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The inclusion of downy mildews in a multi-locus-dataset and its reanalysis 
reveals a high degree of paraphyly in Phytophthora

Abstract: Oomycota, a group of heterokont, fungal-like organisms, are amongst the 

members of the genus Phytophthora are responsible for a huge variety of destructive diseases, including sudden 
oak death caused by P. ramorum, potato late blight caused by P. infestans, cucurbit downy mildew caused by 
Pseudoperonospora cubensis, and grape downy mildew caused by Plasmopara viticola

Phytophthora are currently accepted, and recent studies have revealed 
Phytophthora is paraphyletic and where 

exactly the downy mildews insert into this genus in relation to other clades could not be inferred with certainty to 
Phytophthora as represented in a multi-

demonstrate that Phytophthora
Phytophthora palmivora

Phytophthora infestans
and Phytopthora species in a single genus, either under the oldest generic name Peronospora or by conservation 
the later name Phytophthora, or the description of at least six new genera within Phytophthora
of both options are discussed, and it is concluded that the latter is preferable, as it warrants fewer name changes 
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INTRODUCTION

resemble fungi in their hyphal growth and absorptive way of 
Mycota, 

but belong to a group of heterokont organisms, Straminipila 

times, once in the Saprolegniales in the genera Aphanomyces 
and Pachymetra et al.
et al Albuginales and Peronosporales 

et al. et al. et al

from Phytophthora et al

et al et al.

Phytophthora revealed by these studies is in contrast to the 

Phytophthora and Pythium 
were grouped together in the family Pythiaceae

et al Peronospora sparsa 

was present on the phylogenetic backbone, thus failing to 
position this group within the genus Phytophthora

mildew and Phytophthora species have so far not resolved the 
placement of downy mildews in relation to the different clades 
of Phytophthora et al et al

et al. et al. et 
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al
relationship of Peronospora et 
al

et al
phylogenetic relationships of Phytophthora species with good 
resolution, but no downy mildew was included in that study, 

et 
al.

et al.
conclusion that a placement of Phytophthora
downy mildews would also be possible, although no support 

is the sister clade of the downy mildews, and how this clade 
is embedded among the different lineages of Phytophthora 
therefore continues to be controversial, but is fundamental for 
understanding the evolution of this group of important plant 

In addition, the taxonomic status of many Phytophthora 

Phytophthora is paraphyletic 
et al et al. 

et al
of Phytophthora
the aim of this study to resolve the phylogenetic placement 

divergent downy mildew genera for which genome data are 
Phytophthora and to test this 

placement statistically, to further clarify the relationships within 

MATERIALS AND METHODS

Phytophthora and Pythium were obtained 
et al

seven different loci, and all species for which all seven loci 
were not available were discarded, except for two Pythium 

Phytophthora infestans were used to obtain 
homologous sequences from the genome of Hyaloperonspora 
arabidopsidis
et al Pseudoperonospora 
cubensis et al

Pseudoperonospora 
cubensis
enriched for protein-coding genes, sequence information was 

et al
numbers for all sequences included in the analyses are given 

et al

for phylogenetic analyses and no further editing was done 
on the alignment to ensure reproducibility and to prevent 

et al.

et al
and maximum likelihood search, including an estimation of 

obtained were averaged, because the rapid bootstrapping 

th tree sampled, under the general time reversible 

reproducibility, the analysis was repeated twice using the 



High degree of paraphyly in Phytophthora
A

R
TIC

LE

165V O L U M E  2  ·  N O .  2  

10 

 Ph. cactorum P0715 
 Ph. cactorum P0714 
 Ph. hedraiandra P11056 
 Ph. idaei P6767 

 Ph. pseudotsugae P10339 
 Ph. clandestina P3942 

 Ph. iranica P3882 
 Ph. tentaculata P8497 

 Ph. infestans P10650 
 Ph. infestans P10651 
 Ph. andina P13365 
 Ph. ipomoeae P10227 
 Ph. ipomoeae P10225 
 Ph. ipomoeae P10226 
 Ph. mirabilis P3005 

 Ph. phaseoli P10145 
 Ph. phaseoli P10150 

 Ph. nicotianae P10802 
 Ph. nicotianae P6303 
 Ph. nicotianae P7146 
 Ph. nicotianae P10318 
 Ph. nicotianae P10116 
 Ph. nicotianae P1452 

