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Abstract To investigate the phylogenetic relationships
among the powdery mildew fungi of some economically
important tropical trees belonging to Oidium subgenus
Pseudoidium, we conducted molecular phylogenetic analy-
ses using 30 DNA sequences of the rDNA internal tran-
scribed spacer (ITS) regions and 26 sequences of the
domains D1 and D2 of the 28S rDNA obtained from the
powdery mildews on Hevea brasiliensis (para rubber tree),
Anacardium occidentale (cashew), Bixa orellana, Citrus
spp., Mangifera indica (mango), and Acacia spp. The results
indicate that the powdery mildew fungi isolated from these
tropical trees are closely related to one another. These pow-
dery mildews are also closely related to E. alphitoides (in-
cluding Erysiphe sp. on Quercus phillyraeoides). Because of
the obligate biotrophic nature of the powdery mildew fungi,
the relationship between powdery mildews and their host
plants is conservative. However, the present study suggests
that a particular powdery mildew species has expanded its
host ranges on a wide range of the tropical trees. This article
also suggests that a powdery mildew fungus distributed in
temperate regions of the Northern Hemisphere expanded
its host ranges onto tropical plants and may be a good
example of how geographical and host range expansion has
occurred in the Erysiphales.

Key words Acacia · Citrus · Erysiphales · Mangifera
indica · Quercus phillyraeoides

Introduction

The Erysiphales is an important group of plant pathogenic
fungi that cause “powdery mildew” on about 10000 species
of angiosperms. The host plant species are mainly distrib-
uted in temperate regions of the Northern Hemisphere.
They also infect many plant species distributed in tropical
or subtropical regions, including economically important
cultivated plants such as Hevea brasiliensis (Willd. ex A.
Juss.) Muell.-Arg. (para rubber tree) (Steinmann 1925;
Beeley 1933; Mitra and Mehta 1938; Shaw 1967),
Anacardium occidentale L. (cashew) (Viégas 1944; Sijaona
et al. 2001), Bixa orellana L. (Bitancourt 1938; Viégas 1944;
Capretti 1961; Peregrine and Siddigi 1972), Citrus spp. (or-
anges and lemons) (Petch 1915; Park 1933; Tamayo and
Pordesino 1959; Yen 1967; Boesewinkel 1981), Mangifera
indica L. (mango) (Palti et al. 1974; Boesewinkel 1980), and
Acacia spp. (Tanaka 1986; Semangun 1992; Kawabe et al.
1998; Daidou and Ito 2001; Tamit 2003). The powdery mil-
dews of these tropical trees cause early defoliation and
discoloration or malformation of leaves, resulting in yield
loss or reduction in product quality. However, ecology and
classification of the powdery mildew fungi of these tropical
trees are still uncertain because of the limited number of
researchers working on this fungal group in tropical regions.
Also, in the tropical region, powdery mildews usually lack
teleomorphs, which are necessary for species identification.
Although some of them have been described as Oidium
species, such as Oidium anacardii Noack, O. citri (Yen)
U. Braun, O. heveae Steinmann, and O. mangiferae
Berthet, with descriptions of anamorphic characters, the
identifications are mostly based on their host plants and the
morphological descriptions are not adequate to distinctly
delimit the species.

Recently, molecular analysis based on nucleotide se-
quences of the nuclear rDNA has been used to determine
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the phylogenetic relationship among powdery mildew fungi
(Takamatsu et al. 1998, 1999, 2000, 2002; Saenz and Taylor
1999; Braun and Takamatsu 2000; Mori et al. 2000; Kiss
et al. 2001; Okamoto et al. 2002; Matsuda and Takamatsu
2003; Takamatsu 2004). This technique can be applied to
investigate the relationship between an anamorphic species
and its suspected teleomorphic stage (Cunnington 2002;
Cunnington et al. 2003). In this study, we conducted mo-
lecular phylogenetic analyses on the powdery mildew fungi
belonging to Oidium subgenus Pseudoidium from some
tropical trees to elucidate the phylogenetic relationships
among the species and to link these anamorphic fungi with
their allied teleomorphs.

Materials and methods

Sample sources

Powdery mildew specimens that included one specimen on
A. occidentale (cashew), four specimens on B. orellana,
three specimens on Citrus spp., eight specimens on Acacia
spp., ten specimens on M. indica (mango), two Erysiphe

alphitoides (Griffon & Maubl.) U. Braun & S. Takam.
specimens on Quercus spp., and two E. euonymi-japonici
(Vienn.-Bourg.) U. Braun & S. Takam. specimens on
Euonymus japonicus Thunb. were used in this study. Five
specimens on the para rubber tree (Hevea barsiliensis) and
two specimens of Erysiphe sp. on Q. phillyraeoides Asa
Gray reported by Limkaisang et al. (2005) were also used in
this study. The powdery mildew on Q. phillyraeoides has
been reported as E. alphitoides (Homma 1937; Nomura
1997). However, we found that the powdery mildew on Q.
phillyraeoides differs from E. alphitoides on other Quercus
species both in morphology and in molecular characteristics
in this study. Therefore, this fungus is tentatively referred to
Erysiphe sp. in this paper. Their herbarium accession num-
bers, host plants, locations, and accession numbers of the
DNA databases (DDBJ, EMBL, and GenBank) are given
in Table 1.

