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Abstract Hymenoscyphus fraxineus is an invasive fungal
pathogen that causes ash dieback in Europe. Recent investi-
gations have identified H. fraxineus on herbarium specimens
in Korea. In this paper, these specimens, plus five additional
collections, were studied by internal transcribed spacer (ITS)
screening and subsequent phylogenetic analysis using three
additional sequence markers (actin, calmodulin, EF1-x).
Using the concept of genealogical concordance phylogenetic
species recognition (GCPSR), H. fraxineus was confirmed in
five of the collections on petioles of Fraxinus mandshurica
and F. chinensis subsp. rhynchophylla. The remaining collec-
tions revealed two novel species, both occurring on petioles of
F. chinensis subsp. rhynchophylla. They are described as
Hymenoscyphus occultus sp. nov. and Hymenoscyphus
koreanus sp. nov., based on morphological and molecular da-
ta. Both develop a Chalara-like anamorph similar to that of
H. fraxineus. Together with the newly described H. albidoides
from China and H. linearis from Japan, the clade containing
H. fraxineus now consists of six species. Within this clade,
H. koreanus forms a sister species to H. albidus and both share
highly similar morphological and molecular features.
Hymenoscyphus occultus is more distantly related to
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H. fraxineus and shows proximity to H. linearis.
Ascocarp production on ash leaf malt-extract agar could
be shown for the two new species, and for H. linearis and
H. albidus. The experiment demonstrated these species’
ability to self-fertilize. Our findings suggest the diversity
of Hymenoscyphus species on Fraxinus sp. might be
higher than currently known, calling for further investi-
gations on petioles of other Fraxinus species.
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Introduction

Hymenoscyphus fraxineus (formerly known as
H. pseudoalbidus) is the causal agent of European ash die-
back, a severe disease affecting common ash (Fraxinus
excelsior) in Europe (Queloz et al. 2011; Gross et al. 2014a;
Baral et al. 2014). Investigations of old herbarium specimens
from 1990 and of freshly collected material originating from
Japan suggest that the fungus originates in East Asia (Hosoya
etal. 1993; Zhao et al. 2012). Indeed, subsequently, the fungus
was also reported in East China (Zheng and Zhuang 2013),
East Russia (MarCiulyniené et al. 2013) and Korea (Han et al.
2014). A Europe-wide population genetic study showed
a severe genetic bottleneck among European H. fraxineus
populations and supported the alien invasive species hy-
pothesis (Gross et al. 2014b). Until now, a pathogenic
behavior of H. fraxineus in its native range has not been
reported (Zhao et al. 2012; Zheng and Zhuang 2013).
The clade containing H. fraxineus currently includes
three additionally related species (hereafter referred to as
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the H. fraxineus group): Hymenoscyphus albidus, which is
native to Europe, is a sister species of H. fraxineus (Queloz
etal. 2011). It is supposed that H. albidus, which is appar-
ently avirulent on F excelsior (Husson et al. 2011; Gross
et al. 2014a), will be replaced by H. fraxineus during the
course of the epidemic in Europe (McKinney et al. 2012;
see Fig. 23 in Baral and Bemmann 2014). Hymenoscyphus
albidoides was derived from rotten leaves of Picrasma
quassioides in China (Zheng and Zhuang 2013).
Phylogenetic analyses placed this species alongside
H. albidus and H. fraxineus — it is differentiated from
the former by croziers at the ascus base and from the latter
by the shape of crystals in the stipe-base tissue and the outer
covering layer (Zheng and Zhuang 2013). No data on the
pathogenicity of H. albidoides is available to date. Recently,
Hymenoscyphus linearis was derived from petioles of
Fraxinus platypoda from Japan (Gross et al. 2014, accepted
article). In the phylogeny, H. linearis is the most ancestral
species in the H. fraxineus group but morphological separa-
tion proved tedious. In the ascus base showing simple septa,
H. linearis matches H. albidus. The only easily recognizable
differentiating characteristic is the distinctive linear shape of
the pseudosclerotial plate (sensu Gross and Holdenrieder
2013) that forms on the petioles. Inoculation studies have
proven that the species is harmless on F. platypoda and
F. excelsior, but there might be a risk of hybridization,
especially because H. linearis forms a similar anamorph
to H. fraxineus (Gross et al. 2014, accepted article).

Knowledge of the native distribution range of introduced
pathogenic species is crucial for accurately locating their ori-
gin (Dlugosch and Parker 2008). Knowing the host range is
also important since different hosts could serve as reservoirs
for the pathogen and this might be a consideration for quaran-
tine measures (Stergiopoulos and Gordon 2014). Finally,
knowledge of closely related and/or cryptic species is of great
importance for avoiding pathogen virulence evolution through
hybridization (Olson and Stenlid 2002).

In the present study, we re-examined putative H. fraxineus
specimens of Han et al. (2014) and five additional collections
from Korean F. mandshurica and Fraxinus chinensis subsp.
rhynchophylla (synonym = Fraxinus rhynchophylla). Our
aims were to investigate the host and distribution range of
H. fraxineus and to detect any possible cryptic species.

