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Abstract

In recent decades the vitality and physical stability of European ash trees in Germany have been reduced by European ash
dieback, especially when associated with stem collar necroses and rots. This study was carried out to investigate the com-
position of the fungal communities associated with stem collar necroses. Filamentous fungi were isolated from 58 ash trees
out of nine forest stands in northern, eastern, and central Germany. Obtained isolates were identified to a genus or species
level by means of morphological and molecular analyses. In total 162 morphotypes including endophytic, saprotrophic, and
pathogenic fungi were isolated. For 33 species found no prior reports from Fraxinus excelsior were recognised, including
Cryptostroma corticale and Diplodia sapinea. None of the identified species were found at all studied sites, though Diplo-
dia fraxini was the most common fungus with regard to frequency within all isolates, occurring at seven sample sites. This
species is followed by Hymenoscyphus fraxineus, Armillaria spp., Neonectria punicea, Diaporthe cf. eres, Fusarium cf.
lateritium, and Paracucurbitaria sp. in order of frequency within all isolates. The aforementioned species are characterised
and analysed in respect to their occurrence in stem collar necroses and at sample sites. The influence of site conditions on
the fungal composition was described for five intensively sampled sites with a minimum of five studied trees (Schwansee,
Rhiiden, BerggieBhiibel, Satrup, and Schlangen). The sampling site of Schlangen was further subdivided into four subplots
with different positions in the terrain. In the remaining four extensive sample sites, either one or two trees, respectively,
were sampled and analysed (Oranienbaumer Heide, Woltershausen, Wolfenbiittel, and Neuhege). Over all sample sites,
fungal communities of symptomatic stem tissue are similar concerning the most frequent fungi, but vary greatly according
to singularly isolated fungi.

Keywords Fraxinus excelsior - Endophytes - Fungal communities - Ash dieback - Stem collar necroses

Introduction

Since the early 1990s, the European ash (Fraxinus excelsior
L.) is threatened by European ash dieback, caused by Hyme-
noscyphus fraxineus (T. Kowalski) Baral, Queloz, & Hosoya
Section Editor: Claus Baessler (Helotiaceae, Ascomycota). First disease reports came from
Poland and Lithuania (Przybyl 2002; Lygis et al. 2005). In
Germany, the severe disease was observed since 2002 and
the causal agent was first proven in the year 2006 (Hey-
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' Department of Forest Protection, Northwest German Forest deck et al. 2005; Schumacher et al. 2007). Meanwhile, this
Research Institute (NW-FVA), D-37079 Gottingen, Germany invasive fungal pathogen has become widespread in Europe.
2 Department of Environmental Control, Northwest German Affected European ash (hereafter referred to as ash) trees
Forest Research Institute (NW-FVA), D-37079 Géttingen, of all ages show a broad range of symptoms, such as leaf
Germany necrosis, wilting, shoot blight, inner bark discolorations,
3 Fachbereich 10 Naturwissenschaften, Institut fiir Biologie, sunken cankers, epicormic shoots, as well as stem collar, and
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root necrosis (Gross et al. 2014; Langer 2017). Reduction of
Germany
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tree stability and increase of mortality of ash is often con-
nected to stem collar necrosis, which progresses towards
xylem and heartwood. Stem collar necrosis can occur on
trees with or without crown symptoms of ash dieback, but
is often observed on diseased trees (Schumacher et al. 2009;
Husson et al. 2012; Enderle et al. 2017; Langer 2017; Meyn
et al. 2019). Stem collar necroses are defined as basal lesions
with necrotic tissue on the outside and the inside of the stem
mainly caused by fungi (Langer 2017). The actual shape of
stem collar necroses depends on different factors, such as
individual progress or associated fungi. Advanced necroses
are often associated with wood rot caused by fungi colonis-
ing the stem following the initial infection by H. fraxineus
(Langer 2017).

