which first appeared in the Crech Republic
in 2011, may actually have been presemt as early as
2008, considering that SDI revealed 730 and 770 tested
by LDI tor be 710, This is consistent with previous stud-
ies indicaring that race 700 is the most frequent and
prevalent race in Europe and is present in at least 10
European countries (Viednyi et al., 20135). Race 700 was
also predominant in Hungary, Bulgaria and laly (Gulya,
2007). In Germany, races 710 and 730 were the most
frequent (Rozynek 8 Spring, 2000). In France races 700
and 703, together with 710, widespread in 1990s, pre-
vailed in the past t(julya, 2007}, while in 2004, race 714
was dominant (Virdnyi er al,, 20135).

The phenomenon of increasing complexity of virulence
formulae has been recorded in P. balstedii populations.
For example, Rashid {1993) recorded thar races 100 and
300, previously dominant in the Canadian P. halstedii
population, were replaced by races 700 and 730 since
1988, A similar trend was also found in the present
stucy. The resules demonstrate that race 700, dominant
until 2011, then became replaced by races with more
complex virulence formulae (eg. race 710) in the Czech
Republic during 2007-14. It does not imply thar race
700 disappeared from the population, but most probably
it is still present in the bulk isolates, mixed with other
more virulent races. It can be assumed that single spo-
rangium or zoospore lines can be identified as different,
either less or more virnlent races than the original bulk
isolate (Molinero-Ruiz er al., 1998, 2002), The idea that
single zoospore isolates can lead to more precise race
determinations, especially in instances where multiple
races are present in a field, was proven in this study.
However, the method is higl‘l]y fme-consuming with a
recovery ratio of about 2% (data not shown) and thus
may not be convenient for routine tests.

The emergence of new P. balstedii races can be
explained by several hypotheses, Intensive cultivation of
sunflower, introduction of new sunflower cultivars bear-
ing novel resistance genes (PI) andfor selection pressure
caused by the wide deployment of several resistance

Plant Pathology (2017}

genes together should forestall the evolution of new races
and may force the pathogen o adapr o new conditions
(Virdnyi & Spring, 2011; Virdnyi er al, 2015). Resis-
tance gene Pl (from HA-335) used in several sunflower
hybrids was first overcome by race 304 in France in
2000 and since 2009 outbreaks of sunflower downy mil-
dew in fields with Pl resistant hybrids has been reporred
from the USA (Virdnyi ef al., 2015} The key process in
generating  variability within P, balstedii  populations
probably represents outcrossing and selfing events (Gas-
cuel er al,, 2015). For example, recombination between
isolates with pathotype profiles 703 and 704 probably
led to emergence of race 707 in France (Delmotte et al.,
2008), Asexual genetic recombination between P, balste-
dii isolates (Spring & Zipper, 2006) in combination with
mutation in clonal lineages (Delmotte et al., 2008} can
lead to emergence of new pathotypes. Future studies of
P. balstedii will hopefully bring reliable molecular mark-
ers for identifying individual races so that the isolates
can be distinguished from each other without time-con-
suming cultivation and testing. The first molecular tool,
almaost successful in this task, was presented by Gascuel
et al. (2016) who succeeded in discriminaring some (but
not all) multi-isolate clusters belonging to the same phys-
iologic race using 22 KASP (competitive allele specific
PCR) markers designed on polymorphic effector genes
involved in the host-pathogen recognition. Hopefully,
even more specific molecular markers will be designed in
the future to facilitate fast routine race determination.,

This study brings the first insight into pathogenic vari-
ability of P. halstedii in the Ceech Republic over the last
decade. The authors are aware that a limited number of
collected isolates and identified races cannot reflect the
entire dynamics in pathogen populations. However, at
least six different races (proved by the SDI method)
found during the cight-year study, as well as the occur-
rence of new highly virulent races, represents valuable
data for sunflower growers. In the Czech Republic sun-
flower is grown rather extensively, and rarely-found
downy mildew does not represent a great danger to local
production. However, emergence of new races, even if
occurring in scattered locations, can represent a great
danger to local production. New races with a high com-
plexity of virulence can become a major threat to mono-
cultures once they have contact with a susceptible crop.
Thus even small pathogen populations can contribute to
the common European P. balstedii genetic pool. The
informartion that races of sunflower downy mildew with
more complex virulence (705 and 715) exist in the Crech
sunflower fields should be of concern.
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Abstract

SEDLAROVA M., PospicHALOVA R., DRABKOVA TROJANOVA Z., BARTUSEK T., SLOBODIANOVA L., LEBEDA A.
(2016): First report of Plasmopara halstedii new races 705 and 715 on sunflower from the Czech Republic
— short communication. Plant Protect. Sci., 52: 182—187.

Downy mildew caused by Plasmopara halstedii significantly reduces annual yields of sunflower. At least 42 races of
P. halstedii have been identified around the world. For the first time to our knowledge, races 705 and 715 of P. halstedii
have been isolated, originating from sunflower plants collected at a single site (Podivin, South-East Moravia) in the
Czech Republic at the beginning of June 2014. This enlarges the global number of the so far identified and reported
races of P. halstedii to 44. The increasing complexity of P. halstedii pathogenicity led to race identification newly by a
five-digit code. According to this new nomenclature, the two races of P. halstedii recorded in the Czech Republic are

characterised by virulence profiles 705 71 and 715 71.

Keywords: Helianthus annuus L.; resistance; sunflower downy mildew; virulence formula

Biotrophic parasite Plasmopara halstedii (Farl.) Berl.
et de Toni (1888), ranked in the kingdom Chromista,
class Oomycetes, family Peronosporaceae, causes
downy mildew of sunflower. The mechanisms of plant
infection and pathogen reproduction were first studied
already a century ago (NISHIMURA 1922). Systemi-
cally infected sunflowers do not produce well ripened
achenes which causes high economic losses to the
farmers. Moreover, oospores of P. halstedii can con-
taminate soil for several years. Thus sunflower downy
mildew has been in the list of quarantine diseases in
Europe since 1992, and in the Czech Republic ten
years later (SPURNY 2005). Global distribution of the
pathogen has been reported, with the exception of
Australia and New Zealand (Gurya 2007).

