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Hymenoscyphus fraxineus is a leaf pathogen of local
Fraxinus species in the Russian Far East
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Dieback of European ash was first observed in Europe in the early 1990s. The disease is caused by the invasive ascomy-
cete Hymenoscyphus fraxineus, proposed to originate from Far East Asia, where it has been considered a harmless
saprotroph. This study investigates the occurrence of H. fraxineus in tissues of local ash species in the Russian Far
East, and assesses its population-specific genetic variation by ITS sequencing. Shoot dieback symptoms, characteristic
of H. fraxineus infection on European ash, were common, but not abundant, on Fraxinus mandshurica and Fraxinus
rhynchophylla trees in Far East Russia. High levels of pathogen DNA were associated with necrotic leaf tissues of these
ash species, indicating that the local H. fraxineus population is pathogenic to their leaves. However, the low levels of
H. fraxineus DNA detected in shoots with symptoms, the failure to isolate this fungus from such tissues, and the pres-
ence of other fungi with pathogenic potential in shoots with symptoms indicate that local H. fraxineus strains may not
be responsible (or their role is negligible) for the observed ash shoot dieback symptoms in the region. Conspicuous dif-
ferences in ITS rDNA sequences detected between H. fraxineus isolates from Russian Far East and European popula-
tions suggest that the current ash dieback epidemic in Europe might not directly originate from the Russian Far East.
Revision of the herbarium material shows that the earliest specimen of H. fraxineus was collected in 1962 from the
Russian Far East and the oldest H. fraxineus specimen of China was collected in 2004.
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Introduction

Dieback of European ash (Fraxinus excelsior) was first
observed in Poland in the early 1990s (Kowalski &
Holdenrieder, 2009). The causal agent of ash dieback is
Hymenoscyphus fraxineus (syn. H. pseudoalbidus, ana-
morph Chalara fraxinea), a discomycete from the order
Helotiales. Owing to efficient spread by windborne
ascospores, this pathogen is now present almost through-
out the entire natural distribution range of European ash
(McKinney et al., 2014), and threatens the future of this
tree species and associated biodiversity (Pautasso et al.,
2013).

Hymenoscyphus fraxineus has been proposed to be
native to East Asia (Zhao et al., 2013). In Asia, the first
record of H. fraxineus is from Japan (under the name
Lambertella albida) on petioles of decaying leaves of
Mandshurian ash (F. mandshurica) and dates back to
1990 (Hosoya et al., 1993). In the Russian Far East
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(Primorskiy Kray), the fungus was first documented in
2005 on rachises of Mandshurian ash (Baral & Bem-
mann, 2014). Two years later, the fungus was reported
in South Korea on rachises and petioles of fallen leaves
of Korean ash (F. rhynchophylla) and Mandshurian ash
(Han et al., 2014). In 2012, H. fraxineus was recorded
in China for the first time, on rotten rachises, petioles
and leaflet veins of Mandshurian ash (Zheng & Zhuang,
2014).

In contrast to European ash, Mandshurian and Korean
ashes have been reported to exhibit no dieback symp-
toms in their native range, and, therefore, H. fraxineus
was considered to be a harmless saprotroph on decom-
posing leaf tissues (Hosoya et al., 1993; Zhao et al.,
2013; Han et al., 2014; Zheng & Zhuang, 2014; Gross
& Han, 2015). However, in European arboreta, typical
dieback symptoms were observed on Mandshurian ash,
although the degree of damage was considerably smaller
compared to that observed on European ash (Drenkhan
& Hanso, 2010). Following artificial inoculation of stem
wounds of young Mandshurian ash seedlings, both Euro-
pean and Japanese strains of H. fraxineus caused necro-
tic lesions on shoots (Gross & Holdenrieder, 2015). In
another artificial inoculation experiment in Europe,
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involving stem wounding, Japanese H. fraxineus strains
caused significantly longer lesions on F. excelsior and F.
pennsylvanica seedlings compared to European strains of
the fungus (Gross & Sieber, 2016). Taken together, the
inoculation studies suggest that the tested Japanese
strains of H. fraxineus have pathogenic potential in
shoots of European ash, F. pennsylvanica and also
Mandshurian ash.