Even though many fungi are reported from F. excelsior
(981 different species according to the USDA website,
Farr and Rossman 2022, retrieved on 17.06.2022) fungi
associated with necrotic stem tissue of ash, specifically in
Germany, have rarely been described (Enderle et al. 2017;
Langer 2017; Meyn et al. 2019). Most frequently isolated
from the necroses at the collar base of diseased ash trees
were Armillaria spp., Diaporthe eres Nitschke, Diplodia
spp., Fusarium avenaceum (Fr.) Sacc., F. lateritium Nees,
Fusarium solani (Mart.) Sacc. (syn. Neocosmospora solani
(Mart.) L. Lombard & Crous), H. fraxineus, and Neonectria
punicea (J. C. Schmidt) Castl. & Rossman (Lygis et al. 2005;
Langer 2017; Meyn et al. 2019; Linaldeddu et al. 2020).
A strong evidence for H. fraxineus being the causal agent
of ash dieback was given by Chandelier et al. (2016), who
proved occurrence of H. fraxineus in the majority of sympto-
matic tissue of ash stem collar. Langer (2017) confirmed fre-
quent isolation from stem collar necroses and the assignment
as primary agent. But not every type of stem collar necrosis
must be primarily caused by H. fraxineus. Langer (2017)
showed that basal necroses can be caused by Phytophthora
under special site conditions, as found in floodplain forests
or by Armillaria spp. on weakened ash trees. The path of
infection by H. fraxineus still remains unknown and little
is understood about the influence of environmental factors
on stem collar necroses. Site characteristics, such as mois-
ture content, are assumed to affect disease severity. Kenigs-
valde et al. (2010) and Margais et al. (2016) determined
that disease severity correlates positively with soil humidity
conditions. It has been suggested that stem collar necroses
development and extent is also related to moist conditions or
humid topographical positions (Margais et al. 2016). There-
fore the design of this study covers a wide range of water
supply types at sampling sites. The composition of the forest
stands combined with their nutrient and water availability
could be a factor in assessing differences in fungal diversity
per stand. Most trees moderately and severely damaged due
to ash dieback were observed at forest sites with a high soil
organic matter content and a neutral to slightly alkaline soil
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pH (Turczarnski et al. 2019). Hence, it can be suspected that
fungal composition depends on soil and water availability
just as well (Linaldeddu et al. 2011; Salamon et al. 2020).

This study is conducted as part of the demonstration pro-
ject FraxForFuture and the sub-network FraxPath (Langer
et al. 2022). The aims of this research are to fill knowledge
gaps concerning the a-diversity of cultivable Dikarya Hib-
bett, T. Y. James & Vilgalys associated with stem collar
necroses of trees affected by ash dieback and the composi-
tion of their fungal communities. Therefore, fungi associated
with necrotic stem bases of ash were isolated and identi-
fied from 58 ash trees in order to determine the continuity
and the frequency of H. fraxineus and secondary fungi. The
role of the most frequent fungi in the process of stem collar
necroses formation is discussed.

Materials and methods
Sampling sites

In total, six federal states of Germany (Lower Saxony, North
Rhine-Westphalia, Saxony, Saxony-Anhalt, Schleswig-
Holstein, and Thuringia) were investigated. Nine mixed
broad-leaved forest stands with a substantial share of F.
excelsior affected by ash dieback were selected in order to
cover different sites with a wide range of soil water supply
types (Table 1 and Fig. 1). The sample sites are located in
northern, eastern, and central Germany with sub-oceanic to
sub-continental temperate zones. All sites are eutrophic and
cover the most common substrates of ash stands in Germany.
Basic soil and geological data were acquired by using geo-
logical maps with a high resolution (scale 1:25000) of the
respective federal geology departments and the forest inven-
tory and forest site mapping data sets of the federal forestry
authorities. Additional data from soil core sampling, soil
profiles, and soil analyses were available for the sampling
sites of Rhiiden, BerggieBhiibel, Schwansee, and Schlangen
because these sites are part of other studies associated with
soil inventories: The site of Rhiiden is part of the national
forest soil inventory. Schwansee and BerggieBhiibel corre-
spond to the intensive monitoring plots “TH_1 Schwansee”
and “SN_2 Bienhof” of the research cluster FraxForFuture
(Langer et al. 2022). The largest forest stand continuously
including ash trees investigated in this study (Schlangen)
has a pronounced relief and was divided into four subplots
to investigate different positions in the terrain. In this case,
intensive soil exploration was conducted to differentiate
between the four subplots, including pedological assess-
ments and soil sampling from soil profiles.

