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ABSTRACT

Jankovics, T., Bai, Y., Kovdcs, G. M., Bardin, M., Nicot, P. C., Toyoda,
H., Matsuda, Y., Niks, R. E., and Kiss, L. 2008. Oidium neolycopersici:
Intraspecific variability inferred from amplified fragment length polymor-
phism analysis and relationship with closely related powdery mildew
fungi infecting various plant species. Phytopathology 98:529-540.

Previous works indicated a considerable variation in the pathogenicity,
virulence, and host range of Oidium neolycopersici isolates causing
tomato powdery mildew epidemics in many parts of the world. In this
study, rDNA internal transcribed spacer (ITS) sequences, and amplified
fragment length polymorphism (AFLP) patterns were analyzed in 17
O. neolycopersici samples collected in Europe, North America, and
Japan, including those which overcame some of the tomato major
resistance genes. The ITS sequences were identical in all 10 samples
tested and were also identical to ITS sequences of eight previously
studied O. neolycopersici specimens. The AFLP analysis revealed a high
genetic diversity in O. neolycopersici and indicated that all 17 samples
represented different genotypes. This might suggest the existence of
either a yet unrevealed sexual reproduction or other genetic mechanisms
that maintain a high genetic variability in O. neolycopersici. No clear

correlation was found between the virulence and the AFLP patterns of the
O. neolycopersici isolates studied. The relationship between O. neo-
lycopersici and powdery mildew anamorphs infecting Aquilegia vulgaris,
Chelidonium majus, Passiflora caerulea, and Sedum alboroseum was also
investigated. These anamorphs are morphologically indistinguishable
from and phylogenetically closely related to O. neolycopersici. The cross-
inoculation tests and the analyses of ITS sequences and AFLP patterns
jointly indicated that the powdery mildew anamorphs collected from the
above mentioned plant species all represent distinct, but closely related
species according to the phylogenetic species recognition. All these
species were pathogenic only to their original host plant species, except
O. neolycopersici which infected S. alboroseum, tobacco, petunia, and
Arabidopsis thaliana, in addition to tomato, in cross-inoculation tests.
This is the first genome-wide study that investigates the relationships
among powdery mildews that are closely related based on ITS sequences
and morphology. The results indicate that morphologically indistinguish-
able powdery mildews that differed in only one to five single nucleotide
positions in their ITS region are to be considered as different taxa with
distinct host ranges.

Since the late 1980s, powdery mildew epidemics have become
a problem in tomato (Solanum lycopersicum L.) production
worldwide (28,48). Recent studies have shown that the causal
agent of this apparently novel disease is Oidium neolycopersici L.
Kiss in Europe, North America, and Japan (34,36,43). In
Australia, a distinct powdery mildew species, O. lycopersici
Cooke & Massee, was responsible for powdery mildew outbreaks
on tomato (34). Both powdery mildew species were identified in
herbarium materials deposited several decades ago which
suggests that they both had infected tomato long before the recent
epidemics started (34). The sexual stages of these two Oidium
species have not been detected so far.

0. neolycopersici has become economically much more impor-
tant than O. lycopersici. As a consequence, all the efforts to breed
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tomato cultivars resistant to powdery mildew have dealt with this
powdery mildew species (3-5,41) especially because almost all
tomato cultivars available worldwide are susceptible to O. neo-
lycopersici (38,41,43,48). Wild Solanum spp. (syn. Lycopersicon
spp.) were evaluated to be promising sources of resistance to
O. neolycopersici (41,44). To date, six major resistance genes,
designated OI-1 to OIl-6 (4,5) and three quantitative trait loci
(QTLs) (3) were identified for resistance to O. neolycopersici.
Resistance breeding to O. neolycopersici could be complicated
by a yet unexplored intra-specific variability in the populations of
this pathogen. Although sexual reproduction has not been ob-
served yet in this fungus, limited data suggested that there is
considerable variation in the pathogenicity, virulence, and host
range of various strains (4,28,40). For example, a recent study
showed that the resistance conferred by the individual Ol genes
(Ol1 to 0I6) were effective to most, but not all, of the European
and United States powdery mildew strains tested (4). This sug-
gested that O. neolycopersici might consist of various races, dis-
tinguished based on differences in their infection patterns, and the
resistance conferred by certain Ol-genes is race-specific (4).
Other studies have lead to the same conclusion. Kashimoto et al.
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(30) showed that the tomato cv. Grace bred in the Netherlands
showing resistance to several European and United States strains
of O. neolycopersici, was susceptible to a Japanese isolate, KTP-
01, of the pathogen. In glasshouse trials, this cultivar also de-
veloped severe symptoms following inoculation with French
isolates of O. neolycopersici, including the single spore isolate
Etl (63). In another study, important differences were found in
the virulence spectrum of four other European O. neolycopersici
strains, coming from the Czech Republic, Netherlands, United
Kingdom, and Germany, tested on many accessions of several
wild Solanum (Lycopersicon) species (40). According to Lebeda
and Mieslerova (40), the four European strains included in their
work represented three different races of O. neolycopersici.
Genetic analyses would be needed in O. neolycopersici to explain
the differences reported in the virulence of various isolates and
especially in those that might represent different races as sug-
gested by Lebeda and Mieslerova (40) and Bai et al. (4).

Another matter associated with tomato powdery mildew is the
reported contradictions in the host range of O. neolycopersici.
Some authors reported a wide host range, based on artificial
inoculations, suggesting that O. neolycopersici is polyphagous
(39,68), while others found experimentally that it can infect only
a few plant species other than tomato (24,29,38). In fact, it was
not shown by any studies that the host range of O. neolycopersici
includes any hosts other than tomato under natural conditions.
Naturally occurring O. neolycopersici strains have not been
identified on plants other than tomato so far. However, there are a
number of powdery mildews, such as E. aquilegiae, E. catalpae,
E. macleayae, and an Oidium sp. infecting Chelidonium majus
whose anamorphs are morphologically indistinguishable from O.
neolycopersici and are closely related to O. neolycopersici based
on the internal transcribed spacer (ITS) sequences of the nuclear
ribosomal DNA (rDNA) (13,26,36). The exact host ranges of
these, and similar powdery mildews are not known. Thus, it is at
present unclear whether all these pathogens represent, in fact, one
single powdery mildew fungus that sometimes produces the
sexual stage and exhibits a 99% similar ITS sequence in various
samples, and is capable to infect a wide range of host plants,
including tomato. Alternatively, the powdery mildew fungi found
on different hosts (including tomato), and exhibiting a similar
morphology and ITS sequence, might represent distinct taxa with
restricted host ranges. If the first presumption is correct, a number
of weeds, ornamentals, and other plants could serve as sources of
inoculum for tomato powdery mildew infections.