Morphological study

Herbarium materials were rehydrated before examination
by boiling a small piece of infected leaf, with the fungal
material downward, in a drop of lactic acid on a slide as

Table 1. Fungal name, host plant, designation, country of origin, and database accession number of internal transcribed spacer (ITS) and 28S
rDNA sequence of powdery mildew specimens used in this study

Fungal name Host plant Herbarium Country Database accession no.b

accession no.a of origin
ITS 28S

Erysiphe alphitoides Quercus crispula MUMH242 Japan AB237783 AB237811
Quercus robur MUMH960 UK AB237784 AB237812

E. euonymi-japonici Euonymus japonicus MUMH133 Japan AB250228 AB250230
MUMH2470 Argentina AB250229 –

Erysiphe sp. Quercus phillyraeoides MUMH885 Japan AB193591 AB237813
Oidium anacardii Anacardium occidentale MUMH781 Tanzania AB237786 AB237814
O. bixae Bixa orellana MUMH3165 Argentina AB237787 AB237815

MUMH2606 Thailand AB237788 –
MUMH3230 Thailand AB237789 AB237816
MUMH3231 Thailand AB237790 AB237817

O. citri Citrus limon VPRI30172 East Timor AB237791 AB237818
Citrus reticulata VPRI30173 East Timor AB237792 AB237819
Citrus sinensis MUMH3210 Malaysia AB237793 AB237820

O. mangiferae Mangifera indica MUMH3188 Argentina AB237794 AB237821
VPRI18420 Australia AB237795 AB237822
VPRI19251 Australia AB237796 –
VPRI20332 Australia AB237797 AB237823
VPRI20346 Australia – AB237824
VPRI20364 Australia AB237798 AB237825
VPRI20379 Australia AB237799 AB237826
MUMH3267 Thailand AB237800 AB237827
MUMH3268 Thailand AB237801 AB237828
MUMH3705 Thailand AB237802 AB237829

Oidium sp. Acacia auriculiformis MUMH2546 Malaysia AB237803 AB237830
MUMH1805 Thailand AB237804 AB237831
MUMH3241 Thailand AB237805 AB237832

Acacia holosericea VPRI20468 Australia AB237806 –
Acacia mangium VPRI20374 Australia AB237807 –

VPRI20907 Australia AB237808 AB237833
MUMH1183 Japan AB237809 AB237834

Acacia sp. MUMH3227 Indonesia AB237810 AB237835
a MUMH, Mie University Mycological Herbarium, Japan; VPRI, Plant Disease Herbarium, Institute for Horticultural Development, Victoria,
Australia
b DDBJ, EMBL, and GenBank database accession number of the nucleotide sequence data
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described by Shin and La (1993) and Shin (2000). After the
boiling process, the rehydrated material was scraped off the
leaf surface into a drop of lactic acid on a slide and covered
by a coverslip for light microscopy. The following informa-
tion was recorded: size and shape of conidia; presence or
absence of fibrosin bodies; nature of conidiogenesis; charac-
teristics of the conidiophore, e.g., size and shape of the foot
cell, position of the basal septum; shape and position of
hyphal appressoria; position of germ tubes of conidia (when
found); and shape of appressoria on germ tubes of conidia.
Oidium species were tentatively identified based on the
host.

PCR amplification and sequencing

Whole-cell DNA was extracted from conidia and mycelia
and from cleistothecia for samples that have a teleomorphic
stage by the chelex method (Walsh et al. 1991; Hirata and
Takamatsu 1996). The internal transcribed spacer (ITS) re-
gions of the nuclear rDNA including the 3′-end of the 18S
(small subunit) rRNA gene, the 5.8S rRNA gene, and 5′-
end of the 28S (large subunit) rRNA gene were amplified
by polymerase chain reaction (PCR) with the primer pair
ITS5 (White et al. 1990) and P3 (Kusaba and Tsuge 1995)
for the first amplification. The first PCR products were used
for the templates of the second PCR using the nested
primer set ITS5/ITS4 or ITS1/ITS4 (White et al. 1990). For
PCR amplification of the D1 and D2 domains of the 28S
rRNA gene, the primer pair PM3 (Takamatsu and Kano
2001)/TW14 (Mori et al. 2000), PM3/NLP2 (Mori et al.
2000), and PM3/NLP1 (Mori et al. 2000) were used for the
first, second, and third amplifications, respectively. PCR
reactions were conducted in 50-µl volumes as previously
described (Hirata and Takamatsu 1996; Mori et al. 2000).
The PCR amplicons were separated by electrophore-
sis on 1.5% agarose gels in TAE buffer. The desired
band was visualized under long-wavelength ultraviolet
light and cut out of the gel. Purification of the
DNA fragment was performed utilizing the JETSORB
Kit (GENOMED, Oeynhausen, Germany), as described by
the manufacturer’s protocol.

