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over whether or not the species belonging to clade K
are appropriately classified in Pythium (Briard et al.
1995, Panabières et al. 1997, Dick 2001), and there are
some similarities between these species and those of
Phytophthora, such as the presence of elicitin genes
(Panabières et al. 1997). The marine species P. avi-
cenniae and P. polymorphica were chosen as outgroup
instead of more common Phytophthora species because
they form a clade between all Pythium species and the
mostly non-marine Phytophthora species (data not
shown). Our study was not designed to resolve the
taxonomic status of clade K but in an analysis of the
ITS or LSU data with all available Pythium and
Phytophthora species, Pythium becomes polyphyletic
because of clade K. Therefore, all the genera closely
related to Pythium and Phytophthora, and a large
sample of Pythium and Phytophthora species, should be
included in a new study designed to solve the generic
status of clade K.

The next and probably most significant evolutionary
divergence separated the species with filamentous
sporangia from the ones with globose sporangia
(Figs 1–4). One smaller clade within the filamentous
group includes several different types of sporangia
although all are of the contiguous type (see section on
clade D). If one considers that hyphal swellings could
be a form of globose sporangium when zoospores have
never been observed, the separation between globose
and filamentous sporangia has only very few excep-
tions, which are discussed below (Fig. 4).

Clade A

This clade is heterogeneous, consisting of two small
and quite different clusters (Fig. 4). The cluster with
Pythium adhaerens, P. porphyrae, and P. chondricola is
characterized by filamentous non-inflated sporangia,
slow growth (5 mm dx1) and 1–4 diclinous antheridia.
They all originate from algae, with P. adhaerens also
isolated from dicotyledons. P. porphyrae has only been
found in Japan, and P. chondricola only in The
Netherlands. P. deliense and P. aphanidermatum, the
species in the other cluster, have filamentous inflated
sporangia, fast growth (30 mm dx1 or more), and 1–2
monoclinous, often intercalary antheridia. Both affect
dicotyledons in warmer regions. From the ITS analysis
it is unclear whether or not P. monospermum belongs to
this clade, but the LSU and the combined analyses put
it unequivocally into clade A.

There was congruence between the strains from clade
A and most of the ITS sequences in GenBank (Fig. 5A).
However, several of these GenBank accessions are
from a greenhouse survey compared to our database
before submission (GI 179808-, series deposited by
Moorman et al. 2002). P. aphanidermatum and P. de-
liense are close but clearly separated by RAPD analysis
(Herrero & Klemsdal 1998). Two strains of P. aphani-
dermatum from GenBank are slightly different from the
representative strain and have some sequence similarity
to the representative strain of P. deliense ; both are from
as yet unpublished studies and are likely to be from
Asia. These strains should be included in any study
comparing P. deliense and P. aphanidermatum. P. por-
phyrae and P. chondricola are 100% identical in their
ITS sequences (Fig. 1, Table 2). P. porphyrae and P.
chondricola both have filamentous, non-inflated spor-
angia, similar sexual structures, and both come from
marine substrates. The main differences are the con-
siderably lower cardinal temperatures for growth,
larger oogonia and aplerotic oospores in P. chondricola
(de Cock 1986).

Clade B, subclade B1

This subclade consists almost entirely of species with
filamentous-inflated sporangia and is comprised of
clusters with some distinct characters.

acanthicum 37734
oligandrum 38234

adhaerens 52074
chondricola 20385

monospermum 15873
aphanidermatum 11880
angustatum 52274
torulosum 31633
graminicola 32762

inflatum 16868
aristosporum 26338
arrhenomanes 32462

conidiophorum 22388
salpingophorum 47150

apleroticum 77281
aquatile 21580

coloratum 15464
dissotocum 16668
capillosum 22294

pyrilobum 15864
insidiosum 57485

acrogynum 54988
echinulatum 28164

middletonii 52874
multisporum 47050

pleroticum 77681
cylindrosporum 21894

paroecandrum 15764
sylvaticum 45367

macrosporum 57480
intermedium 26638

iwayamai 15664
okanoganense 31581

anandrum 28531
prolatum 84568
helicandrum 39354

dimorphum 40672
heterothallicum 45067

splendens 46248
ultimumvar spo 21965

ultimumvar ult 39851
perplexum 67485

buismaniae 28831
polymastum 81170
mastophorum 37572

boreale 55188
ostracodes 76873

oedochilum 29237
helicoides 28631

chamaehyphon 25930
curcurbitacearum 74896

Phytophthora avicenniae 18885
Phytophthora polymorphica 68084
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Fig. 3. Phylogeny of Pythium species based on the ITS region
and the D1 to D3 regions of the nuclear large ribosomal
subunit. The one tree produced by the heuristic search is
shown. Numbers within the tree represent the bootstrap
values (1000 replications) and branches that had less than
50% support are greyed out and show no bootstrap value.
Length=4546, CI=0.502, RCI=0.383, and RI=0.764.
Numbers beside species names are the CBS numbers without
decimal point.
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morphology. Thus, the sporangial shape is regarded as an

important taxonomic criterion. It was concluded that

morphological and phylogenetic differences among clades
deserve recognition of the generic level according to a

comparison of taxonomic criteria used for related genera.

Among the five clades, three (1, 3, and 5) were differ-

entiated by their sporangial shapes and were strongly

supported by most phylogenetic trees. Based on these
results, each of their three clades was identified as a sep-

arate genus. On the other hand, clades 2 and 4 were

Fig. 7 Morphology of the
genus Globisporangium.
a Terminal globose sporangium
of Globisporangium sp. 9
(UZ275). b Intercalary globose
sporangium of Pythium sp.
ZSF0069. c Vesicle with
zoospores of Globisporangium
sp. 9 (UZ275). d Internally
proliferating sporangium of
Globisporangium sp. 9
(UZ275). e Internally
proliferating sporangium of
Globisporangium sp. 13
(UZ304). f Ornamented
oogonium with finger-like
projection and diclinous
antheridia of P. spinosum.
g Ornamented oogonium with
bold and dichotomous
projections of G. paddicum.
h Smooth oogonium,
antheridium with stalk
complexly lobed, and aplerotic
oospore of Globisporangium sp.
5 UZ252. i Ornamented
oogonium with conical and
acute projections of G.
uncinulatum. j Ornamented
oogonium with finger-like
projection, monoclinous
antheridia and aplerotic oospore
of G. irregulare. k Smooth
oogonium with many antheridia
of Globisporangium sp. 8
UZ284. l Smooth oogonium
with plerotic oospore of
G. rostratum. Bar 20 lm

Fig. 8 Morphology of the genus Elongisporangium. a Elongated
clavate sporangia of Elongisporangium sp. 1 ZSF0056. b Terminal
elongated clavate sporangium with a papilla of Elongisporangium

sp.1 ZSF0056. c Ornamented oogonium with ebetate projections of
Elongisporangium sp.1 ZSF0056. Bars 20 lm
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suggesting this isolate may be heterothallic. This isolate
formed sexual organs in dual culture with a female isolate

of P. splendens (CBS 266.69) but not in a dual culture with

a male isolates of the species (CBS 462.48), indicating that
the UZ174 isolate was a male isolate of this species. Both

homothallic and heterothallic isolates are known in

P. sylvaticum. The UZ307 isolate identified as P. sylvati-
cum formed sexual organs in single culture, i.e., the isolate

is homothallic. Ornamented oogonia were known or

observed in several species. The number and shape of the
projections of their ornamented walls largely varied among

species. For example, it was spine-like with a blunt tip

(P. spinosum Sawada), conical with an acute tip (P. unci-
nulatum Plaäts-Nit. & I. Blok) or with a blunt tip, with

occasionally branching dichotomously (P. paddicum
Hirane) (Fig. 7f, g, i, j). Unlike the monophyly in clade 3,
the species with ornamented oogonia were located in

scattered positions within the clade.

Various characteristics of antheridial stalks or cells were
also observed among isolates. The three isolates, UZ252,

UZ253, and UZ285, formed swollen antheridial stalks

similar to each other (Fig. 7h). When the antheridium did
not contact the oogonium, its stalk was similar to a

filamentous inflated sporangium. The other three isolates,
UZ249, UZ263, and UZ284, produced many antheridia or

slender antheridial stalks per oogonium surrounding the

oogonium (Fig. 7k). All three isolates were closely related
and formed a single subclade together with P. heterot-
hallicum. Although P. heterothallicum is a heterothallic

species, it produced many antheridia, often forming a
complicated knot around the oogonium in dual culture.

Therefore, this unique feature of the antheridium was also

supported phylogenetically. Oospores were plerotic or
aplerotic, and the features varied among or within isolates

(Fig. 7f–l). Although a few morphological features char-

acterized small subclades, there were no morphological
characteristics of sexual organs common to all isolates

within the clade. Therefore, clade 4 was only characterized

by globose sporangia. However, the number of species
forming zoospores was obviously small in this clade

compared with other clades.