The species recognition in the Erysiphales is based on the
morphological characteristics of the teleomorph and anamorph
stages and the host ranges of the various taxa (8,9,14). All the
molecular phylogenetic studies carried out so far have shown that
the differences in the rDNA ITS sequences always correlated with
the delimitation of different species and formae speciales of the
Erysiphales because these sequences were always identical or
99% similar within, but always differed among, all the well-
defined taxa identified based on morphological and/or host range
criteria (10,13,22,23,25,33,57). However, the species boundaries
and the level of genetic isolation in morphologically indis-
tinguishable powdery mildews found on different hosts, and
exhibiting very similar, but not identical, ITS sequences, have not
been clearly determined yet. Within such groups of the Erysi-
phales, sometimes considered as being species complexes (31) or
consisting of cryptic species (35), phylogenetic works, including
multilocus analyses, have always shown that the different ITS-
haplotypes were associated only with the host plant species or
genera on which they were found (21,22,25,31,46). These results
suggested that specialization to different host plant species or
genera may be sufficient to cause genetic isolation (19,25,62) and
the use of the phylogenetic species concept (19,61) might be more
appropriate to handle these powdery mildew lineages, represented
by distinct ITS-haplotypes, than that of the common morpho-
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logical species concept. However, in the case of morphologically
similar powdery mildew anamorphs infecting tomato and/or other
plants, and exhibiting a 99% similar ITS sequence, detailed cross-
inoculation tests and further genetic analyses are needed to clarify
their exact host ranges and the level of genetic isolation within
this group of powdery mildews.

Genome-wide analyses have not been used to address this prob-
lem in powdery mildews, except in Blumeria graminis, where the
amplified fragment length polymorphism (AFLP) fingerprinting
technique was applied to compare the genetic patterns of a num-
ber of formae speciales specialized to different monocot species
(69). The AFLP method has already been successfully used to
assess the genetic diversity in a number of other plant pathogenic
fungi, as well, including apparently asexual ones, similar to
O. neolycopersici, which probably exhibit a high level of clonality
(7,20,56). To date, only a few other applications of AFLP were
reported in powdery mildew research (52,64) probably because it
is often difficult to obtain sufficient amounts of DNA from these
obligate biotrophs that can be multiplied on living host plant
tissues only. This problem limited the number of powdery mildew
samples used in earlier AFLP studies and has become a limiting
factor in our work, as well. In spite of this difficulty, we chose the
AFLP method to provide a measure of genetic diversity in
O. neolycopersici and compare its genome-wide patterns with
those of morphologically similar, and phylogenetically closely
related powdery mildew anamorphs, because of its reliability and
accessibility for the present work. ITS sequence analyses were
also used to confirm the precise identity of the powdery mildew
anamorphs studied.

Overall, the main objectives of this study were to (i) compare
the genetic patterns in O. neolycopersici samples collected from
tomato in different parts of Europe, North America, and Japan,
including some of the isolates used in virulence tests that sug-
gested the existence of different O. neolycopersici races (4); (ii)
determine whether AFLP patterns in O. neolycopersici isolates
are associated with the virulence phenotypes identified in a previ-
ous study (4); (iii) compare the AFLP patterns of various O. neo-
lycopersici samples with those of some morphologically similar,
and phylogenetically closely related, powdery mildew anamorphs
collected from other plants; and (iv) carry out cross-inoculation
tests with O. neolycopersici and closely related powdery mildew
anamorphs, collected from Sedum alboroseum, C. majus, and
Aquilegia vulgaris, to reveal whether they all belong to one single
taxon with a wide host range or represent distinct powdery mil-
dew fungi with restricted host ranges.

MATERIALS AND METHODS

Powdery mildew materials for molecular analyses. A total of
23 powdery mildew samples originating from different parts of
the world, including 17 collected from tomato, two from common
columbine (A. vulgaris), two from blue passion flower (Passiflora
caerulea), one from greater celandine (C. majus), and one from
striped sedum (S. alboroseum), were included in the molecular
study, i.e., ITS sequencing and/or AFLP analysis (Table 1). The
morphology of the powdery mildew pathogens was always ex-
amined under a light microscope to verify that they were pseudo-
idium anamorphs, i.e., matured conidia singly, similar to O. neo-
lycopersici.

DNA extraction, PCR amplification, and sequencing of the
rDNA ITS region. Fungal DNA samples were prepared by
collecting conidia from young and sporulating powdery mildew
colonies using sterile brushes. These were washed off in eppen-
dorf tubes containing 1 ml of sterile water, then the conidial
suspensions were centrifuged for 5 min at 13,000 rpm and the
supernatant was discarded. The pellets were frozen, freeze-dried,
and stored at —18°C until used for DNA extraction. Before
centrifugation, conidial suspensions were always examined under



a light microscope and those containing leaf trichomes were
discarded to reduce the contamination of the powdery mil-
dew samples with plant DNA. When the amount of O.
neolycopersici conidia was low on the tomato leaf samples, these
were removed with sterile brushes and used to inoculate surface-
sterilized Lagenaria leucantha cv. Minibottle cotyledons main-
tained on mannitol sucrose agar to produce more fungal materials
in vitro, as described by Bardin et al. (6), before preparing a
sample for DNA extraction as described above. This procedure
was not applied for powdery mildews found on hosts other than
tomato.

Whole-cell DNA was extracted from the freeze-dried pellets
obtained as described above using a Qiagen DNeasy Plant Mini
Kit (Qiagen GmbH, Hilden, Germany) according to the manu-
facturer’s instructions. The rDNA ITS region was amplified using
the ITSIF/ITS4 fungal-specific primer pair as described in
Szentivanyi et al. (60). PCR products were purified using a PCR-
M Clean Up System (Viogene) and sequenced using a BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,
Foster City, CA), according to the instructions of the manufac-
turer. Both strands were sequenced with the primers used for PCR
amplification of the ITS region. Electrophoresis was carried out
on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems,
Foster City, CA).

Analyses of ITS sequence data. Sequences were compiled
from electrophoregrams using Pregap4 and Gap4 (58). The ob-
tained ITS sequences were compared with 25 sequences obtained
from GenBank. Multiple alignments of the analyzed ITS se-
quences were obtained using MultAlin (15). The alignments were
checked for ambiguities and edited using ProSeq 2.9 (17). The
PAUP* 4.0b10 software package (59) was used to infer phylo-
genies. Modeltest 3.06 (55) was used to select the best-fit nucleo-
tide substitution model based on Akaike information criterion
(AIC) (1). The best fit model was used in the maximum-
likelihood (ML) analysis using heuristic search. Also the best fit
model found by Modeltest was used in the distance-based neigh-
bor-joining (NJ) analysis. The branches of the inferred tree were

tested by bootstrap analysis with 100 and 1,000 replicates for ML
and NJ analyses, respectively. The inferred trees were visualized
by TreeView 1.6.6 (54) and edited using the TreeExplorer of the
program Mega3.1 (37). The details of the analyses are available
upon request.

DNA extraction from plant materials. Although care was
taken to avoid the presence of plant cells, and especially that of
leaf trichomes, when preparing powdery mildew DNA samples,
the presence of plant DNA in the mildew DNA samples could not
be excluded. To avoid the interference of plant DNA with fungal
DNA during AFLP analyses, DNA samples extracted from mil-
dew-free leaves of the host plants, including Lagenaria cotyle-
dons, were also included in the AFLP work. Whole-cell DNA was
extracted from leaves using the same Qiagen DNeasy Plant Mini
Kit as for preparing the fungal DNA samples.