Methods
Fungal material and DNA extraction

A total of nine Korean collections of putative H. fraxineus on
pseudosclerotial leaf rachises and petioles (collectively re-
ferred to as petioles hereafter) containing numerous ascomata
were studied (Table 1, Fig. 1). Depending on the quantity of
the collection, one to three single apothecia of each collection
were randomly sampled and DNA was extracted as described
by Griinig et al. (2003). In addition, collection KUS-F52847

Table 1  Putative Korean H. fraxineus collections analyzed in this study
Nr. Specimen name Collection date  Location Latitude (°N)  Longitude (°E) Altitude  Substrate
(m.as.l.)
1 KUS-F52255*  14.08.2008 Mt. Taegi, Pyeongchang 37.590278 128.279722 1,037 petioles of F. chinensis
subsp. rhynchophylla
KUS-F52355*  23.09.2008 Supchaewon, Hoengseong ~ 37.390000 128.294167 1,097 rotten leaves of . mandshurica

3 KUS-F52542 15.07.2009 Seolmaejae recreation 37.553889 127.503333 305 petioles of F. chinensis subsp.
forest, Yangpyeong rhynchophylla

4 KUS-F52552 15.07.2009 Sanuem recreation forest,  37.602500 127.598333 207 petioles of F. chinensis subsp.
Yangpyeong rhynchophylla

5 KUS-F52610° 19.08.2009 Cheongtaesan recreation 37.525556 128.292778 850 petioles of £ chinensis subsp.
forest, Hoengseong rhynchophylla

6 KUS-F52613*  20.08.2009 Supchaewon, Hoengseong  37.390278 128.292778 1,040 petioles of F. chinensis subsp.

rhynchophylla

7 KUS-F52742 12.07.2010 Darian valley in Mt. 36.962778 128.423333 385 petioles of F. chinensis subsp.
Sobeak National Park, rhynchophylla
Danyang

8 KUS-F52784 27.08.2010 Woljeongsa Temple in 37.731667 128.594444 662 petioles of F. chinensis subsp.
Mt. Odae National rhynchophylla
Park, Pyeongchang

9 KUS-F52847 04.08.2012 Deokduwon-ri, 37.864167 127.658056 120 petioles of £ chinensis subsp.

Seo-myeon, Chuncheon

rhynchophylla

All collected by Jae-Gu Han. Species identification of the collections is given in Table 2

 Collections were already analyzed by Han et al. (2014) and identified as H. fraxineus
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Fig. 1 Map of South Korea
showing the position of all
collections treated in this study.
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was still alive and 25 isolations from petioles were carried out
as described in Gross and Holdenrieder (2013). From the suc-
cessful fungal isolations (Table 2), mycelium was lyophilized
and DNA was extracted with the NucleoSpin 96 plant II kit
(Macherey-Nagel, Diiren, Germany) using the
hexadecyltrimethylammonium bromide (CTAB)-based lysis
buffer PL1 according to the protocol of the manufacturer.
All collections were deposited in the Korea University
Herbarium (KUS), Seoul, South Korea.

Initial ITS screening for species identification

Of all Korean samples, the internal transcribed spacers (ITS) 1
and 2 of the rDNA (primers ITS1 and ITS4 of White et al.
1990) were amplified by a standard polymerase chain reaction
(PCR) protocol, followed by sequencing with the ITS4 primer
as described in Gross et al. (2014b). The sequences were man-
ually edited in Geneious v.6.1.3 and a multiple alignment
(using the ClustalW tool of Geneious set to default parame-
ters) was carried out with (i) all new sequences (ii) a reference
strain of H. fructigenus and (iii) several known species of the
H. fraxineus group available in GenBank; i.e., H. albidus,

H. fraxineus, H. albidoides and H. linearis. Three distinct
ITS groups were identified in Korean samples (Table 2).

Phylogenetic analysis

Based on the ITS screening, 14 Korean samples were chosen
for a more detailed phylogenetic analysis using four different
sequence markers (Table 2). For all of these samples, the ITS,
as well as a partial fragment of the actin gene, the calmodulin
gene and the EF1-oc gene, were amplified and sequenced bi-
directionally in accordance with the procedure described in
Gross et al. (2014b). The primers and primer sources used to
amplify Korean samples were as follows: ITS, primers ITS1
and ITS4 (White et al. 1990); actin, Act-512F (Carbone and
Kohn 1999) and Hp _actin_r (Gross et al. 2014b); calmodulin,
Cal-228F and Cal-737R (Carbone and Kohn 1999) for ITS
group I and I, Cal-228F and Hym_Cal R (Gross et al. 2014,
accepted article) for ITS group II; EF1-a, EF1-728F
(Carbone and Kohn 1999) and EFl-& R2 (Gross et al.
2014, accepted article) for ITS group I, EF1-728F and
EF1-x R (Gross et al. 2014, accepted article) for ITS group
IT and III. Sequences were edited in Geneious v6.1.3, primer
sequences were removed, and pairwise alignments of the
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Table 2 List of samples for initial ITS screening (ITS-S) and subsequent phylogenetic analysis (Phyl-A)

