Mycologia, 94(5), 2002, pp. 834-849.

© 2002 by The Mycological Society of America, Lawrence, KS 66044-8897

Phylogenetic relationships of the downy mildews (Peronosporales) and related
groups based on nuclear large subunit ribosomal DNA sequences

A. Riethmtller!

Lehrstuhl fiir Spezielle Botanik und Mykologie,
Botanisches Institut, Universitdt Trvibingen, Auf der
Morgenstelle 1, D-72076 Ttibingen, Germany

H. Voglmayr

Institut fiir Botanik, Universitéit Wien, Rennweg 14,
A-1030 Wien, Austria

M. Goker
M. Weil3
F. Oberwinkler
Lehrstuhl fiir Spezielle Botanik und Mykologie,

Botanisches Institut, Universitéit Trvibingen, Auf der
Morgenstelle 1, D-72076 Tiibingen, Germany

Abstract: In order to investigate phylogenetic rela-
tionships of the Peronosporomycetes (Oomycetes),
nuclear large subunit ribosomal DNA sequences con-
taining the D1 and D2 region were analyzed of 92
species belonging to the orders Peronosporales, Py-
thiales, Leptomitales, Rhipidiales, Saprolegniales and
Sclerosporales. The data were analyzed applying
methods of neighbor-joining as well as maximum par-
simony, both statistically supported using the boot-
strap method. The results confirm the major division
between the Pythiales and Peronosporales on the one
hand and the Saprolegniales, Leptomitales, and
Rhipidiales on the other. The Sclerosporales were
shown to be polyphyletic; while Sclerosporaceae are
nested within the Peronosporaceae, the Verrucalva-
ceae are merged within the Saprolegniales. Within
the Peronosporomycetidae, Pythiales as well as Per-
onosporales as currently defined are polyphyletic.
The well supported Albugo clade appears to be the
most basal lineage, followed by a Pythium-Lagenidium
clade. The third, highly supported clade comprises
the Peronosporaceae together with Sclerospora, Phy-
tophthora, and Peronophythora. Peronophythora is
placed within Phytophthora, indicating that both gen-
era should be merged. Bremiella seems to be poly-
phyletic within the genus Plasmopara, suggesting a
transfer to Plasmopara. The species of Peronospora do
not appear as a monophyletic group. Peronospora spe-
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cies growing on Brassicaceae form a highly supported
clade.

Key Words: LSU rDNA, molecular evolution,
Oomycota, Peronosporomycetidae, plant pathogen

INTRODUCTION

Recently, various phylogenetic studies of ribosomal
DNA sequences have been published to resolve phy-
logenetic relationships within the Peronosporomy-
cetes (Dick et al 1999, Matsumoto et al 1999, Rieth-
muller et al 1999, Cooke et al 2000, Forster et al
2000, Leclerc et al 2000 and Petersen and Rosendahl
2000). Hudspeth et al (2000) used mitochondrial
COX2 sequence data to estimate phylogenetic hy-
potheses and obtained results compatible with the
rDNA studies.

The 28S rDNA (LSU) has proved to be particularly
useful in phylogenetic analyses; it has been used to
test phylogenetic assumptions within the Saproleg-
niaceae (Leclerc et al 2000) and to analyse the rela-
tionships of the major lineages of Peronosporomy-
cetes (Riethmuller et al 1999, Petersen and Rosen-
dahl 2000). A particular emphasis of Riethmtller et
al (1999) was to construct hypotheses about phylo-
genetic relationships within the Saprolegniomyceti-
dae. However, a detailed study of the Peronosporo-
mycetidae is still lacking, demonstrating the urgent
need for further studies.

A new taxonomic system for the Peronosporomy-
cetes has been proposed by Dick (1995), in which he
divided them into three subclasses, the Saprolegni-
omycetidae, Rhipidiomycetidae, and Peronosporo-
mycetidae. His ordinal classification was based on
morphological and ultrastructural characters, e.g.,
oosporogenesis, oospore wall, and protoplasmic
structure of the oospore. This subdivision could be
largely confirmed by subsequent phylogenetic studies
based on sequence data (Dick et al 1999, Riethmiller
et al 1999, Hudspeth et al 2000, Petersen and Rosen-
dahl 2000). However, phylogenetic relationships
within these clades are much less clear, which is es-
pecially true for the Peronosporomycetidae.

The evolutionarily advanced Peronosporomyceti-
dae are recognized as some of the most important
plant pathogens commercially; they constitute an in-
teresting study group with respect to evolutionary
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processes. Their evolutionary success is reflected by
rapid radiation that is probably the result of increas-
ingly specialized parasitism on angiosperms and from
the transition to more effective wind dispersal with
the formation of elaborate conidiosporangiophores.
These evolutionary trends have greatly influenced
phylogenetic hypotheses of the whole group. It has
generally been accepted that the highly evolved
downy mildews and white rusts originated from an-
cestors of a more primitive Pythium-Phytophthora
group (e.g., Giumann 1964, Shaw 1978, 1981, Barr
1983, Dick et al 1989). As a result, the suprageneric
classification of the Peronosporomycetidae has large-
ly remained stable over the years.