AFLP assays. Both fungal and plant DNA samples were
included in the AFLP assays in order to identify bands that might
have been derived from plant DNA contaminations in the pow-
dery mildew fingerprints. Before use, the DNA concentrations of
all samples were measured using a spectrophotometer (NanoDrop
ND-1000, NanoDrop Technologies, Wilmington, DE). If the
concentration was lower than 5 ng/ul, the concentration was in-
creased using SpeedVac SC100 (Savant, New York). Finally, 80 to
240 ng of total genomic DNA was used for each sample in a final
volume of 15 pl in the restriction/ligation reaction of the AFLP
procedure. These concentration values finally led to good quality
AFLP fingerprints.

The AFLP procedure was performed as described by Vos et al.
(67) with some modifications. The restriction and ligation were
performed in a single step at 37°C for 5 h. The genomic DNA was
digested using the endonucleases EcoRI and Msel (New England
BioLabs, NEB, Ipswich, MA), and the restriction fragments
obtained were simultaneously ligated to EcoRI and Msel adapters
(Sigma Genosys) in a total volume of 50-pl reaction mixture con-
taining both endonucleases, 5 units each, 1 unit of T4 DNA ligase
(NEB), 5 pM EcoRI adapter, 50 pM Msel adapter, 1 ul of ATP (10
mM), and 10 pl of 5x RL buffer (Life Technologies). The

TABLE 1. Designations, host plants, place and year of collection, and GenBank accession numbers of internal transcribed spacer (ITS) sequences for powdery

mildew samples, and molecular analyses done for each sample

GenBank accession Molecular
Powdery mildew samples Host plant species and cultivar (cv.) Place and year of collection numbers of ITS sequences analyses
Tomato powdery mildew
samples
On-04 Solanum lycopersicum cv. Brazil Berre, France, 2005 EU047559 AFLP, ITS
On-05 S. lycopersicum cv. Onelia Eygalieres, France, 2005 AFLP
On-08 S. lycopersicum cv. Sarnia Salon de Provence, France, 2005 AFLP
On-11 S. lycopersicum cv. Myriade Saint Etienne de Saint Geoirs, EU047560 AFLP, ITS
France, 2005
On-12 S. lycopersicum cv. Sarnia St Martin, France, 2005 AFLP
On-16 S. lycopersicum cv. Cameron Francescas, France, 2005 AFLP
On-17 S. lycopersicum cv. Cigaline Caudecoste, France, 2005 AFLP
On-18 S. lycopersicum cv. Monalbo Montfavet, France, 2005 EU047561 AFLP, ITS
On-19 S. lycopersicum cv. Clarence Courceroy, France, 2005 EU047562 AFLP, ITS
BP-P5 S. lycopersicum cv. Kecskeméti Jubileum Budapest, Hungary, 1998 EU047563 AFLP, ITS
BP-F1 S. lycopersicum Budapest, Hungary, 2005 AFLP
On-Ne-1 S. lycopersicum cv. Moneymaker Wageningen, The Netherlands, 2004 AFLP
On-Ne-2 S. lycopersicum cv. Moneymaker Wageningen, The Netherlands, 2006 EU047564 AFLP, ITS
Cz-2 S. lycopersicum Olomouc, Czech Republic, 2006 EU047565 AFLP, ITS
KTP-01 S. lycopersicum Nara, Japan, 2005 EU047566 AFLP, ITS
On-USA-1 S. lycopersicum Riverhead, New York, USA, 2005 EU047567 AFLP, ITS
On-Ca-1 S. lycopersicum Harrow, Ontario, Canada, 2005 EU047568 AFLP, ITS
Non-tomato powdery mildew
samples
Ag-1 Aquilegia vulgaris Wageningen, The Netherlands, 2005 EU047569 AFLP, ITS
Aq-2 A. vulgaris Debrecen, Hungary, 2006 EU047570 ITS
Ch-1 Chelidonium majus Martonvdsar, Hungary 2005 AFLP
Pa-1 Passiflora caerulea Wageningen, The Netherlands, 2005 EU047571 AFLP, ITS
Pa-2 P. caerulea Renkum, The Netherlands, 2005 AFLP
Se-1 Sedum alboroseum cv. Mediovariegatum  Budapest, Hungary, 2006 EU047572 ITS
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restriction/ligation product was diluted eight times in MilliQ
water and used as a primary template of subsequent amplifi-
cations.

The pre-amplification reaction was performed using two com-
binations of EcoRI and Msel pre-selective primers, E01/M02 and
E02/M02, each with one selective nucleotide (Table 2), in a final
reaction volume of 20 pl containing 5 pl of the diluted primary
template, 30 ng of each pre-selective primer, 0.8 ul of dNTP
(5 mM), 0.4 units of Super Tag DNA polymerase (Roche), and

2 ul of 10x Super buffer (Roche). The PCR consisted of 24
cycles, each including a denaturation step for 30 s at 94°C, primer
annealing for 30 s at 56°C and extension for 60 s at 72°C. The
pre-amplification products were verified by electrophoresis in 1%
agarose gel. Products giving a smear ranging from 100 to 500 bp
were used as secondary templates for subsequent selective ampli-
fications following 30x dilution in MilliQ water.

The selective amplifications were carried out using 19 different
combinations of infrared dye (IRD)-labeled EcoRI primers (Li-

TABLE 2. Adapters, nonselective, preselective, and selective primers and their combinations used in the amplified fragment length polymorphism work

Adapters and primers Designations Sequences Primer combinations
Adapters
EcoRlI adapter 5'-CTCGTAGACTGCGTACC
CATCTGACGCATGGTAAA-5'
Msel adapter 5'-GACGATGAGTCCTGAG
TACTCAGGACTCAT-5'
Nonselective primers
EcoRI primer E00 5'-GACTGCGTACCAATTC-3'
Msel primer MO0 5'-GATGAGTCCTGAGTAA-3'
Preselective primers
EcoRlI primers EO1 EO00+A
E02 E00+C E01/M02, E02/M02
Msel primer MO02 MO0+C
Selective primers
EcoRI primers (IRD-labeled) E32 (700 nm) EO00+AAC
E33 (700 nm) EO0+AAG
E34 (700 nm) EO00+AAT E32/M17, E33/M15,
E37 (800 nm) E00+ACG E33/M17, E33/M18,
E41 (800 nm) E00+AGG E34/M17, E37/M18,
E48 (700 nm) E00+CAC E41/M15, E41/M16,
E49 (700 nm) E00+CAG E41/M17, E48/M15,
E54 (700 nm) E00+CCT E49/M15, E49/M 16,
E61 (800 nm) E00+CTG E49/M17, ES4/M17,
Msel primers (unlabeled) MI15 MO0+CA E54/M18, E61/M15,
M16 MO00+CC E61/M16, E61/M17,
M17 MO00+CG E61/M18
MI18 MO00+CT