Clade 5

Clade 5 was clearly characterized by very large elongated
clavate sporangia (Fig. 8a, b). These characteristic are not

Fig. 4 Morphology of species
in the genus Ovatisporangium.
Ovoid sporangia with germ
tubes (a Ovatisporangium sp. 1
UZ230, b Ovatisporangium sp.
2 UZ248). c Ovoid sporangium
with a papilla of O. vexans.
d Unique shape of sporangia of
P. vexans. e Globose
sporangium with two germ
tubes of Ovatisporangium sp.2
UZ248. f Clavate sporangium
with papilla of O. vexans.
g Vesicle with zoospores of
Ovatisporangium sp. 1 UZ230.
h Empty sporangium after
zoosporogenesis of O. vexans.
i Internally proliferating
sporangium of Ovatisporangium
sp. 2 UZ248. j Smooth
oogonium with broadly
connected antheridium of
O. vexans. k Smooth oogonium
contacted by antheridium of
Ovatisporangium sp.2 UZ248.
Bar 20 lm
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may be an ancestral species of the lineage, because it is

located in a more basal position (Fig. 1). This species is
characterized by complexly branched secondary hyphae,

forms globose sporangia without papilla, and proliferates

(Uzuhashi et al. 2009). These morphological characteristics
were more similar to those of members of clade 4 than

clade 1. The phylogenetic position of clade 2 in the lineage

indicates that members of this lineage may have evolved
from a P. apinafurcum-like species with globose sporangia.
However, there is some doubt regarding the phylogenetic

position, because clade 2 is composed of only one species.
Therefore, the question of how ovoid sporangia evolved

was not elucidated in this study. Further examination of the

distribution in Pythium species, including clade 2, is nec-
essary to clarify not only the phylogenetic position of clade

2 but also the evolution of several morphological charac-
teristics, such as sporangia.

The shape of filamentous sporangia in clade 3 was

clearly different from those of Pythium species in other
clades. This difference of sporangial morphology in Pyth-
ium species has been noted by previous research (Fischer

1892; Schröter 1897; Sideris 1931) in which species with

filamentous sporangia were differentiated at the generic
level. Although it was clear that clade 3 was phylogeneti-

cally distantly related to other clades, the phylogenetic

position of clade 3 among Pythium species was has not yet
been elucidated because it differed among trees. Likewise,

the question of how filamentous sporangia evolved within

Pythium has not been resolved.

Taxonomy

The results of this phylogenetic analyses based on com-

prehensive sequence data of the nuclear rDNA D1/D2
region and mitochondrial gene (coxII) show that the genus

Pythium is a nonmonophyletic group, and the members
include phylogenetically diverse organisms. These results

indicate that taxonomic revisions are necessary in the

genus Pythium. In all phylogenetic trees, Pythium species
were divided into five strongly or moderately supported

clades. Each clade was characterized by sporangial

Fig. 6 Morphology of the
genus Pythium. Filamentous
inflated sporangium (a Pythium
sp. 16 UZ379, b Pythium sp. 43
ZSF0011). c Filamentous
noninflated sporangium of
Pythium sp. 2 UZ156.
d Adjacent globose sporangia of
P. catenulatum. e Catenulate
globose sporangia of Pythium
sp. 42 OPU1449. f Adjacent
subglobose sporangia of
Pythium sp. 47 ZSF0093.
g Pyriform sporangium with
elongated tip of Pythium sp. 40
OPU797. h Vesicle with long
discharge tube and zoospores of
Pythium sp. 2 UZ156.
i Ornamented oogonium with
monoclinous antheridium of
P. acanthicum. j Smooth
oogonium with monoclinous
antheridium of Pythium sp. 23
UZ419. k Smooth oogonium
with several antheridia and
plerotic oospore of
P. torulosum. Bars 20 lm (Bar
A for A–G, Bar K for I–K)
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(Uzuhashi et al. 2009). These morphological characteristics
were more similar to those of members of clade 4 than

clade 1. The phylogenetic position of clade 2 in the lineage

indicates that members of this lineage may have evolved
from a P. apinafurcum-like species with globose sporangia.
However, there is some doubt regarding the phylogenetic

position, because clade 2 is composed of only one species.
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distribution in Pythium species, including clade 2, is nec-
essary to clarify not only the phylogenetic position of clade

2 but also the evolution of several morphological charac-
teristics, such as sporangia.

The shape of filamentous sporangia in clade 3 was

clearly different from those of Pythium species in other
clades. This difference of sporangial morphology in Pyth-
ium species has been noted by previous research (Fischer

1892; Schröter 1897; Sideris 1931) in which species with

filamentous sporangia were differentiated at the generic
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may be an ancestral species of the lineage, because it is

located in a more basal position (Fig. 1). This species is
characterized by complexly branched secondary hyphae,

forms globose sporangia without papilla, and proliferates

(Uzuhashi et al. 2009). These morphological characteristics
were more similar to those of members of clade 4 than

clade 1. The phylogenetic position of clade 2 in the lineage

indicates that members of this lineage may have evolved
from a P. apinafurcum-like species with globose sporangia.
However, there is some doubt regarding the phylogenetic

position, because clade 2 is composed of only one species.
Therefore, the question of how ovoid sporangia evolved

was not elucidated in this study. Further examination of the

distribution in Pythium species, including clade 2, is nec-
essary to clarify not only the phylogenetic position of clade

2 but also the evolution of several morphological charac-
teristics, such as sporangia.

The shape of filamentous sporangia in clade 3 was

clearly different from those of Pythium species in other
clades. This difference of sporangial morphology in Pyth-
ium species has been noted by previous research (Fischer

1892; Schröter 1897; Sideris 1931) in which species with

filamentous sporangia were differentiated at the generic
level. Although it was clear that clade 3 was phylogeneti-

cally distantly related to other clades, the phylogenetic

position of clade 3 among Pythium species was has not yet
been elucidated because it differed among trees. Likewise,

the question of how filamentous sporangia evolved within

Pythium has not been resolved.

Taxonomy

The results of this phylogenetic analyses based on com-

prehensive sequence data of the nuclear rDNA D1/D2
region and mitochondrial gene (coxII) show that the genus

Pythium is a nonmonophyletic group, and the members
include phylogenetically diverse organisms. These results

indicate that taxonomic revisions are necessary in the

genus Pythium. In all phylogenetic trees, Pythium species
were divided into five strongly or moderately supported

clades. Each clade was characterized by sporangial
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may be an ancestral species of the lineage, because it is

located in a more basal position (Fig. 1). This species is
characterized by complexly branched secondary hyphae,

forms globose sporangia without papilla, and proliferates

(Uzuhashi et al. 2009). These morphological characteristics
were more similar to those of members of clade 4 than

clade 1. The phylogenetic position of clade 2 in the lineage

indicates that members of this lineage may have evolved
from a P. apinafurcum-like species with globose sporangia.
However, there is some doubt regarding the phylogenetic

position, because clade 2 is composed of only one species.
Therefore, the question of how ovoid sporangia evolved

was not elucidated in this study. Further examination of the

distribution in Pythium species, including clade 2, is nec-
essary to clarify not only the phylogenetic position of clade

2 but also the evolution of several morphological charac-
teristics, such as sporangia.

The shape of filamentous sporangia in clade 3 was

clearly different from those of Pythium species in other
clades. This difference of sporangial morphology in Pyth-
ium species has been noted by previous research (Fischer

1892; Schröter 1897; Sideris 1931) in which species with

filamentous sporangia were differentiated at the generic
level. Although it was clear that clade 3 was phylogeneti-

cally distantly related to other clades, the phylogenetic

position of clade 3 among Pythium species was has not yet
been elucidated because it differed among trees. Likewise,

the question of how filamentous sporangia evolved within

Pythium has not been resolved.

Taxonomy

The results of this phylogenetic analyses based on com-

prehensive sequence data of the nuclear rDNA D1/D2
region and mitochondrial gene (coxII) show that the genus

Pythium is a nonmonophyletic group, and the members
include phylogenetically diverse organisms. These results

indicate that taxonomic revisions are necessary in the

genus Pythium. In all phylogenetic trees, Pythium species
were divided into five strongly or moderately supported

clades. Each clade was characterized by sporangial

Fig. 6 Morphology of the
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inflated sporangium (a Pythium
sp. 16 UZ379, b Pythium sp. 43
ZSF0011). c Filamentous
noninflated sporangium of
Pythium sp. 2 UZ156.
d Adjacent globose sporangia of
P. catenulatum. e Catenulate
globose sporangia of Pythium
sp. 42 OPU1449. f Adjacent
subglobose sporangia of
Pythium sp. 47 ZSF0093.
g Pyriform sporangium with
elongated tip of Pythium sp. 40
OPU797. h Vesicle with long
discharge tube and zoospores of
Pythium sp. 2 UZ156.
i Ornamented oogonium with
monoclinous antheridium of
P. acanthicum. j Smooth
oogonium with monoclinous
antheridium of Pythium sp. 23
UZ419. k Smooth oogonium
with several antheridia and
plerotic oospore of
P. torulosum. Bars 20 lm (Bar
A for A–G, Bar K for I–K)

356 Mycoscience (2010) 51:337–365

123

morphology. Thus, the sporangial shape is regarded as an

important taxonomic criterion. It was concluded that

morphological and phylogenetic differences among clades
deserve recognition of the generic level according to a

comparison of taxonomic criteria used for related genera.