Sample name Origin® Type PS  Study ITS group Species ITS Calmodulin EF1-x Actin
KUS-F52255 1 1 ITS-S/Phyl-A 1 H. fraxineus KP068053 KP068025 KP068039 KP068011
KUS-F52255 2 1 ITS-S I H. fraxineus KP068080 NA NA NA
KUS-F52355 1 1 ITS-S/Phyl-A 1 H. fraxineus KP068051 KP068023 KP068037 KP068009
KUS-F52610_1 1 ITS-S I H. fraxineus KP068076 NA NA NA
KUS-F52610_2 1 ITS-S I H. fraxineus KP068075 NA NA NA
KUS-F52613 1 1 ITS-S/Phyl-A 1 H. fraxineus KP068055 KP068027 KP068041 KP068013
KUS-F52784 1 1 ITS-S/Phyl-A 1 H. fraxineus KP068056 KP068028 KP068042 KP068014
KUS-F52784 2 1 ITS-S I H. fraxineus KP068073 NA NA NA
KUS-F52542 1 1 ITS-S I H. koreanus KP068079 NA NA NA
KUS-F52542 2 1 ITS-S I H. koreanus KP068078 NA NA NA
KUS-F52552 1 1 ITS-S/Phyl-A 11 H. koreanus KP068054 KP068026 KP068040 KP068012
KUS-F52552 2 1 ITS-S I H. koreanus KP068077 NA NA NA
KUS-F52742 1 1 ITS-S/Phyl-A 11 H. koreanus KP068052 KP068024 KP068038 KP068010
KUS-F52742 2 1 ITS-S I H. koreanus KP068074 NA NA NA
KUS-F52847 Fk1 1 ITS-S I H. koreanus KP068067 NA NA NA
KUS-F52847 Fk2 1 ITS-S I H. koreanus KP068066 NA NA NA
KUS-F52847 Fk3 1 ITS-S I H. occultus KP068065 NA NA NA
KUS-F52847 01 2 A ITS-S/Phyl-A 11 H. koreanus KP068057 KP068029 KP068043 KP068015
KUS-F52847 04 2 A ITS-S/Phyl-A 11 H. koreanus KP068059 KP068031 KP068045 KP068017
KUS-F52847 05 2 A ITS-S/Phyl-A 11 H. koreanus KP068060 KP068032 KP068046 KP068018
KUS-F52847 06 2 A ITS-S/Phyl-A 11 H. koreanus KP068061 KP068033 KP068047 KP068019
KUS-F52847 08 2 A ITS-S I H. koreanus KP068072 NA NA NA
KUS-F52847 12 2 A ITS-S I H. koreanus KP068071 NA NA NA
KUS-F52847 15 2 A ITS-S I H. koreanus KP068070 NA NA NA
KUS-F52847 18 2 A ITS-S I H. koreanus KP068069 NA NA NA
KUS-F52847 19 2 A ITS-S I H. koreanus KP068068 NA NA NA
KUS-F52847 03 2 B ITS-S/Phyl-A 111 H. occultus KP068058 KP068030 KP068044 KP068016
KUS-F52847 22 2 B ITS-S/Phyl-A  1II H. occultus KP068062 KP068034 KP068048 KP068020
KUS-F52847 24 2 B ITS-S/Phyl-A  1II H. occultus KP068063 KP068035 KP068049 KP068021
KUS-F52847 25 2 B ITS-S/Phyl-A  1II H. occultus KP068064 KP068036 KP068050 KP068022
HMAS 264140 3 Phyl-A H. albidoides KF188722 KF188732 NA NA

Cas 01 3 Phyl-A H. albidus GU586882 GUS586937 GU586956 KIJ511015
Lav 01 3 Phyl-A H. albidus GU586884 GU586938 GU586957 KJ511047
Qui_01 3 Phyl-A H. albidus GU586887 GUS586939 GUS86958  KIS11048
Aubo 03 3 Phyl-A H. fraxineus (Europe) KJ511173  KJ511069  KJ511121  KJ511012
Kore 06 3 Phyl-A H. fraxineus (Europe) KJ511201  KJ511097  KJ511149  KJ511043
CBS 122504 3 Phyl-A H. fraxineus (Europe) FJ597975  GUS586951 GUS586970 KJI511016
Suga 27 3 Phyl-A H. fraxineus (Japan)  KJ511208  KJ511104  KJ511156  KJ511052
Suga 28 3 Phyl-A H. fraxineus (Japan) ~ KJ511209  KIJS11105  KJ511157  KIJ511053
Suga 44 3 Phyl-A H. fraxineus (Japan) — KJ511215  KJ511111  KJ511163  KJ511059
Hokk 24 3 Phyl-A H. fraxineus (Japan) — KJ511194  KJ511090  KJ511142  KJ511036
Hokk 27 3 Phyl-A H. fraxineus (Japan) ~ KJ511195  KJ511091  KJ511143  KJ511037
Hokk 74 3 Phyl-A H. fraxineus (Japan) — KJ511197  KJ511093  KJ511145  KJ511039
CBS_650.92 3 Phyl-A H. fructigenus GU586933  GUS586952  GU586971  KJ511017
Chic_01 3 Phyl-A H. linearis KM114521 KMI114471 KM114496 KM114446
Chic_03 3 Phyl-A H. linearis KM114523 KMI114473 KM114498 KM114448

The origin of the samples and the type of pseudosclerotium (PS) of the isolations from KUS-F52847 are given. In addition, the inferred phylogenetic
group and GenBank accession numbers for each sample and genetic marker are given. Accession numbers of sequences generated in this study are in