 Ph. arecae P10213 
 Ph. palmivora P0255 
 Ph. palmivora P0113 

 Ph. quercetorum MD9-2 
 Ph. megakarya P8516 

 Pseudoperonospora cubensis 
 Hyaloperonospora arabidopsidis 

 Ph. quercina P10441 
 Ph. quercina P10334 

 Ph. inflata P10341 
 Ph. citrophthora P6310 

 Ph. colocasiae P6317 
 Ph. botryosa P6945 

 Ph. meadii P6128 
 Ph. capsici P1319 
 Ph. capsici P1314 
 Ph. capsici P10735 
 Ph. capsici P0253 

 Ph. capsici P10386 
 Ph. mexicana P0646 
 Ph. glovera P10619 

 Ph. tropicalis P10329 
 Ph. capsici P10452 
 Ph. capsici P0630 

 Ph. sp. P10417 
 Ph. citricola P7902 

 Ph. multivesiculata P10327 
 Ph. multivesiculata P10410 

 Ph. bisheria P10117 
 Ph. bisheria P1620 

 Ph. katsurae P3389 
 Ph. katsurae P10187 
 Ph. heveae P10167 

 Ph. ilicis P3939 
 Ph. psychrophila P10433 
 Ph. nemorosa P10288 
 Ph. pseudosyringae P10437 

 Ph. inundata P8478 
 Ph. sp. P8619 
 Ph. humicola P3826 

 Ph. megasperma P3136 
 Ph. gonapodyides P10337 
 Ph. asparagi P10690 
 Ph. asparagi P10705 

 Ph. alni P10568 
 Ph. cambivora P0592 
 Ph. fragariae P3821 

 Ph. europaea P10324 
 Ph. uliginosa P10328 
 Ph. sinensis P1475 
 Ph. melonis P10994 
 Ph. cajani P3105 
 Ph. vignae P3019 
 Ph. sojae P3114 

 Ph. niederhauserii P10617 
 Ph. cinnamomi P2159 
 Ph. cinnamomi P8495 

 Ph. erythroseptica P1699 
 Ph. erythroseptica P10385 
 Ph. erythroseptica P10382 
 Ph. richardiae P10355 
 Ph. richardiae P10811 
 Ph. richardiae P10359 

 Ph. richardiae P7788 
 Ph. sp. P10672 
 Ph. cryptogea P1088 

 Ph. kelmania P10613 
 Ph. drechsleri P10331 

 Ph. medicaginis P10683 
 Ph. trifolii P7010 

 Ph. sansomea P3163 
 Ph. primulae P10220 
 Ph. primulae P10224 
 Ph. primulae P10333 