The shallow sites (Rhiiden, Schlangen 2) in exposed
terrain positions on limestone with high coarse soil frac-
tions and low water storage capacities represent the driest
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Table 1 (continued)
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Forest site (coordinates

UTM)

Springer

Fraxinus excelsior,

Slightly moist, moder-  Cretaceous limestone,

Moderately sub-

upper slope, NNW,

305

Intensive sampling

Schlangen 3

Fagus sylvatica, Acer
pseudoplatanus,
Prunus avium

moderate loess cover
(clayey loam)

ate water holding

capacity

atlantic

slight inclination

(0-9%)

(4;01.11.2021)

(32 U 492515 5740880)

Fagus sylvatica, Acer

Slightly moist, moder-  Cretaceous limestone,

Moderately sub-

hill top, W, slight incli-

316

intensive sampling

Schlangen 4 (32 U

pseudoplatanus,

moderate loess cover

(clayey loam)

ate water holding

capacity

atlantic

nation (0-9°)

(6;01.,02.,

492738 5741014)

Fraxinus excelsior,
Prunus avium

08.11.2021)

end of the ecological niche of ash. Several other sites have
moderate (Schlangen 3, Schlangen 4, Wolterhausen) or
high water storage capacities (Wolfenbiittel, Schlangen 1)
because of medium to deep loamy loess covers or colluvial
deposits. The remaining sites are primarily characterised
by either stagnic soil conditions (Satrup, BerggieBhiibel),
slope water influence (BerggieBhiibel), or groundwater
influence (Oranienbaumer Heide, Schwansee, Neuhege).
Soil substrate, water retention capacity, terrain relief, cli-
mate, and presence/absence of groundwater or stagnic soil
properties (Table 1) were combined to create a ranking of
site water supplies of the sampling sites (Online Resource
1 and Online Resource 2).

Between one and nineteen trees were excavated and
sampled per site. Hence, the sampling sites were divided
into intensive and extensive sampling sites. The intensive
sampling sites had a minimum of five and a maximum
of 19 sample trees. Intensive sampling was conducted
in Rhiiden (10 sampled trees), Satrup (5), BerggieBhii-
bel (11), Schwansee (8), and Schlangen (19). Each inten-
sive sampling site or subplot was 0.2-0.5 ha in size. The
extensive sampling sites with only one or two examined
ash trees were taken into account only for fungal occur-
rence: Woltershausen (2 sampled trees), Wolfenbiittel (1),
Neuhege (1), and Oranienbaumer Heide (1). These indi-
vidual trees were included to increase the sample set and
the distribution of investigated stem collar necroses and
their associated fungi.

Sampled trees

In total 58 ash trees were sampled, including six trees ini-
tially selected as control trees (two in BerggieBhiibel, one
in Satrup, and three in Schlangen; Online Resource 3). The
diameter at breast height of the sampled ash trees ranged
from approximately 7-25 cm. The age of the sample trees
ranged from 15 up to 80 years. The majority was approxi-
mately 40 years old. Classification of stem base and crown
condition of the studied trees was carried out according to
the guidelines of Peters et al. (2021a, b). Additionally, the
neighbouring tree species occurring in the studied stands
were noted (Table 1).

Ash trees were felled in the years 2020-2021 and cut at
least 15 cm above the visible necrotic area. Subsequently,
trunk bases and the uppermost parts of the main roots were
dug out with picks and shovels. Depending on soil struc-
ture (rock content) final roots were cut by chainsaw with
a .325-in. Rapid Duro 3 (RD3), 1.6-mm chainsaw chain
(STIHL AG & Co. KG, Dieburg, Germany). The stem col-
lars were transported to laboratory in clean and marked
plastic bags.
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Fig. 1 Sampling sites in Ger- 3 6°F
many divided in intensive (red)
and extensive (yellow) sampling
sites with a detailed view of the
special study site Schlangen and
its feature of splitting in four
subplots with different terrain
positions (resources: QGIS 3.24
© GeoBasis-DE/BKG (2022),
DGM1 © GeoBasis NRW