For ITS rDNA sequencing, both strands of the
amplicons were sequenced using the primers ITS5, ITS4,
ITS2 (White et al. 1990), and T4 (Hirata and Takamatsu
1996). The primers PM3 (Takamatsu and Kano 2001), NL1,
NL2, NL3, and NLP2 (Mori et al. 2000), and NLP1 (5′-
CACCTRCGTTCACTTTCATTC-3′) were used for 28S
rDNA sequencing. The sequence reactions were conducted
using the PRISM Dye Terminator Cycle Sequencing kit
(Applied Biosystems, Foster City, CA, USA) according to
the manufacturer’s instructions and run on an Applied
Biosystems 373A sequencer (Applied Biosystems).

Phylogenetic analyses

The sequences determined in this study were aligned with
the sequences of the genus Erysiphe obtained from the
DDBJ database using the Clustal V package (Higgins et al.

1992). The alignment was manually edited in MacClade
4.0 (Maddison and Maddison 2002). The alignment files of
the ITS and the 28S rDNA were deposited in TreeBASE
(http://www.treebase.org/treebase/) as S1565. Phylogenetic
trees were obtained from the data using parsimony and
distance methods. For parsimony analysis, we used the
maximum-parsimony (MP) method with the heuristic
search using PAUP* 4.0 (Swofford 2001). This search was
repeated 100 times with different random starting points
using the stepwise addition option to increase the likelihood
of finding the most parsimonious tree. All sites were treated
as unordered and unweighted. Gaps were treated as missing
data. The branch-swapping algorithm was TBR, the
MulTrees option was in effect, and zero-length branches
were collapsed. In distance analysis, the most appropriate
evolution model was determined for a given data set using
PAUP* and Modeltest 3.06 (Posada and Crandall 1998). A
starting tree was obtained with the neighbor-joining (NJ)
method (Saitou and Nei 1987). With this tree, likelihood
scores were calculated for 56 alternative models of evolu-
tion by PAUP*. The output file was then imported to
Modeltest to compare the models by using Akaike’s (1974)
information criterion (AIC). The Symmetrical Model
(SYM; Zharkikh 1994) was chosen to construct trees with
the neighbour-joining method. The strength of the internal
branches from the resulting trees was tested by bootstrap
analysis using 1000 replications (Felsenstein 1985) in both
parsimony and distance analyses.

Results

Molecular phylogenetic study (ITS analyses)

The ITS sequences of the 30 powdery mildew specimens
(see Table 1) were 556–557bp in length. These sequences
were aligned with 49 sequences representing sections
Microsphaera and Erysiphe of the genus Erysiphe
(anamorph, Oidium subgenus Pseudoidium) obtained from
DNA databases. Erysiphe glycines Tai was used as an
outgroup taxon based on Takamatsu et al. (1999). The
alignment data matrix consisted of 77 taxa and 607 charac-
ters, in which 218 (35.9%) characters were variable and 151
(24.9%) characters were informative for parsimony analy-
sis. This parsimony analysis using PAUP* generated 119
equally parsimonious trees of 531 steps (CI = 0.5650, RI =
0.8064, RC = 0.4556). Tree topologies were almost consis-
tent among the 119 trees, except for small branching orders
of the terminal branches and branch length. One of the 119
trees with the highest log likelihood value is shown in Fig. 1.
The tree topology of the NJ tree was very similar to the MP
tree (tree not shown). The 30 sequences obtained in this
study were divided into two groups. Group I consisted of O.
anacardii, O. bixae, O. citri, Oidium sp. on Acacia spp., and
O. heveae, six O. mangiferae sequences, and two sequences
of Erysiphe sp. on Q. phillyraeoides with strong bootstrap
supports (100% in MP and NJ analyses). The sequences of
Erysiphe sp. on Q. phillyraeoides were identical to O.
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anacardii, Oidium sp. on Acacia spp., O. heveae, one O.
bixae, and four O. mangiferae sequences, and differed only
in one base to the sequences of two O. bixae from Thailand,
O. citri from Malaysia and Indonesia, and two O.
mangiferae from Thailand. Group II comprised three O.
mangiferae sequences collected in Australia, E. alphitoides

from Q. crispula Blume and Q. robur L., E. euonymi-
japonici, E. pseudolonicerae (E.S. Salmon) U. Braun & S.
Takam., and E. wallrothii (U. Braun & S. Tanda) U. Braun
& S. Takam. The sequences of O. mangiferae were identical
to or different in only one base from the sequences of E.
alphitoides on Q. crispula and Q. robur.

Fig. 1. One of the most
parsimonious trees based on the
internal transcribe spacer (ITS)
sequences from 77 taxa of
Oidium subgenus Pseudoidium.
The tree is also the maximum-
likelihood tree among the 119
equally parsimonious trees with
531 steps. The tree was
obtained by a heuristic search
employing the random stepwise
addition option of PAUP*.
Gaps were treated as missing
data. Percentage bootstrap
support (1000 replications) is
shown above branches. Roman
numerals at right of the tree
show groups of powdery mildew
fungi sequenced in this study.
Two specimens of Erysiphe
glycines were used as outgroup
taxa. Sequences newly deter-
mined in this study are shown in
boldface. CI = 0.5650,
RI = 0.8064, RC = 0.4556



331

Molecular phylogenetic study (28S analyses)