Sunflower downy mildew control relies mostly
on resistant hybrids and fungicide-treated seed.
Currently, ca. 20 downy mildew resistance genes

(Pl,-Pl,,, Pl,, and Pl,,-) have been characterised

from cultivated and wild species of sunflowers (GAs-
CUEL et al. 2015; Q1 et al. 2015). Their utilisation in
resistance breeding accelerates microevolution of
the oomycete as new races with complex virulence
formulas emerge. The existence of P. halstedii races
was confirmed in the 1970s when a new race was
detected in the USA which was able to overcome
sunflower resistance gene P/, which ensured resist-
ance to the European race (ZIMMER 1974). Changes
in virulence of P. halstedii in 1980s led to the intro-
duction of a new nomenclature system based on the
reaction of nine sunflower differential lines bearing
various Pl resistance genes and race identification by
a triplet code (SACKSTON et al. 1990; GULYA et al.
1991; GuLya 1995). Differential lines were produced
by USDA (United States Department of Agricul-
ture, USA), INRA (Institut National de la Recherche
Agronomique, France), and IFVC (Institute of Field
and Vegetable Crops, Novi Sad, Serbia). Until 2007,
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18 races had been reported from Europe (VIRANYI et
al. 2015) and 20 races from America (GuLyA 2007).
Over the past 7 years this number increased to a total
of 24 races in Europe and 36 in America. The history
of the research of P. halstedii pathogenic variability
has been precisely reviewed by VIRANYI et al. (2015).
Permanent changes in pathogen virulence have been
reflected by modifications in the sunflower differential
set (TOURVIEILLE DE LABROUHE et al. 2000, 2012). The
tentatively adopted set consists of fifteen sunflower
differential lines gathered in five triplets and P. halstedii
races are designated by a five-digit code (GASCUEL
et al. 2015). Despite a long lasting discussion the six
additional lines proposed by French researchers have
yet to be internationally endorsed, hopefully during
the upcoming International Sunflower Association
meeting in Turkey (2016).

In the Czech Republic (formerly Czechoslovakia)
the first records of sunflower downy mildew date to
1950s (BOJNANSKY 1956, 1957). However, a detailed
study of the occurrence and pathogenic variability of
P. halstedii was initiated at our department in 2007.
During annual surveys we collected and gradually
identified six races, i.e. 700, 704, 710, 714, 730, and
770 (SEDLAROVA et al. 2013; TROJANOVA et al. 2013).

This paper brings information on the occurrence
of two new races of P. halstedii, 705 and 715, isolated
for the first time ever from infected sunflowers in the
south-eastern part of the Czech Republic.

MATERIAL AND METHODS

Disease symptoms, specimen collection, and
isolate maintenance. In June 2014, during our an-
nual field expedition to the south-east of the Czech
Republic, sunflower plants with symptoms of primary
infection by Plasmopara halstedii were recorded in
one wet field near the town of Podivin, South Moravia.
Plants at the stage of ca. 4 true leaves were heavily
infected with pronounced sporulation of P. halstedii.
The plants were pulled out, put separately on mois-
ture filter paper in plastic boxes, and transferred to
our lab. Eleven bulk isolates (one per plant) were
obtained by washing zoosporangia off the leaves with
distilled water and subjected to sub-cultivation on
susceptible sunflower line, Helianthus annuus cv.
Giganteus, lacking resistance genes to P. halstedii.
A short-time storage of P. halstedii sporangia on
host tissues was performed at —20°C, a long-time
storage, if needed prior to pathogenicity/fungicide

doi: 10.17221/7/2016-PPS

resistance tests, was held at —80°C. According to our
experience, vitality of sporangia decreases rapidly
after 2—3 months of storage at —20°C but isolates
can be safely maintained up to 6 months at —80°C.
Five isolates showed a novel pattern when tested on
a set of differential lines of sunflower.
Inoculation procedures for pathogen race identi-
fication. To determine the race of P. halstedii, isolate
seedlings were inoculated according to the soil drench-
ing method (GOOSEN & SACKSTON 1968) using a set of
15 differential lines of sunflower (GASCUEL et al. 2015).
An overview of the differential set together with the
present resistance genes is given in Table 1. Sunflower
seeds originating from INRA, France (lines GB, QHP2,
Y7Q, PSC8, XA, PSS2RM, VAQ, RHA419) and from
dr. T. Gulya, USDA ARS (lines RHA-265, RHA-274,
PMI-3, PM-17, 803-1, HAR-4, Ha-335) were increased
by self-pollination in summer 2014 and derived seeds
were used for pathotests. Seeds were disinfected by
immersion in 0.7% sodium hypochlorite (15% solution
of Savo ; Bochemie, Bohumin, Czech Republic) for
10 min, rinsed thoroughly by tap water, and placed on
moisture filter paper in Petri dishes at room tempera-
ture and darkness for 2—4 days to germinate. Seedlings
of sunflower differential lines (20 per line) with an
optimal radicle length (1-2 cm), well-developed root
hairs, and free from contaminating microorganisms
were selected and planted into a tray with perlite in
lines. P. halstedii isolates, multiplied on seedlings of
a susceptible sunflower cv. Giganteus, either fresh or
stored frozen on host leaves, were used as a source of
inoculum. Zoosporangia were washed off leaves in
distilled water and the density of suspension checked
using Biirker counting chamber and light microscopy.
An appropriate amount of fresh inoculum was pipet-
ted directly to each plantlet to reach the number of ca.
10 000 zoosporangia. Seedlings were covered with a thin
layer of perlite and cultivated for the first 12—-16 h at
17°C in darkness. Subsequent plant growth proceeded
at21/17°C, 12/12 h (day/night). Whole cultivation was
done in wet perlite to ensure optimal conditions for
pathogen development. Two-week-old plants were
sprayed with distilled water and trays were closed in
dark foil for 24 h to stimulate sporulation in humid
environment. Semi-quantitative assessment of the
disease intensity followed the next day according to
standard methods (OrRoOs & VIRANYI 1987). A week later
the whole procedure of water-spraying and evaluation
was repeated to observe any late-developing systemic
infection. For higher confidence, testing of each isolate
was conducted two to three times.
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Table 1. Sunflower differential lines with corresponding resistance genes (modified according to that proposed by

GASCUEL et al. 2015) and virulence phenotype of new races 705 71 and 715 71 (+ = virulent; — = avirulent)
Set Virulence Sunflower Known P/ Race/virulence profile
. ) Number :
of differentials value line (R genes) 705 71 715 71
D1 1 Ha-304 -
1 D2 2 RHA-265 Pl,
D3 4 RHA-274 PL,/PL,,
D4 1 PMI-3 Bl
2 D5 2 PM-17 PI5
D6 4 803-1 PIS +
D7 1 HA-R4 Pl P2
3 D8 2 QHP-2 ? - -
D9 4 Ha-335 PI,
D10 1 Y7Q Pl -
4 D11 2 PSC8 P,
D12 4 XA Pl,
D13 1 PSS2RM PL/PL,,
5 D14 2 VAQ PI, - _
D15 RHA-419 Pl = =

