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Abstract
Powdery mildew caused by Erysiphe euonymi-japonici (Eej) is an increasingly serious fungal disease on Euonymus japonicus
that is an important ornamental plant. However, little is currently known about infection and pathogenesis of Eej on E. japonicus.
Here, we report plant infection by Eej at the histological and cytological levels. Eej caused severe disease symptoms with white
and snow-like colonies on leaf surfaces of E. japonicus. Microscopic observations were conducted continuously to define
infection process of Eej on E. japonicus. Eej conidia germinated to produce appressorial germ tubes on leaf surfaces and formed
irregular haustoria in plant epidermal cells at 6 h post-inoculation (hpi) and 12 hpi, respectively. After uptaking nutrients from
host cells by haustoria, Eej formed numerous hyphae and extensive colonization on leaf surfaces at 96 hpi and finally produced
abundant conidiophores and new conidia on leaf surfaces at 168 hpi. In addition, there was consistently a single nucleus in
different Eej infection structures and haustorial development could be divided into three major stages, including formation of
penetration peg, formation of haustorial neck and initial haustorium, and maturation of haustorium. These results provide useful
information for further determination of Eej pathogenesis and finally controlling the disease.
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Introduction

As an important ornamental plant, Euonymus japonicus is
widely planted in parks and landscapes of China and plays a
significant role in urban and rural greening and environmental
improvement (Huang et al. 2016). However, E. japonicus is
often seriously damaged by many insects and microorganisms
(Yi et al. 2002). Powdery mildew caused by Erysiphe euonymi-
japonici (Eej) is one of deadly fungal diseases on E. japonicus
(Li et al. 2011). In China, the increasingly serious disease (des-
ignated Euonymus powdery mildew) has occurred severe

outbreaks recently (Li et al. 2011). In addition, Euonymus pow-
dery mildew is also relatively common in Japan and also occurs
in America and Europe (Boesewinkel 1980). A better under-
standing of how fungal pathogens infect and damage host
plants is necessary for controlling diseases (Schafer 1994).
Although surface and cellular structures of Eej conidiophores
were observed (Li et al. 2011), little is currently known about
infection and pathogenesis of Eej on E. japonicus.

As obligate biotrophic pathogens, powdery mildew fungi
represent a large group of microorganisms and can cause dis-
eases on thousands of plant species (Braun et al. 2002). Of
them, Blumeria graminis has emerged as the model to study
interactions of powdery mildew fungi and their hosts (Brown
2002; Zhang et al. 2005; Glawe 2008) and its infection pro-
cess has been well researched (Lipka et al. 2008; Gan et al.
2012). After landing on a plant, asexual conidia attach to the
plant surface and form two germ tubes, the primary germ tube
and the appressorial germ tube. At the end of the appressorial
germ tube, an appressorium is produced for host cell penetra-
tion. Upon entry, a specialized feeding structure, the haustori-
um, invaginates the host plasma membrane in living epider-
mal cells. Subsequent colonization together with conidia pro-
duction indicates a successful infection and gives rise to
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typical disease symptoms. It is worth mentioning that hausto-
rium is a hallmark of obligate biotrophic pathogens and the
key sites for absorption of nutrients essential for pathogen
growth, development, and reproduction (Voegele and
Mendgen 2011; Gan et al. 2012). However, B. graminis oc-
curs only on grasses and differs significantly from other pow-
dery mildew fungi (Braun et al. 2002; Inuma et al. 2007).
There is only a limited understanding of plant infection by
other powdery mildew fungi (Vogel and Somerville 2002).
Thus, the study of plant infection by other powdery mildew
fungi is of great significance to completely understand how
powdery mildew fungi infect their hosts.

In this study, plant infection by Eej was investigated at the
histological and cytological levels and our results indicate
obvious differences in plant infection between Eej and well-
known B. graminis. This work provides useful information for
further determination of Eej pathogenesis and finally control-
ling the disease.

Materials and methods

Plants, pathogens, and inoculation

E. japonicus and Eej used in this study were collected from
natural green areas in Northwest A&F University. For inocu-
lation, health and fresh leaves of adult E. japonicus plants
were collected with sharp scissors and cultured in a culture
dish where 40 mg/L 6-benzylaminopurine was added to delay
leaf senescence. Freshly collected Eej conidia (105

spores mL−1) were applied with a fine paintbrush to the upper
surface of E. japonicus leaves. Inoculated leaves in culture
dishes were kept in a 25 °C growth chamber for 7 days, and
each day 100%RH in the dark for 12 h followed by incubation
at 60–70% RH for 12 h photoperiod (60 μmol m−2 s−1 photon
flux density).