Among the five clades, three (1, 3, and 5) were differ-

entiated by their sporangial shapes and were strongly

supported by most phylogenetic trees. Based on these
results, each of their three clades was identified as a sep-

arate genus. On the other hand, clades 2 and 4 were

Fig. 7 Morphology of the
genus Globisporangium.
a Terminal globose sporangium
of Globisporangium sp. 9
(UZ275). b Intercalary globose
sporangium of Pythium sp.
ZSF0069. c Vesicle with
zoospores of Globisporangium
sp. 9 (UZ275). d Internally
proliferating sporangium of
Globisporangium sp. 9
(UZ275). e Internally
proliferating sporangium of
Globisporangium sp. 13
(UZ304). f Ornamented
oogonium with finger-like
projection and diclinous
antheridia of P. spinosum.
g Ornamented oogonium with
bold and dichotomous
projections of G. paddicum.
h Smooth oogonium,
antheridium with stalk
complexly lobed, and aplerotic
oospore of Globisporangium sp.
5 UZ252. i Ornamented
oogonium with conical and
acute projections of G.
uncinulatum. j Ornamented
oogonium with finger-like
projection, monoclinous
antheridia and aplerotic oospore
of G. irregulare. k Smooth
oogonium with many antheridia
of Globisporangium sp. 8
UZ284. l Smooth oogonium
with plerotic oospore of
G. rostratum. Bar 20 lm

Fig. 8 Morphology of the genus Elongisporangium. a Elongated
clavate sporangia of Elongisporangium sp. 1 ZSF0056. b Terminal
elongated clavate sporangium with a papilla of Elongisporangium

sp.1 ZSF0056. c Ornamented oogonium with ebetate projections of
Elongisporangium sp.1 ZSF0056. Bars 20 lm
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known in any Pythium species. Sporangia with papilla,
internal proliferating sporangia, and zoospores are some-

times observed in most species. Although a sexual stage is

not known in P. undulatum H. E. Petersen, all other species
produced ornamented oogonia (Fig. 8c). There are fewer

antheridia per oogonium than in other clades, which usu-

ally have one or none. Most morphological characteristics
of the asexual and sexual stages are similar within the

clade.

Based on relationships between morphology and phy-
logeny, it was shown that the sporangial morphology cor-

related with the phylogeny of Pythium. Although the same

relationship between phylogeny and sporangial morphol-
ogy had also been suggested in several previous studies

(Briard et al. 1995; Matsumoto et al. 1999; Lévesque and

de Cock 2004), more detailed variations among shapes
were shown in this study. Previous studies had reported on

two morphological shapes, filamentous and globose.

However, the globose sporangia were further divided into
three morphological types, globose, ovoid, and elongated

shapes in this study based on the examination of more

species. As a result, three clades, clades 1, 3, and 5, were
clearly differentiated by sporangial morphology: ovoid,

filamentous, and elongate clavate sporangia, respectively.

Clades 2 and 4 were commonly characterized by globose
sporangia, although they were distinguished from each

other phylogenetically.

Relationships between Pythium and related genera

Clade 1 was closely related to genera of Peronosporales

(Phytophthora and Halophytophthora) in D1/D2 analyses.

A similar phylogenetic relationship was indicated in sev-
eral previous phylogenetic analyses based on the LSU

rDNA (Briard et al. 1995), rDNA ITS (Villa et al. 2006),
and b-tubulin (Villa et al. 2006; Belbahri et al. 2008).

Furthermore, a sister group between clade 1 and a mono-

phyletic group of all genera of Peronosporales, including
Phytophthora and Halophytophthora, was shown in this

study and highly supported by 82% BV (ML) and 97% BV

(NJ) (Fig. 1). Similarities between Pythium species within
clade 1 and Phytophthora have been recognized in various

studies. Ovoid-shaped sporangia with or without papilla

were often formed in Pythium species of clade 1 and sev-
eral Phytophthora species. In molecular characteristics, the

5S rDNA of the Pythium species of clade 1 were linked on

the same strand within the intergenic spacer (IGS) region
(Belkhiri et al. 1992). Although this position has not been

seen in other Pythium species, it is commonly shown in

Phytophthora species (Bedard et al. 2006). This evidence
indicates that the members of clade 1 are clearly differ-

entiated from Pythium species within the other clades and

more closely related to Phytophthora than the other Pyth-
ium species.

On the other hand, the species of clade 1 were clearly

differentiated from other genera in the linage by the for-
mation of zoospores within a vesicle. Clade 1 was placed

on the more basal line in the linage of Peronosporales. This

hypothesis was also supported by other molecular phylo-
genetic analyses (Riethmüller et al. 1999; Cooke et al.

2000; Petersen and Rosendahl 2000). Therefore, it is sug-

gested that the features of the formation of zoospore of
clade 1 are ancestral features in this lineage, i.e., the for-

mation of a vesicle may have disappeared in the evolution
in the lineage.

Clade 2 was placed on a basal line in a monophyletic

group, including clade 1 and genera of Peronosporales in
the D1/D2 analysis. A species of clade 2, P. apinafurcum,

Fig. 5 Morphology of the
genus Pilasporangium.
a Sickle-shape appressoria.
b Complexly branched
secondary hyphae. c Intercalary
globose sporangium.
d Intercalary smooth oogonia in
chain with monoclinous
antheridia and nearly plerotic
oospores. e Smooth oogonium
with diclinous antheridium and
plerotic oospore. f Smooth
oogonium with two oospores.
Bar 20 lm
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G. rostratum. Bar 20 lm

Fig. 8 Morphology of the genus Elongisporangium. a Elongated
clavate sporangia of Elongisporangium sp. 1 ZSF0056. b Terminal
elongated clavate sporangium with a papilla of Elongisporangium

sp.1 ZSF0056. c Ornamented oogonium with ebetate projections of
Elongisporangium sp.1 ZSF0056. Bars 20 lm
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A"#'-+C(A-6-,#'(1.$-&A(.D(%"&(;2K('&C-.+(.D(%"&('N[8(F-%"(,<605A34.12('&D&'&+1&(A%'#-+(!3K>`fJ`f(#+/(-A.,#%&A(

L3X>)(`E(>QX(#+/(>>c(F-%"(#("-C"($&'1&+%#C&(.D(+01,&.%-/&( A0HA%-%0%-.+A( -+( %"&-'( ;2K( '&C-.+J(2"&( A&1.+/(
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W-.8%$& DJCJ& & 7*1$,-*)& /#1+'.$)$"-4& *)*+1,-,& I*,$3& ')& ,$Q8$)4$,& '5& "#$& K)"$%)*+& L%*),4%-I$3& U/*4$%& FKLUG& '5& "#$& %XYHJ( 2"&(

+06H&'A('&$'&A&+%(1'&/-H-,-%I(G#,0&AE(%"&(A1#,&(H#'(-+/-1#%&A(%"&(+06H&'(.D(A0HA%-%0%-.+A($&'(A-%&J(2"&(#1'.+I6A(,<605A3?6,<64==/?6,<6

8=42?6,<62-=0?6,<6@4.>?6,<6E-=0?6,<6E31=?6,<6D731?6,<6D45.E(,<66"13@E(,<6F0""E(,<64581E(,<6"43EE(,<6@750E(,<6.=4@E(,<6C058E(,<6"@3>E(,<6.7=1E(,<6A733E(

,<6 F>30( #+/( ,<6 4E/4( '&$'&A&+%p( ,<6 05A34.12?6 ,<6 4==/>57245>"?6 ,<6 8=42050@734?6 ,<6 2-=07.-312?6 ,<6 @4.>5134.12?6 ,<6 E-=037;12?6 ,<6

E31=0"E7=012?6 ,<6 D731.12?6 ,<6 D45.>=E77300?6 ,<6 "13@4.12?6 ,<6 F0""0203>?6 ,<6 4581".4.12?6 ,<6 "43E0587E/7=12?6 ,<6 @750F07E/7=12?6 ,<6

.=4@/>0E/0312?6 ,<6 C0580;>=0"?6 ,<6 "@3>=7.>0@/12?6 ,<6 .7=137"12?6 ,<6 A7330@137"12?6 ,<6 F>30>5">6 #+/6 ,<6 4E/450F>=24.12?6 '&A$&1%-G&,IJ(

:.F&'1#A&(A0$&'A1'-$%(,&%%&'A(#D%&'(%#O.+A(-+/-1#%&(%"#%(-A.,#%&A(F-%"(-/&+%-1#,(A&Z0&+1&A(F&'&($..,&/J((

0.1

P.aphaCBS188.80
P.deliCBS314.33(Nicotiana tabacum)

P.pyriCBS158.64(Pinus radiata)
P.scleCBS294.37(Ipomoea batatas)
P.zingCBS216.82(Zingiber mioga)
P.myriCBS254.70(Arachis hypogea)
P.myriCMR1(cocoyam)
P.myriGF46(kalanchoe)
P.myriATCC26082(spinach)

P.tracCBS323.65(Lactuca sativa)
P.salpCBS471.50(Lupinus angustifolius)

P.coniCBS223.88(soil)
P.sulcCBS603.73(Daucus carota)

P.dissCBS155.64(Pinus radiata)
P.voluCBS699.83(Triticum/Hordeum)

P.vantCBS295.37(Triticum sativum)
PythiumIFO31998(barley)

P.arrhPT 75(aerobic rice)
P.arrhPT 28(aerobic rice)
P.arrhPB912 80/PT T12(aerobic rice)
P.arrhCBS324.62(maize)
P.arrhAdo-6-1(zoysia grass)
P.arrhATCC96526/ATCC96598(sugarcane)
P.arrhPB912 09-6(aerobic rice)
P.arrhMe1b(soil, maize field)
P.arrhCBS430.86(maize)
P.arrhP21-1(bent grass)
P.arrhOhmagari(rice)/E-1(sugarcane)/AB562919(soil)
P.arrhCBS293.32(sugarcane)