In current classifications (Hawksworth et al 1995,
Dick 2001a), the Peronosporomycetidae contain two
orders. The Pythiales are considered to represent a
more primitive lineage and consist of two families:
the little known Pythiogetonaceae and the Pythiaceae
with the genera Pythium and Phytophthora, both im-
portant facultative plant parasites, and seven less
prominent genera. The second order, Peronospora-
les, obligatory parasites on aerial parts of angio-
sperms, contains two families: the monotypic Albu-
ginaceae (white rusts), and the Peronosporaceae
(downy mildews), with currently eight genera (Basi-
diophora, Benua, Bremia, Bremiella, Paraperonospora,
Peronospora, Plasmopara, and Pseudoperonospora).
With about 600 species altogether (Dick 2001a), the
Peronosporaceae is the largest family of Peronospo-
romycetes.

This classification was mainly based on the inter-
pretation of obligate parasitism and elaborate, deter-
minate conidiosporangiophores as apomorphic char-
acters. On the other hand, recent molecular data
(Riethmaller et al 1999, Cooke et al 2000, Petersen
and Rosendahl 2000) have cast some doubts on this
interpretation. However, comparatively few represen-
tatives of the Peronosporomycetidae have been in-
cluded in these studies, concentrating on the genera
Phytophthora and Pythium. Data on the Peronospor-
aceae and Albuginaceae are almost entirely wanting.
Therefore, the present publication was intended to
elucidate phylogenetic relationships in the Peronos-
poromycetidae by analyzing new sequence data, and
to stimulate further research on this fascinating
group of organisms.

MATERIALS AND METHODS

Sample sources, DNA-extraction, PCR and sequencing—The
organisms included in the study are listed in TABLE 1. For
Peronospora, the narrow species concept of Giumann (1918,
1923) was used due to the lack of a modern, comprehensive
classification; the nomenclature followed Constantinescu

(1991). The other downy mildews were determined and
classified mainly using Brandenburger (1985). The se-
quences of Lagenidium chthamalophilum, Phytophthora me-
gasperma, Pythium aphanidermatum, and Py. aquatile were
obtained from GenBank. Genomic DNA from pure cultures
was isolated using a modified version of the SDS method
(Riethmuller et al 1999). From the obligate plant parasites,
DNA was extracted either using herbarium specimens, host
tissue dried in silica-gel, or spore suspensions frozen in 1.5
mL Eppendorf tubes and stored at —20 C. Material from
herbarium specimens was extracted either with the SDS
method (Riethmiiller et al 1999) or with the DNeasy Plant
Kit (Quiagen Inc.) according to the manufacturer’s instruc-
tions. In most cases, tissue was disrupted using a Retsch MM
300 Mixer Mill and tungsten carbide balls of 3 mm diam.
From silica-gel dried host tissue and frozen spore suspen-
sions, DNA was extracted using a modified CTAB-protocol
(Doyle and Doyle 1987). For disruption of the cells, the
material dried in silica-gel was placed in 2 mL Eppendorf
tubes containing 5-7 glass beads (3 mm diam) and ground
to powder with a homogenizing mill. The frozen spore sus-
pensions were ground with glass-beads (100 wm diam) and
a conical homogenizing pestle. Towards the end of grind-
ing, 300-500 pL 2X CTAB extraction buffer (100 mM Tris
pH 8, 1.4 M sodium chloride, 20 mM EDTA, 2% CTAB,
0.5% mercaptoethanol) was added, and the tubes were
thoroughly vortexed and incubated at 65 C for 60 min.
Then an equal volume of chloroform-isoamyl alcohol (24:
1) was added, the tubes vortexed and spun at 14 000 X g
for 5 min. The resulting supernatant was transferred into a
1.5 mL Eppendorf tube, an equal volume of isopropanol
was added, and the tube was vortexed and placed on ice
for at least 30 min to precipitate the DNA, followed by cen-
trifugation at 14 000 X g for 10 min. The DNA pellet was
rinsed with 500 mL ice cold 70% ethanol, dried in a ther-
moblock at 50 C, dissolved in 30-50 pL dd H,O and stored
at —20 C.

The 5" terminal domain of the nuclear DNA coding for
the large ribosomal subunit (LSU rDNA) was amplified us-
ing the polymerase chain reaction PCR (Mullis and Faloona
1987; White et al 1990) with NL1, NL4 (O’Donnell 1993),
LROR (Moncalvo et al 1995), LR6 (Vilgalys and Hester
1990) and LR6-O (5-CGC CAG ACG AGC TTA CC-3') as
primers. LR6-O is a modification of LR6 to fit the Oomycete
LSU gene and was used in most cases. PCR products were
purified with the QIAquick Kit (QIAGEN) according to the
manufacturer’s instructions. DNA was sequenced using the
ABI PRISM Dye Terminator Cycle Sequencing Kit (Perkin
Elmer) with NL1 or NL4 as primers and an automated DNA
sequencer (ABI 373, Perkin Elmer).