 Ph. porri P6207 
 Ph. porri P10728 

 Ph. brassicae P10153 
 Ph. brassicae P10414 
 Ph. brassicae P10154 

 Ph. syringae P10330 
 Ph. ramorum P10301 

 Ph. lateralis P3888 
 Ph. hibernalis P3822 

 Ph. foliorum P10969 
 Ph. macrochlamydospora P10267 

 Ph. cuyabensis P8218 
 Ph. cuyabensis P8224 

 Ph. lagoariana P8223 
 Ph. lagoariana P8618 

 Ph. polonica P15004 
 Ph. polonica P15005 
 Ph. polonica P15001 

 Ph. insolita P6703 
 Ph. insolita P6195 

 Ph. fallax P10725 
 Ph. captiosa P10719 

 Ph. kernoviae P10681 
 Ph. boehmeriae P6950 

 Pythium vexans P3980 
 Pythium undulatum P10342 

* 
* 

* 

* 

* 

* 

* 

94 
86 
* * 

* 
* 

* 

94 
* 
* 

* 99/99/* 
84 
- 
0.66 

53/-/0.53 

* 
* 

- 
80 
* 

* 
* 

* 

* 
* 

* 
- 
86 
* 

64 
* 
* 

*/99/* 

* 

* 

* 

* 

96/99/* 
* 

* 

* 
99/*/* 

97 
99 
* 

91/97/* 

67/78/* * 

* 

90/99/* 
* 

* 

97 
* 
* 

* 

-/*/* 
* 

* 
87 
* 
* 

* * 

-/-/0.53 

51/61/* 

93/*/* 
* 

* 
* 

93/*/* 
* 

82 
84 
* 

* 

- 
* 
* 

98/*/* 
77/*/* 

* 

80/*/* 

57/73/0.99 

* 

-/56/0.93 * 
92 
94 
* 

98 
93 
* 70 

59 
0.91 

0.02 

99/*/* 

49 
2

9

3

21 

10 

46 

28 

7 

20 

80 

10 

2 

88 

14 

9 

25 

51 

35 

4 

2 

1 

5 

12 

107 

8 

7 

7 

10 

118 

37 

51 

22 

4 

 1 

1a 

1b 

1c 

2a 

2b 

7a 

7b 

4 

2 

5 
3 

6 

7 

8 

9 

8a 

8b 

8c 

4.1 

4.2 

1.1 

DM 

9.1 

9.2 

Phytophthora s.str. 

Fig. 1. Phytophthora

et al.

Phytophthora, the highlighted areas 
are divided into blocks representing groups that lead to paraphyly of Phytophthora and could potentially serve as a basis for the description of 
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tree was obtained by stepwise addition and subsequently the 

characters weighted double and the shortest tree of each 

respectively most probable trees were compared to the 

mildews within Phytophthora and additional statistical tests, 

representatives of each of the clades at a node important 
to infer the position of the downy mildews or the major 

with estimation of the gamma-distribution and the proportion 

th

assesses support for each possible association of species 
in base edges in the underlying trees and outputs p-values 

Table 1.

Possible associations AU OBS NP BP PP KH SH WKH WSH

 
Phytophthora cactorum P. nicotianae P. iranica P. infestans P. capsici P. bisheria P. multivesiculata;  

P. nemorosa P. quercina P. palmivora P. katsurae P. humicola P. europaea P. ramorum P. polonica;  
P. captiosa P. boehmeriae Pseudoperonospora cubensis
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Phytophthora boehmeria, of the most 
basal clade of Phytophthora, was used as an outgroup for 

RESULTS

of Phytophthora were grouped into nine highly supported 
et al. 

et 
al

genera, Hyaloperonospora and Pseudoperonospora, were 

et al.

comprised of Phytophthora megakarya, P quercetorum, P. 
palmivora, and P. areceae

group was found sister to P. quercina, although this grouping 

monophyletic group containing the downy mildews and the 
Phytophthora were consistently grouped 

P. megakarya, P quercetorum, P. palmivora, and P. areceae 

assemblage with P. quercina

to maximum support in the phylogenetic analyses and a 

their grouping as a monophyletic assemblage received only 

support for the monophyly of the assemblage comprised of 

by Pseudoperonospora cubensis, grouped together with 
Phytophthora palmivora
and P. quercina was found to be the sister taxon of this 

topology was observed for some weakly supported nodes, 

clades, especially with respect to the placement of the downy 
mildews within Phytophthora, and to infer the probability of 
alternative groupings, several tests were performed, which 

without constraints, seeking for all possible groupings of 
the clades and subclades of Phytophthora and the downy 

of these groupings is, in contrast to the tree presented in 
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the exclusion of downy mildews; and the clustering of clades 

Phytophthora which received 

DISCUSSION

Phytophthora is one of the largest genera of 

interest, Phytophthora has received much attention in the past 
decades, and as a consequence, the genome sequencing 

et al. 
et al.

et al
et al. et al.

that only a small fraction of the evolutionary diversity of this 
Phytophthora has 

often been considered a member of Pythiaceae
et al.

biotrophic downy mildews were viewed as constituting the 
family Peronosporaceae et al
Peronosporaceae together with the Albuginaceae into the 
order Peronosporales and opposed this to the cultivable 
Pythiales, which also included Phytophthora

Phytophthora and 
the downy mildews were likely to be closely related, and this 

phylogenies including members of both Phytophthora and the 
et al. et al

Phytophthora 
is rather synthetic, as there are species with intermediate 
character states that bridge the apparent gulf between the 
necrotrophic and hemibiotrophic members of Phytophthora 

Viennotia et 
al.
growth after sporulation, Poakatesthia et al

forms intracellular mycelium apart from haustoria, and 
Sclerophthora has hyphal sporangiophores which do not 

these features are usually attributed to Phytophthora species, 
although other characteristics place these genera among the 