bold. NA indicates non-available data

%1, DNA isolation from single, dried apothecium; 2, DNA isolation from culture; 3, DNA sequences extracted from GenBank
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corresponding forward and reverse sequences of each sample
were carried out. The dataset for phylogenetic analysis was
supplemented with published sequences (available in
GenBank) of all members of the H. fraxineus group and
H. fructigenus was used as the outgroup (Table 2). A
multiple-sequence alignment was performed for each marker
using the ClustalW tool implemented in Geneious, set to the
default parameters. Newly-generated sequences were deposit-
ed in GenBank and accession numbers are listed in Table 2.
Prior to phylogenetic analysis, duplicate sequences were
removed from the alignments and ambiguously aligned sites
were removed in a standardized way using Gblocks web
v0.91b (http://molevol.cmima.csic.es/castresana/Gblocks
server.html). Less stringent options were applied, allowing
for smaller final blocks, gaps in the final alignment and less
strict flanking positions. Each single locus alignment was
subject to Bayesian inference (BI) phylogenetic analysis in
MrBayes v 3.2.2 (Ronquist et al. 2012). The general time
reversible (GTR) nucleotide substitution model was applied
with gamma-distributed rate variation across sites and a pro-
portion of invariable sites. The two parallel Markov chain
Monte Carlo (MCMC) analysis runs were performed with
four chains for 2,000,000-3,000,000 generations while trees
were sampled every 500 generations and 25 % of the total
generations were discarded (burn-in). Convergence of the
two parallel runs was verified by ensuring that the standard
deviation of the split frequency fell below 0.01 and by verifying
that the posterior probabilities over the number of generations
reached a stable phase through use of the software tracer
(Drummond and Rambaut 2008). Trees were visualized using
FigTree v 1.4 (http:/tree.bio.ed.ac.uk/software/figtree/).
PartitionFinder v 1.1.0 (Lanfear et al. 2012) software
was used to find the optimal nucleotide substitution
model for each marker in the combined alignment.
Consequently, we partitioned the combined alignment
according to the alignment lengths of each single mark-
er. The program was run on the ‘greedy’ search algo-
rithm, with ‘linked’ branch-lengths, and the best model
(restricted to available models in MrBayes or RAXML,
respectively) was selected based on the Bayesian infor-
mation criterion (BIC). Subsequently, the combined
dataset was subject to BI analysis as described before,
but with the K80+I (proportion of invariable sites) sub-
stitution model for the ITS partition and the K80+G
(gamma-distributed rate variation across sites) substitu-
tion model for the actin, calmodulin and EF1-« parti-
tions. Maximum likelihood (ML) analysis of the com-
bined alignment was performed with the software
RAXML v 7.7.7 (Stamatakis 2006). One thousand initial
independent ML inferences were performed on the
partitioned alignment file using a GTR+G model (for
all markers), while support values based on 1,000 boot-
strap replicates were drawn on the tree with the best

ML score. All trees and alignments were deposited in
Treebase (TreeBase ID: 16600).

Investigating the ability to produce ascocarps in culture

Spontaneous ascocarp development in culture has already
been observed in H. linearis (Gross et al. 2014, accepted arti-
cle). A subsequent experiment was set up to test whether other
species of the H. fraxineus group are also able to self-fertilize
and produce the teleomorph in culture. Three different isolates
of ITS group IL, ITS group Il and H. albidus, two single spore
isolates of H. linearis (positive control) and two isolates with
alternating mating types of H. fraxineus were selected for the
experiment (Table 4). The two chosen H. fraxineus strains
(Abts_22 and Abts 33) mated successfully in a previous
crossing experiment on petioles (see Gross et al. 2012). All
strains were freshly cultivated on ash leaf malt-extract agar
(AMA) (Gross et al. 2014b) in polystyrene petri dishes
(Greiner Bio-One, Frickenhausen, Germany) and incubated
at 20 °C in an incubator in the dark. The two H. fraxineus
strains were inoculated approximately 4 cm apart from each
other on a single agar plate. After 23 days, cultures were
removed and transferred to an incubator producing near-UV
light (Leach 1971) for 12 h day ™' in the light at 19.5 °C,
followed by 12 h day ' in the dark at 16.5 °C. The cultures
were checked regularly for the appearance of ascocarps and,
when they emerged, germination of spores was verified on
AMA plates.

Microscopic examinations

Studies were carried out on fresh ascocarps of the strains
KUS-F52847 01 (ITS group II) and KUS-F52847 03 (ITS
group III), both produced on AMA plates. A Zeiss Axiophot
microscope was used and pictures were taken with the inte-
grated camera AxioCam MRc5. Observations were made in
lactic acid (LA), H>O and Lugol’s reagent. All measurements
were taken from material mounted in LA, with an enlargement
factor of 1,000%, by using differential interference contrast.
The mean and standard errors were calculated whenever 10—
20 measurements were obtained. The morphology of herbar-
um collections was not studied because of the possibility of
multiple species appearing in single collections (see below).

Results

Fungal isolations and ITS screening

Thirteen of the isolations from different petioles of the vital
collection KUS-F52847 proved successful (Table 2). Two

types of pseudosclerotia were observed on the petioles during
the isolation process: Type A was indistinguishable from
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H. albidus or H. fraxineus; i.e., the black pseudosclerotial
plate surrounded and enclosed large parts of the petiole.
Type B was distinctly thinner and only superficial in cross-
section view, however, it was irregularly-shaped and only
enclosed a small fraction of the petiole in surface-view (mak-
ing it tedious to isolate the fungus from inside the
pseudosclerotium).

Regarding all collections from Korea (Tables 1 and 2),
three different ITS groups were identified. Group I was highly
similar or identical to H. fraxineus from Japan, group II (de-
scribed here as H. koreanus) was similar to H. albidus from
Europe (99.6 % identical, 2-bp difference) and group III (de-
scribed here as H. occultus) was distinct from all reference
Hymenoscyphus species, showing the highest affinity to group
IT with a sequence identity of 95.8 % (Table 3). Altogether,
five collections belonged to group I, three collections to group
I, and the fresh collection KUS-F52847 was composed of
group II and III genotypes, whereas the two groups could be
detected in isolates and genotyped ascocarps of that collection
(Table 2). The isolates of ITS group II, from KUS-F52847,
consistently originated from type A poseudosclerotia, while
those belonging to group III were consistently derived from
type B pseudosclerotia.