Data analysis—The sequence alignment was initially pro-
duced with the aid of the MEGALIGN Module of the LAS-
ERGENE System (DNASTAR, Inc.) and visually checked
and refined with Se-Al version 2.0 (A. Rambaut, University
of Oxford, U.K.). Phylogenetic analyses were performed ac-
cording to the neighborjoining method (Saitou and Nei
1987), as well as the maximum parsimony method (e.g.,
Fitch 1971) using PAUP* version 4b8 (Swofford 2001). For
neighbor-joining analysis, the data were first analyzed with
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Modeltest version 3.04 by D. Posada (Posada and Crandall
1998) to find the most appropriate model of DNA substi-
tution, which was then used for calculation of the neighbor-
joining tree. Support for internal nodes of the trees was
obtained using bootstrap analysis (Felsenstein 1985) from
1000 replicates.

Heuristic maximum parsimony analysis was performed
with 10 000 rounds of branch swapping (TBR; MULTREES
option in effect) on starting trees obtained by stepwise ad-
dition of the DNA sequences in random order. Gaps were
treated as missing data. In order to prevent PAUP* crashing
because of the large amount of suboptimal trees of length
2347 detected in previous analyses, the options CHUCK =
1 and CHUCKSCORE = 2345 were used. Thus, no more
than one tree of length greater than or equal to 2345 was
saved in each replicate. Bootstrap analysis was done with
1000 resamplings, each with 10 rounds of random addition
without branch swapping.

Leptomitus lacteus (Leptomitales), Sapromyces elongatus
(Rhipidiales) and 11 taxa of the Saprolegniales were chosen
as outgroups on the basis of the results of Riethmdiller et al
(1999) and Petersen and Rosendahl (2000).

RESULTS

Sequence alignment—The total alignment was 774 bp
long; most of the sequences could be accurately
aligned over the whole range. However, in some Al-
bugo species (A. tragopogonis, A. bliti, A. portulacae,
A. achyranthis) parts of the sequences were excluded
as they could not be aligned; these regions have been
recoded in the matrix as ‘“missing data”. The final
alignment and the trees obtained are deposited in
TreeBase (http://www.treebase.org/study accession
number S766).

Phylogenetic analysis.—Performing hierarchical like-
lihood ratio tests, the model of Tamura and Nei
(1993) was chosen for the neighbor joining (NJ)
analysis, with the following settings: base frequencies
A = 0.2430, C = 0.1479, G = 0.2669, T = 0.3421;
rate matrix [A-C] = 1.0, [A-G] = 4.8878, [A-T] =
1.0, [CGG] = 1.0, [C-T] = 7.0636, [G-T] = 1.0; ad-
ditionally assuming a proportion I = 0.3079 of in-
variant nucleotide sites and a gamma-distributed sub-
stitution rate for the remaining sites (Gu et al 1995)
with gamma distribution shape parameter a =
1.0309. The dendrogram obtained by the NJ analysis

is shown in FiG. 1. Heuristic maximum parsimony
(MP) analysis yielded 426 trees of length 2344 from
six different islands; the strict consensus tree of these
is shown in FIG. 2. These trees were already detected
after 2138 of 10 000 rounds of heuristic search. Tree
topologies of both distance and parsimony analysis
are broadly similar, with the exception of some minor
differences. The division between the Saprolegniales,
Leptomitales, and Rhipidiales (cluster 1) on the one
hand and the Peronosporales and Pythiales (cluster
2-10) on the other hand is well supported (bootstrap
values of 98% in F1G. 1 and 88% in FIG. 2, respec-
tively).

Leptomitus lacteus (Leptomitales) is sister to the
Saprolegniales according to MP analysis (FIG. 2),
whereas in NJ analysis, Leptomitus lacteus and Sapro-
myces elongatus are joined (FIG. 1), though without
significant bootstrap support.

Except for Calyptralegnia achlyoides, the tree topol-
ogies within the Saprolegniales are identical in both
analyses; Pachymetra chaunorhiza, classified in the
Sclerosporales, clusters with Aphanomyces of the Sap-
rolegniales with high bootstrap support (Fics. 1, 2).

Within the Peronosporomycetidae, three major
groups are present (cluster 2, cluster 3, and cluster
4-10). A well supported Albugo clade (bootstrap val-
ues of 100% in FiGc. 1 and 87% in FiG. 2) is most
basal; however, its basal position is only well support-
ed in parsimony analysis (82%), indicated by the
common ancestry of the remaining species of Per-
onosporomycetidae (clusters 3—-10). Within Albugo,
topologies are identical in both trees and supported
by high bootstrap values. In the NJ tree, branch
lengths within the Albugo clade are very long, reflect-
ing higher substitution rates in this clade.