Sclerophthora is so pronounced that it was even included in 
the monograph of Phytophthora
is also noteworthy that evolution of the downy mildews may 

et al.
provided by Phytophthora species from Cyperaceae which 
have also been considered members of an independent 
genus, Kawakamia

cultivation for Sclerospora graminicola
and Sclerophthora macrospora

parasites of grasses could be included in the present study 

et al.
genes, therefore we obtained these sequences directly from 
the genomes of Hyaloperonospora arabidopsidis
et al Pseudoperonospora cubensis et al

et al
these two exemplars from largely divergent downy mildew 
genera can be considered valid for inferring the placement 
of this group amongst the phylogenetic lineages currently 
placed in Phytophthora

et al
the inclusion of the downy mildews has in some cases resulted 
in lower support values, especially on the backbone and to 

et al

however, the downy mildews were consistently grouped 

the sister-group relationship for Peronospora sparsa with a 
group made up of Phytophthora arecae, P. palmivora, and 
P. megakarya et al

et al

et al
downy mildew representatives have been added, the close 
relationship of the downy mildews with members of clade 

statistical tests, in which the sister-group relationship of 

discussed in previous publications on the global phylogeny of 
Phytophthora et al. et al
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et al.

group of Phytophthora, and it is thus likely that caducous 

et al
who, based on a smaller set of loci, deduced that papillate 

et al.

other predominantly papillate clades can therefore not be 
ruled out at present, although moderate support for a sister-

et al P. quercina, 
et al. 

predominantly in a basal position with respect to the crown 
group, providing evidence that the non-papillate stage 
might be ancestral, and the development of semi-papillate 

sensu et al

found to be separated from the other Phytophthora clades 
with strong support and represented the most basal clade 
of Phytophthora et 
al
temperature or climate adaptation can be observed from the 

et al
clades could be retained in Phytophthora and stated that it 
is likely that further investigation would lead to their exclusion 
from Phytophthora
of Phytophthora is pronounced, rendering Phytophthora 
a typical example of a paraphyletic genus, with the most 
derived linages sharing some synapomorphies with downy 
mildews, while the more basal clades are more similar to 
Halophytophthora, Phytopythium and Pythium
to the situation in Peronosporales as a whole, for which Hulvey 
et al.
Peronosporaceae, encompassing all downy mildew genera, 
Halophytophthora, and Phytopythium, to avoid the description 

were chosen for the genus Phytophthora, this would mean an 
inclusion of all downy mildew genera and Phytophthora into a 

on genus level would be Peronospora
was described much earlier than Phytophthora

Phytophthora were not conserved that would 

Basidiophora, Bremia, Plasmopara, 
Peronosclerospora, Pseudoperonospora, and Scleropsora 

Phytophthora

a nomenclatural nightmare but would also result in a highly 
heterogeneous group, encompassing species with divergent 

changes would be necessary, conservation of Phytophthora 

Peronospora

would have to be changed, including many well-known 
pathogens in the genera Bremia Bremia lactucae
Plasmopara Plasmopara viticola and Pl. halstedii
Hyaloperonospora Hyaloperonospora brassicae, H. 
arabidopsidis, H. parasitica Peronospora Pe. 
tabacina, Pe. destructor, Pe. effusa, Pe. farinosa, Pe. lamii

of this group by introducing new generic names where none 
existed for the lineages not belonging to the monophyletic 
subtree that includes Phytophthora infestans 
species of Phytophthora
study, Phytophthora is at least six times paraphyletic as 
revealed by the phylogenetic investigations, but possibly 
seven times paraphyletic with respect to the downy mildews 

these clusters, additional generic names would have to be 

not be ascertained; indeed, some support for alternative 

need to be added in future phylogenetic studies to clarify 

the current data, it can be assumed that Phytophthora is 
at least six, but possibly seven times paraphyletic with 

include the economically most important pathogen of the 
genus, Phytophthora infestans, as well as the well-known 
pathogens, P. nicotianae and P. cactorum, would retain their 