P.arrhATCC96525(bermuda grass)
P.arrhNBRC100102(zoysia grass)

P.anguCBS522.74(soil)
P.catePB912 87(aerobic rice)
P.cateCBS842.68(turf grass)
P.cateNBRC100104(zoysia grass)
P.toruCBS316.33(grass roots)
P.follCBS220.94(soil)

PythiumPB912 85,94,95,96,96B,100(aerobic rice)
P.plurCBS100.530(Agrostis palustris)
PythiumPB912 88,115(aerobic rice)

P.gramAB5629081(soil)
P.perii169.68(soil)
P.gramPB912 116(aerobic rice)
P.gramPB911 122(aerobic rice)
P.gramCBS327.62(sugarcane)
P.gramPB912 T1E(aerobic rice)

P.inflPB912 105,91,119(aerobic rice)
P.inflPT 52/PBTP 10,42/PB912 82(aerobic rice)
P.inflCBS168.68(Saccharum officinarum)
P.inflPB912 102(aerobic rice)
P.inflPB912 93(aerobic rice)
P.inflPB912 90(aerobic rice)
P.inflPB911 119B(aerobic rice)
P.inflPB912 117(aerobic rice)
P.inflPB912 6(aerobic rice)
P.inflPB912 109(aerobic rice)
P.inflPB912 110(aerobic rice)
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A1#,&(H#'(-+/-1#%&A(%"&(+06H&'(.D(A0HA%-%0%-.+A($&'(A-%&J(2"&(#1'.+I6A(,<605A3?6,<64==/?6,<68=42?6,<62-=0?6,<6@4.>?6,<6E-=0?6,<6D731?6,<6

D45.E(,<6.7=1E(,<6"13@E(,<6F>30(#+/(,<64E/4('&$'&A&+%p(,<605A34.12?6,<64==/>57245>"?6,<68=42050@734?6,<62-=07.-312?6,<6@4.>5134.12?6,<6

E-=037;12?6 ,<6 D731.12?6 ,<6 D45.>=E77300?6 ,<6 .7=137"12?6 ,<6 "13@4.12?6 ,<6 F>30>5">6 #+/6 ,<6 4E/450F>=24.12?6 '&A$&1%-G&,IJ( :.F&'1#A&(

A0$&'A1'-$%( ,&%%&'A( #D%&'( %#O.+A( -+/-1#%&( %"#%( -A.,#%&A( F-%"( -/&+%-1#,( A&Z0&+1&A( F&'&( $..,&/J( #,-./0126 8=42050@734( -A.,#%&(

82!!X`)4dE( H#,,( ,-./0126 8=42050@734( -A.,#%&A( D'.6( #&'.H-1( '-1&E( E( 1#,,( .%"&'( ,<6 05A34.12( -A.,#%&A( D'.6( #&'.H-1( '-1&( #+/( /#,,( ,<6

4==/>57245>"(-A.,#%&A(D'.6(#&'.H-1('-1&J(

0.1

P.aphaP36-3(bent grass)

P.deliMAFF305568(pumpkin)

P. sulcCTMa7(carrot)

PythiumPB912 85,88,94,95,96,96B,100(aerobic rice)

PythiumPB912 88,115(aerobic rice)

P.myriATCC26082(spinach)

PythiumIFO31998(barley)

P.gramMAFF305860(soil)

P.gram(aerobic rice)/CBS327.62(sugarcane)

P.myriGF46(kalanchoe)

P.arrhATCC96525(bermuda grass)

P.inflMAFF305863(soil)

P.inflPT 52(aerobic rice)

P.inflPB912 82,90,91,93,102,105/PB911 119B(aerobic rice)

P.inflPB912 117,109,110,6(aerobic rice)

P.inflPBTP 42,10(aerobic rice)

P.vantP39-1(bent grass)

P.vantPRR16(bent grass)

P.vantUOP392(zoysia grass)

P.voluIFO31926(wheat)

P.arrhNBRC100102(zoysia grass)

P.arrhCBS430.86(maize)

P.arrhMe1b(soil, maize field)

P.arrhCBS263.38(wheat)/PRR115(bent grass)

P.arrhATCC96598/ATCC96526(sugarcane)

P.arrh(aerobic rice)

P.arrhCBS293.32(sugarcane)

P.arrhCBS325.62(sugarcane)

P.arrhOhmagari,Pma-2(rice)/OPU480(Oryza spp.)

P.arrhMe9d,Me8a(soil, maize field)

P.arrhP54(reed)

P.pyriIFO32560(bent grass)

P.catePB912 87(aerobic rice)

P.cateNBRC100104(zoysia grass)

P.toruNBRC100120(zoysia grass)

P.toruPRR3(bent grass)
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Exp 1 Exp 2 Exp 1 Exp 2
A
1 dpi 84.24 (0.40) 179.26 (17.85) 57.76 (4.70) 179.64 (8.94)

2 dpi 492.00 (28.28) 291.42 (19.37) 47.28 (0.85) 142.00 (30.60)

3 dpi 590.00 (36.77) 405.32 (82.99) 58.40 (1.58) 51.14 (10.78)

B
20 hpi 1.246 (0.141) 2.162 (2.437) 0.330 (0.027) 0.031 (0.001)

28 hpi 8.434 (0.240) 8.782 (0.167) 8.958 (0.325) 1.128 (0.082)

73 hpi 47.680 (4.299) 4.564 (0.238) 55.320 (6.505) 0.332 (0.040)

P. arrhenomanes * P. graminicola *
Exp 1 Exp 2

13.88 (0.64) 2.89 (0.27)

264.10 (03.65) 113.44 (2.09)

157.70 (25.37) 196.16 (6.79)

0.010 (0.006) 0.003 (0.001)

0.966 (0.040) 0.108 (0.006)

0.857 (0.157) 0.019 (0.001)

P. inflatum *
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! ""!

!() %*+,-#&'(#-0(!()-..$/*0'-*/1(,.120(3.%"(1%+2+4&(5*/&'+-&6(7"+2&(!()2.-'%*%30,-(,.120(-.%8( 9-%&'&/%+-:2;6(

%"&(1/&(.<(";0'.=;*5*$'.2+-&(/&&>&0(/$&,+<+,(<.'(%"&(>.'&(?+'12&-%(!"#$%&'(/$&,+&/(#-0(-.-&(.<(%"&(%"'&&(

/$&,+&/(/".7&0(%.(:'.7(.-(5*2&1,+-&(@A#32&(B)8CD8((

(

A"&(%"'&&(!"#$%&'(/$&,+&/(#2/.('&/$.-0&0(0+<<&'&-%2;(%.(,&'%#+-(.%"&'(,#'3.-(/.1',&/(@/&&(A#32&(B)8ED8(A"&(

-1,2&./+0&/(%";>+0+-&6(1'+0+-&(#-0(+-./+-&6(%'+::&'&0(&=,21/+?&2;(%"&(:'.7%"(.<(!()-..$/*0'-*/16(7"+2&(!()

%*+,-#&'(7#/(%"&(.-2;(/$&,+&/(%"#%(,.120(:'.7(.-($1%'&/,+-&8(

(

(

!"#$%&'()(&*"+#,-&.,/+0%.&.1%02320&4,&!"#$%%&'()*$('+&"-56,+&!"#,%$*-(-.)/$7&"-56,+&.8"+%5&9248&!"#-(0/$12*(&

(

F(G(.'(*(+-0+,#%&(+<(%"&(!"#$%&'(/$$8(,.120('&/$&,%+?&2;(:'.7(.'(-.%(.-(%"&(#,,.'0+-:(,#'3.-(/.1',&/8(

B%#%+/%+,#2(#-#2;/&/(7&'&($&'<.'>&0(1/+-:(H'1/I#2*J#22+/(-.-*$#'#>&%'+,(%&/%/(+-(BKBB(CE(@BKBB(9-,8D(@L(M(N8NO6(!(P(LD8(

(

(

'('(&:2.0/..2,-&&

9-(%"+/(/%10;6(%"'&&(+/.2#%&/(&#,"(.<)!()-..$/*0'-*/16(!()2.-'%*%30,-(#-0(!()%*+,-#&'(<'.>(0+/&#/&0(#&'.3+,(

'+,&(<+&20/(7&'&(/&2&,%&0(<.'(#(0&%#+2&0(%*)4%#.0(#-#2;/+/(.<(%"&+'("./%(+-<&,%+.-($'.,&//(#-0(%"&(,.-/&Q1&-%(

0+/&#/&(0&?&2.$>&-%8(5*)4%#.0(+-.,12#%+.-(.<('+,&(/&&02+-:('..%/('&?&#2&0(%"#%(!()-..$/*0'-*/1(7#/(,2&#'2;(

>.'&( ?+'12&-%( %"#-( !() 2.-'%*%30,-( #-0( !() %*+,-#&'8( A"+/( $#%".:&-( +-"+3+%&0( ,'.7-( #-0( 2#%&'#2( '..%(

0&?&2.$>&-%6( +-01,&0( /&?&'&( 7+2%+-:( #-0( ,#1/&0( /%'.-:( /%1-%+-:( .<( '+,&( '..%/( #-0( /"..%/6( 7"&'&#/( !()

2.-'%*%30,-*+-01,&0(0+/&#/&(/;>$%.>/(7&'&( 2&//($'.-.1-,&0(#-0(!() %*+,-#&'(&=&'%&0(.-2;(>+-.'(&<<&,%/(

.-('+,&(/&&02+-:(0&?&2.$>&-%8((

(

Carbon source P.arrhenomanes* P.graminicola* P.inflatum*
D-alanine + - -
D-serine + - -
itaconic acid + - -
L-threonine + - -
formic acid + + -
hydroxy-L-proline + + -
!-ketobutyric acid + + -
citric acid + - +
D-galactose + - +
D-mannitol + - +
D-sorbitol + - +
L-serine + - +
N-acetyl-D-galactosamine + - +
pyruvic acid + - +
pyruvic acid methyl ester + - +
succinamic acid + - +
xylitol + - +
adonitol - + +
bromosuccinic acid - + +
D-arabitol - + +
lactulose - + +
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! "#!