Next to Albugo comes a Pythium-Lagenidium clade
(cluster 3) which is moderately supported in both
analyses with bootstrap values of 74% (F1G. 1) and
65% (FIG. 2), respectively. However, after removal of
Lagenidium, bootstrap support for the Pythium clade
became highly significant in NJ analysis (97%; data
not shown). Except for Py. sp. 2, topologies within
the clade are identical in both trees, but the topolo-
gies of the basal taxa receive no bootstrap support,
notably the position of Lagenidium within a paraphy-
letic Pythium.

—

Fic. 1. Neighbor-joining analysis of an alignment of nuclear DNA coding for the 5’ terminal domain of the 28S ribosomal
large subunit. Genetic distances were computed according to the model of Tamura and Nei (1993), additionally assuming
a proportion of invariant nucleotide sites and a gamma-distributed substitution rate for the remaining sites. Interrupted
branches were scaled to half of the length. Branch lengths of Al bliti, Al. candida (Capsella), Pe. dentariae (C. hirsuta) and
Pe. trifolii-minoris were negative. Tree topology was rooted with the group of Saprolegniales, Leptomitales and Rhipidiales
(cluster 1). Numbers on branches are bootstrap values (1000 replicates, values smaller than 60% not shown). Bold taxa are

the type species of the respective genera.
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The largest, well supported clade (bootstrap sup-
port of 100% in both trees) comprises the Perono-
sporaceae together with the genera Sclerospora, Phy-
tophthora and Peronophythora (cluster 4-10). Topolo-
gies within this clade while not identical in the two
trees are generally similar, particularly in the case of
those groupings that are well supported by bootstrap
analyses.

The genera Plasmopara (except Pl. oplismeni), Bre-
miella, Bremia, Paraperonospora, Basidiophora and, re-
markably, Sclerospora form one group (cluster 6),
without, however, significant bootstrap support. Re-
markably, the Verrucalvaceae (Pachymetra) appear
within the Saprolegniales, and the Sclerosporaceae
(Sclerospora) within the Peronosporaceae.

Another group common to both trees is the Phy-
tophthora-Peronophythora clade (cluster 9), which,
however, lacks bootstrap support in both analyses. In-
ternal branching is compatible in both trees. Pe. lit-
chii is sister to Ph. arecae, which is supported by boot-
strap values of 89% (F1G. 1) and 84% (F1G. 2).

Plasmopara (exclusive of Pl. oplismeni) is mono-
phyletic in the parsimony analysis but paraphyletic in
the NJ tree; Bremiella is consistently nested within the
Plasmopara clade and polyphyletic. The Bremia lac-
tucae complex forms an evolutionarily distinct group
within clade 6 with high bootstrap support (100%)
in both analyses. The three species of Pseudoperonos-
pora form another small, well supported clade (98%
in FiG. 1 and 91% in FiG. 2). The largest genus of
the Peronosporaceae, Peronospora, is polyphyletic
with several distantly related groups (cluster 4, 5, 8,
10). The species on Brassicaceae (Pe. parasitica
group) form a highly supported clade (cluster 5,
100% in Fi1G. 1 and 99% in FiG. 2). Another large
group of Peronospora species (cluster 10, with poor
bootstrap support) includes species infecting Ra-
nunculales, Caryophyllales, Fabales, Boraginaceae,
Dipsacaceae, and Rubiaceae.

DISCUSSION

The phylogenetic trees are compatible with the basal
division of Peronosporomycetes into Peronosporo-
mycetidae and Saprolegniomycetidae as proposed by
Dick et al (1984), which is consistent with the results
of previous investigations based on LSU (Petersen

and Rosendahl 2000), SSU (Dick et al 1999) and
COX2 (Hudspeth et al 2000). Dick (1995) proposed
a third subclass, Rhipidiomycetidae, which is repre-
sented by Sapromyces in our analysis. Its phylogenetic
position remains unclear. This is consistent with the
other analyses where it sometimes seems to be more
closely related to the Saprolegniomycetidae (Peter-
sen and Rosendahl 2000), or to the Peronosporo-
mycetidae (Hudspeth et al 2000). Therefore, as al-
ready indicated (Riethmuller et al 1999), more se-
quence data are necessary to resolve the evolutionary
position of the Rhipidiales.

Within the Saprolegniales, tree topologies of the
present analyses differ from those in Riethmiiller et
al (1999). Nevertheless, the polyphyly of centric and
eccentric Achlya species was confirmed, and polyphy-
ly of the centric and eccentric Saprolegnia species
could be assumed.

Within the Peronosporomycetidae, our phyloge-
netic trees are not fully compatible with the hierar-
chical classification in current use (Hawksworth et al
1995, Dick 2001a), as both Pythiales and Perono-
sporales appear to be polyphyletic. The genus Phy-
tophthora, assumed to be a member of the Pythiales,
is more closely related to Peronosporaceae than to
Pythium, which occupies a basal position within the
Peronosporomycetes. This is in accordance with the
molecular phylogenies of Riethmiiller et al (1999),
Cooke et al (2000) and Petersen and Rosendahl
(2000). The Peronosporales as currently defined are
also polyphyletic, as the genus Albugo appears to be
basal to the rest of the Peronosporomycetidae.