Fig. 1. Symptoms of powdery mildew infections (A to E) and micrographs of the causing powdery mildew anamorphs (F to J) examined in this study. Powdery
mildew colonies on A, tomato, B, Aquilegia vulgaris, C, Passiflora caerulea, D, Chelidonium majus, and E, Sedum alboroseum. Micrograph of F, Oidium
neolycopersici on tomato, G, Erysiphe aquilegiae on A. vulgaris, H, Oidium sp. on P. caerulea, 1, Oidium sp. on C. majus, and J, Oidium sp. on S. alboroseum.
Bars = 20 um. Note the morphological similarities among the powdery mildew anamorphs shown in these micrographs.
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Cor Biosciences, Lincoln, NE) with three selective nucleotides
each and unlabeled Msel primers (Sigma Genosys) with two se-
lective nucleotides each. The 19 primer combinations used (Table
2) were selected after screening a total of 40 combinations (data
not shown). For each PCR, the 10-pl total reaction volume con-
sisted of 5 pl of secondary template, 0.2 units of Super 7ag poly-
merase, 1 pl of 10x Super buffer, 0.4 ul of ANTP (5 mM), 15 ng
of unlabeled Msel primer, and 0.5 pM IRD 700-labeled EcoRI
primer or 0.6 pM IRD 800-labeled EcoRI primer, respectively.
The amplifications were carried out with a touch-down PCR
profile as follows: 94°C for 30 s, 65°C for 30 s, and 72°C for
60 s, followed by 11 cycles with subsequent reduction of anneal-
ing temperature by 0.7°C per cycle, and continued with 24 cycles
of 94°C for 30 s, 56°C for 30 s, and 72°C for 60 s. Prior to gel
electrophoresis, selective amplification products were mixed with
an equal volume of formamide loading buffer (98% formamide,
10 mM EDTA, pH 8.0, 0.1% bromophenol blue) and the samples
were denaturated for 5 min at 94°C and cooled on ice imme-
diately. AFLP fragments were separated in 8% denaturing poly-
acrilamide gel and AFLP image data were collected automatically
using a Li-Cor 4200 automated sequencer.

The reproducibility of AFLP markers was evaluated by visually
comparing the fingerprints obtained from duplicate DNA samples.
These were obtained from independent DNA extractions from
mycelia of the same isolate. To further evaluate the reliability of
AFLP markers, the whole AFLP procedure was repeated twice
with a subset of three samples starting from the restriction-liga-
tion reaction. A third evaluation of the reproducibility of AFLP
markers was carried out by repeating twice all the 19 selective
amplifications with a subset of another six samples. In all these
repetitions, fingerprints were compared by eye.

Both powdery mildew and plant DNA samples received the
same treatment during the AFLP procedure and were run side by
side in all the gels to identify the bands in powdery mildew
samples that might have resulted from their contamination with
plant DNA.

Analyses of AFLP data. Digital AFLP images were displayed
using AFLP-Quantar software package (Keygene, Netherlands)
and all markers between molecular sizes of 50 to 500 bp were
scored by eye. Both the presence of monomorphic bands (present
in all powdery mildew samples) and the presence/absence of
polymorphic bands (absent in at least one powdery mildew
sample) were considered during analyses. Markers found in both
plant and powdery mildew fingerprints were excluded from the
data sets.

Two binary character matrices were developed and used in
subsequent analyses. The first one contained all the data collected
as described above while the second one was created by ex-
cluding the presence/absence of the unique bands (identified in
one single powdery mildew sample only) from the first data set.
This was done to eliminate the use of data derived from possible
occasional artifact AFLP bands identified in the fingerprints. The
TREECON software (66) was used to create distance matrices
from both data sets, based on the method of Nei and Li (50), and
then to infer dendrograms using unweighted pair group method
with arithmetic mean (UPGMA) and neighbor-joining (NJ)
analyses. The strength of groupings was estimated using bootstrap
analysis (16) with 1,000 replicates.

Plant and fungal materials and experimental design for
cross-inoculation tests. Cross-inoculation experiments were
carried out to test whether the phylogenetically closely related
powdery mildew fungi found on tomato, C. majus, S. alboroseum,
and A. vulgaris, could infect any of these plant species in addition
to infecting their own host plants. Tomato plants, cv. Kecskeméti
Jubileum, known to be susceptible to O. neolycopersici, were
grown from seeds in pots in isolated climate chambers until four
to ten fully expanded leaves developed. In addition, young potted
S. alboroseum and A. vulgaris plants were obtained from the

commerce and were kept in isolation in cabinets with controlled
environment (CE) for at least 2 to 3 weeks before their use in
cross-inoculation tests to ensure that they were disease free.
Young C. majus plants were collected from the field in Hungary
and transferred to pots in early summer, long before the natural
powdery mildew epidemics started, and then kept in isolation for
at least 2 to 3 weeks before used as described above.

All the cross-inoculation experiments were carried out in strict
isolation in both greenhouse compartments and CE cabinets. For
each experiment, one of the following plant species served as the
source of mildew inoculum: tomato cv. Kecskeméti Jubileum,
artificially infected with the O. neolycopersici strain BP-P5,
maintained in the Hungarian institute (34) and used in previous
works (4), as well; C. majus, naturally infected with Oidium sp.
when collected from the field in Hungary; S. alboroseum cv.
Mediovariegatum, naturally infected with Oidium sp. when pur-
chased from growers in Hungary; and A. vulgaris naturally in-
fected with the respective Oidium sp. when collected from a
garden in the Netherlands. In subsequent experiments, C. majus,
S. alboroseum, and A. vulgaris plants infected artificially with
their original powdery mildew pathogens (when serving as posi-
tive controls in cross-inoculation tests) were also used as sources
of inoculum. The powdery mildew fungus found on P. caerulea in
two places in the Netherlands, and used in both the ITS and the
AFLP analyses (Table 1), was not included in the cross-inocu-
lation tests because it was not possible to maintain it in the
greenhouse. However, young, mildew-free cuttings obtained from
the P. caerulea individual that served as the source of the Pa-1
sample were tested for their susceptibility to the other four
powdery mildews studied. These were rooted in water and then
transferred to pots and kept in isolation for at least 2 to 3 weeks
before use.

Each cross-inoculation experiment started by placing one to
four pots with plants infected with their original powdery mildew
pathogen (the source of inoculum) in close vicinity of potted,
mildew-free plants (test plants), representing the hosts of closely
related Oidium spp. Two to four pots were used for each test plant
species. Mildew-free individuals of the plant species serving as
the source of inoculum served as positive controls. All the test
plants were inoculated by touching their leaves to powdery
mildew colonies growing on the infected plants, in addition to
being placed close to them. All these plants were kept together in
strict isolation in either a greenhouse compartment or a CE
cabinet for at least 3 weeks. As negative controls, two pots of
mildew-free individuals for each plant species were kept in the
same place under cover, without inoculations. Each experimental
setup (using tomato, C. majus, S. alboroseum, and A. vulgaris in
rotation as sources of inoculum) was repeated at least two to five
times in both CE cabinets and greenhouse compartments in 2005
and 2006 in summer and autumn. A 16-h daily, artificial illumi-
nation was applied in the CE cabinets and the natural daily
illumination was supplemented with 2 h artificial light/day in the
greenhouse compartments in autumn. The temperature was
always kept between 18 to 24°C and the relative humidity
between 70 to 90% in both facilities.

Three weeks after inoculation, test plants were visually ex-
amined for the presence of powdery mildew colonies. If found,
the identity of the pathogens was confirmed by sequencing the
ITS region as described above. Also, test plants infected in cross-
inoculation experiments with a powdery mildew different from
their original mildew pathogen were used as sources of inoculum
in a subsequent experiment to verify whether the respective
mildew pathogen can infect again its original host plant species.