Twenty-six sequences obtained in this study were aligned
with the sequences of nine Erysiphe spp. and four O. heveae
retrieved from DNA databases. Erysiphe glycines was used
as the outgroup. Of the 667 characters, 63 (9.4%) were
variable and 36 (5.4%) were informative for parsimony
analysis. The parsimony analysis using PAUP* generated
two equally parsimonious trees of 174 steps (CI = 0.6609, RI
= 0.7668, RC = 0.5068). The two trees have a very similar
topology, differing only in the branching orders of the ter-
minal branches and branch length. One of these two trees,
the tree with the higher log-likelihood value, is shown in
Fig. 2. The results were very similar to the results obtained
by the analysis of the ITS sequences. The sequences ob-

tained in this study were split into two different groups.
Group I comprised O. anacardii, O. bixae, O. citri, O.
heveae, and Oidium sp. on Acacia spp., five O. mangiferae
sequences, and Erysiphe sp. on Q. phillyraeoides (80% or
more bootstrap support in both MP and NJ analyses).
Group II comprised four O. mangiferae sequences collected
in Australia, E. alphitoides on Q. crispula and Q. robur, and
E. euonymi-japonici.

Morphological study

The morphological characteristics of the powdery mildew
fungi analyzed in this study are shown in Table 2. The
Oidium species from six tropical cultivated trees were

Fig. 2. One of the most
parsimonious trees based on
the 28S rDNA sequences from
38 taxa of Oidium subgenus
Pseudoidium. The tree is also
the maximum-likelihood tree
among the two equally
parsimonious trees with 174
steps. The tree was obtained by
a heuristic search employing
the random stepwise addition
option of PAUP*. Gaps were
treated as missing data.
Percentage bootstrap supports
(1000 replications) are shown
above branches. Roman
numerals at right of the tree
show groups of powdery
mildew fungi sequenced in this
study. Sequences newly
determined in this study are
shown in boldface.
CI = 0.6609, RI = 0.7668,
RC = 0.5068
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similar to each other and to Erysiphe sp. on Q.
phillyraeoides. The bases of foot cells were straight on the
fungi belonging to group I but flexuous on the O.
mangiferae specimens in group II.

Discussion

We determined 25 ITS and 22 28S sequences from powdery
mildew fungi isolated on tropical trees in this study. When
the sequences of O. heveae determined in a previous study
are added, 30 ITS and 26 28S sequences are included in
total. They comprise six Oidium species belonging to subge-
nus Pseudoidium isolated from six host plant genera cover-
ing five families and four orders. The most interesting result
in this study is that these sequences from different Oidium
species and distantly related host plants are identical or
closely related to each other. Another interesting result is
that the DNA sequences from the powdery mildews on
these tropical cultivated trees are identical or closely related
to that of E. alphitoides and Erysiphe sp. on Quercus
species.

There are some reports on the morphological similarities
between powdery mildews on tropical trees and E.
alphitoides. Boesewinkel (1980) reported that the morphol-
ogy of O. mangiferae is consistent with E. alphitoides on
Q. robur and that O. mangiferae can infect Q. robur.
Braun (1987) reported that O. anacardii on A. occidentale
(cashew) and O. bixae are similar to O. alphitoides,
the anamorph of E. alphitoides. Thankamma (1968) re-
ported that O. heveae on H. brasiliensis (rubber tree) can
infect B. orellana, a host of O. bixae. These results suggest
that the powdery mildews on mango, rubber tree, cashew,
and Bixa are closely related to one another and also to
E. alphitoides, an oak powdery mildew. These reports sup-
port the results of the present phylogenetic analyses.
Boesewinkel (1981) conducted morphological observations
and an inoculation test to show that O. citri, a powdery
mildew on Cirus spp., is conspecific with E. euonymi-
japonici. However, there is no report to suggest a close
relationship between O. citri and E. alphitoides or between
these species and powdery mildews on other tropical fruits
and trees. The present molecular analyses revealed a close
relationship between O. citri, the powdery mildew fungi on
tropical trees, and Erysiphe sp. on Q. phillyraeoides, but not
with E. euonymi-japonici.

Powdery mildew commonly occurs on Acacia spp. in
Asian countries such as Bangladesh, Indonesia, Malaysia,
Papua, Philippines, Thailand, and Vietnam (Tanaka 1986;
Semangun 1992; Kawabe et al. 1998; Daidou and Ito 2001;
Tamit 2003). Erysiphe acaciae S. Blumer occurs on Acacia
spp. and belongs to the subgenus Pseudoidium of the genus
Oidium in its anamorph (Braun 1987). But, because the
powdery mildew of Acacia rarely produces a teleomorph,
the fungus is usually identified as Oidium sp., and the rela-
tionships of this fungus with other powdery mildews on
tropical trees are unknown. This study is the first report to
indicate a close relationship between the powdery mildewT
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on Acacia spp. and the powdery mildews on other tropical
trees.