Several studies have been carried out to determine the
genetic diversity, population structure, and pathways and
patterns of spread of H. fraxineus in Europe. The general
lack of population structure (Bengtsson et al., 2012;
Gross et al., 2012, 2014; Burokiene et al., 2015) and
considerably lower allelic richness in European H. frax-
ineus populations compared to the Japanese populations
(Zhao et al., 2013; Gross et al., 2014) suggest that the
European population might have been established by a
small number of fungal individuals. Moreover, based on
comparative gene sequence analyses of elongation factor,
calmodulin and actin, and internal transcribed spacer
(ITS) regions of rDNA, Japanese, Chinese and Korean H.
fraxineus populations show more genetic variation than
the European population (Zhao et al., 2013; Gross et al.,
2014; Han et al., 2014). These studied Asian populations
of H. fraxineus are genetically markedly different from
the European population, and, thus, comparative genetic
analyses of additional Asian populations are needed to
localize the source population of the pathogen.

There is a long history of import of seeds and plants
of Mandshurian ash from Russian Far East to the Baltic
States (Drenkhan et al., 2014). Therefore, the Russian H.
fraxineus populations represent a potential source for
introduction of the pathogen to Europe. The main aims
of this study were to investigate (i) whether the local ash
species in the Russian Far East show symptoms that are
characteristic of ash dieback in Europe, (ii) the occur-
rence of H. fraxineus in such tissues, and (iii) the level of
genetic variation in the ITS rDNA gene cluster among H.
fraxineus strains from the region. To achieve these goals,
fruit bodies of Hymenoscyphus spp. as well as leaves,
shoots and seeds were collected from Mandshurian ash,
Korean ash and unidentified Fraxinus species in Pri-
morskiy Kray and Khabarovskiy Kray regions and sub-
jected to molecular analyses.

In addition, herbarium specimens of Hymenoscyphus
spp. collected earlier from Far East Asia (Russian Far
East and northeastern China) were investigated to deter-
mine the historical presence of H. fraxineus in Far East
Asia.

Materials and methods

Collection of field samples and herbarium specimens

A field expedition to the Russian Far East (Primorskiy Kray and
Khabarovskiy Kray regions) was organized between August and
September 2014 to sample H. fraxineus-like ascomata and
leaves, shoots and seeds of local ash species (Tables 1 & 2).
Identification of Fraxinus species was performed according to
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Kriisssmann (1965), Wallander (2012), and the Oleaceae infor-
mation site (www.oleaceae.info).

Nine herbarium specimens of Hymenoscyphus fruit-bodies,
collected in the Russian Far East during 1962-2012 and north-
eastern China during 2003-2004, and originally identified as
Hymenoscyphus —caudatus, H. albidus or H. epiphyllus
(Table 1), were subjected to molecular identification.

Fungal isolation and DNA extraction

Fungi were isolated from necrotic shoot lesions of Fraxinus spp.
(nine different shoot samples) growing in the Russian Far East
by following the procedures described in Drenkhan & Hanso
(2010). Briefly, shoot surfaces were sterilized with 96% ethanol
before bark removal. Tissue pieces were cut from the lower edge
of discoloured xylem associated with up to 1-year-old bark
lesions, placed on malt extract agar (MEA) in Petri plates and
incubated for 2 weeks at room temperature in the dark. Pure
cultures were obtained by subculturing the emerging fungal
colonies onto fresh MEA medium.

For molecular analysis, ash tissues (36 leaf, 32 shoot and 2
seed samples; Tables 1, 2 & S1) and isolated fungal cultures
were homogenized in an MM400 homogenizer (Retsch GmbH)
with the aid of steel beads, and subjected to DNA extraction
with E.Z.N.A Fungal DNA Mini kit (Omega Bio-Tek Inc.) or
DNeasy Plant Mini kit (QIAGEN), according to the manufac-
turers’ instructions. Ascocarps of H. fraxineus (24 samples;
Table 1) were either homogenized with an MM400 homoge-
nizer and subjected to DNA extraction using the E.Z.N.A Fun-
gal DNA Mini kit, or were ground manually in Eppendorf tubes
using a pestle and sterile quartz sand, and subjected to DNA
extraction following ‘protocol 8 (Isolation of DNA from Mouse
Tails) of the Easy-DNA kit (Invitrogen). Shoot bark was
removed before DNA extraction.

ITS rDNA PCR for sequence analysis

For DNA extracted from pure fungal cultures and fruit-body
samples, the PCR was carried out using primers ITS1-F (§'-
CTTGGTCATTTAGAGGAAGTAA-3') (Gardes & Bruns, 1993)
and ITS4 (5-TCCTCCGCTTATTGATATGC-3') (White et al.,
1990) and HotStarTaq Plus DNA polymerase (QIAGEN) in a
50 uL reaction volume. PCR mixture and cycling conditions
were adjusted following instructions of the polymerase manufac-
turer.