Another set of cross-inoculations was also carried out to test
the polyphagous nature of O. neolycopersici reported in some
works (39,68). Eggplant, cv. Kecskeméti Lila, tobacco, cv. Xanthi,
and four tobacco accessions (nos. 904750309, 904750304,
904750160, and 944750092) used by Huang et al. (24), two
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commercial varieties of soybean, P. xhybrida cv. Wave Blue, and
wild-type Arabidopsis thaliana were grown from seeds as
described previously for tomato plants and then were inoculated
with O. neolycopersici strain BP-P5. All the details of the
experimental design followed the protocol described above.

neolycopersici BULG Bulgaria (AB163913)
neolycopersici UK2 United Kingdom (AB163916)
neolycopersici CAN Canada (AB163914)
neolycopersici CA USA (AB034722)
neolycopersici On-Ne-2 Netherlands
neolycopersici On-18 France
neolycopersici On-11 France
neolycopersici KTP01 (2) Japan
neolycopersici On-04 France
neolycopersici On-USA-1 USA
neolycopersici BP-P5 Hungary
neolycopersici On-Ca-1 Canada
neolycopersici On-19 France
neolycopersici Cz-2 (1) Czech Republic
neolycopersici KTP01 Japan (AB094991)
neolycopersici DNA231 Japan (AB032484)
neolycopersici MUMHE6 Japan (AB032483)
O. neolycopersici Et1 France (AF229019)
Qidium sp. ex Sedum Se-1 Hungary
E. aquilegiae Australia (DQ335569)
E. aquilegiae Australia (AY452805)
E. aquilegiae var. aquilegiae Switzerland (AY452801)
E. aquilegiae Australia (AY452800)
100 | E. aquilegiae var. ranunculi Switzerland (AF154322)
E. aquilegiae var. ranunculi Japan (AB015929)
— E. macleayae (AB016048)
— E. circaeae Iran (AB104517)
E. catalpae United Kingdom (DQ359695)
— Qidium sp. ex Passiflora Pa-1 Netherlands
100 E. aquilegiae Aq-1 Netherlands
E. aquilegiae Aq-2 Hungary
I~ Oidium sp. ex Chelidonium Ch-1 Hungary (DQ665673)
I~ E. aquilegiae Iran (AB104523)
— E. aquilegiae var. ranunculi Japan (AB000944)
E. aquilegiae Australia (AY452804)

100 |Erysiphe sp. ex Delphinium Australia (AY452802)

Erysiphe sp. ex Delphinium Germany (AY452803)
[ E. symphoricarpi United Kingdom (ABO78969)
L E. symphoricarpi USA (AB078970)
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| —i

1 ch.
/100 char.

Fig. 2. The maximum-likelihood tree of the internal transcribed spacer (ITS)
sequences of 39 powdery mildew specimens with two Erysiphe symphoricarpi
(AB078970 and AB078969) sequences as outgroup, inferred from PAUP*
4.0b10 software package (59). Fourteen ITS sequences out of 39, shown in
bold, were determined in this study. GenBank accession numbers of the
sequences from earlier studies are shown in brackets. The gaps in the 552
characters long alignment were handled as missing characters. The TVM+I
model was used as the best-* t model based on the AIC results of the software
Modeltest 3.06 (55). The base frequencies were: A = 0.2031, C = 0.2662, G =
0.2765, T = 0.2542; the values of the rate matrix (rAC, rAG, rAT, rCG,
rCT, rGT) were 3.3740, 5.4222, 3.5420, 0.3369, 5.4222, and 1.0000,
respectively; the rate of the invariable site was 0.6355. Bootstrap values were
obtained from 1,000 replicates, values higher than 75% are indicated as
percentages on the branches. Bar = 1 changes on 100 character. The
geographical origins of the powdery mildew samples sequenced in this study
are shown in Table 1.
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RESULTS

Pseudoidium anamorphs on tomato and other plants. Light
microscopy confirmed that all the powdery mildew anamorphs,
collected from tomato, A. vulgaris, C. majus, P. caerulea, and
S. alboroseum, matured their conidia singly and exhibited other
morphological characteristics diagnostic for Oidium subgenus
Pseudoidium sensu Cook et al. (14), as well. Conidial pseudo-
chain formation was sometimes observed in these pseudoidiums
as reported in some works (34,53). The sexual stage of these
fungi was not observed, except for the one infecting A. vulgaris.
Based on morphological characteristics, the anamorphs found on
hosts other than tomato were indistinguishable from O. neolyco-
persici collected from tomato (Fig. 1). The powdery mildew col-
lected from A. vulgaris was identified as E. aquilegiae based on
Braun (8), while the anamorphs infecting C. majus, S. alboro-
seum, and P. caerulea were referred to as Oidium spp. in this
study, similar to earlier works (26,27), because no species names
could be assigned to these fungi to date.

ITS sequence analyses. The ITS sequences were determined
in a total of 10 O. neolycopersici samples representing different
parts of Europe, North America, and Japan, and also in two
powdery mildew samples collected from A. vulgaris, one from
P. caerulea, and another one from S. alboroseum. A 552-character
long alignment of 39 ITS sequences was used in the phylogenetic
analyses. The TVM+I model was used as the best- t model based
on the AIC. Using this model, the distance-based NJ and ML
analyses resulted in the same phylogenetic trees with approxi-
mately the same bootstrap supports of the branches. The O. neo-
lycopersici, E. aquilegiae, E. macleayae, E. circaeae, E. catalpae,
and the Oidium spp. infecting S. alboroseum, P. caerulea, and
C. majus, respectively, grouped together with strong bootstrap
support (Fig. 2). The sequences of the O. neolycopersici strains
with different geographic origin were identical and formed a
group with moderate support within this clade. The ITS se-
quences of the remaining taxa in this clade differed in one or a
few nucleotides; however, no further subgroups separated within
the clade. A comparison of the ITS sequences of the powdery
mildews included in our cross-inoculation experiments and/or
AFLP analysis revealed differences in 1 to 5 single nucleotide
positions across the ITS region (Fig. 3). To ensure that none of
these differences resulted from errors that might occur during the
PCRs and/or the sequencing reactions, all the electrophoregrams
of the ITS sequences determined in this work were carefully
examined. In addition to being used in the phylogenetic analysis,
these ITS sequences served as a basis for the precise identification
of morphologically indistinguishable anamorphs found on differ-
ent host plants in cross-inoculation tests. Thus, all the ITS se-
quences were determined several times in this work.