Peronosporaceae—As the common ancestry of the
Peronosporaceae and allied genera (Phytophthora,
Peronophythora, and Sclerospora) is strongly supported
in the analyses, there can be little doubt that this
family represents a monophyletic group. However,
this strong support contrasts with a lack of resolution
of the basal branches within the clade. Many of the
internal nodes are not supported by bootstrap anal-
ysis, presenting an unclear picture of the overall phy-
logeny of the group. Nevertheless, this study may of-
fer some interesting insights into the evolutionary
processes. The lack of resolution of these basal
branches may be evidence for a rapid radiation of
the whole clade, which is also supported by the short

—

FiG. 2. Maximum parsimony analysis of an alignment of nuclear DNA coding for the 5’ terminal domain of the 28S
ribosomal large subunit. A strict consensus tree of the 426 trees of length 2344 found in heuristic search (10 000 rounds of
random addition of sequences and subsequent TBR branch swapping) is shown. Numbers on branches are bootstrap values
from 1000 replicates (each with 10 rounds of random addition of sequences without branch swapping), values smaller than
60% not shown. Tree topology was rooted with the group of Saprolegniales, Leptomitales and Rhipidiales.
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branch lengths between many nodes in relation to
the comparatively long terminal branches (FiG. 1).
The main trigger responsible for this rapid radiation
of the downy mildews may have been the transition
to parasitism of aerial parts of angiosperms, in com-
bination with effective wind dissemination. It is not
surprising that also Phytophthora is contained within
this clade, supporting the theories of Brasier and
Hansen (1992) who, on the basis of sexual mecha-
nisms and conidiosporangial dispersal, suggested that
Phytophthora might be more closely related to Pero-
nospora and Bremia than to Pythium. The ecology of
the species of the genus Phytophthora is very diverse,
they either occur in soil and water or are aerially dis-
persed. While most species of Phytophthora are also
parasites on higher land plants, they differ from the
downy mildews in their ability to grow on agar.

The phylogenetic position of the monotypic genus
Peronophythora has been extensively debated (Chen
1961, Ko et al 1978, Chi et al 1982, Ho et al 1984,
Hall 1989). Considering the combination of deter-
minate conidiosporangiophores and Phytophthora-
like characters, Ko et al (1978) placed Peronophythora
in a family of its own, Peronophythoraceae, which
was expected to occupy a phylogenetic position be-
tween Phytophthora and Peronosporaceae. On the
other hand, Chi et al (1982) noted indeterminate
growth of the conidiosporangiophores and proposed
a transfer to Phytophthora. Ho et al (1984) confirmed
the presence of indeterminate growth but argued
that the conidiosporangiophores are usually deter-
minate, which should justify the retention of a sepa-
rate genus. However, many Phytophthora taxa dem-
onstrate determinate sporangiophore growth as well.
Hence, the presence of determinate or indetermi-
nate growth does not appear to be a suitable char-
acter for distinguishing between the genera.

Our analyses do not support a position of Perono-
phythora intermediate between Phytophthora and Per-
onosporaceae, and there is strong evidence for a
transfer of Peronophythora to Phytophthora. The posi-
tion of Pe. litchii as sister to Ph. arecae receives high
bootstrap support in both analyses (FIGs. 1, 2). The
caducous but water-dispersed and shortly pedicellate
sporangia, the partly amphigynous oogonia, the lack
of oogonial periplasm and, perhaps most significant-
ly, its ability to grow on synthetic media are clear ev-
idence for a close relationship of Peronophythora and
Phytophthora.

Interestingly, the genera Plasmopara, Bremiella,
Paraperonospora, Bremia, Basidiophora, and Sclerospo-
ra, despite their diverse conidiosporangiophore mor-
phology, form a monophyletic group in both NJ and
MP analyses. Although this clade is not supported by
significant bootstrap values, its members share fea-

tures probably indicating a closer relationship: ellip-
soid to pyriform haustoria (except for Sclerosporawith
peglike haustoria) and hyaline to pale yellowish co-
nidia or sporangia (our observations). This may in-
dicate that conidiosporangiophore morphology has
been overemphasized in previous evolutionary hy-
potheses (see diagrams in Dick et al 1984, Dick 1988)
and also demonstrate that unequivocal interpretation
of condiosporangiophore morphology is often diffi-
cult.