Phylogenetic analysis using four sequence markers

Fourteen samples originating from Korean collections and 16
reference samples of H. albidus, H. fraxineus (from Europe
and Japan), H. linearis, H. albidoides, and H. fructigenus
(outgroup) were selected for a more detailed phylogenetic
analysis using four different sequence markers. For
H. albidoides, only the sequence of the ITS and calmodulin
could be used as it was not possible to obtain the herbarium
specimen of this species. In addition, for samples KUS-
F52784 1 and KUS-F52255 1, the actin sequence was trun-
cated at the 3" and 5’ end because a poly-C stretch in the intron
hampered the sequencing. The alignment lengths of single and
combined markers were as follows (in [bp], lengths after the
removal of ambiguously aligned sites in brackets): ITS=485

(481); actin=257 (241); EF1-a=555 (549); calmodulin=390
(375); and combined=1,687 (1,646). Phylogenetic analysis
using the single sequence markers revealed concordant group-
ings, except for isolate KUS-F52613 1; whereas this isolate
normally grouped with H. fraxineus, it formed a separate
branch basal to H. albidus in the EF1-« phylogeny. Since only
minor incongruences were found between single tree topolo-
gies, the sequences were combined. The combined phyloge-
netic analysis was congruent with the single gene trees.
Samples of ITS group I fell in the clade containing
H. fraxineus strains, samples of ITS group II formed a separate
branch next to H. albidus, with maximal statistical support,
and samples of ITS group III also formed a separate branch
with maximal support basal to H. albidus, H. albidoides and
H. fraxineus. Based on the phylogenetic analysis, ITS group 11
and III represent novel species within the genus
Hymenoscyphus, whereas group I represents H. fraxineus.

Ability of H. fraxineus group species to produce ascocarps
in culture

The ability to produce ascocarps in culture was confirmed for
all species except for H. fiaxineus (Table 4). However, only
one of three isolates of H. albidus produced the teleomorph
and only one ascocarp was produced by this culture. Ascoma
initials (short, erect stipes without a discus) were observed
12 days after incubation at near-UV light on one culture be-
longing to ITS group II and two cultures belonging to ITS
group III isolates. The maturity of the ascocarps, defined as
the ability to produce viable ascospores, was reached between
41 and 71 days after incubation at near-UV light. Sporulation
and germination of ascospores were verified on AMA plates
and could be confirmed for all ascocarp-forming species.
However, the ascocarps of culture KUS-F52847 08 remained
small and did not eject any ascospores, and the ascospores of
culture KUS-F52847 04 did not germinate. Remarkably, the
first ascospore germination test failed in all but isolate KUS-
F52847 06, whereas only the second or third germination test
was fully successful (data not shown). The ascocarps of ITS

Table3  Distance matrix (% identical positions in the ITS alignment) of several closely related Hymenoscyphus members and H. fructigenus based on

one representative strain (given in parentheses)

H.fructigenus  H fraxineus H.albidus  H.albidoides  H.linearis  H.fraxineus  H.koreanus  H.occultus
H. fructigenus (CBS_650.92)
H. fraxineus (CBS_122504) 91.5
H. albidus (Cas_01) 91.7 97.7
H. albidoides (HMAS 264140)  90.6 96.2 96.4
H. linearis (Chic_01) 88.2 92.6 93.2 91.5
H. fraxineus (KUS-F52255 1) 91.3 99.2 97.7 96.2 92.4
H. koreanus (KUS-F52847 01) 91.7 97.9 99.6 96.8 93.2 97.9
H. occultus (KUS-F52847 03)  91.5 94.8 95.4 94.5 93.4 94.6 95.8
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Table 4  The ability of spontanous ascocarp-production on agar medium of all members of the H. fraxineus group (except H. albidoides)

Strains Species Apothecia production Sporulation/germination
KUS-F52847_04 H. koreanus yellow apothecia sporulated well but no germination observed
KUS-F52847 06 H. koreanus yellow apothecia 100 % germination
KUS-F52847 08 H. koreanus few small yellow apothecia on agar inoculum no sporulation observed
KUS-F52847 03 H. occultus white apothecia 100 % germination
KUS-F52847 24 H. occultus white apothecia 100 % germination
KUS-F52847 25 H. occultus white apothecia 100 % germination
090802.2* H. albidus no apothecia formed

090723.1° H. albidus no apothecia formed

Mugg 12° H. albidus one cream-white apothecium 100 % germination
Abts_22 & Abts_33 H. fraxineus no apothecia formed

CBS_138754 H. linearis yellow apothecia 100 % germination
Chic_fk1 ss2¢ H. linearis no apothecia formed, contaminated

solate from specimen 090802.2, see Queloz et al. 2011

®Isolated by O. Holdenrieder from petioles of F. excelsior (23.07.2009) from a sample collected in Ennenda, Switzerland, N 47.043056 E 9.079667
“Isolated by A. Gross from petioles of F. excelsior (2.5.2012) from a sample collected near Muggio, Switzerland, N 45.899583 E 9.046583

9 From the same single spore isolation series as CBS_138754, see Gross et al. 2014

group Il isolates and H. linearis were bright yellow in culture,
whereas that of ITS group III were pale white. The single
ascocarp of H. albidus was cream-white to yellow in color.

ITS group II: Hymenoscyphus koreanus A. Gross & J.
G. Han, sp. nov.

MycoBank: MB 810719

Etymology: Referring to the country of origin, where it
was repeatedly detected.

Holotype: A dried culture containing ascomata of isolate
KUS-F52847 01, which was isolated from collection KUS-
F52847, Korea, Deokduwon-ri, Seo-myeon, Chuncheon,
120 m, petioles of Fraxinus chinensis subsp. rhynchophylla,
04.08.2012, collected by J.G. Han. The holotype comprises a
dried culture containing many ascomata (same as shown in a
living state in Fig. 3b). It is deposited in the Korea University
Herbarium (KUS), Seoul, South Korea, KUS-ID: KUS-
F52851. The same fungal strain was selected as a type strain
and a living duplicate was deposited in the CBS culture col-
lection in Utrecht, Netherlands (CBS-ID: CBS 139466)

Teleomorph:

Apothecia: nail-shaped with a 0.65-1 mm long and 0.3—
0.4 mm wide stipe and a disc diameter of (0.8-) 1.6-2.8 mm;
arising from superficial pseudosclerotial plates on AMA; disc
concave to convex, depending on the age, and cream-white to
light yellow in color (Fig. 3b); surfaces of the hymenium, stipe
and receptacle are smooth, the stipe has a brown to black basal
collar, containing irregularly-shaped single crystals in cross-
section (Fig. 3f). Asci clavate, short stipitate (Fig. 31), 82—
105 um (J 93.65, +2.29) long, 7.5-9.5 um (J 8.65, £0.24)
wide at the widest point, eight-spored; apical ring blue in
Lugol’s reagent, Hymenoscyphus-type (Fig. 3d) (see Baral
1987), without croziers (Fig. 3¢). Ascospores biseriate even

in dead state (Fig. 3c), slightly “scutuloid” (like spores of
H. scutula), broadly rounded (profile view) and more or less
beaked (side view) at one end, more or less narrowed and
almost pointed at the other end, straight in profile view, slight-
ly arcuate in side view, slightly waisted in the middle, hyaline,
non-septate, with two or more large and some smaller, globose
oil drops (living state in H,O, Fig. 3g), or 1-2 confluent, partly
elongated oil droplets in lactic acid (Fig. 3c), without setulae,
13.5-20 um (& 16.53, £0.79) x 3.5-4.5 pm (< 3.9, £0.11)
in LA, becoming slightly brown and often one-septate
upon germination on AMA, forming 1-2 germ tubes
(Fig. 31). Paraphyses cylindrical, hyaline, 2-3 um thick,
upper septum 37-64 pum below apex, strongly refractive
vacuolar bodies observed when mounted in H,O (Fig. 3h).
Ectal excipulum of textura prismatica with more or less
rectangular cells, 10-30x3—6 wm, cortical cells hyaline
or slightly yellow (Fig. 2j). Medullary excipulum hyaline,
of textura intricata, outer part of textura porrecta, cells
27-37%2.5-3.5 um (Fig. 3k).

Anamorph (KUS-F52847 08, Fig. 3m—p): Only non-
sporulating conidiogenous structures were observed. The
phialids occurred singly or were arranged in loose aggrega-
tions, 1-4-septate at the base, 20.75-29.5 um long, light
brown but gradually turning hyaline towards the tip; venter
11-22x3.5-4.5 um, collarette 7.5-14.5x2.5-3 um, the tran-
sition between the collarette and venter was often gradual,
sometimes abrupt, often with a conspicuous septum in-
between (Fig. 30). Mostly two, sometimes one, small oil drops
were present in the apical part.

Remarks:

The teleomorph of H. koreanus revealed the same gross
morphology compared to the other species within the
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CBS_650_92 H. fructigenus
| Chic_03
100 H. linearis
1 |_ )
Chic_01
KUS_F52847_22
100
1 KUS_F52847_03 H. occultus sp. nov.
KUS_F52847_25
KUS_F52847_24
Lav_01
85 Cas_01 | H. albidus
1 )
% Qui_01
1 KUS_F52742_1
[100]
1 KUS_F52847_01
KUS_F52552_1 H. koreanus sp. nov.
100 KUS_F52847_04

0.03

Fig. 2 Phylogenetic analysis of the concatenated multiple sequence
alignment of markers ITS, EF1-«, calmodulin and actin. Bootstrap
percentages of ML phylogenetic analysis are given above the branches,
while posterior probabilities of Bayesian phylogenetic analysis are given
below the branches. The scale bar represents the number of substitutions

H. fraxineus group. It differs from H. occultus by having
smaller asci, from H. fraxineus and H. albidoides by the
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KUS_F52847 05
KUS_F52847 06

HMAS_264140 | H. albidoides

52 KUS_F52613_1
Suga_28
— Hokk_74

- Hokk_24

— Suga_44

KUS_F52784 1

— KUS_F52255_1 H. fraxineus
— KUS_F52355_1
Hokk_27

— Suga_27

Aubo_03

Kore_06

CBS_122504

per site. The clades of the two new species, H. occultus and H. koreanus,
are supported by maximal statistical values. Strains with identical
sequences were omitted from the alignment and manually added to the
tree post analysis

absence of croziers at the ascus base, and from H. albidus
by having single crystals in the apothecial stipe and the
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Fig.3 Morphology of H. koreanus sp. nov., teleomorph (KUS-F52847
01) and anamorphic structures (KUS-F52847 08) produced in culture.
Microscopic slides were prepared in LA if not specified otherwise. a 41-
day-old culture on AMA showing irregular growth at the margin and
zones of different colors, while black areas represent pseudosclerotial
structures. b Apothecia emerging from the pseudosclerotial plate (PSP)
on AMA. ¢ Hymenium. d Ascus tip showing the amyloid ring in Lugol’s
reagent. e Ascus base showing the absence of croziers. f Irregularly
shaped crystals in the stipe base. g Ascospores mounted in H,O (living
state). h Paraphysis in H,O (living state) showing strongly refractive

formation of an anamorph-like structure in culture. No
unique nucleotide positions were found in the ITS se-
quence of H. koreanus compared to the other species of
the H. fraxineus group (Online Resource 1). However, it
differs from H. albidus in positions 80(T) and 358(T)
and from H. albidoides in positions 74 (T), 120(T),

vacuolar bodies (not visible in LA). i Entire ascus. j Ectal excipulum. k
Medullary excipulum (outer part). I Germinating ascospores showing
septation and one to two germ tubes mounted in H,O (living state). m
Anamorphic structures: Brown phialides formed in the aerial mycelium
on an AMA culture. n. Phialophore bearing a single phialide with stunted
development. o Phialide showing the frequently observed septum (s,
maybe due to the de-bonding of the first forming phialoconidium)
between the venture and collarette and a small oil drop (od) in the
apical part. p Phialophore showing five phialides. Phialoconidia were
not observed

364(C), 439(A) and 433(A). In the calmodulin sequence
alignment (Online Resource 2), it revealed the unique
nucleotide positions 59(A), 152 (A) and a characteristic
deletion of positions 33—41.

