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ABSTRACT

Oak powdery mildew (OPM) is a major disease of oak trees native in central Europe. In
contrast, red oak (Quercus rubra) is generally considered immune to OPM. In 2024, five
instances of powdery mildew infection were observed on Q. rubra in Kaiserslautern,
Germany. Molecular analyses identified the pathogens as either Erysiphe alphitoides or E.
quercicola. Controlled inoculations of Q. rubra leaves with E. alphitoides inoculum obtained
from Q. rubra showed very limited pathogen development. Few germinated conidia formed
secondary hyphae with haustoria, and no mycelium was observed, suggesting nonhost
resistance to OPM. While Q. rubra appears resistant to OPM, these sporadic reports suggest
continuous monitoring to better understand this potential disease threat for an important
tree species.

Keywords: Erysiphe alphitoides, E. quercicola, Nonhost resistance, Northern red oak, Oak
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Oak powdery mildew (OPM), caused by Erysiphe spp., is the most significant leaf disease on native
oaks in Europe and represents one of the primary obstacles to the successful rejuvenation of oak trees in
forests. Three cryptic OPM species are responsible for the disease: Erysiphe alphitoides, E. quercicola
and E. hypophylla. Among these, E. alphitoides is the most widespread across European countries, while
E. quercicola has a limited distribution and E. hypophylla is quite rare [1]. Quercus rubra L., commonly
known as northern red oak; is native to North America and is cultivated as an ornamental tree in temperate
regions in Europe. Covering about 55,000 hectares (0.5%) of the total forest area, Q. rubra is the most
prevalent non-native broad-leaved tree species in Germany [2]. The two native species in Germany, Q.
robur (pedunculate oak) and Q. petraea (sessile oak), are both susceptible, but Q. rubra has been found to be
generally immune to OPM [3,4]. However, E. quercicola was reported for the first time as causing powdery
mildew on several Q. rubra trees in a public garden in Seoul, Korea [5].

In February and April 2024, two Q. rubra seedlings growing in our phytochamber exhibited OPM
symptoms (Table 1: samples 1 and 2; Fig. 1A: sample 1). The fungal mycelium was growing on the upper
leaf surface, characteristic of majority of powdery mildew diseases [6]. In July 2024, one tree (Table 1:
sample 3) growing on the campus of the RPTU in Kaiserslautern was found that showed typical OPM

The Korean Journal of Mycology 2025 Vol.53

29

www.kjmycology.or.kr


https://nt.ars-grin.gov/fungaldatabases/

Saeed et al.

symptoms with profuse white mycelium on the upper surfaces of the newly grown leaves, whereas the
older leaves showed no or only weak symptoms (Fig. 1B). These infected leaves (samples 1-3) were
stained with trypan blue (Acros Organics BV - Geel, Belgium). For staining, the infected Q. rubra leaves
were placed overnight in a clearing solution (acetic acid, ethanol, glycerol, 1:3:1). The solution was
replaced with staining solution (0.05% trypan blue in 1:1:1 lactic acid, glycerol, water), and shaken at 50
rpm overnight. After staining, the leaf samples were rinsed thrice with water and mounted on glass slides.
Microscopy of trypan blue-stained leaves (samples 1-3) revealed fungal mycelium only on the upper leaf
surface (Fig. 1C).

Fig. 1. Quercus rubra seedling from a phytochamber, displaying symptoms of powdery mildew
(sample 1, A). Q. rubra tree growing on the RPTU campus, showing symptoms of powdery mildew
(sample 3, B). Trypan blue staining revealing a mycelium network on the upper leaf surface of Q. rubra
(sample 3, C). Q. rubra leaves from a plant growing on the RPTU campus with powdery mildew-like
symptoms (highlighted by arrows, sample 4, D), and leaf discoloration and mottling on upper side and
corresponding brown spotting on the lower side (sample 4, E). Fluorescent staining with wheat germ
agglutinin Oregon Green'" 488 conjugate reveals sporulating mycelium on the Q. rubra leaf shown in
panel D (F and G). Bars represent 100 pm.
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In September 2024, several large and mature leaves from two other Q. rubra plants (samples 4 and 5)
displayed a thin layer of powdery mildew-like mycelium on both leaf surfaces (Fig. 1D, type 1 symptoms).
Other leaves from the same plants showed light green mottling on the upper surface, suggesting early
mildew infection or chlorosis, while the lower surface displayed brown spots without visible mycelium
(Fig. 1E, type 2 symptoms). Both types of infected leaves were stained with trypan blue and observed
under bright field microscopy. Type 1 symptomatic leaf samples showed fungal mycelium on both the
upper and lower leaf surfaces, whereas type 2 symptomatic leaf samples revealed weakly developed
fungal mycelium exclusively on the lower leaf surface (not shown). To improve the visualization of type 2
symptomatic leaves (samples 4 and 5), they were additionally stained with wheat germ agglutinin (WGA)
Oregon Green™ 488 conjugate (Thermo Fisher Scientific, Langenselbold, Germany). For staining, infected
leaves were placed in 5% KOH in a shaker at 100 rpm at 37°C overnight. The KOH solution was removed,
the leaves were washed with 1 X PBS buffer, transferred to WGA solution (10 pg/ml in 1X PBS buffer),
vacuum infiltrated for 15 minutes, and incubated in the dark at 4°C on a shaker at 50 rpm overnight. After
staining, the solution was discarded, and leaf samples were rinsed three times with 1X PBS. Samples
were mounted on glass slides and observed with a GFP filter using a Leica M205 FCA fluorescence stereo
microscope (Leica Microsystems, Wetzlar, Germany). Microscopy of type 2 symptomatic leaf samples
confirmed fungal mycelium to be present exclusively on the lower leaf surface (Fig. 1F and 1G).