Because the powdery mildews are obligately biotrophic
fungi, their life cycle completely depends on living hosts,
from which they obtain nutrients without killing the host
cells and without which they are unable to survive. To main-
tain the biotrophic life cycle, powdery mildew fungi have
developed highly specific and sophisticated mechanisms to
avoid the resistance system of the host, to obtain nutrient
resources from the host without injuring the host cells, and
to synchronize their life-cycle parameters to those of the
host, etc. (Aist and Bushnell 1991; Bushnell and Gay 1978;
Giese et al. 1997). As a natural outcome, most species of the
powdery mildew fungi show strict host specificity, in which
a given species or race can infect and utilize a narrow range
of host plants, or sometimes only a particular species of host
(Yarwood 1957, 1978; Zheng and Chen 1981). However,
recent molecular phylogenetic studies (Hirata et al. 2000;
Matsuda and Takamatsu 2003) suggest that powdery mil-
dew fungi can sometimes jump host to distantly related
plants and that there are some powdery mildews with
wide host ranges; these include Golovinomyces orontii
(Castagne) V. P. Heluta (Braun 1987), Podosphaera xanthii
(Castagne) U. Braun & Shishkoff on Cucurbitaceae and
Fabaceae (Hirata et al. 2000), and Leveillula taurica (Lév.)
Arnaud. (Palti 1988). All these fungi occur on herbaceous
plants. This expansion may be explained by considering the
evolutionary history of the powdery mildew fungi. The
powdery mildews were tree-parasitic in the early stage of
their evolution. Then, host expansion from trees to herbs
occurred numerous times during the Tertiary along with the
radiation of herbaceous plants (Takamatsu 2004). In gen-
eral, herb-parasitic powdery mildews have a recent origin
compared with tree-parasitic species. It is possible that
plant pathogens with a recent origin have wide host ranges
and then specialize onto a narrow range of hosts for a long
time. In this study, we suggested that E. alphitoides (includ-
ing Erysiphe sp. on Q. phillyraeoides) is a powdery mildew
with a wide host range, which is able to infect numerous
plant species including tropical trees. This report may be the
first to suggest the presence of a tree-parasitic powdery
mildew with a wide host range.

Biogeography is an attractive subject in evolutionary
biology. Boesewinkel (1980) suggested that E. alphitoides
might have originated in the tropics and was introduced to
Europe with infected mango plants, because powdery mil-
dew of mango already occurred in the late 19th century in
India. This explanation apparently looks reasonable. How-
ever, another explanation would be also possible. Host spe-
cies of the powdery mildews are abundant in temperate
regions of the Northern Hemisphere, but rather few are
found in tropical regions and the Southern Hemisphere
(Amano 1986; Braun 1987). Molecular phylogenetic analy-
ses of the Erysiphales suggested that the hosts of the early
evolutionary stage of the Erysiphales were deciduous trees
such as Betulaceae, Aceraceae, Ulmaceae, Fagaceae, and
Salicaceae (Mori et al. 2000; Takamatsu 2004). These trees
were distributed in high-latitude areas of the Northern
Hemisphere in the early Tertiary when the first radiation of

the Erysiphales occurred. The Erysiphales may have mi-
grated southward, accompanying the global cooling of the
earth that occurred during the mid and late Tertiary
(Tiffney and Manchester 2001). Thus, the general geo-
graphical direction of spreading may be from north to south
in the Erysiphales, which suggests that the powdery mil-
dews originated in the Northern Hemisphere and then mi-
grated into tropical regions and the Southern Hemisphere
(Boesewinkel 1979a; Takamatsu et al. 2006). Because the
genus Quercus, the main host genus of E. alphitoides, occurs
in the temperate regions of the Northern Hemisphere, it
may be more likely that E. alphitoides on Quercus (includ-
ing Erysiphe sp. on Q. phillyraeoides) expanded its host
range to tropical trees than the opposite direction. This idea
suggests that, when powdery mildews expand their host
range onto tropical plants, a particular powdery mildew
species can jump to a wide range of host plants independent
of the phylogenetic relationships of the original hosts. Fur-
ther studies are required to prove whether this is a common
phenomenon in the strategy of host expansion for powdery
mildews or if it occurred only in this case.

Sixteen species of powdery mildew fungi covering six
genera have been reported on the genus Quercus, Fagaceae
(Hirata 1968; Braun 1987). There is no other plant genus
that is infected by so many powdery mildew species, which
suggests a close relationship between powdery mildews and
Quercus. Of these powdery mildew species on Quercus,
E. alphitoides is the most common and widely distributed
around the world. According to Braun (1987), the
Hippocastanaceae and the Anacardiaceae are also listed as
host families of E. alphitoides, along with the Fagaceae,
suggesting the possibility that E. alphitoides has a wide host
range. Erysiphe alphitoides is also morphologically variable
(Speer 1973; Shin 2000; Ufnalski and Przybyl 2004). In this
study, we showed that O. mangiferae is split into two differ-
ent groups based on the rDNA sequences. These groups
also differed in the morphology of foot-cells. Shin (2000)
and Cunnington (2002) reported that the foot-cells of E.
alphitoides are mostly straight, but occasionally curved to
flexuous. The former author regarded this difference as an
intraspecific variation. Further studies are required to prove
whether this variation of the foot-cells is interspecific or
intraspecific. Erysiphe hypophylla is another powder mil-
dew species infecting Quercus that mainly infects the lower
surface of Quercus leaves, whereas E. alphitoides infects
both the lower and upper surfaces. They differ in length/
width (l/w) ratio of conidia: 2.3–3.3 in E. hypophylla and
1.4–2.3 in E. alphitoides (Braun 1987). In contrast, it is
difficult to distinguish the two species by the morphology of
their teleomorphs. There are arguments to consider E.
hypophylla a synonym of E. alphitoides (Speer 1973;
Záhorovská 1986) or two distinct species (Blumer 1967;
Boesewinkel 1979b; Chen et al. 1987). Biological investiga-
tions are urgently required to determine their identity
(Braun 1987).