The genus Bremiella may be an example for a chal-
lenging interpretation of conidiosporangiophore
morphology. Its sequenced species clustering among
species of Plasmopara, Bremiella appears to be poly-
phyletic. A re-examination of the conidiosporangio-
phores showed that branching in Bremiella is more
similar to Plasmopara (own observations) than strictly
dichotomous (Constantinescu 1979), which is evi-
dence for reincorporating the genus Bremiella into
Plasmopara (the two sequenced species of Bremiella
have already been assigned to the genus Plasmopara).
It should also be mentioned that the second feature
assumed to be typical of Bremiella, the terminal knobs
on the sterigmata, does not seem to be of high tax-
onomic value as it is also seen in some species of the
genus Paraperonospora (Constantinescu 1989).

Currently, the genus Bremia includes two species,
Br. lactucae on Asteraceae and the little-known Br
graminicola on Poaceae. Besides Br lactucae, several
additional species of Bremia have been described
from Asteraceae, which are listed in Skidmore and
Ingram (1985). However, extensive investigations
made by these authors demonstrated that morpho-
logical characters were not useful for taxonomic dif-
ferentiation within the genus. Cross-infection studies
with various isolates from different hosts showed the
presence of several host-specific groups (Skidmore
and Ingram 1985). Based on the lack of morpholog-
ical differentiation, these authors accepted only one
species, Br. lactucae, but proposed several formae spe-
ciales in relation to the groups of host species pre-
sented in their studies.

Our analyses support the presence of distinct en-
tities within Br: lactucae, which may correspond to the
groups proposed by Skidmore and Ingram (1985).
The isolates from the Cichorioideae are consistently
basal to those on the Asteroideae (Cirsium oleraceum
and Senecio vulgaris) hosts (FIGS. 1, 2), possibly in-
dicative of an early radiation of Br lactucae on Ci-
chorioideae and subsequent parasitism of the Aster-
oideae.

Both generic circumscription and infrageneric
classification of Plasmopara have changed greatly
over the years (Fischer 1892, Berlese 1902, Wilson
1907, Skalicky (1966). Wilson (1907) transferred the
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species releasing zoospores from the sporangium to
the new genus Rhysotheca; however, this has not been
widely accepted. The present study neither supports
the genus Rhysotheca nor the sectional and subge-
neric classifications proposed by Fischer (1892) and
Skalicky (1966), because neither of these entities ap-
pear to be monophyletic groups (FIGs. 1, 2). On the
other hand, the inclusion of Bremiella into Plasmo-
para as proposed by Berlese (1902) is corroborated.
At present, a monophyletic Plasmopara genus is not
supported in our analyses; however, morphologically
the genus can be well defined by the monopodial
sporangiophores and the hyaline sporangia. Plasmo-
para oplismeni, which is only distantly related to the
majority of Plasmopara taxa (FiGs. 1, 2), is distin-
guished from the latter by unique conidiosporan-
giophore features (long, tortuous, and bloated sterig-
mata) and the graminaceous host (Kenneth and
Kranz 1973), possibly indicating an independent or-
igin.

Within the genus Plasmopara the relatedness of the
studied species does not parallel that of their angio-
sperm host species (APG 1998), which may be evi-
dence for frequent host jumping. On the other hand,
also radiation on related hosts may be observed, as
the species on the same host families are closely al-
lied; the species on Ranunculaceae (Pl pygmaea and
Pl. isopyri-thalictroides) and Geraniaceae (Pl geranii
and Pl pusilla) form highly supported clades. In ad-
dition, in the NJ tree the species parasitizing Api-
aceae (PL sii, Pl. umbelliferarum, Pl. pimpinellae) form
a cluster together with Bremiella baudysii, which is
also parasitic on a host belonging to the Apiaceae.
This is additional evidence for polyphyly of Bremiella
and for reincorporation of the genus into Plasmopa-
ra.

For a long time, the genus Pseudoperonospora rep-
resented a heterogeneous assemblage, and numerous
species were excluded after critical re-examination
(Waterhouse and Brothers 1981). As a consequence,
the status of the genus has been questioned by Skal-
icky (1966) and by Kochman and Majewski (1970),
and suggestions have been made that it should be
merged with Peronospora and/or Plasmopara (Water-
house and Brothers 1981). However, Shaw (1978)
maintained the genus, because the asexual reproduc-
tive structures in Pseudoperonospora are sporangia
with apical opercula (poroid according to Shaw
1978), in contrast to the conidia of Peronospora,
which lack modifications in the apical region (non-
poroid according to Shaw 1978). Based on sporangial
ultrastructure and the phenetic characters shared by
the species of the genus, Constantinescu (2000) sug-
gested that the genus Pseudoperonospora is justified.

Our analyses confirm monophyly of the genus

Pseudoperonospora (FIGs. 1, 2). Relationships to other
genera remain unclear; however, NJ analysis suggests
that Pseudoperonospora may be affiliated with Pero-
nospora (F1G. 1), which is supported by similar co-
nidiosporangiophore morphology, haustoria and co-
nidiosporangium color (our observations).