Cross-inoculation experiments. All the extensive cross-inocu-
lation tests were carried out in both greenhouse compartments and
CE cabinets, and repeated three to six times. None of the powdery
mildew fungi collected from and maintained on C. majus,
S. alboroseum, and A. vulgaris were able to infect any of the plant
species tested (tomato, A. vulgaris, C. majus, P. caerulea, and
S. alboroseum) aside from their original hosts. O. neolycopersici
differed from these fungi because it was able to infect S. alboro-
seum in addition to tomato in all the tests (Table 3). Inoculations
of powdery mildew-free tomato plants with conidia of O. neo-
lycopersici produced on S. alboroseum resulted in disease
symptoms on its original host. This confirmed that O. neo-
lycopersici was able to infect one more plant species, following
artificial inoculations, in addition to its original host. The ITS
sequences that were routinely determined in powdery mildews
that appeared on the tested plants in cross-inoculation tests always
confirmed the identity of the pathogens. All the control plants
used in cross-inoculation tests remained powdery mildew-free
which suggests that our isolation methods used in both green-



house compartments and CE cabinets did not allow the unwanted
spread of inocula to plants other than those inoculated artificially
in these tests. The Oidium sp. infecting P. caerulea was not in-
cluded in these cross-inoculation tests because it was not possible
to maintain it in the greenhouse. Disease-free cuttings from a
susceptible P. caerulea plant were included in all the tests but
none of the powdery mildew pathogens included in this study was
able to infect them (Table 3).

To test further the polyphagous nature of O. neolycopersici,
revealed by the infection of S. alboroseum in this work, tobacco,
eggplant, soybean, petunia, and A. thaliana, grown from seeds in
isolation, were inoculated with isolate BP-P5 as previously de-
scribed. Soybean plants were completely resistant to this isolate
of O. neolycopersici in our tests. Wild-type A. thaliana, and petunia
cv. Wave Blue, were susceptible, while tobacco and eggplant were
only moderately susceptible because most of the O. neolycoper-
sici colonies that developed on their leaves remained localized
with sparse sporulation.

AFLP analysis. All the powdery mildew samples of this study,
collected from various host plants, were included in the initial
steps of the AFLP work. After screening a subset of mildew
samples with 40 AFLP primer combinations (PCs, data not
shown), 19 PCs were selected and used in the subsequent analysis
(Table 2). Among powdery mildew samples, a total of 17 col-
lected from tomato, two from P. caerulea, one from C. majus, and
another one from A. vulgaris were selected for the complete
AFLP work (Table 1) based on the quality of their DNA.

The 19 selected PCs (Table 2) yielded a total of 1,119 AFLP
markers (30 to 93 per PC). Out of these, 1,094 (97.77%) were
polymorphic and only 25 were monomorphic for all samples. In
DNA samples of O. neolycopersici analyzed, a total of 747
markers were identified that included 589 polymorphic and 158
monomorphic markers. Each powdery mildew sample obtained
from either tomato or other hosts exhibited unique AFLP finger-
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everal samples.

Fig. 3. Single nucleotide positions with variable characters detected in the
internal transcribed spacer (ITS) sequences of Erysiphe aquilegiae and
Oidium spp., infecting Chelidonium majus, Passiflora caerulea, and Sedum
alboroseum, respectively, when compared to that of O. neolycopersici. Letters
shown in bold are nucleotides different from those in the ITS sequence of
O. neolycopersici in the same position. All the sequences included in this
analysis were determined several times in different DNA samples.

prints, thus each represented a unique genotype (Fig. 4). A total of
448 unique bands, each present in one single powdery mildew
sample only, were identified (Table 4). The number of unique
bands was, in general, higher in non-tomato mildew samples than
in O. neolycopersici specimens probably because only one or two
powdery mildew samples coming from A. vulgaris, C. majus, and
P. caerulea were included in the AFLP work.

The reproducibility of the AFLP fingerprints was verified by
including duplicate DNA samples for two selected isolates, KTP-
01 and Cz-2, respectively, in the AFLP analysis. These repre-
sented different DNA extractions from the same specimen. The
duplicates yielded the same AFLP patterns with all PCs, except a
total of two bands present in only one DNA sample for KTP-01
and another two bands identified in only one DNA sample for Cz-
2 (Table 4). This finding indicated that more than 95% of the
unique bands were reproducible in this work. Among tomato pow-
dery mildew samples, the Japanese isolate KTP-01 had the highest
number of unique bands, a total of 60 bands that were not found
in any other powdery mildew sample (Table 4). These all were
found in both duplicates of KTP-01, except those two bands that
were identified in only one of the DNA samples for this isolate.

Two data sets were created for genetic distance analyses. The
first one contained all the 1,119 fungal markers and the second
one was created by excluding the presence/absence of the 448
unique fungal markers from the first data matrix. Thus, the
reduced data set consisted of 671 fungal markers that were
identified in at least two powdery mildew samples. Both NJ and
UPGMA analyses gave similar results for both data matrices,
except for the pairings of the most closely related samples. Figure
4 shows an NIJ tree based on the reduced data matrix.

The AFLP data clearly differentiated the O. neolycopersici
samples from the other, phylogenetically closely related powdery
mildew fungi collected from C. majus, A. vulgaris, and P. caerulea.
Within the O. neolycopersici group, the similarities were not
clearly associated with the geographical origin of the samples
except for the two Hungarian isolates, BP-P5 and BP-F1, and the
two Dutch isolates, On-Ne-1 and On-Ne-2, that were isolated in
different years in the same places, in Budapest and Wageningen,
respectively (Table 1). Nine closely similar European isolates
clustered together with those originating from North America and
Japan. However, the North American and the Japanese isolates
were somewhat distant from both each other and the nine Euro-
pean samples. Four other isolates, On-05, On-08, On-11, and On-
12, collected in the south-eastern region of France, formed
another distinct subgroup, while another sample, On-19, obtained
from the northern part of France, was distinct from all the other
O. neolycopersici samples (Fig. 4). The pair-wise genetic
distances among the samples collected in France, the country
where most of the samples originated, ranged from 0.03 to 0.33,
while those for all samples of O. neolycopersici ranged from 0.03
to 0.35. The ITS sequences of representatives of all these
O. neolycopersici subgroups were identical (Fig. 2).

Although the number of non-tomato powdery mildew samples,
collected from C. majus, A. vulgaris, and P. caerulea was very
low in this work, the AFLP analysis clearly differentiated them
from each other, and also from O. neolycopersici. The two

TABLE 3. Results of cross-inoculation experiments repeated two to five times in isolation in both cabinets with controlled environment and greenhouse

compartments

Oidium sp. on Oidium sp. on Oidium sp. on
Plant species tested Oidium neolycopersici Erysiphe aquilegiae P. caerulea C. majus S. alboroseum
Solanum lycopersicum + - ND? - -
Aquilegia vulgaris - + ND - -
Passiflora caerulea - - + - -
Chelidonium majus - - ND + -
Sedum alboroseum + - ND - +

4 ND = not determined.
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samples coming from P. caerulea, collected in two Dutch lo-
calities =8 km apart, were more similar than those coming from
other host plants. There were clear differences between the
tomato and the non-tomato powdery mildew samples because the
analysis of the reduced AFLP data set (Fig. 4), created after the
exclusion of the unique bands, lead to the same grouping as the
analysis of the original data matrix (data not shown). Pair-wise
comparisons of the AFLP bands revealed that the tomato and the
non-tomato isolates shared only 10 to 40% of the total number of
bands while these values were 45 to 93% between pairs of the 17
O. neolycopersici isolates. The relatively high number of unique
bands in the four non-tomato samples (Table 4), in addition to the
low number of monomorphic markers, also indicated a low
similarity between these fungi and O. neolycopersici. The pow-
dery mildew fungi collected from C. majus, A. vulgaris, and
P. caerulea differed in 1 to 5 single nucleotide positions in the
ITS region from O. neolycopersici (Fig. 3) and our cross-inocu-
lation experiments indicated that their host ranges were also
different (Table 3).