Cunnington (2002) first reported the genetic variation of
E. alphitoides. However, because only a few collections of
E. alphitoides were sequenced in his study, the whole vari-
ability of this species is still unclear. In this study, we re-
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ported the rDNA sequences of E. alphitoides on Q. crispula
and Q. robur, and Erysiphe sp. on Q. phillyraeoides. The
powdery mildew on Q. phillyraeoides has been reported as
E. alphitoides (Homma 1937; Nomura 1997). However, the
present study shows that there are 11–13 substitutions
(97.7%–98.2% similarity) in the ITS region and 7–9 substi-
tutions (98.8%–99.1% similarity) in the D1/D2 domains
of 28S rDNA between E. alphitoides on Q. crispula and
Q. robur, and Erysiphe sp. on Q. phillyraeoides. Homma
(1937) reported that the appendages of the fungus on Q.
phillyraeoides are shorter than those of E. alphitoides on
other Quercus species. Therefore, we tentatively classify the
fungus on Q. phillyraeoides as Erysiphe sp. in this study.
The taxonomic identity of this fungus will be discussed
elsewhere.

In conclusion, we can report the following results based
on the molecular phylogenetic analyses: (1) the powdery
mildew fungi isolated from a wide range of tropical trees are
closely related to each other; (2) these powdery mildews are
also closely related to E. alphitoides (including Erysiphe sp.
on Q. phillyraeoides); and (3) it is likely that E. alphitoides
expanded its host range onto tropical trees. This is the first
report to suggest that a powdery mildew fungus distributed
in temperate regions of the Northern Hemisphere has ex-
panded its host range onto tropical plants, and this may be
a good example of the way in which the Erysiphales expand
their geographical distribution and host ranges. Further
studies are required to understand why the fungus on
Quercus (E. alphitoides) has expanded its host range onto
tropical trees.

Acknowledgments The authors thank Dr. Uwe Braun for critical read-
ing of the manuscript, and Dr. M.E.R. Sijaona and Dr. Shin-ichiro Ito
for providing the materials of cashew and Acacia powdery mildews,
respectively. The first author gratefully acknowledges the Ministry of
Education, Sports, Culture, Science and Technology, Japan, for award-
ing the graduate fellowship under which the present study was carried
out. This work was supported in part by Grants-in-Aid for Scientific
Research (15405021) from the Japan Society for the Promotion of
Science (JSPS).

References

Aist JR, Bushnell WR (1991) Invasion of plants by powdery mildew
fungi, and cellular mechanisms of resistance. In: Cole GT, Hoch HC
(eds) The fungal spore and disease initiation in plants and animals.
Plenum Press, New York, pp 321–345

Akaike H (1974) A new look at the statistical model identifications.
IEEE Trans Automat Contr AC-19:716–723

Amano (Hirata) K (1986) Host range and geographical distribution of
the powdery mildew fungi. Japan Scientific Societies Press, Tokyo,
Japan

Beeley F (1933) Oidium heveae: report on the 1933 outbreak of Hevea
leaf mildew. J Rubber Res Inst Malaya 5:5–13

Bitancourt AA (1938) Brazil: diseases of cultivated or useful
plants, observed in the state of Sao Paulo. Int Bull Plant Prot 12:49–
53

Blumer S (1967) Echte Mehltaupilze (Erysiphaceae). Gustav Fischer,
Jena

Boesewinkel HJ (1979a) Observations on the host range of powdery
mildews. Phytopathol Z 94:241–248

Boesewinkel HJ (1979b) Erysiphaceae of New Zealand. Sydowia 32:3–
56

Boesewinkel HJ (1980) The identity of mango mildew, Oidium
mangiferae. Phytopathol Z 99:126–130

Boesewinkel HJ (1981) The identity of powdery mildew of Citrus.
Nova Hedwigia 34:731–741

Braun U (1987) A monograph of the Erysiphales (powdery mildews).
Beih Nova Hedwigia 89:1–700

Braun U, Takamatsu S (2000) Phylogeny of Erysiphe, Michosphaera,
Uncinula (Erysipheae) and Cystotheca, Podosphaera, Sphaerotheca
(Cystotheceae) inferred from rDNA ITS sequences – some taxo-
nomic consequences. Schlechtendalia 4:1–33

Bushnell WR, Gay J (1978) Accumulation of solutes in relation to the
structure and function of haustoria in powdery mildews. In: Spencer
DM (ed) The powdery mildews. Academic Press, New York, pp 183–
235

Capretti C (1961) Oidio di Bixa orellana in Venezuela: Oidium bixae
Viegas. Riv Agric Subtrop Trop 55:13–19

Chen GQ, Han SJ, Lai YQ, Yu YN, Zheng RY (1987) Flora Fungorum
Sinicorum. Volume 1, Erysiphales. Science Press, Beijing

Cunnington JH (2002) Molecular identification of anamorphic pow-
dery mildew fungi in Australia. PhD thesis. RMIT University,
Bundoora, Australia