Fig. 2 Scanning electron microscopy observation of white and snow-like
colonies of Eej. a Many hyphae (HY) and conidiophores (CP) were
observed in the colonies. b, c The enlargement of conidiophore (CP)
and conidium (C). Samples were taken from leaf surfaces of
E. japonicus. Bar = 10 μm

Fig. 1 Severe disease symptoms
of Euonymus japonicus infected
by Erysiphe euonymi-japonici
(Eej). a Several white and snow-
like patches were observed on leaf
surfaces. b Patches extended to
cover nearly whole leaf surfaces.
c Some leaves (arrow) became
chlorotic, curled, and withered. d
The enlargement of patches
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Bright-field and fluorescence microscopy

Infected E. japonicus leaf pieces of 2–3 cm2 were harvested at
a series of continuous time points (0, 6, 12, 24, 48, 72, 96, 120,
and 168 hpi). Three independent experiments were done and
at least ten leaf pieces were analyzed at each time point for one
independent experiment. Then, samples were fixed and

decolorized in ethanol:trichloromethane (3:1, v/v) containing
0.15% (w/v) trichloroacetic acid for 5–7 days and cleared in
saturated chloral hydrate as described previously (Cheng et al.
2012). To visualize fungal structures, samples were stained
with wheat germ agglutinin (WGA) conjugated to fluorophore
alexa 488 (Invitrogen, USA) as described previously (Ayliffe
et al. 2011). Finally, stained samples were examined under the

Fig. 3 Infection features of Eej on E. japonicus at a serial time points
post-inoculation. Leaves were examined under an epifluorescence
microscope after staining with WGA-alexa staining. C, conidium; AGT,

appressorial germ tube; SGT, second germ tube; H, haustorium; EC,
epidermal cell;HY, hyphae; SS, sporogenous structure;CP, conidiophore.
Bar = 10 μm
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fluorescent microscope Olympus BX-53 (Olympus
Corporation, Japan) with excitation at 460–480 nm and emis-
sion at 495–540 nm.

Scanning electron microscopy

To observe surface structures of Eej, samples of scanning
electron microscopy were done as described previously
(Huang et al. 2008). Infected E. japonicus leaf pieces of
0.5–1 cm2 were harvested, fixed in 4% (v/v) glutaraldehyde
in 0.1 mol/L phosphate buffer (pH = 6.8) at 4 °C overnight,
rinsed with the same buffer for 1–2 h again, and
dehydrated in a graded series of ethanol. Then, samples
were dried under a CO2 atmosphere for 20 min using the
critical point dryer K850 (Emitech, UK), sputtered with
gold for 80 s using the sputter coater E1045 (Hitachi,
Japan), and examined under a Hitachi S-4800 field emis-
sion scanning electron microscope (Hitachi, Japan) at a
10.0-kV voltage.

Transmission electron microscopy

To observe cellular structures of Eej, samples of transmis-
sion electron microscopy were done as described previous-
ly (Kang and Buchenauer 2000). E. japonicus leaf pieces
of 0.2–0.5 cm2 were harvested, fixed in 4% (v/v) glutaral-
dehyde in 0.1 mol/L phosphate buffer (pH = 6.8) at 4 °C
overnight, and rinsed with the same buffer for 1–2 h again.
Then, samples were fixed in 1% osmium tetroxide,
dehydrated in a graded series of ethanol, infiltrated in
3:1, 1:1, and 1:3 (v/v) ethanol:white resin mixture
(London resin company Ltd, England) and pure resin. In
filtration, time in each mixture was at least 6 h and in pure
resin 48 h. Samples were then embedded in capsules and
polymerized at 55 °C for 2 days. Ultrathin sections of sam-
ples cut with a diamond knife were collected on copper
grids. After contrasting with uranyl acetate and lead citrate,
samples were examined using an HT-7700 transmission
electron microscope (Hitachi, Japan) at an 80.0-kV
voltage.