For detection of H. fraxineus from DNA extracted from plant
tissues and ascocarps, species-specific primed PCR (SSPP) was
performed using the primer pair HFrax-F (5-CTTTAG
CAGGTCGCCCTCT-3') and HFrax-R (5-TGCTGGCAAGA
CACCGCAA-3') (Drenkhan et al., 2016). For SSPP detection of
H. albidus the primer pair HAIbid-F (5'-GACCGTGCCTGCTA
GAGGAT-3') and HAIbid-R (5'-GGTTTCTGGCAAGACACC
TC-3') (Drenkhan et al., 2016) was used. For both assays, the
PCR mixture and cycling conditions were as described by Dren-
khan et al. (2016).

PCR products were visualized on 1% agarose gel (SeaKem LE
agarose; Lonza) under UV light, and DNA fragments corre-
sponding to the expected PCR product size were purified with
MinElute PCR purification kit (QIAGEN) and then sequenced
in both directions on an ABI PRISM 3100 Genetic Analyser
(Applied Biosystems). The DNA samples from fruit-bodies and
plant tissues were sequenced using the primer pairs ITS-1F and
ITS4, and HFrax-F and HFrax-R, respectively. The sequences
obtained were edited using BioEpiT v. 7.2.5 (Hall, 1999) and
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Table 2 gPCR detection of Hymenoscyphus fraxineus DNA in Fraxinus spp. tissues collected in the Russian Far East in 2014

Sample C, value

presented Amount of
Sample ID in Figure Host species Sampling coordinates Tissue analysed Cfrax- P®  Hf_Rus-P® DNA (ng)
SOH-7672-1 3a Fraxinus rhynchophylla ~ 43.0199°N, 131.8650°E  Shoot with bark lesion nd. 37.31 0.01
SOH-7672-2 3a F. rhynchophylla 43.0199°N, 131.8650°E  Shoot with bark lesion n.d. n.d. n.d.
SOH-7809-1 3b Fraxinus sp. 48.3686°N, 135.0693°E  Shoot with bark lesion n.d. n.d. n.d.
SOH-7809-2 3b Fraxinus sp. 48.3686°N, 135.0693°E  Shoot with bark lesion n.d. n.d. n.d.
SOH-7810-1 3c Fraxinus sp. 48.3686°N, 135.0693°E  Shoot with bark lesion n.d. 33.00 0.22
SOH-7810-2 3c Fraxinus sp. 48.3686°N, 135.0693°E  Shoot with bark lesion nd. 3474 0.06
SOH-7670-1 n.a. F. rhynchophylla 43.0198°N, 131.8650°E  Shoot with bark lesion n.d. n.d. n.d.
SOH-7671-1 n.a. F. rhynchophylla 43.0198°N, 131.8650°E  Shoot with bark lesion n.d. n.d. n.d.
SOH-7671-2 n.a. F. rhynchophylla 43.0198°N, 131.8650°E  Shoot with bark lesion nd. 3232 0.36
SOH-7673-1 n.a. F. mandshurica 43.0198°N, 131.8650°E  Shoot with bark lesion n.d. n.d. n.d.
SOH-7673-2/418-3  n.a. F. mandshurica 43.0198°N, 131.8650°E  Shoot with bark lesion nd. 3373 0.01
SOH-7674-1 n.a. F. mandshurica 43.0198°N, 131.8650°E  Shoot with bark lesion n.d. n.d. n.d.
SOH-7674-2 n.a. F. mandshurica 43.0198°N, 131.8650°E  Shoot with bark lesion n.d. 33.68 0.14
SOH-7778-1 n.a. F. mandshurica 48.2844°N, 134.8720°E  Shoot with bark lesion n.d. n.d. n.d.
SOH-7778-2 n.a. F. mandshurica 48.2844°N, 134.8720°E  Shoot with bark lesion nd. 34.75 0.06
SOH-7808-1 n.a. Fraxinus sp. 48.3686°N, 135.0693°E  Shoot with bark lesion n.d. n.d. n.d.
SOH-7808-2 n.a. Fraxinus sp. 48.3686°N, 135.0693°E  Shoot with bark lesion n.d. n.d. n.d.
SOH-1.422 4a F. mandshurica 44.1982°N, 132.8144°E  Leaf necrotic tissue nd. 3130 0.74
SOH-1.G422 4a F. mandshurica 44.1982°N, 132.8144°E  Leaf green tissue 41.84 n.d. n.d.
SOH-2.422 4b F. mandshurica 44.1982°N, 132.8144°E  Leaf necrotic tissue nd. 3594 0.03
SOH-2.G422 4b F. mandshurica 44.1982°N, 132.8144°E  Leaf green tissue 41.27 n.d. n.d.
SOH-3.422 4c F. mandshurica 44.1982°N, 132.8144°E  Leaf necrotic tissue 42.08 28.33 6.11
SOH-3.G422 4c F. mandshurica 44.1982°N, 132.8144°E  Leaf green tissue n.d. 36.56 0.02
SOH-04-01-2g 4d F. mandshurica 48.3051°N, 134.8116°E  Leaf green tissue 41.86 34.15 0.10
SOH-04-01-3g 4d F. mandshurica 48.3051°N, 134.8116°E  Leaf green tissue n.d. n.d. n.d.
SOH-04-01-2s 4d F. mandshurica 48.3051°N, 134.8116°E  Leaf necrotic tissue 40.13 25.93 33.57
SOH-04-01-3s 4d F. mandshurica 48.3051°N, 134.8116°E  Leaf necrotic tissue nd. 3394 0.11
SOH-04-02-2g 4e F. mandshurica 48.3051°N, 134.8116°E  Leaf green tissue nd. 37.58 0.01
SOH-04-02-4g 4e F. mandshurica 48.3051°N, 134.8116°E  Leaf green tissue nd. 34.45 0.08
SOH-04-02-2s 4e F. mandshurica 48.3051°N, 134.8116°E  Leaf necrotic tissue 37.91 22.87 294.91
SOH-04-02-4s 4e F. mandshurica 48.3051°N, 134.8116°E  Leaf necrotic tissue 31.31 21.46 800.44
SOH-04-03-3g 4f F. mandshurica 48.3051°N, 134.8116°E  Leaf green tissue nd. 3258 0.30
SOH-04-03-3s A4f F. mandshurica 48.3051°N, 134.8116°E  Leaf necrotic tissue 32.18 21.74 658.06
SOH-04-03-p1 Af F. mandshurica 48.3051°N, 134.8116°E  Petiole necrotic tissue  32.81 19.75 2699.45
SOH-04-04-2g 49 F. mandshurica 48.3051°N, 134.8116°E  Leaf green tissue nd. 33.60 0.15
SOH-04-04-2s 49 F. mandshurica 48.3051°N, 134.8116°E  Leaf necrotic tissue 36.19 25.12 59.69
SOH-04-04-p1 49 F. mandshurica 48.3051°N, 134.8116°E  Petiole necrotic tissue ~ 34.31 20.58 1501.04
SOH-04-05-1s 4h F. mandshurica 48.3051°N, 134.8116°E  Leaf necrotic tissue 41.55 30.26 1.56
SOH-04-05-p1 4h F. mandshurica 48.3051°N, 134.8116°E  Petiole necrotic tissue  36.17 21.02 1098.46