1GASCUEL et al. (2014); 2L1v et al. (2012)

Degree of infection and race determination. In
sunflowers two types of resistance to downy mildew
conferred by P/ genes have been recognised: type I
resistance characterised by the absence of symptoms
on shoots and the absence of the pathogen above
the base of hypocotyls, and type II resistance char-
acterised by weak sporulation symptoms restricted
to cotyledons, and the absence of symptoms in the
upper parts of plant with the pathogen never reach-
ing true leaves (MOUZEYAR et al. 1994). For each
plant infection degree was evaluated as the area of
cotyledons/leaves covered with zoosporangiophores
using the scale ranging from 0 to 3 (OROS & VIRANYI
1987) where 0 = no sporulation, 1 = sparse sporula-
tion, 2 = less than 50% of cotyledon/leaf area covered,
and 3 = more than 50% of cotyledon/leaf area covered
with zoosporangiophores. The total degree of infec-
tion (P) was calculated for each differential line and
expressed as a percentage of the maximum scores
according to equation:

_Xnxv
T xxN

x 100

where: P — total degree of infection; # — number of seedlings in
each infection degree; v — infection degree (0-3 for seedlings);
x — scale range = 3; N — total number of assessed seedlings

184

67

Subsequently the susceptibility/resistance of an
isolate was recognised (degree of infection > 50% —
susceptibility; < 10 — resistance; 10-50% — repetition
of the experiment) and corresponding race of each
isolate determined according to virulence phenotype
under the rules of the proposed five-digit coding
system (GASCUEL et al. 2015).

Fungicide test. A leaf disc immersion test (ROZYNEK
& SPRING 2001) was applied to assess susceptibil-
ity/resistance of all isolates to metalaxyl. In brief,
leaf discs 6 mm in diameter were cut off cotyle-
dons of susceptible H. annuus cv. Giganteus plant-
lets with a cork borer bathed in distilled water for
a short time and dried. Distilled water or 10 mg/I
solution of metalaxyl (N-(2,6-dimethylphenyl)-N-
(methoxyacetyl)-p-alanine methyl ester; FLUKA
Metalaxyl-M, Sigma-Aldrich spol. s.r.o., Prague,
Czech Republic) was pipetted into wells of Nunc
24-well multidish (Thermo Fisher Scientific, Prague,
Czech Republic). Sunflower cotyledon discs were
floated on the surface by adaxial side and the centre
of the upper side was inoculated by pipetting 10-15 ul
of suspension containing ca. 10.000 of P. halste-
dii zoosporagia (Figure 1; inoculum preparation
see above). The multi-well plate was covered and
placed at 18—-19°C in dark for 12 h, later in day/night
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Figure 1. Plasmopara halstedii infected plant in the field near Podivin with typical symptoms (see arrows) of chlorotic
spots and sporulation (A), zoosporangiophore (B), and zoosporangia releasing zoospores (C); sunflower leaf tissue
with downy mildew intercellular hyphae and haustoria — marked by arrows (D). Reaction phenotypes of sunflower
lines from the third triplet of differential set to infection by P. halstedii race 705 71 (E) and detail of sporulation on
cotyledons and first true leaves of line HAR-4 (F). Absence of sporulation in fungicide test (G). Bar in microphoto-
graphs corresponds to 50 um (Photos (A-B) and (D-G) by M. Sedlarova and (C) Z. Drabkova Trojanova)

12/12 hours. Presence of sporulation was thoroughly
checked using stereomicroscope two weeks post in-
oculation. The presence of intensive sporulation on
> 75% of inoculated control discs was the measure
of a successful test.

RESULTS AND DISCUSSION

Races of Plasmopara halstedii isolates collected in
June 2014 were specified according to a proposed
nomenclature based on the virulence profile of a given
isolate on 15 sunflower differential lines selected
according to their resistance/susceptibility patterns
(TOURVIEILLE DE LABROUHE et al. 2012; GASCUEL et
al. 2015). This differential set of sunflowers is speci-
fied in Table 1. The seedling inoculation pathotests
repeatedly proved the presence of race 705 71 in
three, and race 715 71 in two bulk isolates of P. hal-
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stedii originating from sunflower plants collected
at a locality near the town of Podivin, in the south-
eastern part of the Czech Republic (Figure 1). In this
waterlogged field, sunflower plants with symptoms
of P. halstedii primary infection had been repeatedly
recorded in previous years (SEDLAROVA et al. 2013).
New combinations of the infection phenotype of
sunflower differentials which were recorded during
recent testing are shown in Table 1.

Leaf disc immersion tests (ROZYNEK & SPRING
2001) revealed susceptibility of all the tested isolates
to metalaxyl, used for sunflower seed dressing. No
recorded fungicide resistance is a good message for
local farmers. On the other hand, they should keep
agronomic practices not to sustain the pathogen life
cycle and microevolution.

The survey of the P. halstedii research history has
been nicely reviewed thanks to the cooperation of
Prof. F. Viranyi from Hungary, Dr. T.]. Gulya from the
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USA, and Dr. D. Tourvieille de Labrouhe from France
(VIRANYI et al. 2015). The authors summarise that
until 2015 at least 42 races of P. halstedii have been
reported, out of which 24 races came from European
countries and 36 races from America. However, the
virulence pattern observed in our tests has not been
published yet. Several factors must be taken into ac-
count when comparing results published during the
last 40 years. The increasing knowledge of P. halstedii
intraspecific variability has been tightly linked with
cultivars/genotypes of host plants used for testing.
Gradual changes in the differential set of sunflower
lines make the comparison of different research
teams over the time rather difficult. Recently, several
modifications have been made in the third triplet,
e.g. at the position of D8 the USDA’s line HA-R5
(GuLrya et al. 1991) has been replaced by INRA’s
selection QHP-1 (TOURVIEILLE DE LABROUHE et
al. 2000, 2012) and newly by a further reselection
named QHP-2 (Pierre Desray, INRA, pers. comm.).
In our tests line QHP-1 in addition to QHP-2 was
used in the position of D8 and resulted in the same
reaction pattern (data not shown). Other issue to be
discussed is the insufficiency of information what
resistance genes are present in the individual differ-
ential lines. Unfortunately, data available for several
lines are confusing, e.g. L1U et al. (2012) mapped
Pl in sunflower line HA-R4 (used at the position
of D7) and PI,, in HA-R5 (D8) whereas French col-
leagues, especially GASCUEL et al. (2015), have re-
cently report genes P/, in HA-R4 (D7) and P/, /Pl
in QHP-1, a selection used instead of HA-R5 (D8).
Nevertheless, such situation is not unique in plant
pathology. Similar ambiguity occurs in race specific
interactions where a pathogen’s virulence pattern is
determined on a set of host lines. Resistance genes
and/or quantitative trait loci in sunflower differential
lines remain to be reliably characterised by genetic
methods in the future.