R+/%.$#%".2.:+,#2( /%10+&/( '&?&#2&0( %"#%( %"&( %"'&&( !"#$%&'( /$$8( +-?#0&0( '+,&( /&&02+-:( '..%/( 1/+-:( /+>$2&(

";$"#2(/%'1,%1'&/8(S-,&(+-/+0&(%"&('..%(%+//1&6(!"#$%&')";$"#&(3&,#>&(+''&:12#'2;(+-<2#%&0(#-0(:'&7(>#+-2;(

+-%'#,&2212#'8(!&22(7#22(,'.//+-:(.,,1''&0(3;(>&#-/(.<(,.-/%'+,%&0(";$"#&6(7"+,"($'.3#32;(>+:'#%&0(%"'.1:"(

%"&($2#/>.0&/>#%#(#-0("&-,&6(#?.+0&0(?+/+32&(,&22(7#22(0#>#:&8(A"&(+-?#/+.-(.<('+,&('..%/(3;(6-2*-70.#$/)

0."8-/(#$$#'&-%2;($'.,&&0/( +-(#(/+>+2#'(7#;(@T#',&2(&%(#286(CNEND8(!.-/+/%&-%( <+-0+-:/(7&'&($'&/&-%&0(<.'(

!"#$%&'('..%(+-<&,%+.-/(+-(.%"&'(>.-.,.%/(@T.U0&"+(&%(#286(EVVEW(T,H&&-(EVXXW(Y#$+*Z,&0.(#-0([=,.-0&6(

EV\OD8( R.7&?&'6( /$&,+#2+4&0( #$$'&//.'+#*2+I&( /%'1,%1'&/( +-/%&#0( .<( /+>$2&( ";$"#&( &-#32&0( '"+4.0&'>#2(

$&-&%'#%+.-(+-(%"&/&(,#/&/(@T.U0&"+(&%(#286(EVVED8(Z<%&'($#%".:&-(+-:'&//6(7&(<.1-0(%"#%(!()-..$/*0'-*/16(

!() 2.-'%*%30,-( #-0( !() %*+,-#&'( >#//+?&2;( $#'#/+%+4&0( %"&( +--&'( '+,&( '..%( %+//1&/( 3;( ";$"#2( '#>+<+,#%+.-6(

'&/12%+-:(+-(%"&(,.>$2&%&(<+22+-:(.<(,.'%+,#2(#-0(&-0.0&'>#2(,&22/(7+%"+-(CX("$+8(!.>$#'#32;6(0&-/&(";$"#2(

-&%7.'I/(7&'&(-.%&0(1$.-(+-<&,%+.-(.<(9.-:%;071%1)$2#-%2&%/(7+%"(!()%../2&,-./(@Z0+&(&%(#286(CNNXD8((

9-( $#'#22&2( 7+%"( %"&+'( ?#';+-:( #::'&//+?&-&//6( 7&( /".7&0( %"#%( !() -..$/*0'-*/16( !() 2.-'%*%30,-( #-0( !()

%*+,-#&'(0+<<&'&0(+-(%"&(&=%&-%(%.(7"+,"(/;/%&>+,(%+//1&/(7&'&(,.2.-+4&08(!()-..$/*0'-*/1(Q1+,I2;(,.2.-+4&0(

%"&(&-%+'&($'+>#';('..%6(&<<+,+&-%2;(/$'&#0+-:(<'.>(%"&($'+>#';(+-<&,%+.-(/+%&(%.(.%"&'($#'%/8(]&/+0&/6(";$"#&(

#31-0#-%2;(+-?#0&0(%"&(=;2&>(#-0(#,,.'0+-:2;6(>+:"%("#?&(32.,I&0(%"&(7#%&'(%'#-/$.'%(%.(%"&(/"..%6($#'%2;(

&=$2#+-+-:(%"&(/&?&'&(7+2%+-:(#-0(<'&Q1&-%(0&#%"(.<('+,&(/&&02+-:/(1$.-(!()-..$/*0'-*/1(+-.,12#%+.-8(B1,"(

$#'#/+%+,(<&#%1'&/(#'&(,.>>.-(<.'(%'1&(?#/,12#'($#%".:&-/(2+I&(<&1-.%&')0="170.&'(#-0(>/.#%3%,,%&')/$$86(

7"&'&(";$"#&(+-?#0&(%"&($2#-%('..%(/%&2&(3&<.'&(%"&(&-0.0&'>+/(+/(/13&'+4&0(@SI13#'#(#-0(K#12+%46(CNNOD8(

9-(,#/&(.<(!"#$%&')+-<&,%+.-/6(".7&?&'6(";$"#2(32.,I+-:(.<(=;2&>(+/('#%"&'(&=,&$%+.-#28([=%&-/+?&(+-?#/+.-(.<(

%"&( ?#/,12#'( /%&2&( "#/( .-2;( 3&&-( '&$.'%&0( <.'( !() %../2&,-./( .-( Z'#3+0.$/+/( @Z0+&( &%( #286( CNNXD6( !()

#.-3$/%7$%,&'(.-(2&%%1,&(@T#%%#6(EV\OD6(!()1",4-#%3&'(#-0(!();%110#03&'(.-(/%'#73&'';(@Y&>&,6(EVXCD(#-0(

!()&,#%'&'(.-(,1,1>3&'( @!"^'+<(&%(#286(EVVED8( 9-( %"&( 2#%%&'(,#/&6(=;2&>(?&//&2/(7&'&(#2/.(.,,210&0(3;(%"&(

$'.01,%+.-(.<($2#-%(0&<&-/&*'&2#%&0(%;2./&/(%"#%(#%%&>$%&0(%.(2+>+%(";$"#2(/$'&#08(A"&(/;/%&>+,(/$'&#0(.<(

!()%*+,-#&'6(#-0(%.(#(2&//&'(&=%&-%(.<(!()2.-'%*%30,-6(+-(%"&(,.'%&=(#-0(/%&2&(.<('+,&(/&&02+-:('..%/6(7#/(>.'&(

2+>+%&0(%"#-(%"#%(.<(!()-..$/*0'-*/18([/$&,+#22;(=;2&>(?&//&2/(#$$&#'&0( 2&//(,.2.-+4&0(3;(!()2.-'%*%30,-6(

7"&'&#/( %"&( :'.7%"(.<(!() %*+,-#&'(7#/( .<%&-( 2+>+%&0( %.( <&7($"2.&>( ,&22/6( $.//+32;( 1-0&'2;+-:( %"&( 2.7&'(

0&:'&&(.<(7+2%+-:(#-0(/%1-%+-:(1$.-(+-.,12#%+.-(7+%"(%"&/&($#%".:&-/8(S1'(QK!_*#-#2;/+/(,.-<+'>&0(%"#%(!()

-..$/*0'-*/1)7#/(%"&(3&/%(,.2.-+4&'(.<( %"&('+,&(/&&02+-:( '..%(/;/%&>6( <.22.7&0(3;(!()2.-'%*%30,-(#-0(!()

%*+,-#&'6(7+%"(%"&(2#%%&'(3#'&2;(/$'&#0+-:(+-(%"&(+--&'(%+//1&/8(B1,"(#($./+%+?&(,.''&2#%+.-(3&%7&&-(!"#$%&'(

'..%( ,.2.-+4#%+.-( ,#$#,+%;( #-0( #::'&//+?&-&//( +/( -.%( #27#;/( %.( 3&( &=$&,%&08( 9-( ,.-%'#/%( %.( .1'( '&/12%/6(

T.0U&"+( &%( #28( @EVVED( '&$.'%&0( %"#%( +-( 7"&#%( '..%/6( >./%( !() #''"&-.>#-&/( ";$"#&( #'&( 32.,I&0( #%( %"&(

&-0.0&'>+/8(9-(%"+/(/%10;6(%"&(/%&2&('&>#+-&0(1-#<<&,%&0(#%(0+/%#-,&(.<(%"&($'+>#';(+-<&,%+.-(/+%&(1-%+2(%"&(

,&22/(0+&08(T.'&.?&'6(%"&(,.2.-+4#%+.-($'.,&//(.<(!()-..$/*0'-*/1($'.,&&0&0(>.'&(/2.72;(+-(%"+/("./%(%"#-(

+-('+,&('..%/8(S%"&'(,.-%'#/%+-:(<+-0+-:/("#?&(3&&-(0&/,'+3&0(<.'(!"#$%&'(:'.1$(`*%.>#%.('..%(+-%&'#,%+.-/8(

!"#$%&'(:'.1$(`(+/(#(>+-.'($#%".:&-(%"#%(>#;(,#1/&(;+&20(2.//&/(7+%".1%($'.01,+-:(?+/+32&('..%(/;>$%.>/(

@_&;(&%(#286(EVVa#D8((
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! "$!