n.a., not applicable; n.d., not detected.
2gPCR probe designed for detection of H. fraxineus by loos et al. (2009)
PqPCR probe designed for detection of H. fraxineus in the present study.

queried against ITS sequences in the NCBI GenBank sequence
database and the Unite database (Koljalg et al., 2013).

Quantification of H. fraxineus DNA in planta

gPCR quantification of H. fraxineus DNA from plant tissue
samples was performed using Takyon Low ROX Probe 2x
MasterMix dTTP blue (Eurogentec). First, the primer and probe
set (Cfrax-F §-ATTATATTGTTGCTTTAGCAGGTC-3/, Cfrax-
R §-TCCTCTAGCAGGCACAGTC-3, Cfrax-P 5'-FAM-CTCT
GGGCGTCGGCCTCG-BHQ1-3') was tested, which had been
designed and validated for H. fraxineus specificity in real-time
PCR by Ioos et al. (2009). Due to mismatch problems with the

target sequence in the probe region, the Cfrax probe was substi-
tuted with a new probe, HfRus-P §-FAM-CTCTGGGGCGTCGG
CCTCG-BHQ1-3/, designed in the present study, and containing
an extra G at probe position 8 in comparison to the Cfrax-P
probe. Standard curve samples containing known concentra-
tions of H. fraxineus DNA were prepared from DNA extracted
from a fruit-body collected in the Russian Far East (Table 1,
collection no. 4088). To ensure that cycle threshold (C,) values
from the experimental samples fell within the standard curves
and to eliminate effects of PCR inhibitory compounds poten-
tially present in undiluted samples, a 10-fold dilution series
(undiluted, 10- and 100-fold diluted) was prepared for all
experimental samples. For each sample, all three DNA

Plant Pathology (2017) 66, 490-500



H. fraxineus is a leaf pathogen 495

concentrations were used as templates in the real-time PCR.
Three microlitres of the DNA solution was used as a template
for each 25 pL PCR reaction and each single-plex reaction was
repeated twice. PCR cycling conditions were: initial denaturing
step at 95 °C for 3 min, followed by 40 cycles of 95 °C for 3 s
and 65 °C for 25 s. Fluorescence emissions were detected with
ViiA 7 Real-Time PCR system (Applied Biosystems).