In the Czech Republic the occurrence of P. halstedii
is rather limited (SEDLAROVA et al. 2013) and the
incidence of the quarantine disease varies greatly
depending on the weather. Detailed research of these
isolated populations of P. halstedii is still in process
but races detected so far have been similar to those
reported from central European countries, especially
Hungary (compare within Table 1 in VIRANYI et al.
2015). Similar to Hungarian populations of . halste-
dii, the races 704 and 714 have recently been recorded
also in the Czech Republic (TROJANOVA et al. 2013;
BAN 2014a,b). To our knowledge, this paper is the
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first report of P. halstedii races 705 and 715 ever in
the Czech Republic, Europe, and also worldwide.
Outbreaks of P. halstedii races bearing new com-
binations of virulence overcoming resistance genes
utilised in sunflower breeding are warning. However,
further increasing complexity of P. halstedii virulence
is very probable as in populations of other downy
mildews infecting crops and vegetables which are
intensively grown in monocultures.
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5. DISCUSSION
5.1. Definition of P. halstedii taxonomic position and host range

Basic premise for study of any organism is definition of the species, in the case
of pathogens complemented by determination of their host range. In these terms, P. halstedii
is not clear-cut yet even though a great effort has been made for species concept and host
range definition which underwent long-standing development (Viranyi et Spring, 2011).
Before the advent of molecular phylogeny, morphological features observed by accessible
light or scanning electron microscopy are useful in preliminary discrimination of downy
mildews (Thines, 2007) but just morphometric concept of the species often leads to
description of a type later recognized as species complex (Thines et al., 2007; Voglmayr et
Constantinescu, 2008; Choi et al., 2011). Moreover, detailed morphometric studies revealed
variability of sporangiophores and sporangia to be influenced by their age, individual organs
of the host, and current environmental factors (Hall, 1996; Runge et al., 2012). Within
Peronosporomycetes dimorphism of sporangia, i.e. phenomenon known for some fungi, was
recorded in white rusts (family Albuginaceae). However, these differ from downy mildews
(Peronosporaceae) by mode of sporangiogenesis (Constantinescu et Thines, 2006). Some
morphometric features (fine structure of (conidio)sporangiophore ultimate branchlets,
ornamentation of sporangia) can be even used for phylogenetic studies (Thines, 2007) as the
best combined with a plethora of genetic markers such as LSU, COX 2, B-tubulin,
NADH 1 etc. (Gascuel et al., 2015). Applying morphometric together with molecular
phylogeny data during revision of Plasmopara complex parasitic on Geraniaceae led to
discovery of new species P. praetermissa and P. wilsonii (Voglmayr et al., 2006). Similarly,
the revision of Plasmopara records newly based on morphological and molecular
phylogenetic data led to reclassification of three species; i.e. Plasmopara parasitic on
Scorzonera ranked under Novotelnova scorzonerae, Plasmopara euphrasiae sp. nov.
segregated from P. densa, and P. centaureae-mollis relegated to synonymy of Bremia
centaureae (Voglmayr et Constantinescu, 2008). Nowadays, combination of morphometric,
molecular phylogeny and host range data seems to be the most precise way to define
a pathogen species (Thines, 2014; Constantinescu et Thines, 2010).

Like other biotrophic obligate parasites, P. halstedii has rather narrow host range
(Viranyi, 2008). The host range of P. halstedii has not been sufficiently cleared yet and both
sensu lato and sensu stricto species concepts have been presented in literature (EPPO data
sheets of quarantine pests; Novotel'nova, 1962, 1970; Leppik, 1966; Gascuel et al., 2015).
Though it has been described to occur on a number of Composites originally and it was also
found to attack a few wild Helianthus species besides sunflower, little attention has been
paid to alternate hosts as potential infection sources in the past. Former assumptions that
P. halstedii affects tens of genera seems to be misleading. The first “narrowing” of
P. halstedii host range resulted from cross-inoculation tests on a broad spectrum of potential
hosts with P. halstedii inoculum originating from cultivated sunflowers. In result only
a couple of Helianthus sp. (Viranyi et Spring, 2011) and wild Asteraceae hosts, Ambrosia
artemisiifolia, Artemisia vulgaris and Xanthium strumarium, were susceptible (Walcz et al.,
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2000). A. artemisiifolia and Iva xanthiifolia may be considered P. halstedii wild hosts
although only morphometric determination and bilateral cross-inoculation tests were
successfully executed (Walcz et al., 2000; Gulya, 2002). Latest records of the natural
occurrence of P. halstedii on wild asteraceous plant were on Abutilon theophrasti in Serbia
(Masirevic, 2005) and Rudbeckia fulgida in Virginia (Hong, 2006). Host range of
P. halstedii is therefore probably narrower than it has originally been assumed; up- to-date it
includes at least 6 species in 6 genera related to Helianthus spp. as discriminated by cross-
infectivity tests and morphologic determination of the pathogen (Viranyi, 2008). Recent
phylogenetic data indicate, that sensu stricto species concept with a narrow host range has
greater support (Viranyi et Spring, 2011). Revision of downy mildew samples on wild
Asteraceae conserved in herbaria originally described as P. halstedii as well as cross-
inoculation test with downy mildew isolates from non H. annuus hosts is a future challenge,
that could shed more light in P. halstedii host range confusing situation.

However, the concepts of pathogens” host range may be corrupted by host jumps,
increasing the success of a pathogen strategy (Runge et al., 2017; Choi et Thines, 2015;
Raffaele et al., 2010). For example, morphometry-, fatty acids- and ITS-based molecular
phylogenetic analyses clearly proved that X. strumarium can concurrently host P. halstedii
as well as closely related P. angustiterminalis, which can in turn survive on sunflower
(Komjati et al., 2007). Based on reports of Walcz et al. (2000) and Komjati et al. (2007),
there exists a possibility of encountering of P. halstedii from cultivated sunflower and
P. angustiterminalis on X. strumarium and thus a chance for gene-flow from one pathogen
species to another. Similar situation arose in Pseudoperonospora cubensis and
Pseudoperonospora humuli which both can infect cultivated Cucumis sativus and wild host
Bryonia dioica (Runge et Thines, 2012). In the downy mildews, an economically important
group of obligate biotrophic oomycete pathogens, the transmission of inoculum between
wild and culture pathosystem has been discussed for several pathogens and must be
considered. Wild hosts of P. halstedii can serve as inoculum reservoirs providing spread of
the pathogen, increase the chance for genetic exchange during hybridization (Komjati et al.,
2007) and may even selectively alter pathogen virulence (Walcz et al., 2000). Genetic and
physiological diversity of sunflower downy mildew hosts within its host range and selection
pressure induced by PI genes incorporated in cultivated crop along with wild hosts drive
evolution of pathogenic variability of P. halstedii. Its capacity to diverse, both in virulence
and resistance fungicides, is very high, giving a continuous challenge to involved scientists.