9-(%.>#%.('..%/6(+%(+/(#32&(%.(,.2.-+4&(#22(,&22(%;$&/6(+-,210+-:(%"&(=;2&>6(7+%"+-(C*b(0$+8(R.7&?&'6(+%("#/(3&&-(

0+/,.?&'&0(%"#%(>./%(.<(%"&(=;2&>*+-?#0+-:(";$"#&(#$$&#'(#/(&>$%;(:"./%(,&22/8(B+>+2#'(<+-0+-:/("#?&(3&&-(

'&$.'%&0( <.'( %"&( 3+.,.-%'.2( #:&-%( #-0( :'.7%"*$'.>.%+-:( /$&,+&/( !() 0,%2-*;.&'( +-( +%/( +-%&'#,%+.-( 7+%"(

%.>#%.('..%/(@5&(`2.,"(&%(#286(CNNOD8((

(

A"&( $'.:'&//+?&( +-?#/+.-/( .<( !"#$%&'( ";$"#&( +-( '+,&( /&&02+-:( '..%/( %'+::&'&0( %"&( $'.01,%+.-( .<( '&#,%+?&(

.=;:&-( /$&,+&/( @_SBD( #-0( $"&-.2+,( ,.>$.1-0/6(7"+,"( 12%+>#%&2;( &?.I&0( ,&22( 0&#%"8( _SB( #'&( /".'%*2+?&0(

>.2&,12&/( %"#%( +-%&'#,%( 7+%"( $'.%&+-/6( cYZ6( 2+$+0/( #-0( ,#'3.";0'#%&/( +-( $2#-%( ,&22/6( #-0( %"&'&3;( +-01,&(

%+//1&( 0#>#:&( #-0( ,&22( 0&#%"( @R&22&'( #-0( A104;-/I+( &%( #286( CNEED8( K2#-%/( $'.01,&( /,#?&-:&'/( <.'( #-%+*

.=+0#%+?&($'.%&,%+.-8(R.7&?&'6(/&?&'#2(3+.%+,(#-0(#3+.%+,(<#,%.'/(>#;(0+/%1'3(%"&(3#2#-,&(3&%7&&-(_SB(#-0(

/,#?&-:&'/6(#-0(/.6(&?.I&(#-(.=+0#%+?&(31'/%( @Z$&2(#-0(R+'%6(CNN)D8(Y&,'.%'.$"+,($#%".:&-/( <.'( +-/%#-,&6(

>#;(%'+::&'(%"&(+-%'#,&2212#'($'.01,%+.-(.<(_SB(01'+-:(%"&(I+22+-:(.<("./%(%+//1&/8(S-(%"&(.%"&'("#-06(_SB*

$'.01,%+.-(>#;(#/(7&22(3&($#'%(.<($2#-%(0&<&-/&( '&/$.-/&/( %.(3+.%'.$"+,(#-0("&>+*3+.%'.$"+,($#%".:&-/(

@R&22&'(#-0(A104;-/I+6(CNEED8(9-(%"&(,1''&-%(/%10;6($'.01,%+.-(.<(";0'.:&-($&'.=+0&(@RCSCD(7#/(.3/&'?&0(+-(

%"&(.1%&'(,&22(2#;&'/(.<(!"#$%&'*+-.,12#%&0('+,&(%+//1&/(#-0(7#/(/%'.-:&'(<.'(%"&(>.'&(?+'12&-%(/$&,+&/(#%(E(

0$+8( S2+?&'( &%( #28( @CNNVD( #2/.( -.%+,&0( _SB( $'.01,%+.-( 1$.-(!() %../2&,-./) #-0) !() ;/:-."-*&') +-<&,%+.-( .<(

>.//6(31%(+-(%"&/&/(,#/&/6(_SB(#,,1>12#%&0(+-(%"&(!"#$%&'*/$'&#0+-:(#'&#6(7"&'&(+%($'&,&0&0(,&22(0&#%"8(

A"&(%"'&&)!"#$%&')/$$((+-?#0&0(%"&(/%&2&(.<('+,&(/&&02+-:('..%/(3;(E(0$+6(7"+2&(cZ](,.-,&-%'#%&0(<#'(3&"+-0(

%"&(+-<&,%+.-(<'.-%6(/1::&/%+-:(%"#%(%"&(.3/&'?&0(RCSC(#,,1>12#%+.-(>+:"%(3&('&2#%&0(%.(+>>1-&('&#,%+.-/(

%"#%(#'./&(%..(2#%&(%.($'&?&-%(+-<&,%+.-8(A"&/&(2+I&2;( +-,210&0(,&22(7#22(>.0+<+,#%+.-(&?&-%/6(/+-,&(!"#$%&')
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$'.3#32;(-.%(0&%&'>+-+-:(<.'(%"&(#::'&//+?&-&//(2&?&2(.<('+,&*$#%".:&-+,(!"#$%&')/$$88((

&

'(;(&*,-0$/.2,-.&

A"&(0&:'&&(3;(7"+,"(!"#$%&'(/$$8(,#-(<&&0(.-(#>+-.(#,+0/6(#-0(+-?#0&('+,&(,.'%+,#2(#-0(/%&2#'(,&22/(/&&>/(

%.(1-0&'2+&(%"&(+-%&-/+%;(.<(!"#$%&'*+-01,&0(/%1-%+-:(#-0(7+2%+-:(/;>$%.>/(+-('+,&(/&&02+-:/8(R+:"2;(?+'12&-%(

!"#$%&'( /$&,+&/( Q1+,I2;( #-0( >#//+?&2;( ,.2.-+4&( '+,&( '..%( %+//1&/6( $'.3#32;( 3;( /1$$'&//+-:( ,&22*7#22(

<.'%+<+,#%+.-( &?&-%/6( '&>.?+-:( 0&<&-/&*'&2#%&0( ,.>$.1-0/( <'.>( %"&+'( "./%j/( %+//1&/6( #-0( :'.7+-:( .-( c*

#>+-.(#,+0/(.<(7"+,"('+,&(/&&0/(,.-%#+-(/13/%#-%+#2(#>.1-%/8(i1+,I(+-?#/+.-(.<(%"&(?#/,12#'(/%&2&(#$$&#'/(

.<(1%>./%(+>$.'%#-,&(<.'(%"&(?+'12&-,&(2&?&2(.<('+,&*+-<&,%+-:(!"#$%&'(/$$66(/+-,&(%"&('+,&('..%(&-0.0&'>+/(

#-0( ?#/,12#'( %+//1&/( 3&,.>&( /13&'+4&0g2+:-+<+&0( 01'+-:( >#%1'#%+.-( @!2#'I( #-0( R#''+/6( EVaED8( A"+/( >+:"%(

&=$2#+-(7";('+,&(/&&02+-:/(#,Q1+'&(#(,&'%#+-(0&:'&&(.<(!"#$%&'*'&/+/%#-,&(7+%"+-(a(0#;/(#<%&'($2#-%+-:(@!"1-(

#-0(B,"-&+0&'6(EVVaD8(9-%&'&/%+-:2;6(:+33&'&22+-/(@fZ/D("#?&(3&&-(-.%&0(%.(>&0+#%&(2+:-+<+,#%+.-(+-(>.-.,.%(

'..%/(@]+&>&2%(&%(#286(CNN)D(#-0("&-,&6(%"&/&($2#-%(:'.7%"('&:12#%.'/(>+:"%(3&(+-?.2?&0(+-('+,&('..%(0&<&-/&(

%.(!"#$%&'(/$$88(A"&('.2&(.<(fZ/(#-0(.%"&'($2#-%(".'>.-&/(+-(%"&(!"#$%&'*'+,&(+-%&'#,%+.-(7+22(3&(0+/,1//&0(

+-(%"&(-&=%(,"#$%&'/8((

(

(

(

(

(
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! #(!