DISCUSSION

In O. neolycopersici, only asexual reproduction is known; the
sexual stage, i.e., the formation of ascomata with viable asco-
spores, has never been reported and experimental trials to produce
these structures at least in vitro, after mating different pairs of
isolates, failed (34). However, all the 17 tomato powdery mildew
samples included in this work exhibited unique AFLP profiles,
indicating different genotypes. This was found even when a
conservative approach was applied in the analysis of AFLP bands,
i.e., when the unique bands (Table 4) were excluded from the data
set used in the final analysis (Fig. 4). The high genotypic diversity
might suggest the existence of either a yet unrevealed sexual
reproduction or other genetic mechanisms that create a relatively
high genetic variation in O. neolycopersici. However, genotype

10%

diversity was much higher among tomato powdery mildew iso-
lates collected in a more restricted area, in France, than among
other European, American, and Japanese isolates (Fig. 4). This
indicates that the number of samples included in this study is not
sufficient for a meaningful analysis of the overall genetic diversity
in O. neolycopersici.

In anamorphic powdery mildew species, such as O. neolycoper-
sici, the existence of a yet unknown sexual stage should always be
taken in consideration when dealing with intra-specific genetic
diversity. Several powdery mildew species are known to repro-
duce only, or predominantly, asexually for at least several decades
before starting to produce the sexual stage in certain environ-
ments. This is particularly valid for invasive populations of some
powdery mildew species that have recently increased their host
ranges or geographical areas and caused previously unknown
plant diseases in new environments (32,33). For example, the
grapevine powdery mildew pathogen, E. necator (syn. Uncinula
necator), did not produce the sexual stage for decades in Europe,
after being introduced there from North America in the 19th
century (12). This has also happened during the first period of the
European spread of E. symphoricarpi on snowberry, thought to be
native to North America (33), and that of E. arcuata on horn-
beam, thought to be introduced from Asia (10). In the meantime,
there was no loss of the sexual reproduction in the native areas of
any of these three species (10,12,33). These examples show that
at least some powdery mildew populations can rapidly spread and
occupy new geographical areas, or infect new host plant species
(65), even in the absence of the sexual stage. However, nothing is
known about the genetic structure of these invasive populations.
Clearly, detailed population analyses are needed to assess the
genetic diversities in these, and other, apparently clonal, and
invasive, fungal populations that are often perceived as geneti-
cally (near-) identical clones (42,47).

One of the goals of the present AFLP analysis was to determine
whether AFLP profiles in O. neolycopersici isolates might be
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Fig. 4. A dendrogram showing the genetic distances among 17 tomato powdery mildew samples and four non-tomato powdery mildew samples computed using
the TREECON software (66) based on a reduced set of amplified fragment length polymorphism (AFLP) bands. This consisted of 671 markers and was created
after the exclusion of the unique bands (Table 4) from the original AFLP data set. Genetic distances were determined based on the method of Nei and Li (50) and
are shown based on a neighbor-joining (NJ) analysis. The strength of groupings was estimated using bootstrap analysis (16) with 1,000 replicates and values >
50% are indicated as percentages on the branches. Bar=10% genetic distance. The host plants and geographical origins of the samples are shown in Table 1. DNA

samples Cz-2 (1) and Cz-2 (2) and KTP-01 (1) and KTP-01 (2) are duplicates from isolates Cz-2 and KTP-01, respectively.
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associated with the virulence patterns identified in a previous
study (4). However, no clear correlation was found between the
virulence and the AFLP patterns of the O. neolycopersici isolates
studied. For example, the Czech isolate, Cz-2, that had overcome
the major resistance genes OIl-4 and OI-6 (4), clustered together
with isolates BP-P5 and On-Ne-2 (Fig. 4) known to be suppressed
by these resistance genes (4). Also, the Japanese isolate KTP-01,
reported to infect the tomato cultivar Grace, which is resistant to
some European and American O. neolycopersici populations (30),
grouped together with some European and American isolates.
However, this isolate was somewhat distant from the others in the
first sub-group (Fig. 4) and exhibited the highest number of
unique bands within the tomato powdery mildew samples (Table
4). Although the French isolates that also infected cv. Grace (63)
were not included in this work, interestingly, four (On-04, On-16,
On-17, and On-18) out of the nine French isolates analyzed
clustered together with KTP-01. Overall, our AFLP analysis did
not provide clear molecular evidence for the differences in the
virulence of various O. neolycopersici isolates. Furthermore, the
close similarity between the AFLP profiles of the three isolates,
BP-P5, On-Ne-2, and Cz-2, which exhibited different virulence
patterns in a previous study (4), suggests that changes in virulence
of O. neolycopersici are associated with very limited changes in
genomic sequences. Other studies on Fusarium oxysporum f. sp.
cubense isolates (20) and on Mycosphaerella pinodes isolates (71)
also revealed an absence of correlation between AFLP groupings
and virulence. In Verticillium albo-atrum isolates, however, a
clear correlation was found between AFLP patterns and virulence
on hop (Humulus lupulus) (56).

The low number of non-tomato mildew samples limited the
value of the AFLP analysis in these samples. However, the results
of the cross-inoculation experiments (Table 3), together with the
analysis of the ITS sequences (Figs. 2 and 3) and AFLP patterns
(Fig. 4) indicate that the powdery mildew anamorphs collected
from A. vulgaris, C. majus, P. caerulea, and S. alboroseum all
represent distinct, but closely related taxa. This conclusion is
jointly supported by all the results obtained in this work, although

the anamorph infecting S. alboroseum was not included in the
AFLP work and the one infecting P. caerulea could not be used in
the cross-inoculation tests. Interestingly, the isolates Ch-1 from
C. majus, Pa-1 from P. caerulea and Aq-1 from A. vulgaris were
collected in places where a part of the O. neolycopersici samples
also came from (Table 1).

Ideally, cross-inoculation tests should include a substantial
number of different plant genotypes (and not just one) in order to
decide whether a plant species is a host or a nonhost (51). The
number of plant genotypes/species used in our tests was limited
by the accessibility of P. caerulea and S. alboroseum materials
and also by practical considerations. In spite of these limitations,
our cross-inoculations provided important data for the host range
of O. neolycopersici and other Oidium spp. The susceptibility of
wild-type A. thaliana plants to O. neolycopersici, reported by
Xiao et al. (70), and that of petunia, reported in some papers
(18,29,68), was confirmed in our tests. In contrast, we found only
localized sporulation of O. neolycopersici on eggplant, cv.
Kecskeméti Lila, and also on tobacco, although Huang et al. (24)
reported intense sporulation of the pathogen on the same tobacco
accessions tested. Other works reported that some cultivars and
breeding lines of tobacco (18,24,29,38) and eggplant (18,24,
38,68) were susceptible to tomato powdery mildew while some
others were resistant (29,39). The apparent contradictions be-
tween the results of different artificial inoculations, carried out in
different laboratories, could result from many factors, as dis-
cussed by Niks (51).