5.2. Adequate methodology - the basis for study of P. halstedii pathogenic variability

Since biotrophic pathogens cannot be cultivated on (semi-)artificial media their
study requires reliable methods of their isolation, multiplication, maintenance and storage
on tissues of their susceptible host as well as repeatable methods of pathogenic variability
and resistance screening. This requires pre-culture of host plants which makes maintenance
of biotrophs challenging, time and material consuming. Manuals for cultivation and storage
of some important downy mildews have been available, such as for Hyaloperonospora
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arabidopsidis parasitic on model plant Arabidopsis thaliana (McDowell et al., 2011),
Bremia lactucae (Lebeda et Petrzelova, 2010) and Pseudoperonospora cubensis (Lebeda et
Urban, 2010). Broadly accepted and reliable technique of pathogen maintenance
significantly facilitates the research, influences results quality and assists at results
comparison among laboratories all over the world. Information regarding sunflower downy
mildew handling, intraspecific variability tests and fungicide reaction screening appeared
when P. halstedii became a threat to sunflower production. These included methods for in
vitro inoculation of the host tissue (Sackston et Vimard, 1988), sporangia storage (Gulya et
al., 1993), pathogen multiplication (Gulya, 1996), single spore isolation and inoculation
(Spring et al., 1998), fungicide resistance screening (Rozynek et Spring, 2001) or detection
of P. halstedii oospores in soil (Gulya, 2004). In summary, previously published protocols
have not covered all aspects of P. halstedii maintenance and handling, both in field and
laboratory; moreover some of them were refuted over the time (Spring et al., 1997). So
primary effort of our work was to combine known and published methods with recent
experiences from both our research at the Dept. Botany and other cooperating laboratories
to consolidate a generally accepted methodology for reliable
P. halstedii handling (Trojanova et al., 2017). In summary, choosing suitable general
susceptible host with no resistance genes, optimizing growth conditions and avoiding cross
contamination by other pathogen isolates and/or P. halstedii virus are crucial features for
further work with representative pathogen material.

Knowledge on intraspecific pathogenic variability of a downy mildew describing
physiological races or virulence patterns is crucial for host crop resistance breeding.
Methods for pathogenic variability screening of economically important downy mildews are
available, such as routinely used ones for Bremia lactucae (Ettekoven et van Arend, 1999;
Lebeda et Petrzelova, 2010; Parra et al., 2016), Pseudoperonospora cubensis (Lebeda et
Widrlechner, 2003; Lebeda et Urban, 2010). Other methods are in the stage of development,
such as methodology for Plasmopara viticola (Gémez-Zeldon et al., 2013). All the methods
mentioned above are based on reaction pattern of differential set comprising several host
plants or combination of cultivars with diverse resistance genes and thus differential
reactions to the pathogen. Actual differential set mirrors current knowledge of the pathogen
host range and significant sources of resistance in host plants. For example, P. cubensis
known to attack at least 60 species from family Cucurbitaceae has 12 differential lines with
five different host genera, several species and cultivars of grown cucurbits (Lebeda et
Urban, 2010; Lebeda et Widrlechner, 2003). However, this differential set is used only for
pathotyping, not determination of races (Lebeda et al., 2013). On the contrary,
B. lactucae has broad host range on ca 200 species in Asteraceae (Thines et al., 2010)
however many isolates from wild hosts are not capable to infect cultivated lettuce and
therefore 11 formae speciales of B. lactuace were established (Skidmore et Ingram, 1985;
Lebeda et al., 2008). The most common wild host an source of inoculum of B. lactucae
invading cultivated lettuce is L. serriola (Beharav et al., 2006) which is also broadly used in
resistance breeding (Lebeda et al., 2002). Therefore differential set of B. lactucae consist of
differentials represented only by cultivars of L. sativa and L. serriola. Recently, 28 Dm
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genes and 23 R-factors, that provide resistance to specific isolates of B. lactucae, and 15
quantitative trait loci (QTLs) responsible for quantitative resistance have been known (Parra
et al., 2016). Since the host range of P. halstedii is not defined yet precisely, sunflower
downy mildew populations on close relatives are genetically distinct from those on
sunflower (Rivera et al., 2016) and because P. halstedii is significant esp. to cultivated
H. annuus, the differential set comprises only sunflower cultivars with diverse resistance
Pl genes (Gulya et al., 1991a; Tourvieille de Labrouhe et al., 2012).

Sunflower differential set has been under gradual development since 1990 (Sackston
et al., 1990).The first widely accepted system was based on nine differentials and race
coding by three digits (Gulya, 1995) with some later modifications (Tourvieille de Labrouhe
et al., 2000b). However, ambiguous reaction phenotype of some differential lines and
increasing pathogenic variability of P. halstedii over the past 40 years induced the need for
the differential set revision and extension up to recent 15 differentials and five-digit race
coding (Tourvieille de Labrouhe et al., 2012; Gascuel et al., 2015). Usage of nine lines of
sunflower differential set has been capable of detection of 44 P. halstedii races denominated
with triplet codes so far (Drabkova Trojanova et al., 2017). Higher number of differential
lines with different genetic background leads to more precise resolution of pathogen
physiological races. Our data show, that applying broaden differential set discriminates
isolates previously grouped in one physiological race (Drabkova Trojanova et al., 2017).
Therefore revision of P. halstedii physiological races determined by narrower differential
set is recommended for future studies.