To identify the powdery mildew species responsible for Q. rubra infection, total DNA was extracted
from leaf samples using the miniprep CTAB-based method described by Untergasser [7], and the internal
transcribed spacer (ITS) and large subunit (LSU) regions were amplified using conserved powdery mildew-
specific primers AITS/TW14 [8]. The resulting amplicons were sequenced using primers ITS4 and ITS5 [9]
for the ITS region, as well as PM28R [8] and LROR [10] for the LSU region. The sequences obtained were
compared against reference databases. Sequencing confirmed the presence of E. alphitoides on three plants
and E. quercicola on one plant, and both E. alphitoides and E. quercicola on the same leaf of another plant
(Table 1). The ITS+LSU sequences of all four E. alphitoides samples were identical to each other, and the
ITSHLSU sequences of the two E. quercicola samples were also identical. Additional ITS+LSU sequences
from Erysiphe species on Quercus spp. and other closely related powdery mildew species were retrieved
from NCBI (National Center for Biotechnology Information), aligned using MUSCLE (Multiple Sequence
Comparison by Log- Expectation) in MEGAL11 [11], and a phylogenetic tree of these sequences was
constructed by using the neighbour-joining method (Fig. 2). This analysis confirmed the close relationship
of the E. alphitoides and E. quercicola isolates from Germany with other known Erysiphe spp., supporting
the identification of these species on Q. rubra. The ITS+LSU sequences from each species were deposited
in GenBank under accession numbers PQ094592 (sample 3, E. alphitoides) and PQ094239 (sample 1 E.

quercicola).
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Table 1. Powdery mildew-infected samples from Quercus rubra

Samples Origin (GPS) Species Collection date
1 Phytochamber, Trippstadt (next to Kaiserslautern), E. quercicola Feb, 2024
2 (49.3541,7.7671) E. alphitoides Apr, 2024
3 RPTU Campus, Kaiserslautern, E. alphitoides July, 2024
4 (494250, 7.7548) E. alphitoides Sep, 2024
5 E. alphitoides, E. quercicola Sep, 2024

GPS: Global Positioning System.

Erysiphe alphitoides on Quercus robur | Lithuania | AB292710.1
Erysiphe alphitoides on Quercus robur | Argentina | AB292702.1
Erysiphe alphitoides on Quercus sp. | Australia | AB292705.1

Erysiphe alphitoides on Wisteria sinensis | Switzerland | MW600368.1

Erysiphe alphitoides on Quercus robur | Argentina | AB292699.1

Erysiphe alphitoides on Quercus rubra | Germany | PQ094592 «=2,3,4,5

Erysiphe alphitoides on Piptanthus nepalensis | Switzerland | MW600377.1
Erysiphe alphitoides on Paeonia lutea| Switzerland | AB257433.1

Erysiphe alphitoides on Quercus sp. | Australia | AB292704.1

Erysiphe hypophylla on Quercus serrata | Japan | AB292715.1

Erysiphe hypophylla on Quercus serrata | Japan | AB292716.1

Erysiphe quercicola on Quercus serrata | Japan | AB292694

Erysiphe quercicola on Quercus sp. | Thailand | AB292692.1

Erysiphe quercicola on Nephelium lappaceum | Indonesia | LC128427.1

Erysiphe quercicola on Nephelium lappaceum | Indonesia | LC128428.1

Erysiphe quercicola on Quercus rubra | Germany | PQ094239 < 1,5

Erysiphe quercicola on Castanea sativa | Azerbaijan | LC270856.1
Erysiphe quercicola on Quercus castanea | Mexico | LC777862.1

Erysiphe quercicola on Quercus crispula | Japan | AB292691.1

Erysiphe quercicola on Quercus sp. | Iran | AB292693.1

Erysiphe izuensis on Rhododendron reticulatum | Japan | LC010076

Fig. 2. Neighbour-joining tree depicting selected sequences from the internal transcribed spacer (ITS)
and large subunit (LSU) regions. The sequences marked with arrows were obtained for the Quercus
rubra plants in this study. Sample numbers are corresponding to Table 1. Erysiphe izuensis was selected
as an outgroup taxon.