ITS group III: Hymenoscyphus occultus A. Gross & J.
G. Han, sp. nov.
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MycoBank: MB 810718

Etymology: Referring to the rarity of the species in Korea
and the high chance that the species is overlooked.

Holotype: A dried culture containing apothecia of isolate
KUS-F52847 03 isolated from collection KUS-F52847,
Korea, Deokduwon-ri, Seo-myeon, Chuncheon, 120 m, peti-
oles of Fraxinus chinensis subsp. rhynchophylla, 04.08.2012,

-y

Fig. 4 Morphology of H. occultus sp. nov., teleomorph and anamorph
produced in culture of KUS-F52847 03. Microscopic slides were
prepared in LA if not specified otherwise. a 43-day- old culture that
formed a laminary, superficial pseudosclerotial plate (PSP) on AMA. b
Apothecia emerging from PSP formed on an AMA culture after incubation
at near-UV light. ¢ Vertical section through the hymenium showing asci
and paraphyses. d Ascus tip in Melzer’s reagent showing a slight bluing of
the pore. e Ascal bases without croziers. f Living ascospores in H,O
showing the ‘scutuloid’ shape. g Germinating ascospores on AMA (living

@ Springer

collected by J.G. Han. The holotype comprises a dried culture
containing many apothecia (same as that shown in a living
state in Fig. 4b). It is deposited in the Korea University
Herbarium (KUS), Seoul, South Korea, under the KUS-ID:
KUS-F52850. The same strain was selected as the type strain
and a living duplicate was deposited in the CBS culture col-
lection in Utrecht, Netherlands (CBS-ID: CBS 139469)

state in H,O), forming one or two germ tubes, with or without a septum in
the middle. h Paraphyses in H,O (living state) showing strongly refractive
vacuolar bodies (absent in LA). i Dead ascus in H,O containing living
spores. j Entire distinctly long stipitate ascus. k Ectal excipulum. 1
Medullary excipulum (outer part). m Crystals found in the stipe
base. n Anamorph: Phialophore bearing five phialides. o Phialide
releasing phialoconidia. p Phialoconidia with rounded or truncated
ends, one distinctly longer, first formed phialoconidium
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Teleomorph:

Apothecia: Nail-shaped with a 1.1-1.4 (—2) mm long and
0.2-0.5 mm wide stipe and a disc diameter of 0.8-2.2 (—4)
mm; arising from superficial pseudosclerotial plates on AMA;
disc concave to convex, depending on the age, whitish to
cream in color (Fig. 4b); surface of hymenium, stipe and re-
ceptacle smooth, stipe with a brown to black basal collar,
containing a few irregularly shaped single crystals in cross-
section. Asci clavate, distinctly long stipitate, 99—131 um (&
117.5, £4.25) long, 7.5-8.5 um (J 8.2, £0.18) wide at the
widest point, eight-spored (Fig. 41, j); apical pore blue in
Lugol’s reagent, Hymenoscyphus-type (Fig. 4d) (see Baral
1987), without croziers (Fig. 3e), ascospores biseriate
(Fig. ¢), moderately “scutuloid,” hyaline, non-septate, with
two or more large (and some small) oil drops (living state in
H,O0, Fig. 4f), 1-2 large confluent oil drops in LA (Fig. 4c),
without setulae (Fig. 4f), 14-18.5 um (& 15.98,+£0.51) x 3.5—
4 um (< 3.83, £0.11), becoming faintly brown and often one
septate upon germination on AMA, forming one to two germ
tubes (Fig. 4g), paraphyses cylindrical, hyaline, 2—3 pum thick,
upper septum 37-64 pwm below the apex, strongly refractive
vacuolar bodies observed when mounted in H,O (Fig. 4h);
ectal exipulum of textura prismatica with more or less rectan-
gular cells, 24—40x4-10 pum, cortical cells hyaline (Fig. 4k),
medullary excipulum hyaline, of textura intricata, outer part of
textura porrecta, multi-guttulate in LA, cells 25-50%3.7—
5.1 pm (Fig. 41).

Anamorph (KUS-F52847 03): Phialophores arising on
the superficial vegetative hyphae (Fig. 4n) or directly on
pseudosclerotial plate on AMA, light brown, bearing 1-5
phialides; these with Chalara-like appearance (Fig. 4n, o),
subcylindrical to obclavate, 1622 pum long, venter inflated,
short-cylindrical to ellipsoidal, mostly one, seldom two to
three septate at the base, 8.5-13 (& 10.45, +£1.00) x 3.75—
4.75 um (D 4.35, £0.20), collarette cylindrical 7.5-10.75 (&
8.93, £0.54) x 2-2.75 um (< 2.28, +0.17). Phialoconidia
extruded in slimy droplets (Fig. 40, p), one-celled, short-
cylindrical to short-clavate, ends rounded or truncated, hya-
line, mostly with one, seldomly two small oil droplets, 3—5 (&
4.1, £0.31) x 2-2.5 um (< 2.05, £0.07), the first formed
phialoconidium being short-clavate, often with a truncated
base, 7.5-12 um (< 8.85, £0.99) (Fig. 4p). Germination of
the phialoconidia was not observed.