Phytophthora 
species into Peronospora
name changes that would be needed if Phytophthora were 
conserved and all downy mildews were transferred into 

of the most important pathogens of the Peronosporaceae 
unchanged, like Bremia lactucae, Hyaloperonospora 
brassicae, Phytophthora infestans, Plasmopara halstedii, 
Plasmopara viticola, Pseudoperonospora cubensis and 
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Pseudoperonospora humuli

for the clades outlined above will necessitate a search for 

might not be easy, judging from the apparent discrepancies 

et al
et al. et al. 

the usage of the generic name Phytophthora for all the at 
least six monophyletic groups between Halophytophthora 

would not only be contrary to the widely accepted idea of 
ideally having monophyletic taxa only, but also hamper the 
awareness of the unique evolution of these organisms, 

Phytophthora 
infestans is much closer to downy mildews than to P. sojae or 
even P. ramorum
of obligate biotrophy, which is one of the most fascinating 
and fundamental evolutionary tipping points for any group of 
pathogens, it will be even more important to obtain genome 

are apparently the closest relatives of the downy mildews, 
and of the neglected species of Phytophthora affecting 
Cyperaceae

ACKNOWLEDGEMENTS

REFERENCES

Nucleic Acids 
Research 25

et al
of adaptation to obligate biotrophy in the Hyaloperonospora 
arabidopsidis Science 330

et al
Phytophthora polonica, a new species isolated from declining 
Alnus glutinosa FEMS Microbiology Letters 
261

locus phylogeny for Phytophthora utilizing markers derived from 
Fungal Genetics and Biology 45: 

Phytophthora kernoviae
causing bleeding stem lesions on forest trees and foliar 

Mycological Research 109: 

Phytophthora
Fungal Genetics and Biology 30

Icones Fungorum Hucusque Cognitorum

Phytophthora infestans Journal of the Royal Agricultural Society 
of England, Series 2, 12

Straminipilous Fungi: systematics of the 
Peronosporomycetes including accounts of the marine 
straminipilous protists, the Plasmodiophorids and similar 
organisms

Botanical Journal of the Linnaean Society 89
Phytophthora 

captiosa P. fallax
of Eucalyptus Mycological Research 110

et al
plant and animal parasites, and saprotrophs in Aphanomyces 
Oomycetes Fungal Genetics and Biology 46

Phytophthora 
Acta Phytopathologica et 

Entomologica Hungarica 45
Phytophthora Diseases Worldwide

Evolution 39
The Fungi: a description of their morphological 

features and evolutionary development

cytochrome b region primers for use in phylogenetic and 
Journal of Phytopathology 158

Maximum likelihood phylogenetic 
inference: an empirical comparison on a multi-locus dataset

Peronosporaceae
Canadian Journal of Botany 81

Fungal Genetics and Biology 44
et al

famine pathogen Phytophthora infestans Nature 461



High degree of paraphyly in Phytophthora
A

R
TIC

LE

171V O L U M E  2  ·  N O .  2  

Fungal Diversity 13

Bioinformatics 17

Salisapiliaceae
Persoonia 25

Nucleic Acids Research 33

Molecular Phylogenetics and Evolution 31

Phytopathology 57

Bioinformatics 14

of Saprolegniomycetidae and related groups based on nuclear 
Canadian Journal of 

Botany 77

Peronosporales
Mycologia 94

Systematic Biology 51

Bioinformatics 17: 

Systematic Biology 75: 

PAUP*: phylogenetic analysis using parsimony 
(*and other methods), 

Molecular Biology and Evolution 24

vouchers for the phylogeny of the downy mildew genera 
Chromista, Peronosporales

Mycotaxon 97

Phytophthora and downy mildews 
PLoS ONE 4

Current Opinion in Plant Biology 
13

Plasmopara penniseti, with implications for the host range of the 
Mycological 

Research 111
et al.

Mycological Research 112

Peronosporaceae Oomycete Genetics 
and Genomics: biology, interactions with plants and animals, and 
toolbox

Pseudoperonospora cubensis 

Molecular Plant-Microbe Interactions 24
Sclerospora graminicola

Science 163

Tropical Agriculture Research Series 8: 

et al
Phytophthora genome sequences uncover evolutionary origins 

Science 313

mildews and white blister rusts: new insights from genes and 
morphology. European Journal of Plant Pathology 122

Phytophthora
Mycological Papers 92

Peronosporales The Fungi: an advanced 
treatise. A Taxonomic Review with Keys: basidiomycetes 
and lower fungi 