'()(&</11$%=%-4"+>&5"4"&

&

&

?2@/+%& <'(A(& !8%& .42=/$"42-@& %33%04& ,3& +20%& .%%5& %B/5"4%.& ,-& !31&-2*# @+,948(& _+,&( /&&0/( @C8O( :D( .<( %"&( ,?8( !S*bV( @?() 1-#%4-)

/13/$&,+&/(%*;%3-D6(7"+,"(+/(#/(/1/,&$%+32&(%.(!"#$%&'(#/(,?8(Z$.(#-0(Y+$$.-3#'&6(7&'&(/1'<#,&(/%&'+2+4&06(7#/"&0(#-0(+-,13#%&0(+-(

CN(>2(.<(/%&'+2&(0&>+-&'#2+4&0(7#%&'(#%(Ca(k!8(B&&0&&=10#%&/(7&'&(,.22&,%&0(#/(#(7#%&';(/.21%+.-(#<%&'(C)("(.<(+>3+3+%+.-8(A"'&&(>2(

#2+Q1.%/(.<(7#%&'(@*D(.'(&=10#%&(/.21%+.-/(@GD(7&'&(#00&0(%.(%"'&&(\*7&22('&$2+,#%&($2#%&/(#-0(#<%&'7#'0/6(+-.,12#%&0(7+%"(.-&(KcZ(

$21:(.<(#(<.1'*0#;(.20(!()-..$/*0'-*/1A)!()2.-'%*%30,-).'(!()%*+,-#&'(,12%1'&8(K2#%&/(7&'&(+-,13#%&0(#%(Ca(k!(#-0(/,'&&-&0(#<%&'(EX(

"8(Z(,2&#'(/%+>12#%+.-(+-(,.2.-;(0+#>&%&'(#-0g.'(0&-/+%;(7#/(?+/+32&(7"&-(!"#$%&'(/$$8(7&'&(:'.7-(+-(/&&0(&=10#%&/8(A"&($+,%1'&(+/(

'&$'&/&-%#%+?&(<.'(%"&(%"'&&('&$2+,#%&($2#%&/8&

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(
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P. inflatum  P. arrhenomanes  
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- 

P. graminicola  
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! #)!

!"#$%&<'(A(&*"+#,-&.,/+0%.&48"4&.42=/$"4%5&!31&-2*&@+,948&2-&48%&18%-,"++">(&c#%#('&$'&/&-%(%"&(,#'3.-(/.1',&/(<.'(7"+,"(%"&(

.$%+,#2(0&-/+%;( @ScD*?#21&/( /+:-+<+,#-%2;(0+<<&'&0( <'.>( %"&( +-+%+#2(Sc( @M(N8ED( #%(C)("$+( #,,.'0+-:( %.(H'1/I#2*J#22+/(-.-*$#'#>&%'+,(

%&/%/(+-(BKBB(CE(@BKBB(9-,8D(@L(M(N8NO6(!(P(LD8(e#21&/(3&%7&&-(3'#,I&%/('&$'&/&-%(/%#-0#'0(&''.'/8(

(

(

(

!"#$%&'( )*+( !"#$%&'()*+ !#"(,,-.%/+(%.0 !#"1,(+$%$2/'(
!"#$%&'(#) *+','$#$- . ./00&1./.02 .

*+3-4#$- . ./05&1./.62 .
7+','$#$- ./86&1./.82 ./09&1./.82 ./0:&1./.02
7+'3;'4'<#$- ./8=&1./.02 ./8.&1./.82 ./86&1./.82
7+'3;'4>#(&'(#) ./89&1./.02 ./80&1./.02 ./0?&1./.02
7+<,@>'"#(&'(#) ./88&1./.02 ./8.&1./.82 ./0=&1./.02
7+A#3>#)#$- ./86&1./.62 ./09&1./.02 ./09&1./.62
7+%4$#>A#$- ./0?&1.2 ./0=&1./.02 ./05&1./.62
7+;A-$B,','$#$- ./08&1./.02 ./0:&1./.62 ./08&1./.02
7+;4%,#$- ./88&1./.62 ./0?&1./.62 ./0C&1./.02
7+3-4#$- ./08&1./.62 ./00&1./.02 .
7+>A4-%$#$- . ./00&1./.62 .

!"#$%&'(#)&)-4#D'>- 7+','$B,&<,B(#$- ./0?&1./.62 ./09&1./.02 ./00&1./.02
<,B(B,+7+<,@>'"#(&'(#) ./05&1./.82 ./0?&1./.82 ./00&1./.62
AB)4%EB+7+;4%,#$- . ./08&1./.02 ./06&1./.62
7+;B4%<,@>'"#(&'(#) ./0.&1./.62 . .
0+'"#$%->A'$%, ./08&1./.02 ./0?&1./.62 ./06&1./.62
F+'(->B,+*+<','(>%3'"#$- ./06&1./.02 ./0C&1./.62 .
F+'(->B,+*+<,@(%3'"#$- ./00&1./.82 . .

G'4H%EB,#(&'(#) H4%"%3@((#$#(&'(#) ./0:&1./.02 . ./00&1./.62
(#3+'(%$#>#(&'(#) ./05&1./.02 ./00&1./.62 ./0C&1./.62
(#>4#(&'(#) ./09&1./.C2 ./00&1./.62 .
*+<,@(%$#(&'(#) ./08&1./.62 ./00&1./.62 ./0.&1./.62
*+<,@(%3'"#$#(&'(#) ./06&1./.02 ./00&1./.02 ./06&1./.02
*+<,@(@4%$#(&'(#) ./00&1./.62 . .
*+"',#(&'(#) ./06&1./.62 . .
*+3'((A'4#(&'(#) ./08&1./.02 . .
*I7+,'(>#(&'(#) ./80&1./.62 ./86&1./.62 ./00&1./.02
J%4"#(&'(#) . ./0C&1./.62 ./0.&1./.62
#>'(%$#(&'(#) . ./08&1./.62 .
7+"',#(&'(#) ./09&1./.02 . .
"',%$#(&'(#) ./08&1./.62 ./00&1.2 ./0.&1./.62
K@#$#(&'(#) ./00&1./.62 . .
3@((#$'"#(&'(#) ./06&1./.62 ./00&1./.02 .
3@((#$#(&'(#) ./00&1./.62 ./0C&1./.82 ./0C&1./.82
L+M->%H@>B4#(&'(#) . ./0C&1./.62 ./06&1./.62
*+<','(>@4%$#(&'(#) ./08&1./.62 ./08&1./.62 ./6=&1./.62

G'4H%EB,#(&'(#)&)-4#D'>- 7+','$#$'"#)- ./0?&1./.02 ./0C&1./.82 ./00&1./.02
<,@(@4%$'"#)- ./00&1./.62 . .
*+<','(>%$#(&'(#)&,'(>%$- ./08&1./.62 ./05&1./.02 .
L+M->%<,@>'4#(&'(#) ./08&1./.02 ./0?&1./.02 ./08&1./.02
;B4@D#(&'(#)& ./06&1./.62 ./00&1./.62 .
;B4@D#(&'(#)&"->AB,&-3>-4 . ./05&1./.82 .
3@((#$#(&'(#)&"%$%+"->AB,&-3>-4 ./06&1./.62 . .
N+AB)4%EBH@>B4#(&'(#) ./0.&1./.62 . .
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! #*!

!"#$%&<'(A(&C*,-42-/%5D&

&

&

!"#$%&'( )*+( !"#$%&'()*+ !#"(,,-.%/+(%.0 !#"1,(+$%$2/'(
!"#$%&'(#")* +,-*..%$/%0* 12345612178 12315612178 123956121:8

+,;#<-)%0* 129=5612198 12::56121:8 12395612198

+,>"."-)%0* 129356121?8 1 1

+,@"AA%0* 12:956121B8 129:5612198 129?56121C8

+,@*.*D/)%0* 129?56121?8 1 1

+,@*./$/%0* 129?56121?8 1 1

+,E0/-%0* 129:56121?8 1 1

+,#";;/A%0* 129956121?8 12945612198 129956121?8

+,#/$%0* 129956121?8 1 1

+,)#*&".%0* 12:?5612198 12975612198 123?56121:8

(*F)#/A 12:95612138 12:95612138 12::5612198

>*A)/%$/%0* 12345612148 12:C56121B8 12:B56121:8

>.'-%>*A 12:95612138 12:756121B8 129=56121:8

G,"#"$/A%0* 12995612198 1 1

G,;<-%0* 129:56121?8 129956121?8 129156121?8

G,#&"@A%0* 129:56121?8 129:56121?8 12?=56121?8

."-)<.%0* 12975612198 1 12?=56121?8

@".)%0* 123C5612148 12:=5612138 123?5612138

@".)%)#/%0* 12:?56121?8 12975612198 12:95612138

@"AA"A 129956121?8 1 1

E".")/A%0* 129:56121?8 1 1

0<-#%0* 123456121C8 123:56121B8 123?56121:8

)<#"A%0* 129956121?8 1 1

H,+,>.<-%0* 12B45612178 12375612138 123C5612198

H,+,."-)%0* 129456121:8 129:5612198 12935612198

!"#$%&'(#")*5(*#/I")* "#$<)/A 129756121?8 129456121?8 12945612198

0"./-/A 129456121?8 129:5612198 129B56121:8

H,@*)&'.,+,>"."-)%0/(* 129?56121?8 1 1

H,@*)&'.,+,@"AA%0/(*5 129:56121?8 1 1

J,@*)&'.,+,>"."-)%0/(* 129356121?8 1 1

J,@*)&'.,+,>.<-%0/(* 12:C5612148 129C56121:8 12935612198

9K:,$<)"A*(/%. 1 129956121?8 1

"(%A/)%. 129356121?8 1 129156121?8

+,"#"$/)%. 129:5612198 1 129156121?8

+,@"AA/)%. 129956121?8 129956121?8 1

+,0%#$/)%. 129?56121?8 1 1

>.'-*#%. 12:456121B8 129B56121:8 129C56121:8

/,*#')&#/)%. 129?56121?8 1 1

@,/A%0/)%. 12935612198 129956121?8 129956121?8

F'./)%. 129956121?8 1 1

L@/A* E&*A'.*)&'."@/A* 129B5612198 12945612198 1

E<)#*0-/A* 129156121?8 1 1

M<-.*%0/(* /A%0/A* 1 129956121?8 1

)&'@/(/A* 1 129?56121?8 1

<#/(/A* 1 12995612198 1

N<#;"-)"A)0 )O**A531 123:56121:8 12395612138 123:56121:8

)O**A5C1 12:756121B8 12:95612148 12:C5612138
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! #+!