Using differential set and semi-quantitative evaluation of disease intensity for
pathogen physiological races determination is always partly subjective and dependent of the
person who runs the tests. For example, Tourvieille de Labrouhe et al. (2012) proposed
evaluation of weak sporulation on cotyledons as resistant reaction. Method described in this
thesis (Trojanova et al., 2017) rates such type of sporulation by value 1 (limited sporulation,
sporadic sporangiophores present), and calculation of total degree of infection may also
result in evaluation of the differential line as resistant. This illustrates, that differential set
testing method has its limits and more precise methods are needed. Attempts for screening
of P. halstedii intraspecific variability based on genetic variability using molecular biology
tools have been undertaken (Slobodianova, 2016; Chen et al., 2005; Intelmann et Spring,
2002). However, the only recently published work of Gascuel et al. (2016) based on effector
polymorphism testing partly succeeded in discrimination of 10 out of 14 P. halstedii isolates
with known physiological race based on previously testing of reaction phenotype on
sunflower differential lines. Therefore the future efforts for P. halstedii physiological races
delimitation will be probably focused on effector coding sequences in the pathogen genome.
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5.3. P. halstedii distribution in the Czech Republic and central Europe

This thesis brings unique results on P. halstedii distribution in the Czech Republic
based on comprehensive study conducted during past ten years at the Department of Botany,
Faculty of Science, Palacky University in Olomouc (initiated in 2007 by prof. A. Lebeda
and dr. M. Sedlafova). Occurrence of sunflower downy mildew in the former
Czechoslovakia (mainly at the area currently belonging to Slovakia) in 1950°s (Bojnansky,
1956, 1957; Danko, 1962) ranks among the first records outside of North America. Since
then only scattered notes have been available from our country (Hysek et Veverka, 2002;
Kokes et Miiller, 2004; Veverka et Kfizkova-Kudlikova, 2006; later Sedlarova et al., 2010,
2013). To our best knowledge the first reports of P. halstedii occurrence in Europe are
available from Russia (Novotel'nova, 1966) and Czechoslovakia (Bojnansky, 1956) in the
middle 1950’s, France in mid-1960’s (Ahmed et al., 2012), Hungary (Kurnik, 1970), former
Yugoslavia and Romania (Zimmer, 1974) at the very late 1960’s, Spain in 1970’s
(Molinero-Ruiz et al., 2002) and from Germany in middle 1980s (Spring et al., 1991).
Nowadays, sunflower downy mildew is distributed globally in countries producing
sunflower (recently reviewed by Viranyi et al., 2015), except for Australia and New
Zealand, where strict phytosanitary measures are being applied (Constantinescu et Thines,
2010).

Czech Republic, till 1989 forming one state together with Slovakia, is located in the
heart of Europe. Whereas the first observations of downy mildew infections on sunflower
from the area of our country were done soon after its first occurrence in Russia, later records
followed mainly from other communist countries that time (Hungary, Yugoslavia and
Romania). Thus it could be hypothesized that P. halstedii might had been imported via
contaminated sunflower seed in between Eastern European countries. On the other hand,
records of P. halstedii occurrence among West European countries started in France in
1960’s, but others are dated to 1970’s (e.g. Spain) and 1980’s (e.g. Germany). Those times,
during so called Soviet Union era, our country had rather restricted contacts with West
Europe and America but an intensive exchange of material and strong influence of practices
from Soviet Union. Our assumptions of P. halstedii origin in the area of former
Czechoslovakia correspond with the hypothesis proposed by Viranyi (2002) who suggested
spread of P. halstedii from its secondary distribution centre northern of the Black Sea. It is
likely that the “Iron curtain” could have affected distribution of this pathogen in Europe
probably by exchange of contaminated plant material.

In the Czech Republic no data have been available concerning P. halstedii infections
on any of six wild alternate hosts out of the genus Helianthus (Xanthium strumarium,
Ambrosia artemisiifolia, Artemisia vulgaris, Iva xanthifolia, Abutilon theophrasti or
Rudbeckia fulgida) so far. It is noteworthy to say that this is one of the reasons why our
survey focused solely on cultivated sunflower, together with the need of improvement of the
crop protection strategies. No records exist neither regarding Helianthus spp. Since the area
of e.g. invasive H. tuberosus (Pysek et al., 2002) and P. halstedii on sunflower overlap,
possible host jump cannot be ruled out. Therefore monitoring of the invasive Asteraceae
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should be supplemented by P. halstedii screening in future. The nearest populations of
P. halstedii on alternate hosts are represented by H. tuberosus at Hohenheim University,
Germany (prof. O. Spring, personal communication) and on A. artemisiifolia in southern
Hungary (Walcz et al., 2000). Due to geographic isolation these do not represent high threat
to Czech cultivated sunflower nor a natural source of possible recombination with
P. halstedii in our state.

Distribution of P. halstedii in the Czech Republic has been limited to several local
populations mainly on experimental fields of research institutions and a few incidental
reports from hobby gardens. The situation is different from nearest surveyed P. halstedii
populations in Germany where the sunflower downy mildew was reported from commercial
fields (Spring et al., 1994). P. halstedii on experimental plots in Czech Republic is
maintained in controlled conditions for sunflower field tests. However, these spots may
represent a source of inoculum capable of limited spreading of the pathogen like in case of
discovery an infected plant in a garden of Mendel University in Lednice, distanced ca 2,5
km from experimental field with established P. halstedii population. The origin of infection
remains unknown; we cannot exclude neither human-assisted nor wind transmission. One
“natural”, and until recently well-established, population in Podivin had been probably
supported by environmental factors (water-soaked soil), omitted agronomical practice and
phytosanitary measures. However, the field was transformed into building parcels in 2016.
Similar other “natural” reports in our country are occasional and scattered. According to
CABI data (2017), P. halstedii is present in all countries surrounding Czech Republic,
except for Poland. Limited populations of P. halstedii in the Czech Republic represent the
northernmost boundary of the pathogen areal in central Europe but might contribute to
continual distribution of this pathogen in West, South, Central and West Europe. Therefore,
further monitoring to avoid the pathogen spread is highly recommended.

5.4. P. halstedii pathogenic variability in the Czech Republic and central Europe

After Orellana (1970) and Zimmer (1974) pointed out to physiological specialization
of P. halstedii between races originating from America and Europe, testing of the pathogen
phenotype on different sunflower genotypes has been gradually launched in the countries
with high crop production and disease incidence. Intensive monitoring has been in progress
esp. in USA (Gulya et al., 1991b; Gilley et al., 2016), Canada (Rashid, 1993, 2014), France
(Ahmed et al., 2012), Spain (Molinero-Ruiz et al., 2002), Hungary (Viranyi et Gulya, 1995;
Kormany et Viranyi, 1997) and Bulgaria (Shindrova, 2010). Trends and emergence of
highly virulent races can be observed in local P. halstedii populations with the highest race
variability as in France, the United States and Canada (Viranyi et Spring, 2011). The global
variability of P. halstedii based on three-digit designation of races was reviewed by Gulya
(2007) and recently by Viranyi et al. (2015). The pathogenic variability of P. halstedii
population has significantly evolved since the first appearance of a new race (nominated as
race 2 at that time) (Zimmer, 1974). Thus, in 2007, globally 36 races were reported (Gulya
2007), in 2012 at least 37 races were known (Liu et al., 2012), then the number increased to
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42 (Viranyi et al., 2015) and to date no less than 44 P. halstedii races are recognized
(Sedlarova et al., 2016). These numbers illustrate a dramatic increase in pathogen variability
since 2007 (Gulya, 2007). Information about pathogenic variability is valuable for crop
producers and breeders to cultivate and develop new downy-mildew-resistant sunflower
pedigrees and cultivars.