A standard curve was constructed, based on the relationship
of C, values and log-transformed known concentrations of DNA
from pure cultures of H. fraxineus. This was used to determine
the concentration of H. fraxineus DNA present in ash tissue
samples. C; values from 10-fold diluted templates were used for
calculation of DNA concentration, because many undiluted
DNA templates from ash tissues contained PCR inhibitory com-
pounds leading to high C, values outside the range of the stan-
dard curve. Tissue-specific differences in the amounts of H.
fraxineus DNA were subjected to analysis of variance with an
HSD post hoc test using spss v. 22.0 (IBM Inc.) and were consid-
ered statistically significant at P < 0.05.

Results

Occurrence and identification of Hymenoscyphus-like
fruit-bodies in ash forests of the Russian Far East

In the Russian Far East, the summer of 2014 was one of
the driest and warmest over the entire period of meteoro-
logical recordings in the region (www.meteoinfo.ru). In
all surveyed stands of Mandshurian and Korean ash in
Primorskiy Kray and Khabarovskiy Kray regions, a large
amount of ash leaf petioles with dark pseudosclerotial
plates were observed in leaf litter. Hymenoscyphus fruit
bodies (Fig. 1) were commonly observed in moist ash
stands, while the number of fruit-bodies was comparably
low on dry sites. All attempts to isolate H. fraxineus
from the ascomata and petioles with symptoms failed.
All ITS sequences obtained from the collected
Hymenoscyphus-like apothecia formed on petioles of

Figure 1 Ascocarps of Hymenoscyphus fraxineus on leaf petioles of
Fraxinus sp. in Russkiy Island, Primorskiy Kray, Far East Russia.
[Colour figure can be viewed at wileyonlinelibrary.com].
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Mandshurian and Korean ash corresponded to H. frax-
ineus (Table 1). Eight of these H. fraxineus-correspond-
ing sequences were identical to each other, while the
remaining sequences showed 99.3-99.7% sequence simi-
larity to the most common sequence variant (Table 1).
The differences among sequences were found in the inter-
nal transcribed spacer regions: ITS1 had up to one point
mutation among samples and ITS2 up to two point
mutations among the samples (Fig. S1). No obvious dif-
ferences were observed between sequences of H. frax-
ineus obtained from Primorskiy Kray and Khabarovskiy
Kray (distance between the sampling locations is about
650 km) or between sequences obtained from ascomata
associated with Mandshurian and Korean ash.

Shoot symptoms and associated fungi

Many of the observed Mandshurian and Korean ash
trees exhibited shoot dieback in the upper crown both in
forest stands and in urban plantings of Vladivostok,
these symptoms being most pronounced in Khabarovsk
(Fig. 2). Shoot dieback was also observed on young
Mandshurian and Korean ash trees in natural forests of
Primorskiy Kray and Khabarovskiy Kray regions (Fig. 2).
However, no samples were taken from the crowns of
large trees with symptoms to examine whether the symp-
toms were related to H. fraxineus or other causes such
as winter freezing or summer drought.

Isolations from the discoloured shoot xylem tissues
associated with necrotic bark lesions (Fig. 3) on young
Mandshurian ash and Korean ash trees yielded a range
of different fungi, but not H. fraxineus. Among the iso-
lated fungi, Botryosphaeria dothidea, Eutypa astroidea,
Melanconium oblongum, Phomopsis sp. and Paraconio-
thyrium brasiliense were identified. Most abundant taxa
were Eutypa astroidea, with three isolations (7%) out of
41 pure cultures, and B. dothidea and Phomopsis sp.,
with two isolations of each (Table S1). In two of these
samples (3743 and 3744; Tables 1 & S1) the presence of
H. fraxineus was detected by species-specific PCR.

Five out of six shoot samples from Mandshurian ash
or Fraxinus sp. screened by species-specific PCR and/or
examined by ITS sequence analysis showed presence of
H. fraxineus (Table 1). However, in those cases when H.
fraxineus was detected in shoots with symptoms, the
amount of its DNA was very low (Table 2). Two of the
H. fraxineus sequences obtained from shoots (Table 1)
showed 100% similarity to the most common sequence
variant obtained from ascomata.