The low number of conidia obtained from the E. quercicola infection precluded their use for inoculations;
however, sufficient conidia from two separate E. alphitoides-infected Q. rubra plants were collected. Young
Q. rubra leaves (n = 18; sample 1: n = 2, sample 3: n = 16), and Q. petraca (n = 6) control leaves were
inoculated with two conidia suspensions of E. alphitoides, one obtained from Q. rubra sample 1 and the
other from strongly infected sample 3. With both suspensions, Q. petraea oak leaves developed visible
mycelium by 3 days post-inoculation (dpi), which progressively expanded (Fig. 3A). In contrast, no visible
white fungal mycelium was detected on Q. rubra leaves even by 12 dpi (Fig. 3B). When the inoculum
from sample 3 was used, out of 16 Q. rubra leaves, two showed rudimentary mycelium-like appearance
at 12 dpi (Fig. 3C). In both infection experiments, the identity of E. alphitoides in the inoculum, as well as
in the mycelium developed on sessile oak and the rudimentary mycelium on Q. rubra, was confirmed by

sequencing. These observations showed that controlled inoculation with E. alphitoides conidia obtained
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from infected Q. rubra failed to induce bona fide OPM symptoms in Q. rubra upon reinfection, confirming
the inherent resistance of Q. rubra to OPM.

Fig. 3. Results of controlled inoculations of Quercus petraea (A) and Q. rubra (B, C) leaves with
Erysiphe alphitoides conidia isolated from a sporulating lesion on Q. petraea (sample 3). Whereas strong
powdery mildew infection was observed in susceptible Q. petraea (A), most of the Q. rubra leaves
showed no symptoms (B), except for two Q. rubra leaves displaying rudimentary mycelium appearance,
highlighted by arrows (C). Pictures were taken at 12 dpi.

Microscopic examination of Q. rubra leaves inoculated with E. alphitoides conidia collected from sample
3 revealed that at 2 dpi most conidia had geminated but did not progress beyond appressoria formation stage.
However, approximately 9% of the germinated conidia (n = 200) had formed elongating secondary hyphae
(ESH) (Fig. 4A). The mean length of ESH (n=27) was 105 = 34 um. In contrast, an extensive network of
ESH was observed on Q. petraea leaves at 2 dpi (Fig. 4B). By 5 dpi, some growth of ESH was observed in Q.
rubra leaves, with a mean length of ESH units (n = 10) measuring 366 & 64, while extensive conidiophore
production was noted only in Q. petraca leaves. At 12 dpi, Q. rubra leaves with rudimentary mycelium
exhibited a sparse ESH network in all 12 observed spots, with no conidiophore formation (Fig. 4C). In
contrast, Q. rubra leaves without visible mycelium displayed a less developed, sparse ESH network in
only 3 of 16 observed spots. These findings highlight the limited development of E. alphitoides on Q. rubra,
supporting its resistance to the disease.

Fig. 4. Trypan blue staining of a Quercus rubra leaf (pictured in Fig. 3C), showing germinated conidia
forming appressoria (red arrow) and rudimentary hyphae (white arrow) only (A), compared to the
extensive hyphal network in susceptible control Q. petraea at 2 dpi (B). Weak development of hyphae
on Q. rubra at 12 dpi (C). Bars represent 50 pm.
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Although it was reported that E. quercicola caused powdery mildew on Q. rubra trees, the study did not
include controlled inoculations on Q. rubra [5]. Consequently, Koch’s postulates, which are essential for
confirming E. quercicola as the causal organism on Q. rubra, remained unfulfilled.

Over a three-year period (September 2021 to September 2024), we collected 53 samples of powdery
mildew-infected oak leaves in the forest region close to Kaiserslautern. Total DNA was extracted, and the
entire I'TS region was amplified using the Erysiphales-specific primers PMITS1/PMITS2 [12]. Sequencing
of 20 samples was performed using nested primers ITS4 or ITSS [9]. Additionally, PCR products from
33 samples amplified with PMITS1/PMITS2 were reamplified using the nested [TS4/ITSS primers. The
resulting products were digested with Pvull, Bsrl, or BsmAl to confirm the identity of OPM species,
following the protocol described in [13]. We identified E. alphitoides in most cases (49), while E. quercicola
was detected in only four cases. In this study a similar prevalence of E. alphitoides and E. quercicola was
found on Q. rubra, emphasizing that either species can sporadically infect this host.

Our observations partially align with the concept of nonhost resistance of Q. rubra against E. alphitoides.
It remains to be investigated why some Q. rubra trees, such as those in a park in Korea [5] and those in our
study in Germany, developed well-established, sporulating colonies of OPM which indicate susceptibility
of these Q. rubra plants. Given these isolated instances and the failure of the OPM conidia isolated from Q.
rubra leaves to reinfect Q. rubra we suggest considering them as sporadic occurrences for the time being.
Nevertheless, it cannot be excluded that our inoculation method which works well with detached leaves
of the susceptible Q. petraea is not efficient for Q. rubra. However, these observations warrant ongoing

monitoring to better understand this potential threat.
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