Remarks: The teleomorph of H. occultus is morphologi-
cally very similar to the other species within the H. fraxineus
group. The species differs from H. albidus and H. albidoides
in the formation of an anamorph in culture. The anamorph
revealed distinctly elongated and slightly longer phialoconidia
(especially the first-formed conidium) compared to
H. fraxineus and H. linearis. Another distinctive characteristic
is the thinner and superficial pseudosclerotium on the petioles.
In addition, it revealed the following unique nucleotide posi-
tions in the ITS sequence alignment, incorporating all

reference strains of the H. fraxineus group (Online Resource
1): 53(C), 86(A), 94(T), 106(C), 331(C), 381(T), 384(A),
394(T), 397(T), 437(A), 453(T), 465-467(TCT) and 470(A).
Further unique characteristics were revealed in the calmodulin
alignment (Online Resource 2) at the following positions:
2(C), 14(G), 16(T), 34-38 (TTGAG), 57(C), 82(A), 99(C),
119(T), 158(T), 176(A), 181(A), 183(C), 235(A), 238(A),
241(T), 251-255 (deletion), 287 (G) and 307(C).

Discussion

Our investigations of Korean collections confirmed the pres-
ence of H. fraxineus in Korea, as suggested by Han et al.
(2014). In addition, two novel species of the H. fraxineus
group were revealed. Both new species were recognized based
on the GCPSR concept (Taylor et al. 2000), as well as on their
morphology. The putative H. fraxineus sample KUS-
F52613 1 represented the only serious violation of genealog-
ical concordance because, in marker EF1-«, it grouped not
with H. fraxineus samples but within the clade containing
H. albidus. The same incongruence had already been
detected and discussed in a phylogenetic study with
Japanese samples of H. fraxineus by Zhao et al. (2012) and
might represent a case of ancient hybridization or incomplete
lineage sorting.

Even though our morphological analyses suggested that the
two new species are theoretically distinguishable from other
species of the H. fraxineus group, it will prove difficult to
recognize them using solely morphological techniques, mak-
ing them near-cryptic species. Cryptic specie complexes in
fungi are frequently found (Griinig et al. 2004; e.g., see
Barnes et al. 2004; Oono et al. 2014) because, in microbial
organisms with a limited number of cells and morphological
characteristics, it is assumed that genetic change occurs faster
than morphological change (Taylor et al. 2006). However,
cryptic species are often distinguishable based on their ecolo-
gy or distribution range. In the current study, however, niche
specialization is not evident at first glance. The three different
species among the Korean collections occurred on the same
host species, F. chinensis subsp. rhynchophylla, in the same
host organ (petioles), and at roughly the same geographic
location. Nevertheless, the collections with mature ascomata
assigned to H. koreanus were consistently collected earlier in
the year than those of H. fraxineus, indicating a slightly dif-
ferent fruiting time of these species in Korea. If this could be
confirmed, it would be interesting to investigate why Korean
H. fraxineus only fruits towards the end of summer, whereas
the sporulation time in Europe can last from May to October,
i.e., spanning almost the whole vegetation period (Gross et al.
2014a). The fruiting times of H. occultus and H. koreanus
overlap since ascomata of both species were detected in the
same collection (see Table 2, KUS-F52847 Fk1-3). The
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superficial pseudosclerotium of H. occultus further suggests
the possibility of host tissue specialization. Organ specializa-
tion and different fruiting times seem to be common phenom-
ena within the genus Hymenoscyphus; e.g., Hymenoscyphus
fructigenus can be found on the woody part of the cone-like
fruits of Alnus glutinosa in early Autumn, whereas
Hymenoscyphus seminis-alni is only known from seeds
(botanically = nut) of 4. glutinosa, and apothecia are produced
in late autumn (Baral 1996).

Homothallism and the ability to produce the anamorphic stage

Spontaneous ascocarp production in culture was observed for
H. linearis, H. albidus, H. koreanus and H. occultus, suggest-
ing these species are capable of self-fertilization and have a
homothallic reproduction system (i.e., each haploid individual
is sexually compatible with itself). Indeed, for H. albidus, the
mating type locus was sequenced and a classical homothallic
structure was identified (Gross et al. 2012). The fact that ger-
mination of ascospores was only observed after repeated spor-
ulation might be due to the laboratory setup; e.g., unnatural
light conditions.

Apparently, H. albidus does not produce any anamorphic
stages in culture and it has been suggested this might be due to
its homothallic reproduction system (Kirisits et al. 2013). In
contrast, H. fraxineus develops a Chalara-like anamorph (see
Kowalski 2006) and several lines of evidence indicate that
phialoconidia of the Chalara anamorph serve as fertilizing
units of the teleomorph of H. fraxineus (Gross et al. 2012).
In our experiment, H. koreanus only developed phialides and
did not produce any conidia. H. occultus frequently developed
an anamorphic stage very similar to that of H. fraxineus
(Kowalski 2006) and H. linearis (Gross et al. 2014, accepted
article). It is possible that the optimal conditions for anamorph
development of H. koreanus were not met. However, we be-
lieve that the observed structure represents a degenerated ana-
morphic stage because H. fraxineus and H. occultus devel-
oped a normal anamorph under the same conditions. From a
pathological point of view, it would be interesting to investi-
gate whether the anamorphs of H. occultus and H. linearis are
functional since spermatia might enable interspecific hybrid-
izations within the H. fraxineus group.

All the newly discovered members of the H. fraxineus
group suggest that further members may be awaiting detec-
tion. The evolution of host specificity and the mating system
of species within this group might have played a prominent
role in speciation and deserve our future attention. The genus
Fraxinus contains over 64 accepted taxa (Wallander 2008),
evidencing the potential existence of as yet unknown species
belonging to the H. fraxineus group. Those species currently
detected certainly pose the risk of hybridizing with each other
and becoming virulent or increasing in virulence, not only on
F. excelsior in Europe, but also on Asian, North-American and
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other Fraxinus species in the world. Thus, intercontinental
translocation and transference of these species should be
avoided.
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