The first systematic screening of variability within sunflower downy mildew
populations in the Czech Republic was initiated at our department in 2007. Initial data on
P. halstedii physiological races in the Czech Republic come from Sedlafova et al. (2010)
and Trojanova et al. (2013). Long-term monitoring over the last decade resulted in
discovery of two new virulence patterns 705 and 715 (reported for the very first time by
Sedlarova et al., 2016) and in the first comprehensive overview of P. halstedii pathogenic
variability in the Czech Republic (Drabkova Trojanova et al., 2017) as presented within this
thesis. Intensive study of P. halstedii populations in the Czech Republic since 2007 led to
detection of at least 6 races. As races 730 and 770 had been detected by refuted method of
leaf disc immersion (LDI) pathotype testing (Spring et al., 1997) but never proved by the
method of whole seeding immersion (WSI) (Gulya et al., 1991a) we decided to consider
them unconvincing and thus omit them from discussion. Data presented in our paper
Drabkova Trojanova et al. (2017) demonstrate that the number of races in the Czech
Republic increased from one in 2007 via four in 2011 to six in 2014. These results, i.e. trend
of increasing P. halstedii pathogenic variability, correlate with similar observations made
from France (Ahmed et al., 2012) as well as on a global scale (Viranyi et al., 2015).

Pathogenic variability represents intraspecific specialisation of a pathogen raised to
infect plants, in the case of biotrophs often within one host species, with different genetic
backgrounds. This may be represented by a set of pathotypes, virulence patterns,
physiological races or races, terminology depending on an author’s concept. In P. halstedii
the knowledge of “physiological specialization” develops since 1970’s (Zimmer, 1974) and
today embodies no less than 44 races (Sedlafova et al., 2016, Viranyi et al., 2015). It is
noteworthy to say, that higher intensity of sunflower growing, disease monitoring and
detailed pathogen study fairly increase the number of detected races. Therefore, United
States, Canada and France have been known to harbour a wide diversity of P. halstedii with
“endemic” races descripted (Gulya, 2007). In France systematic monitoring of P. halstedii
pathogenic variability runs at least since 1989 (Tourveielle de Labrouhe et al., 2000b),
number of recognized races increased from 1 in 1966 to 14 in 2012 (Ahmed et al., 2012),
with highly virulent race 714 dominant in pathogen populations (Viranyi et al., 2015). In
Canada the shift in P. halstedii population from 1xx race group to 3xx and 7xx race groups
was observed in the period of 2004-2007 (Rashid, 2014). A similar situation could be
followed in the Czech Republic during 2007-2014; only one race was detected in 2007, with
at least 6 races found in 2014.

Worldwide the most common P. halstedii races have been 100 and 300 (Gulya,
2007). Though globally dominant, these two races have not been detected in the Czech
Republic. One of the explanations could be that races 100 and 300, less complex in their
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virulence pattern, could have been expelled by more virulent 7xx races, recently present in
the Czech Republic. However, race 100 was detected in populations of P. halstedii in North
America after 2007 even though more virulent races were present at the same area (Viranyi
et al., 2015). It leads us to conclusion that races 100 and 300 might have survived in
population despite concurrence of more virulent races. Their absence in Czech populations
was thus either not spotted due to limited number of samples in our survey (not every
diseased plant could be tested) or can be explained by the fact that their phenotype of
virulence was overlaid in bulk isolates during testing. To refine our assumptions,
monozoosporic or at least monosporangia isolates would be required, prepared from our
bulk isolates and re-tested. However, this is highly time and material consuming. Moreover,
the success of monozoosporic isolation reaches ca 1-2% (Doudova, 2013), by which we lose
part of the isolate possible variability. In Europe, the races mentioned above (100 and 300)
complemented by races 330, 700, 710 and 730 are the most abundant ones (Viranyi et al.,
2015). In the Czech Republic races 700 and later 710 prevailed in P. halstedii populations.

Discovery of yet unique races 705 and 715 originated from our locality with the
most diverse P. halstedii population in Podivin. However, their origin iS ambiguous. It can
be most probably explained by pathogen microevolution under selection pressure of partly
resistant host plants in favourable environmental conditions. Applying method of multi-
locus genotypes detected by EST derived markers (Ahmed et al., 2012; Giresse et al., 2007)
or differentiation of pathotypes based on KASP markers (Gascuel et al., 2016) would
probably explain the relationships within this diverse population and origin of 7x5 races.
Despite of that, appearance of new and more virulent races is alarming and fits together with
the increasing pathogenic variability of P. halstedii over the last decade (Viranyi et al.,
2015).

Races 704 and 714 detected in the Czech Republic since 2011 also appeared in other
European countries. These both were recorded in France in 2002 (Ahmed et al., 2012), 704
was reported from Italy in 2006 (Tosi et Beccari, 2007) and 704 was spotted in Hungary in
2010, followed by race 714 in 2013 (Ban et al., 20144, b). Simultaneous occurrence of both
races in our country correlates with the same situation in France, where races 714, 704 and
710 were disclosed to form one cluster of multi-locus genotypes, probably evolving from
race 710 introduced to France in 1988 (Ahmed et al., 2012). However, the race considered
to be predominant in the Czech Republic, Hungary and Italy is the race 700 (Drabkova
Trojanova et al., 2017; Viranyi et Gulya, 1995; Tosi et Beccari, 2007), which belongs to
unrelated multi-locus genotype cluster (Ahmed et al., 2012). Race 710, considered to be the
“parental” race of 704 and 714 (Ahmed et al., 2012) is absent in Italy (Viranyi et al., 2015),
but was found in the Czech Republic and Hungary (Drabkova Trojanova et al., 2017,
Virdnyi et Gulya, 1995). Appearance of races 704 and 714 in the Czech Republic and
Hungary therefore may explained by introduction of race 710 and its consequent evolution
driven by the selection pressure. This hypothesis is supported by successive presence of race
710, 704 and 714 at the same locality in Podivin. However, on other localities with records
of race 704 or 714, presence of race 710 was not reliably proven, although re-testing of
isolates determined primarily with LDI as 770 resulted in reclassification to 710 after WSI
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pathotype tests. As our supposition is based on only limited number of isolates further
isolates collection and testing are needed to be proved.