Cunnington JH, Takamatsu S, Lawrie AC, Pascoe I (2003) Molecular
identification of anamorphic powdery mildews (Erysiphales). Austr
Plant Pathol 32:421–428

Daidou T, Ito S (2001) Damage by powdery mildew in Acacia sp.
Occurrence of powdery mildew in the nursery and the plantation in
Vietnam (in Japanese). Chubu For Sci 49:85–88

Felsenstein J (1985) Confidence limits on phylogenies: an approach
using the bootstrap. Evolution 39:783–791

Giese H, Hippe-Sanwald S, Somerville S, Weller J (1997) Erysiphe
graminis. In: Carroll GC, Tudzynski P (eds) The Mycota, vol V.
Plant relationships. Part B. Springer, Berlin, pp 55–78

Higgins DG, Bleaby AJ, Fuchs R (1992) CLUSTAL V: improved
software for multiple sequence alignment. Comput Appl Biosci
8:189–191

Hirata K (1968) Notes on host range and geographic distribution of the
powdery mildew fungi. Trans Mycol Soc Jpn 9:73–88

Hirata T, Takamatsu S (1996) Nucleotide sequence diversity of rDNA
internal transcribed spacers extracted from conidia and cleistothecia
of several powdery mildew fungi. Mycoscience 37:265–270

Hirata T, Cunnington JH, Paksiri U, Limkaisang S, Shishkoff N,
Grigaliunaite B, Sato Y, Takamatsu S (2000) Evolutionary analysis
of subsection Magnicellulatae of Podosphaera sect. Sphaerotheca
(Erysiphales) based on the rDNA internal transcribed spacer se-
quences with special reference to host plants. Can J Bot 78:1521–
1530

Homma Y (1937) Erysiphaceae of Japan. J Fac Agric Hokkaido Imp
Univ 38:183–461

Kawabe Y, Kamizore S, Aihara H (1998) Nursery diseases in the
reforestation and extention project in the northeast of Thailand by
JICA and RFD. For Pests 47:3–9

Kiss L, Cook RTA, Saenz GS, Cunnington JH, Takamatsu S, Pascoe I,
Bardin M, Nicot PC, Sato Y, Rossman AY (2001) Identification of
two powdery mildew fungi, Oidium neolycopersici sp. nov. and O.
lycopersici, infecting tomato in different parts of the world. Mycol
Res 105:684–697

Kusaba M, Tsuge T (1995) Phylogeny of Alternaria fungi known to
produce host-specific toxins on the basis of variation in internal
transcribed spacers of ribosomal DNA. Curr Genet 28:491–498

Limkaisang S, Kom-un S, Furtado EL, Liew KW, Salleh B, Sato Y,
Takamatsu S (2005) Molecular phylogenetic and morphological
analyses of Oidium heveae, a powdery mildew of rubber tree.
Mycoscience 46:220–226

Maddison DR, Maddison WP (2002) MacClade 4: analysis of phylog-
eny and character evolution. Version 4.05. Sinauer, Sunderland, MA

Matsuda S, Takamatsu S (2003) Evolution of host–parasite relation-
ships of Golovinomyces (Ascomycete: Erysiphaceae) inferred from
nuclear rDNA sequences. Mol Phylogenet Evol 27:314–327

Mitra M, Mehta PR (1938) Some leaf diseases of Hevea brasiliensis
new to India. Indian J Agric Sci 8:185–188

Mori Y, Sato Y, Takamatsu S (2000) Evolutionary analysis of the
powdery mildew fungi (Erysiphales) using nucleotide sequences of
the nuclear ribosomal DNA. Mycologia 92:74–93

Nomura Y (1997) Taxonomical study of Erysiphaceae of Japan.
Yokendo, Tokyo



335

Okamoto J, Limkaisang S, Nojima H, Takamatsu S (2002) Powdery
mildew of prairie gentian: characteristics, molecular phylogeny and
pathogenicity. J Gen Plant Pathol 68:200–207

Palti J (1988) The Leveillula mildews. Bot Rev 54:423–535
Palti J, Pinkas Y, Chorin M (1974) Powdery mildew of mango. Plant

Dis Rep 58:45–49
Park M (1933) Citrus mildew. Trop Agric (Colombo) 80:321–322
Peregrine WT, Siddigi MA (1972) A revised and annotated list of plant

diseases in Malawi. Phytopathol Pap 16:1–51
Petch T (1915) Citrus mildew. Phytopathology 5:350–352
Posada D, Crandall KA (1998) Modeltest: testing the model of DNA

substitution. Bioinformatics 14:817–818
Saenz GS, Taylor JW (1999) Phylogeny of the Erysiphales (powdery

mildews) inferred from internal transcribed spacer ribosomal DNA
sequences. Can J Bot 77:150–168

Saitou N, Nei M (1987) The neighbour-joining method: a new method
for reconstructing phylogenetic trees. Mol Biol Evol 4:406–425

Semangun H (1992) Host index of plant diseases in Indonesia. Gadjah
Mada University Press, Yogyakarta, Indonesia

Shaw DE (1967) Powdery mildew of rubber in Papua, Papua and New
Guinea Agric J 19:140–146