Leaf symptoms and their association with H. fraxineus

In the surveyed regions, most of the broadleaved trees
observed (e.g. Juglans mandshurica, Betula spp., Ulmus
spp., Acer spp., Populus spp.) showed green foliage with
occasional leaf spots, whereas many ash trees exhibited
signs of leaf senescence. In natural forests surveyed in
Primorskiy Kray and Khabarovskiy Kray, necrotic lesions
on leaflet and leaf veins, and wilting of leaves were
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commonly observed on saplings of Mandshurian ash
(Fig. 4). Seven out of nine leaf tissue samples from
Mandshurian and Korean ash screened by species-specific
PCR and/or examined by ITS sequence analysis showed
presence of H. fraxineus (Table 1). Two of the obtained
sequences showed 100% similarity to ITS sequences of
DNA extracted from ascomata.

@ -

Figure 3 Up to 1-year-old necrotic lesions on shoots of Fraxinus spp.
In the Russian Far East examined by qPCR for the presence and
amount of Hymenoscyphus fraxineus DNA (see Table 2). (a) F.
rhynchophylla, Primorskiy Kray, Russkiy Island, collection ID 7672; (b)
Fraxinus sp., Khabarovsk, collection ID 7809; and (c) Fraxinus sp.,
Khabarovsk, collection ID 7810. [Colour figure can be viewed at
wileyonlinelibrary.com].

Figure 2 Shoot dieback in the upper crown
of a large Mandshurian ash tree near
Bykova, Khabarovskiy Kray, Far East Russia
(a) and in a naturally regenerated sapling of
Korean ash (b) growing on a former
agricultural land on Russkiy Island in
Primorskiy Kray, Far East Russia. [Colour
figure can be viewed at
wileyonlinelibrary.com].

In most samples originating from necrotic lesions on
leaf blades and petioles, high levels of H. fraxineus DNA
were detected by qPCR with the HfRus probe. In con-
trast, pathogen DNA levels in green (symptomless)
regions of these leaves were negligible or not detected at
all (Table 2). The difference between mean amounts of
H. fraxineus DNA detected in symptomless (mean value
0.11 ng) and necrotic leaflet tissues (mean value
19.84 ng) was statistically significant (P < 0.05). Petiole
tissues with symptoms showed a significantly higher
mean amount of H. fraxineus DNA (mean value
1766 ng) than could be detected in leaflet tissues of any
condition. The qPCR assay using the Cfrax probe gave
very poor detection of H. fraxineus DNA, with C; values
approximately 10 cycles higher than those obtained using
the HfRus probe (Table 2).

H. fraxineus in seeds

The collected seeds of local Mandshurian ash from the
Russian Far East, visually assessed as healthy, were posi-
tive for H. fraxineus DNA in the species-specific priming
test (Table 1).

Identification of herbarium specimens

Several specimens originally identified as H. albidus, H.
caudatus or H. epiphyllus were positive in the H. frax-
ineus assay. None of the herbarium samples examined
was positive in the H. albidus assay. The sequences
obtained from the herbarium samples that were positive
in the H. fraxineus assay showed 99.7-100% similarity
to the sequences obtained from field material collected
during the present study. One herbarium specimen col-
lected in 2003 from Hulin, northeast Heilongjiang pro-
vince, China, originally identified as H. albidus
(herbarium specimen no. D-2613; Table 1), showed the
closest sequence match to that of Hymenoscyphus cauda-
tus (GenBank accession no. KU569309; Table 1).
According to the revised identification of Hymenoscy-
phus-associated herbarium specimens deposited at the
Mycological Herbarium of the Estonian University of
Life Sciences (TAAM) and Herbarium of the Institute of
Biology and Soil Sciences of the Russian Far East, the
earliest specimen of H. fraxineus was collected in 1962

Plant Pathology (2017) 66, 490-500


http://www.ncbi.nlm.nih.gov/nuccore/KU569309

H. fraxineus is a leaf pathogen 497

Figure 4 Mandshurian ash leaves with
symptoms, sampled in the Russian Far East
(Primorskiy Kray and Khabarovskiy Kray
regions) and examined by gPCR for the
presence and amount of Hymenoscyphus
fraxineus DNA. Open circles indicate
sampling points for the gPCR analyses; red
circles show sampled necrotic areas on
leaves and petioles and white circles show
sampled symptomless leaflet areas.
Collection ID SOH-1.422 (a), SOH-2.422 (b),
SOH-3.422 (c), SOH-04-01 (d), SOH-04-02
(e), SOH-04-03 (f), SOH-04-04 (g), SOH-04-
05 (h) (see Table 2). [Colour figure can be
viewed at wileyonlinelibrary.com]. ()

from the Russian Far East (Primorskiy Kray, Ussuriyskiy
region, Suputinsk, herbarium specimen no. D-544, Gen-
Bank accession no. KR733601; Table 1). This apparently
represents the earliest documented H. fraxineus in the
world. Results also showed that, to date, the oldest H.
fraxineus specimen of Chinese origin (an ascocarp,
herbarium specimen no. D-2695, and ash leaf petiole, D-
2697), was collected in 2004 (Table 1).