Prospective study of sunflower-Plasmopara halstedii pathosystem may in future
bring better understanding of downy mildews phylogeny (Thines, 2014), hopefully new
markers for reliable race determination or systems of pathogen-host communication via
effectors (Gascuel et al., 2016). Last but not least up-to-date knowledge of sunflower downy
mildew population variability and reaction to routinely applied fungicides helps to increase
efficiency of phytosanitary measures and drives sunflower breeding towards more durable
resistant H. annuus cultivars. Although many data on P. halstedii and the complex
pathosystem of H. annuus-P. halstedii-P. halstedii virus has been enlisted, this still
represents a challenging subject for future research.
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6. CONCLUSIONS

This Ph.D. thesis summarizes geographical distribution and pathogenic variability of
Plasmopara halstedii on sunflower in the Czech Republic based on eight years of
monitoring.

The first part of thesis reviews methods necessary for pathogen handling, including
procedures of isolation, cultivation and maintenance of P. halstedii isolates. It emphasizes
the screening of sunflower plants based on development of the differential set and system
for denomination of pathogen races. It reviews methodology for virulence screening and
race determination in order to contribute to international harmonization of the methodology
used in P. halstedii research.

Furthermore it brings original data on distribution of P. halstedii on cultivated
sunflowers in the Czech Republic, comprising of eight localities in Central and South
Moravia and Eastern Bohemia. The only locality that represents a future threat is located in
Podivin, South Moravia where naturally evolving P. halstedii population causes sunflower
downy mildew incidence repeatedly on small fields with heavy and waterlogged soil. Three
other localities with settled P. halstedii populations and repeated incidence of sunflower
downy mildew are represented by experimental plots of research institutions and, except for
wind-borne infections, yet represent minimal risk for commercially grown sunflowers in the
Czech Republic.

Finally, it presents the pathogenic variability of Czech P. halstedii populations with
at least 6 physiological races. The occurrence of global distributed races 700, 710 and newer
races 704, 714 was proven and for the first time ever the occurrence of races 705 and 715
were proven. Presence of two additional races, 730 and 770, spotted during the first years of
the monitoring cannot be confirmed, since only method of leaf disc inoculation (LDI) was
used that time, and the isolates were not maintained until to be verified with recommended
soil drench inoculation (SDI) method. The change in P. halstedii pathogenic variability was
proposed in South Moravian localities in Podivin and Lednice but limited number of
samples and time of survey make it difficult for clear conclusions.

Recently the distribution P. halstedii in the Czech Republic is isolated. Downy
mildew on cultivated sunflower is well controlled by a fungicide seed dressing and growing
of certified resistant seed. However, emergence of new races with high complexity of
virulence in P. halstedii population is alarming. Therefore, further monitoring of sunflower
downy mildew and determination of race spectra is highly recommended for future.

80



7. SOUHRN (Summary in Czech)

Predkladana doktorska diserta¢ni prace pfinasi prvni uceleny ptehled geografického
rozsifeni a patogenni variability populaci Plasmopara halstedii v Ceské republice, zaloZeny
na systematickém osmiletém studiu tohoto patogenniho organismu.

Prvni ¢ast prace se zabyva metodikou, ktera je pro tento typ studia nezbytna.
Popisuje postupy inokulace, pfemnozovani a uchovavani izolatd P. halstedii. Prace klade
diraz predev§im na metody vyuzivané pii studiu patogenni variability tohoto organismu
a na vyvoj diferencia¢niho souboru genotypt slunec¢nice slouziciho k urceni a oznaceni ras.
Shrnuje postup pro testovani patogenni variability s cilem prispét ke sjednoceni metodiky
pouzivané pii studiu P. halstedii na mezinarodni Grovni.

Naslednd se prace vénuje vyskytu a geografickému rozsiteni P. halstedii v Ceské
republice. Vyskyt P. halstedii byl zaznamenan na pé&stovanych slunecnicich na 8 lokalitach
na jizni a stfedni Moravé a ve vychodnich Cechach. Vaznéjsi situace byla zaznamenana
pouze V Podiviné na jizni Morave, kde populace P. halstedii opakované zpisobuje
plistiovitost slune¢nic péstovanych na poli¢kach s jilovitou a zamokienou pudou. Zbyvajici
lokality, kde se diky stabilni populaci P. halstedii plisnovitost slune¢nic vyskytuje
opakovang, jsou pokusna pole vyzkumnych ustavi. Tyto populace P. halstedii, s vyjimkou
vétrem rozSifovanych zoosporangii, v soucasnosti nepiedstavuji pro komeréné péstované
slune¢nice v Ceské republice vazngjsi riziko.

Posledni c¢ast této prace piinasi vysledky studia patogenni variability populace
P. halstedii v Ceské republice, ktera je reprezentovana minimalné 6 fyziologickymi rasami.
Potvrzen byl vyskyt celosvétové rozsifenych ras 700, 710 a vysoce virulentnich ras 704
a 714. Navic byl popsan vlibec prvni vyskyt novych ras 705 a 715. Vyskyt dalSich dvou ras
730 a 770, zaznamenanych v prvnich letech studia, nebyl potvrzen. Tyto rasy byly urceny
méné spolehlivou metodou inokulace listovych diskii (LDI) a Zivotaschopné izolaty se
bohuZzel nepodatilo uchovat dostatecné dlouho na to, aby mohly byt vysledky potvrzeny
standardni a doporuovanou metodou inokulace zasazenych semenacku (DSI).
Zaznamenani vice ras v poslednich letech a novy vyskyt ras napadajicich vice genotypt
diferenciaéniho souboru slune¢nice vede k moznym zavérim o posunu V patogenni
variabilité v populacich P. halstedii. Takové zavéry by vSak musely byt ovéfeny v del§im
¢asovém horizontu a na vétsim poctu izolata.

Vyskyt P. halstedii v Ceské republice je sice lokalni a plisfiovitost slunednice se
Vv soucasnosti dafi kontrolovat diky péstovani sluneénice z fungicidy oSetfeného osiva
certifikovanych rezistentnich hybridd, ale novy vyskyt vysoce virulentnich ras je alarmujici.
Pravidelny monitoring vyskytu plisfiovitosti u péstovanych slunecnic a stanoveni ras
v objevenych populacich P. halstedii by se mély stat rutinou, abychom i dale mohli u¢inné
branit vétSimu rozsifeni této karanténni choroby u nés.
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