!"#$%& <'(E(& *"+#,-& .,/+0%.& 48"4& 525& -,4& .42=/$"4%& @+,948& ,3& !31&-2*& 2-& 48%& 18%-,"++">(& A"&(Sc*?#21&/( .<( %"&( 2+/%&0( ,#'3.-(

/.1',&/(0+0(-.%(/+:-+<+,#-%2;(0+<<&'(<'.>(%"&(+-+%+#2(Sc(@M(N8ED(#%(C)("$+(#,,.'0+-:(%.(H'1/I#2*J#22+/(-.-*$#'#>&%'+,(%&/%/(+-(BKBB(CE(

@BKBB(9-,8D(@L(M(N8NO6(!(P(LD8(

*"+#,-&.,/+0%&
Cl*0&.=;(#0&-./+-&(
#,&%+,(#,+0(
#0&-./+-&(
#0&-./+-&*Ol*T.-.$"./$"#%&(
c*<'1,%./&*\*$"./$"#%&(
c*:21,./&*\*$"./$"#%&(
c*2#,%+,(#,+0(>&%";2(&/%&'(
c*%#:#%./&(
c*=;2./&(
c656L*:2;,&'.2($"./$"#%&(
+-12+-(
5*2#,%+,(#,+0(
5*2&1,+-&(
2#,%#>+0&(
$*";0'.=;$"&-;2#,&%+,(#,+0(
$'.$+.-+,(#,+0(
/&0."&$%12./#-(
%";>+0+-&*Ol*>.-.$"./$"#%&(
1'+0+-&*Ol*>.-.$"./$"#%&(
1'.,#-+,(#,+0(
L*,;,2.0&=%'+-(
L*c*:21,./&*E*$"./$"#%&(
L*";0'.=;31%;'+,((#,+0(
L*I&%.?#2&'+,(#,+0(
m*,;,2.0&=%'+-(
n*";0'.=;31%;'+,(#,+0(

(



!
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! #"!

(

(

(

(

(

(

(

#
#
#

#
#
#
#
#
#
#
#
#
#
#
#
&

:%&F$%%..08"/9%+&:7&F"-&G/>4%-&H7&<"4,8&I7&G"$252,-&J7&K"/$%,-&L7&*8,2&ML7&F%+"N*+/O&*7&I2P/082&<7&QR34%&

K7&ESAE((!,-*#)!$"1%0,02"(A;TC'D7(Eabb*Ea)\8(

&

*8"14%+&;&
4%$++-()+1'%)-5+# $(1$,)(-6'# ,-77'%'//-(8# $(5# +$/-.3/$1'8
*'5-$1'5#%))1#-**2(-13#-(#%-.'#
#
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! ##!

U#.4+"04&

]'#//+-./%&'.+0/( @]_/D( #'&(#(1-+Q1&( ,2#//(.<($2#-%( /%&'.+0(".'>.-&/( %"#%(.',"&/%'#%&( ?#'+.1/( :'.7%"(#-0(

0&?&2.$>&-%#2( $'.,&//&/8( Z2%".1:"( ]_/( "#?&( 2.-:( 3&&-( I-.7-( %.( $'.%&,%( $2#-%/( <'.>( #( 3'.#0( '#-:&( .<(

3+.%+,(#-0(#3+.%+,(/%'&//&/6(.1'(1-0&'/%#-0+-:(.<(%"&(1-0&'2;+-:(>.2&,12#'(>&,"#-+/>/(+/(/%+22('10+>&-%#';8(

Z+>+-:(%.(<1'%"&'(0&,+$"&'(%"&(>.2&,12#'(2.:+,(.<(]_*>.012#%&0(+>>1-+%;6(7&("#?&(&=#>+-&0(%"&(0;-#>+,/(

#-0( +>$#,%(.<(]_/(01'+-:( +-<&,%+.-(.<( '+,&( @?."8-)1-#%4-D( /&&02+-:/(7+%"(!"#$%&')2.-'%*%30,-8(!"#22&-:+-:(

%"&( :&-&'#2+4&0( ?+&7( %"#%( ]_/( $./+%+?&2;( '&:12#%&( $2#-%( +--#%&( +>>1-+%;6( 7&( /".7( %"#%( !() 2.-'%*%30,-(

&=$2.+%/( ]_/( #/( ?+'12&-,&( <#,%.'/( #-0( "+U#,I/( %"&( '+,&( ]_( >#,"+-&';( %.( +-<2+,%( 0+/&#/&8( T.'&.?&'6( 7&(

0&>.-/%'#%&(%"#%(%"+/(+>>1-&*/1$$'&//+?&(&<<&,%(.<(]_/(+/(01&6(#%(2&#/%(+-($#'%6(%.(-&:#%+?&(,'.//%#2I(7+%"(

/#2+,;2+,(#,+0(@BZD(#-0(:+33&'&22+,(#,+0(@fZD($#%"7#;/8(]_*>&0+#%&0(/1$$'&//+.-(.<(BZ*0&$&-0&-%(0&<&-/&/(

.,,1''&0(0.7-/%'&#>(.<(BZ(3+./;-%"&/+/6(31%(1$/%'&#>(.<(%"&(>#/%&'(0&<&-/&('&:12#%.'/(YSY[oK_[BBS_(

S`( KZARSf[Y[B9B*_[5ZA[c( f[Y[BE( @S/YK_ED( #-0( S/J_Hp)O8( 9-( ,.-%'#/%6( ]_( #22&?+#%&0( fZ*0+'&,%&0(

+>>1-&('&/$.-/&/(3;(+-%&'<&'+-:(#%(>12%+$2&(2&?&2/(7+%"(fZ(>&%#3.2+/>6('&/12%+-:(+-(+-0+'&,%(/%#3+2+4#%+.-(.<(

%"&(c[55Z($'.%&+-(#-0(,&-%'#2(fZ*'&$'&//.'(B5[Yc[_(_9![E(@B5_ED8(!.22&,%+?&2;6(%"&/&(0#%#(<#?.'(#(>.0&2(

7"&'&3;( !() 2.-'%*%30,-( ,.*.$%/( %"&( $2#-%( ]_( $#%"7#;( #/( #( 0&,.;( %.( #-%#:.-+4&( &<<&,%1#2( BZ*( #-0( fZ*

>&0+#%&0(0&<&-/&/8(S1'('&/12%/("+:"2+:"%(%"&(+>$.'%#-,&(.<(]_/(+-(>.012#%+-:($2#-%(+>>1-+%;(#-0(1-,.?&'(

$#%".:&-*>&0+#%&0(>#-+$12#%+.-(.<($2#-%(/%&'.+0(".>&./%#/+/(#/(#(,.'&(?+'12&-,&(/%'#%&:;8(

(
(
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! #$!

;(A(&M-4+,5/042,-&

A.( &<<&,%+?&2;( ,.>3#%( +-?#/+.-( 3;(>+,'.3+#2( $#%".:&-/6( $2#-%/( "#?&( &?.2?&0( #( $2&%".'#( .<( /.$"+/%+,#%&0(

>&,"#-+/>/( $'.?+0+-:( /&?&'#2( /%'#%&:+,( 2#;&'/( .<( ,.-/%+%1%+?&( #-0( +-01,+32&( 0&<&-/&( '&/$.-/&/8(T#-;( .<(

%"&/&('&/$.-/&/(#'&('&:12#%&0(3;(#-(#''#;(.<(,'.//*,.>>1-+,#%+-:(/+:-#2(%'#-/01,%+.-($#%"7#;/( +-(7"+,"(
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Pythium inoculation 
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AUX 

SLR1 

Rice root immunity to Pythium spp. 
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Pathogen Classification Lifestylea SA JA ET ABA BR References
Phytophthora nicotianae Oomycete h + + + nd nd Attard et al., 2010

Pythium irregulare Oomycete h + ++ + ++ nd Staswick et al., 2002; Adie et al., 2007; Geraats et al., 2002

"Pythium jasmonium" Oomycete n nd ++ ++ nd nd Vijayan et al., 1998; Geraats et al., 2002

Pythium sylvaticum, aphanidermatum Oomycete n nd nd ++ nd nd Geraats et al., 2002

Plasmodiophora brassicae Protist b ++ +/-  +/- nd nd Alix et al., 2007; Agarwal et al., 2011; Siemens et al., 2002; Siemens et al., 2006

Heterodera schachtii Nematode b ++ ++  +/- nd nd Goverse et al., 2000; Wubben et al.,2001, 2008; Ali et al., 2013; Kyndt and 
Goverse, unpublished data

Meloidogyne incognita/hapla Nematode b ++ ++ ++ nd nd Fudali et al., 2013; Kyndt and Goverse, unpublished data

Verticillium longisporum Fungus h + ++ ++ nd nd Johansson et al., 2006

Fusarium oxysporum Fungus h ++  +/- ++  +/- nd Berrocal-Lobo and Molina, 2004; Anderson et al., 2004; Thatcher et al., 2009

Pythium graminicola Oomycete h ++ nd nd nd - De Vleesschauwer et al., 2012

Hirschmanniella oryzae Nematode m ++ ++ ++ - nd Nahar et al., 2012b

Meloidogyne graminicola Nematode b + ++ ++ - - Nahar et al., 2011; Nahar et al., 2012a; Nahar et al., 2012b
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