Comparison between H. fraxineus ITS rDNA
sequences from Asia and Europe

The most common ITS1-5.8S-ITS2 sequence variant
obtained from material collected during the present study
in the Russian Far East showed from 99.8% (GenBank
accession no. KF188729) to 100% (KF188724) similarity
to previously deposited sequences of H. fraxineus origi-
nating from China, 99.4% (KP068076) to 100%
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(h)

(KP068053) similarity to sequences of Korean H. frax-
ineus strains, 99.4% (KJ511216) to 100% (KJ780100)
similarity to sequences of Japanese H. fraxineus strains,
and 99.5% similarity to the holotype strain of C. frax-
inea originating from Poland (FJ597975). The latter dif-
fers from the most common sequence variant of the
present Russian samples by a deletion at position 83 and
a point mutation at position 124 within the ITS1 region
(Fig. S1). All sequences of H. fraxineus originating from
the Russian Far East were conserved at these two sites.
With the exception of one previously deposited H. frax-
ineus sequence of Japanese origin (KJ511183), which
also shows the deletion present in the C. fraxinea holo-
type strain at position 83, these two discriminating posi-
tions (83 and 124) proved to be conserved not only
across all H. fraxineus sequences now obtained from the
Russian Far East samples but also all previous H. frax-
ineus GenBank depositions from China, Korea and
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Japan. Among the 397 European H. fraxineus sequence
accessions available at the NCBI database (retrieved 30
November 2015), a sequence of one Swiss isolate
(KJ820424) showed the two nucleotides specific to Asian
samples at positions 83 and 124, while two other Swiss
samples (KJ820435, KJ820505), two Lithuanian samples
(KJ413058, KJ780084), one Czech sample (GU586921)
and one German sample (KC576530) showed the point
mutation at position 124 that is present in all H. frax-
ineus sequences from Asia. The remaining 392 H. frax-
ineus sequences from Europe were identical to the
holotype strain of C. fraxinea at positions 83 and 124
(alignments not shown).

Discussion

Mandshurian ash and Korean ash in the Russian Far
East commonly showed symptoms characteristic to H.
fraxineus infection on European ash, i.e. necrotic lesions
on leaf vein tissues and dieback of young shoots that
showed necrotic bark lesions with discoloured xylem in
these regions (Figs 2-4). The high levels of pathogen
DNA recorded from necrotic leaf tissues of these Asian
ash species indicate that the local H. fraxineus popula-
tion is pathogenic to leaves of Mandshurian and Korean
ashes. The low levels of H. fraxineus DNA detected in
discoloured xylem associated with necrotic bark indicates
that the shoot dieback symptoms observed in local ash
species in the Russian Far East may be caused by other
fungi.

The significantly higher levels of H. fraxineus DNA
detected in necrotic leaf tissues compared to the negligi-
ble pathogen DNA levels in symptomless leaf tissues of
Mandshurian ash suggest that the lesions were caused by
H. fraxineus. The levels of H. fraxineus DNA detected in
necrotic leaf tissues of the Asian ash species investigated
in the present study are similar to those recorded in
European ash leaf tissues with symptoms in Europe
(Steinbock, 2014). Therefore, the present findings suggest
that Asian H. fraxineus strains are pathogenic to leaves
of Asian ash species in a similar manner to the European
population of H. fraxineus on European ash. In a recent
study, Cleary etal. (2016) wused high-throughput
sequencing and showed the presence of H. fraxineus in
symptomless leaf tissues of Mandshurian ash in the Rus-
sian Far East. They concluded that this fungus is a non-
pathogenic endophyte in its native range. The sampling
time of the study of Cleary et al. (2016) is described as
‘summer 2012°, without providing the sampling dates.
However, there may be no inconsistency between the
present study and that of Cleary et al. (2016); it is possi-
ble that H. fraxineus is foremost a leaf endophyte both
in its native range and in Europe, but can be pathogenic
in both regions if the inoculum density reaches a certain
critical threshold that enables this fungus to challenge
the host defence responses.