Fig. 4 Scanning electron microscopy observation of conidia germination of Eej. C, conidium; AGT, appressorial germ tube; SGT, second germ tube.
Arrows in a–f indicate branches of AGT. Samples in a–e and f, g were taken at 6 h post-inoculation (hpi) and 12 hpi, respectively. Bar = 5 μm
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Results

Severe disease symptoms of Euonymus powdery
mildew

Several white and snow-like patches (Fig. 1a) were observed
on leaf surfaces of E. japonicus infected by Eej in its early
stages. The patches subsequently extended to cover nearly
whole leaf surfaces (Fig. 1b) and infected E. japonicus leaves
finally became chlorotic, curled, and withered (Fig. 1c). A
large amount of white powder can be observed in the enlarge-
ment of patches (Fig. 1d), which is consistent with termed
BEuonymus powdery mildew.^ Scanning electron microscopy
observation of patches showed many hyphae and conidio-
phores (Fig. 2a), indicating that patches were Eej colonies.

In addition, conidiophore was clavate and unbranched, and
produced only one cylindrical conidium (Fig. 2b, c). These
results show severe disease symptoms of Euonymus powdery
mildew.

Infection process of Eej on E. japonicus

To determine infection process of Eej on E. japonicus, sam-
ples of infected E. japonicus were taken at a serial time points
post-inoculation with Eej (Fig. 3). After landing on leaves of
E. japonicus, Eej conidia attached to plant surfaces and ger-
minated to produce appressorial germ tubes at 6 h post-
inoculation (hpi) (Fig. 3). Noticeably, appressoria at the end
of appressorial germ tubes were swollen and lobed with one to
five branches (Fig. 4a–e). Conidia and appressorial germ tubes
may be shrinking (Fig. 4f) with the development of Eej prob-
ably because of nutrient transport to other infection structures.
At 12 hpi, a second, functional germ tube (Fig. 4g) emerged at
the opposite end of conidium from the appressorial germ tube
and began to form a haustorium in epidermal cells of
E. japonicas (Fig. 3). The second germ tubes then produced
hyphae at 24 hpi (Fig. 3). At 48 hpi, hyphae from both germ
tubes elongated following the leaf surfaces of E. japonicas
(Fig. 3). Each infection site of Eej produced more hyphae
and haustoria at 72 hpi (Fig. 3). At 96 hpi, numerous hyphae
formed a network on the leaf surface (Fig. 3). Sporogenous
structures were formed at 120 hpi (Fig. 3). At 168 hpi, abun-
dant conidiophores and new conidia were produced (Fig. 3),
which indicates a completed infection of Eej on E. japonicus.

Nucleus number and haustorium development of Eej
in the infection of E. japonicus

The change of nucleus number is important for taxonomy and
genetic variation in fungi (Zhao et al. 2011) and some fungal
pathogens have different nucleus numbers in different infec-
tion structures (Little and Manners 1969; Kang et al. 1993).
However, transmission electron microscopy observations
showed that there was consistently a single nucleus in differ-
ent infection structures of Eej, including conidium (Fig. 5a),
haustorium (Fig. 5b), hypha (Fig. 5c), and conidiophore
(Fig. 5d).

In addition, haustorium development of Eejwas also inves-
tigated by transmission electron microscopy. It can be divided
into three major stages, including the formation of a penetra-
tion peg (Fig. 6a), formation of a haustorial neck and initial
haustorium (Fig. 6b), and maturation of the haustorium
(Fig. 6c). Noticeably, the haustorial neck did not pierce the
plasma membrane of the plant cell (Fig. 6b, c) and one plant
cell occasionally contains two haustoria (Fig. 6d). Mature
haustoria were irregular with many plots and closely associat-
ed with plant cell nucleus (Fig. 6c, d).

Fig. 5 Transmission electron microscopy observation of nucleus number
in different infection structures of Eej. Infection structures include
conidium (a), haustorium (b), hyphae (c), and conidiophore and newly
generated conidium (d). N, nucleus; CP, conidiophore; C, conidium.
Bar = 2 μm
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Discussion

As an important fungal disease, Euonymus powdery mildew
caused by Eej showed severe disease symptoms with white
and snow-like colonies on leaf surfaces, which influences
greatly production and ornamental value of E. japonicus. In
this study, we described infection process, nucleus number,

and haustorium development of Eej on E. japonicus at the
histological and cytological levels, which is the first investi-
gating into plant infection by Eej.