The large genus Peronospora obtained its present
circumscription (some later changes have been men-
tioned above) mainly with the work of Schroeter
(1889), who limited it to De Bary’s section Pleuro-
blastae (Fischer 1892). So far, subgeneric classifica-
tion of Peronospora has been primarily based on oo-
spore morphology (Fischer 1892, Gaumann 1923, Sa-
vulescu 1948, Skalicky 1966). However, our data do
not support any of the sections (Calothecae and
Leiothecae) or subsections (Verrucosae, Reticulatae, Ef-
fusae, and Parasiticae) of the genus defined by this
feature. Only the members of the Parasiticae, except
for Pe. bulbocapni, can be found in a single clade
(cluster 5).

In the present analyses, the genus Peronospora ap-
pears to be polyphyletic (FIGs. 1, 2); two major (clus-
ter 5, 10) and two minor (cluster 4, 8) groups are
present in the NJ tree (FIG. 1). Most of the Peronos-
pora species included in the present analysis belong
to cluster 10. Although not supported by the boot-
strap, except for Pe. lamii this clade comprises the
same species in both trees (FIGs. 1, 2) and appears
to be closest to the Pseudoperonospora and Phytophtho-
ra-Peronophythora clades in the NJ tree. This arrange-
ment receives support from morphological charac-
ters because the Peronospora species of cluster 10
show the same type of conidiophores as Pseudopero-
nospora and the same type of haustoria as both Pseu-
doperonospora and Phytophthora, in cases where haus-
toria are developed in the latter genus (Fraymouth
1956, our observations). Therefore, cluster 10 possi-
bly represents a valid phylogenetic hypothesis.

Within cluster 10, some well supported subgroups
relate well with the systematics of their respective
hosts. For example, most species parasitizing Faba-
ceae (Pe. aestivalis, Pe. trifolit-alpestris, Pe. trifolii-hy-
bridi, Pe. trifolii-minoris, Pe. trifoliorum) included in
the present analysis belong to a single clade support-
ed by bootstrap values of 80 or 72%, respectively
(Fics. 1, 2). In addition, within this Fabaceae clade
the species growing on Trifolium form a highly sup-
ported subclade. Similarly, a clade with bootstrap val-
ues of 92% (F1cs. 1, 2) consists of the three species
of Peronospora present in our analysis that infect Ra-
nunculaceae (Pe. ficariae, Pe. hiemalis, Pe. pulveracea).
Thus, the present molecular study results in a prelim-
inary confirmation of Gaumann’s concept of “For-
menkreise” in Peronospora (Gaumann 1923) adopted
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by Gustavsson (1959), but clearly many more taxa
must be considered to draw definitive conclusions.

A number of Peronospora species (Pe. alta, Pe. ar-
vensis, Pe. conglomerata, Pe. grisea, Pe. potentillae-ster-
wlis, Pe. sanguisorbae, Pe. silvestris, Pe. sparsa) can be
found in more or less isolated positions in both trees,
none of them supported by significant bootstrap val-
ues and with no topological accordance between the
NJ and the MP tree in detail. Thus, our molecular
data give no consistent results concerning the phy-
logenetic position of these taxa, and their position in
the trees presented here gives no evidence for con-
sidering Peronospora to be polyphyletic. Equally, no
microscopic differences between them and those spe-
cies belonging to cluster 10 were evident.

Within cluster 5, the same group of Peronospora
species is present in both trees and in each case sup-
ported by high bootstrap values of 100 and 99%, re-
spectively (F1Gs. 1, 2). Therefore, this subclade may
be considered as monophyletic. In perfect accor-
dance between molecular and pathogenicity data, it
comprises all Peronospora species infecting Brassica-
ceae (Pe. parasitica group). Both analyses show Plas-
mopara oplismeni to be basal to this clade. This group-
ing is poorly supported, but is perhaps an indication
that the genus Peronospora is polyphyletic. The spe-
cies of Peronospora parasitizing Brassicaceae show
morphological differences in comparison with the re-
maining species concerning haustoria (Fraymouth
1956, our observations) and other microscopic char-
acters (unpubl data). The comparatively long genetic
distances within cluster 5 (FIG. 1) agree with the re-
sults of Rehmany et al (2000), who compared ITS
and AFLP data from P. parasitica s. 1. infecting Bras-
sica oleracea and Arabidopsis thaliana, respectively.
This confirms Gaumann’s concept of splitting the
former Pe. parasitica into a lot of distinct species
(Gaumann 1918), which was rejected by Yerkes and
Shaw (1959). On the other hand, not all of the spe-
cies mentioned in Giumann (1918) appear to be nat-
ural groups. For example, according to our analysis,
Pe. dentariae seems to be polyphyletic.