Levels of H. fraxineus DNA detected in discoloured
xylem associated with necrotic bark lesions in shoots of
Mandshurian and Korean ash were very low in

comparison to H. fraxineus DNA levels detected in such
tissues of European ash that were collected in spring
(Matsiakh et al., 2016), summer, autumn and winter (1.
Matsiakh, H. Solheim, A. M. Hietala, N. E. Nagy & V.
Kramarets, Norwegian Institute of Bioeconomy
Research, personal communication). In addition, in the
present study, H. fraxineus could not be isolated from
the edges of discoloured xylem regions associated with
necrotic bark lesions, even though fungal isolation from
European ash of this tissue is considered to result in high
recovery of H. fraxineus mycelia (Gross et al., 2014).
Instead, several other fungi capable of causing shoot can-
kers were recovered: B. dothidea, E. astroidea, M. oblon-
gum, Phomopsis sp. and P. brasiliense. Botryosphaeria
dothidea is a pathogenic ascomycete parasitizing a wide
variety of tree and shrub species around the world
(Crous et al., 2006).

The low presence of H. fraxineus in ash shoot lesions
in the Russian Far East is in contrast with the prevalent
isolation of the fungus from shoot lesions of Mand-
shurian ash growing in Europe (Drenkhan & Hanso,
2010). These results also differ from research demon-
strating that both European and Asian strains of H. frax-
ineus readily cause necrotic lesions on artificially
inoculated seedling stems of Mandshurian ash (F. mand-
shurica var. japonica) and European ash (Gross & Hold-
enrieder, 2015; Gross & Sieber, 2016). However, field
observations from the present study have shown that
Mandshurian ash exhibits far lower susceptibility to
shoot dieback caused by natural H. fraxineus infections
than European ash in Europe (Drenkhan & Hanso,
2010). Furthermore, shoot inoculation experiments car-
ried out with H. fraxineus typically involve stem wound-
ing; unless wounding is required for natural shoot
infection by this fungus, the results from such treatments
may represent an artefact as the structural and induced
host defence responses are circumvented when the inocu-
lum is placed on a stem wound. Thus, data from the pre-
sent investigation suggest that H. fraxineus may not be a
virulent shoot pathogen on Asian ash species in their
native range. Although a relatively small amount of
material was examined in detail in the present study, the
apparent inconsistency in the association of H. fraxineus
with shoot lesions of Mandshurian ash in Europe and
the Russian Far East may indicate differences in the viru-
lence or infection pressure between European and Asian
fungal populations. Further studies are warranted to
investigate fungal communities associated with shoot
lesions of local ash species in the Russian Far East and
the aetiology of these lesions.

Asian H. fraxineus populations from Japan, China and
Korea analysed so far appear to be genetically divergent
from the European population of H. fraxineus (Zhao
et al., 2013; Gross et al., 2014; Han et al., 2014). The
GenBank ITS rDNA sequences of H. fraxineus available
from East Asia, including the Russian Far East, are con-
served at two nucleotide positions within the ITS1 region
that allows discrimination between Asian and European
populations. While the number of Asian H. fraxineus
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strains and apothecia subjected to ITS sequencing, pre-
sent study included, is still small compared to strains
characterized from Europe, this consistent difference sug-
gests that the European population of H. fraxineus may
not originate directly from the East Asian populations
studied so far. In line with this, Drenkhan ez al. (2014)
found no spatial or temporal correlation between the his-
torical introduction of Mandshurian ash to Estonia from
the Russian Far East and spread of the ash dieback epi-
demic in the northern Baltic. Should the pathogen inva-
sion, after all, originate from East Asia, the H. fraxineus
strains that founded the European population must rep-
resent rare ITS rDNA sequence variants in East Asia,
because all H. fraxineus strains from the region analysed
so far show the standard East Asian sequence variant.
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Figure S1. cLusTaL v. 2.1 multiple sequence alignment of the ITS1-5.8S-
ITS2 region of representative Hymenoscyphus fraxineus sequences from
Europe (holotype strain of Chalara fraxinea from Poland, F]J597975),
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China (KF188724), South Korea (KP068051), Japan (KJ511220) and
Russian Far East (Rus, the present study, Table 1), and two reference
species (Hymenoscyphus albidus and H. koreanus). Sequence in green
shows the 18S, 5.8S and 28S rDNA genes. The line symbol (—) indicates
a gap in the alignment, a dot (.) denotes identical nucleotides between
the sequences at the given positions. Sequences in grey show the primers
used for sequencing of the fungus from host material. The underlined
sequences show the primers and probe used for real-time PCR

quantification of the fungus in host tissues: the primer sequences were

described by Ioos et al. (2009), while the probe was adjusted in the pre-

sent study.

Table S1. Isolations from the discoloured shoot xylem tissues associ-
ated with necrotic bark lesions on Fraxinus spp. in the Russian Far East.
A total of 41 pure cultures were obtained from nine different shoot sam-

ples.
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