Shin HD (2000) Erysiphaceae of Korea. National Institute of Agricul-
tural Science and Technology, Suwon

Shin HD, La YJ (1993) Morphology of edge lines of chained immature
conidia on conidiophores in powdery mildew fungi and their taxo-
nomic significance. Mycotaxon 46:445–451

Sijaona MER, Clewer A, Maddison A, Mansfield JW (2001) Compara-
tive analysis of powdery mildew development on leaves, seedlings
and flower panicles of different genotypes of cashew. Plant Pathol
50:234–243

Speer EO (1973) Untersuchungen zur Morphologie und Systematik
der Erysiphaceen II. Der Eichenmehltau. Microsphaera alphitoides
Griff. et Maubl. Sydowia 27:112–126

Steinmann A (1925) De ziekten en plagen van Hevea brasiliensis in
Nederlandsch-Indie, Buitenzorg Archipel Druklcesij, Buitenzorg,
pp 90–92

Swofford DL (2001) PAUP*: phylogenetic analysis using parsimony
(and other methods) 4.0b8. Sinauer, Sunderland, MA

Takamatsu S (2004) Phylogeny and evolution of the powdery mildew
fungi (Erysiphales, Ascomycota) inferred from nuclear ribosomal
DNA sequences. Mycoscience 45:147–157

Takamatsu S, Hirata T, Sato Y (1998) Phylogenetic analysis and
predicted secondary structures of the rDNA internal transcribed
spacers of the powdery mildew fungi (Erysiphaceae). Mycoscience
39:441–453

Takamatsu S, Hirata T, Sato Y, Nomura Y (1999) Phylogenetic rela-
tionships of Microsphaera and Erysiphe section Erysiphe (powdery
mildews) inferred from the rDNA ITS sequences. Mycoscience
40:259–268

Takamatsu S, Hirata T, Sato Y (2000) A parasitic transition from
trees to herbs occurred at least twice in tribe Cystotheceae
(Erysiphaceae): evidence from nuclear ribosomal DNA. Mycol Res
104:1304–1311

Takamatsu S, Kano Y (2001) PCR primers useful for nucleotide se-
quencing of rDNA of the powdery mildew fungi. Mycoscience
42:135–139

Takamatsu S, Shin HD, Paksiri U, Limkaisang S, Taguchi Y, Thi Binh
N, Sato Y (2002) Two Erysiphe species associated with recent out-
break of soybean powdery mildew: Consequence from molecular
phylogenetic analysis based on nuclear rDNA sequences.
Mycoscience 43:333–341

Takamatsu S, Matsuda S, Niinomi S, Havrylenko M (2006) Molecu-
lar phylogeny supports a Northern Hemisphere origin of
Golovinomyces (Ascomycota: Erysiphales). Mycol Res 110:1093–
1101

Tamayo BP, Pordesino AN (1959) Occurrence of powdery mildew of
citrus in the Philippines. Philipp Agric 43:236–239

Tamit MH (2003) List of alien species that been identified as harmful,
invasive or pests and their impacts. In: The prevention and manage-
ment of invasive alien species: forging cooperation through South
and Southeast Asia: national reports and directory of resources. The
Global Invasive Species Programme, Cambridge

Tanaka K (1986) Some problems of forest pests and diseases in
Thailand (in Japanese). For Pests 35:21–28

Thankamma L (1968) Bixa orellana, an alternative host of Oidium
heveae Stein. Rubber Board Bull 10:38–39

Tiffney BH, Manchester SR (2001) The use of geological and paleon-
tological evidence in evaluating plant phylogeographic hypotheses in
the Northern Hemisphere Tertiary. Int J Plant Sci 162:S3–S17

Ufnalski K, Przybyl K (2004) Variability in morphology of
Microsphaera alphitoides Griffon et Maubl. in Poland. Acta Soc Bot
Pol 73:233–237

Viégas AP (1944) Algunos fungos do Brasil. II. Ascomicetos.
Bragantia 4:19

Walsh PS, Metzger DA, Higuchi R (1991) Chelex 100 as a medium for
simple extraction of DNA for PCR-based typing from forensic mate-
rial. BioTechniques 10:506–513

White TJ, Bruns T, Lee S, Taylor J (1990) Amplification and direct
sequencing of fungal ribosomal RNA genes for phylogenetics. In:
Innis MA, Gelfand DH, Sninsky JJ, White TJ (eds) PCR protocols:
a guide to methods and applications. Academic Press, New York, pp
315–322

Yarwood CE (1957) Powdery mildews. Bot Rev 13:235–301
Yarwood CE (1978) History and taxonomy of powdery mildews.

In: Spencer DM (ed) The powdery mildews. Academic Press,
New York, pp 1–37

Yen JM (1967) Étude sur les champignons parasites du sud-est
Asiatique. VIII: Quelques espèces d’Oïdium de Formose. Cah Pac
11:75–116

Záhorovská E (1986) Parazitická huba Microsphaera a jej conidiové
stadium na duboch Slovenska I. Cesk Mykol 40:30–37

Zharkikh A (1994) Estimation of evolutionary distances between
nucleotide sequences. J Mol Evol 39:315–329

Zheng RY, Chen GQ (1981) The genus Erysiphe in China. Sydowia
34:214–327