Sclerosporales—Dick et al (1984) moved the grami-
nicolous downy mildew genera Sclerospora and Per-
onosclerospora from the Peronosporales to the new or-
der Sclerosporales on the basis of their parasitism on
graminaceous hosts, a thickened, sclerified oogonial
wall, and more or less plerotic oospores. They sug-
gested two families, the Sclerosporaceae with the gen-
era Peronosclerospora and Sclerospora, and the Verru-
calvaceae with the genera Sclerophthora and Verrucal-
vus. With some delay, they considered the Scleros-
porales to be part of the subclass Peronospor-
omycetidae. Later, a third genus, Pachymetra, was

added to the Verrucalvaceae (Dick et al 1989) and
the Sclerosporales were removed to the subclass Sap-
rolegniomycetidae. This classification has remained
unchanged in the most recent classifications of Per-
onosporomycetes (e.g., Dick 1999, 200la, Hawk-
sworth et al 1995). However, our data indicate that
the Sclerosporales in the current circumscription are
polyphyletic, as Pachymetra chaunorhiza is more close-
ly related to members of the Saprolegniomycetidae
whereas the type species of the genus Sclerospora, Sc.
graminicola, clusters within the downy mildew clade,
which is well supported with bootstrap values of
100% (Fics. 1, 2). Therefore, the separation of an
order Sclerosporales is not justified, and the Scleros-
poraceae should again be classified as Peronospora-
les, whereas at least part of the Verrucalvaceae should
be grouped within the Saprolegniaceae. The mor-
phological data support such a separation; the Ver-
rucalvaceae lack conidiosporangiophores and no
haustoria were observed (Dick 1999). In addition, in
Verrucalvus zoosporangial dehiscence closely resem-
bles that of Aphanomyces (Dick et al 1984), which is
remarkable as Pachymetra, considered to be its closest
relative (Dick et al 1989), clusters with Aphanomyces
in our analysis (FIGS. 1, 2). However, it is necessary
to collect data for all genera of the Sclerosporales
before the status of the Verrucalvaceae can be finally
resolved. It seems that parasitism on grasses as a phy-
logenetic character has been overemphasized by Dick
et al (1984, 1989) and has evolved independently in
Pachymetra chaunorhiza, Plasmopara oplismeni, and
Sclerospora graminicola.

Albuginaceae—The basal position of the Albugina-
ceae in the trees was unexpected as they have consis-
tently been considered to be close relatives of the
Peronosporaceae within the Peronosporales (see e.g.,
Hawksworth et al 1995, Dick 2001a). However, the
position of Albugo as the most basal taxon of the Per-
onosporomycetidae is consistent with previous mo-
lecular phylogenetic analyses of Cooke et al (2000)
and Petersen and Rosendahl (2000). In addition, ac-
cording to Shaw (1978), the asexual state of Albugo
is unique for the order and should have segregated
from a presumed Pythium-Phytophthora line of devel-
opment relatively early. A basal position is also sup-
ported by the phylogenetic position of host families
that are reported to be ancient lineages, e.g., the Pi-
perales (Dick 2001b), and by oosporogenesis as, ac-
cording to Gaumann (1964: 73-75), some species of
Albugo show primitive traits. On the other hand, the
highly derived sporangiophore morphology, the ob-
ligate parasitism on aerial parts of dicots and the ad-
aptation to dry habitats indicate that the Albugo clade
is highly evolved. As many morphological features are
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either autapomorphies for Albugo (e.g., percurrent
conidiosporangiophore) or synapomorphies for the
whole Peronosporomycetidae clade (e.g., a single oo-
spore per oogonium, thin hyphal diameter), mor-
phology neither supports nor falsifies a basal position
of Albugo within the Peronosporomycetidae, and fur-
ther thorough molecular and ultrastructural investi-
gations are needed to confirm its phylogenetic posi-
tion.

Despite the obviously high DNA substitution rate
within the genus (FIG. 1), sequences of Albugo can-
dida and Al. tragopogonis, respectively, from different
host genera showed little variation. Contrary to this,
the species on Amaranthaceae (Al achyranthis and
Al. blitz), although related, exhibit a high sequence
divergence and do not form a monophyletic group
(F1Gs. 1, 2).

Taxonomic implications of the current study—The
present study confirms the results of recent studies
(Cooke et al 2000) that the current classification of
the Peronosporomycetidae (Hawksworth et al 1995,
Dick 2001a) is in part unsatisfactory, since it contains
polyphyletic groups. In addition, further polyphyletic
assemblages (e.g., Sclerosporales, Bremiella) have
been detected. However, it would be premature to
make major rearrangements as data both from other
regions of the genome and from more taxa should
be collected first. For suprageneric classification, we
suggest that a slightly modified classification of Wa-
terhouse (1973) should be used meanwhile. Within
Peronosporomycetidae, three families (which may be
elevated to orders) are accepted; these are identical
in circumscription to Waterhouse (1973) except for
the following changes: Lagenidium is placed within
the Pythiaceae; Phytophthora and Peronophythora are
transferred from the Pythiaceae to the Peronospo-
raceae.

Peronophythora litchii should be transferred to Phy-
tophthora, and the species of the genus Bremiella to
Plasmopara. No formal nomenclatural changes have
to be proposed as the respective binomials have pre-
viously been published.
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