Understanding of fungal infection process is the key to
know how fungal pathogens infect and damage host plants
(Verhoeff 1980). Based on our results, the infection process
of Eej can be summarized in Fig. 7. The infection process of

Fig. 6 Transmission electron
microscopy observation of Eej
haustorium development. a
Penetration peg (PP) pierces plant
cell wall (PCW). b Formation of
haustorial neck (HN) and initial
haustorium (H). c Mature
haustorium (H). d One plant cell
contains two haustoria (H). PM,
(plant) plasma membrane; N,
(plant) nucleus. Samples in a, b
were taken at 12 hpi, samples in c
were taken at 24 hpi, and samples
in d were taken at 48 hpi. Bar =
1 μm

Fig. 7 Schematic representation
of infection process of Eej on
E. japonicus. It can be divided
into three major phases, including
Bpenetration stage^ (yellow),
Bparasitic/biotrophic^ (red), and
Bsporulation^ (blue). C conidium;
AGT, appressorial germ tube;
SGT, second germ tube; H,
haustorium; HY, hyphae; CP,
conidiophore; EC, epidermal cell
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rust fungi, such as Puccinia striiformis, can be divided into
three major stages, including penetration stage, parasitic/
biotrophic stage, and sporulation stage (Gan et al. 2012;
Cheng et al. 2016). As another obligate biotrophic pathogen,
Eej does the same and its infection process can also be divided
into the three stages. In penetration stage, Eej conidia germi-
nated to produce appressorial germ tubes and second germ
tubes in succession. Upon establishment of haustoria in plant
epidermal cells, Eej is no longer metabolically independent
and enters the parasitic/biotrophic stage. After uptaking nutri-
ents from host cells by haustoria, Eej formed numerous hy-
phae and extensive colonization on leaf surfaces. At the spor-
ulation stage, Eej forms sporogenous structures and then pro-
duces abundant conidiophores and new conidia on leaf
surfaces.

B. graminis is a model powdery mildew fungus and much
of what we know about how powdery mildew fungi infect
their hosts is based on this species (Glawe 2008). However,
our results indicate obvious differences in plant infection be-
tween Eej and B. graminis. Firstly, Eej does not produce a
primary germ tube but produces a second germ tube. A similar
phenomenon was also observed in another powdery mildew
fungus E. cichoracearum on Arabidopsis (Adam and
Somerville 1996). The primary germ tube of B. graminis is
believed to function in attaching germling and obtaining water
or solutes from host cells (Carver and Bushnell 1983;
Bélanger et al. 2002; Edwards 2002). The primary germ tube
is absent in Eej and E. cichoracearum, indicating they have
different and unknown mechanisms to attach and absorb.
Secondly, Eej haustoria are irregularly shaped but
B. graminis haustoria are digitate uniformly with many
finger-like projections (Gan et al. 2012; Cheng et al. 2015).
Finally, one conidiophore of Eej produces only one conidium
but one conidiophore of B. graminis can produce chains of
conidia (Zhang et al. 2005).

In addition, the mature haustorium of Eej was found to be
closely associated with the cell nucleus of E. japonicus. A
similar phenomenon was also observed in some rust fungi
(Heath 1997) and the oomycete Hyaloperonospora
arabidopsidis (Caillaud et al. 2012). The haustorium is
thought to serve as a structure for delivery of virulence-
associated Beffector^ proteins into plants (Panstruga and
Dodds 2009; Godfrey et al. 2010; Bozkurt et al. 2011) and
some effector proteins from oomycete pathogens are shown to
target the host nucleus in order to re-program plant cell tran-
scriptional machinery, suppress plant immune response, and
subsequently promote pathogen infection (Caillaud et al.
2013). Increasing evidence indicates that close interaction be-
tween pathogen haustorium and plant cell nucleus is of great
importance for plant infection by pathogens.

Overall, our results in this study answer how Eej infects
E. japonicus at the histological and cytological levels.
Considering the severity of Euonymus powdery mildew in

ornamental plants, and obvious differences between Eej and
well-known B. graminis, increasing availability of sequenced
plant pathogen genomes which enables genomics-based dis-
covery of pathogenicity-related genes (Martin and Kamoun
2011; Gibriel et al. 2016), and the gradually developed genetic
transformation system of E. japonicas (Shang et al. 2008), Eej
and E. japonicasmay be also used as a model system to study
plant pathogen interactions. Future work should be directed
toward the investigation about which genes are required for
Eej infection on E. japonicus and how Eej infects E. japonicus
at the molecular level.
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