Several comprehensive analyses showed that ITS sequences
always differ in at least one or a few nucleotides in specimens
considered as belonging to different taxa on the basis of mor-
phology and/or host range (23,25,49,57,62), while those deter-
mined in powdery mildew samples collected from the same host
plant species were identical (21,22,35). There is no doubt that the
use of ITS sequences in analyzing phylogenetic relationships in
closely related fungal taxa in general, and in closely related
powdery mildew fungi in particular, has some limitations (45,69).
In spite of these limitations, the IDNA ITS region is currently the

TABLE 4. Number of unique bands (bands detected in the fingerprint of one single powdery mildew isolate only) identified during amplified fragment length

polymorphism analysis®
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On-Ne-1 1 1 1 1 1 1 2 1 1 10
On-Ne-2 1 1
BP-P5 2 1 1 1 2 7
BP-F1 2 2 4 1 1 2 1 2 1 1 17
Cz-2 (1) 1 2 1 1 1 6
Cz-2 (2) 1 1 1 1 4
Cz-2 (1)+(2) 1 2 1 1 1 6
On-04 2 1 1 2 2 2 1 1 12
On-05 2 2 1 3 2 5 2 1 1 21
On-08 1 1
On-11 0
On-12 0
On-16 1 1 1 1 1 1 2 8
On-17 0
On-18 0
On-19 1 2 2 1 2 4 1 2 2 3 1 1 22
KTP-01 (1) 7 4 6 1 5 4 4 3 2 6 3 2 1 2 3 1 6 60
KTP-01 (2) 7 4 6 1 5 4 4 3 2 6 2 2 1 2 2 1 6 58
KTP-01 (1)+(2) 7 4 6 1 5 4 4 3 2 6 3 2 1 2 3 1 6 60
On-USA-1 1 2 1 1 1 3 3 1 6 3 7 3 32
On-Ca-1 1 1 1 3
Ag-1 12 2 10 4 9 4 2 7 5 11 9 2 4 7 2 5 3 8 3 109
Ch-1 4 6 2 2 4 4 4 4 3 7 1 3 1 4 2 4 55
Pa-1 4 6 2 1 2 1 1 1 1 1 2 1 3 10 5 7 3 51
Pa-2 1 1 1 1 5 6 4 11 2 1 33
TOTAL 30 22 28 15 23 21 12 23 12 41 29 3 25 24 30 37 30 25 18 448
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best characterized part of the genome in the Erysiphales and has
been used in several comprehensive phylogenetic and molecular
taxonomic works which have never led to results that are in
contradiction with those based on morphological and/or host
range data (13,21,23,25,46,49,62). However, this is the first ge-
nome-wide study that investigates the relationships among pow-
dery mildews that are closely related based on ITS sequences and
morphology. Thus, this study tested for the first time the value of
ITS data in delineating closely related taxa in the Erysiphales.
The joint use of cross-inoculation experiments, ITS sequence
analyses, and AFLP analyses have led to mutually supporting
results because all the results revealed clear differences among O.
neolycopersici, E. aquilegiae, and the anamorphs collected from
C. majus, P. caerulea, and S. alboroseum. This suggests that all
these pathogens represent distinct but closely related species of
the Erysiphales according to the phylogenetic species recognition
(19,61). Among these fungi, the Oidium spp. found on C. majus
and S. alboroseum, respectively, have only recently been reported
in the literature (26,27).

All the results obtained in this work showed that ITS sequences
are indeed valuable in the identification of distinct powdery
mildew lineages that should be recognized as different taxa in
taxonomic works. A total of 18 specimens of O. neolycopersici,
collected in different parts of the world (Table 1), exhibited
identical ITS sequences (Fig. 2). Some of these were determined
in previous studies (29,34,36). To our knowledge, within the
Erysiphales, O. neolycopersici is the species with the highest
number of specimens in which the ITS sequences were deter-
mined. The fact that they are identical in 18 different specimens
supports the value of ITS data in powdery mildew identification.
Also, the one to five nucleotide differences between the ITS
sequence of O. neolycopersici and those of the powdery mildew
fungi collected from A. vulgaris, C. majus, P. caerulea, and S.
alboroseum (Fig. 3) clearly shows that distinct powdery mildew
species with similar morphology but different host ranges and
genome-wide patterns, such as AFLP polymorphism, can reliably
be distinguished based on their ITS sequences. A difference in
only one or two single nucleotide positions in the ITS sequence
could indicate considerable differences between two powdery
mildew specimens in terms of their host range and genome-wide
patterns. For example, E. aquilegiae and O. neolycopersici differ
in only two nucleotide positions in their ITS region (Fig. 3). This
difference, however, reflects major differences in (i) their host
ranges, as they do not infect each other’s host plants (Table 3), (ii)
their genomes (Fig. 4), and (iii) their reproduction, as E. aqui-
legiae regularly produces ascomata, the sexual fruiting bodies,
even on our experimental plants in the greenhouse, while O. neo-
lycopersici does not. These differences highlight the importance
of determining the ITS (and any other) DNA sequences with
maximum care. Unfortunately, as pointed out by some authors
(2,11), a number of rDNA sequences deposited in public data-
bases are unreliable for various reasons. There are three ITS
sequences deposited in GenBank for O. neolycopersici (GenBank
accession nos. AF171876, AF229015, and AB163915) which are
only 99% similar to the 18 identical sequences used in this work.
These three sequences were not used in our analysis because we
could not exclude the possibility that the differences resulted from
sequencing errors.

0. neolycopersici is recognized as a well-defined anamorphic
powdery mildew species in this study. The analyses of ITS
sequences and AFLP patterns, supplemented with host range data,
indicate that O. neolycopersici clearly differs from morphologi-
cally similar and phylogenetically closely related anamorphs,
such as those included in this work. This means that the powdery
mildews found on A. vulgaris, C. majus, P. caerulea, and S. albo-
roseum do not serve as sources of inoculum for tomato powdery
mildew epidemics. However, in our cross-inoculation tests,
O. neolycopersici was able to infect S. alboroseum, petunia, and
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wild-type A. thaliana, and, to some extent, eggplant and tobacco,
as well. These results suggest a somewhat polyphagous nature of
O. neolycopersici. Host range expansion is one of the major
evolutionary processes in the Erysiphales (46,62), and such an
event has recently been documented in a species infecting Arabi-
dopsis and other plants (65). Thus, the possibility of detecting
O. neolycopersici on plants other than tomato in the field cannot
be excluded.

The morphology and the ITS sequences of the powdery mildew
anamorphs included in this study are very similar but each are
pathogenic to plant species belonging to different plant families.
This suggests that during the evolution of this group of the
Erysiphales, host range expansions should have occurred across
plant families, eventually followed by segregations of the popu-
lations established on different host plant species. This hypothesis
is supported by the observation that in artificial cross-inoculation
tests, O. neolycopersici infected two nonsolanaceous plant
species, S. alboroseum and A. thaliana, of which the former one
points to the Oidium sp. collected from S. alboroseum and proved
to be closely related to O. neolycopersici in this work (Fig. 2).
However, the natural occurrence of O. neolycopersici has been
demonstrated only on tomato to date, so its role in powdery
mildew epidemics on plants other than tomato cannot be proven
so far.
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