(2021))
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Isolation of fungi

In preparation for fungal isolation, tree stems were cleaned
with a coarse brush under tap water. After air-drying over-
night, the samples were processed in the laboratory. Each
sample was photographed for documentation. Bark was
removed from symptomatic stem areas at the transition
zones of living and dead woody tissue. Depending on the
thickness of the bark either a sterilised knife or a scalpel
was used for removal of the bark. The exposed tissue was
sprayed with 70% ethanol all over the necrosis. For chipping
of wood tissue samples a chisel and hammer were used. All
tools were sterilised by flame shortly before each use. The
top tissue layer of the sample was discarded and only the
sterile layer directly underneath was incubated. The number
of wood chips taken from each tree varied depending on the
size of the necrosis. Three of the 5—10-mm-long wood chips
were placed in a 90 mm petri dish containing malt yeast

peptone (MYP) agar, modified according to Langer (1994)
containing 0.7% malt extract (Merck, Darmstadt, Germany),
0.05% yeast extract (Fluka, Seelze, Germany), 0.1% peptone
(Merck) and 1.5% agar (Fluka). Once the surface of necroses
was processed, stem collars were cut longitudinally with a
band saw and carefully sanded for better visualisation of
the discolorations. The longitudinal sections were treated
according to the isolation method for the surface of necrosis
described above. Wood chips were taken at the edge of the
necroses and at the transition areas of different discolora-
tions. The process was repeated with the cross section of
the stem (Fig. 2).

The petri dishes containing wood chips were incu-
bated at room temperature under ambient daylight for
four weeks. The cultures were checked for isolates once
a week. Emerging mycelia of filamentous fungi were
sub-cultured into pure cultures. The pure cultures were
grouped into morphotypes (MT) based on similarity of

@ Springer
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O Angustimassarina sp. 1
0O Armillaria spp.
[ Ceratobasidiaceae sp. 1

Didymella sp. 1
Diplodia fraxini

Fig. 2 Fungi associated with the stem collar necrosis of ash tree num-
ber 53 (Online resource 3) from the sampling site Schlangen 2. Iso-
lation loci are numbered. a Sampled stem base from the outside, b

colony morphology. At least one representative culture
for each MT was stored in MYP slants at 4 °C at the fun-
gal culture collection of the Northwest German Forest
Research Institute (NW-FVA). Beside the MT assignment,
contaminated or overgrown fungi were summarised under
“Fungus sp.”.

The frequency of each isolated fungal MT within all
isolates (fy;p) was specified as the percentage of this par-
ticular MT in all isolates. To measure the ratio of mor-
photype isolates to isolation attempts, the frequency of
isolated fungal MT in relation to the total amount of wood
chips (fyc) is used. Continuity of isolated MT is defined as
the number of sampled trees where the MT was detected
in relation to the total number of sampled trees. Analyses
of the fungal diversity found in this study were conducted
using RStudio (v. 4.1.2, R Core Team 2021). The pack-
ages used were tidyverse (Wickham et al. 2019), ggplot 2
(Wickham 2016), and ggVennDiagram (Gao 2021).

The dependency of fy, of the most commonly isolated
fungal MT on site water supply ranks of the intensive sam-
pling sites was tested by using Dirichlet regression (Maier
2014) and the R add-on package DirichletReg (Maier
2021). A non-parametric test is necessary because site
water supply is an ordinal variable. The ranks are based
on a combination of soil water retention, soil stagnic prop-
erties, relief, topography, and climate characteristics of
the study sites and correspond to the site descriptions in
Table 1 and Online Resource 1.

@ Springer

Cosmospora sp. 2 O Exophiala sp.
[ Fusarium cf. lateritium
O Fusarium sp. 1

0O Hymenoscyphus fraxineus O Paracucurbitaria sp.
Neonectria punicea 0O Xylaria longipes

longitudinal-section of stem base with visible wood discoloration, ¢
basal cross-section of stem base, and d cross-section of the stem base
above ground level every 10-15 cm

Molecular analysis

For molecular analysis, at least one representative strain
from each MT was chosen. Mycelium was placed in 1.5-ml
Eppendorf tubes with three glass beads (3 mm) and 150 pl
of TE buffer (10 ml 1 mmol Tris HCI (pH 0.8), 2 ml 0.5
mmol EDTA; Carl Roth, Karlsruhe, Germany), and crushed
in a Mixer Mill MM 200 (Retsch, Haan, Germany) with
25 vibrations per second for 90 s. Subsequently, genomic
DNA was extracted following the protocol of Izumitsu et al.
(2012).

The 5.8S nuclear ribosomal gene with the two flanking
internal transcribed spacers ITS-1 and ITS-2 (ITS region)
was amplified for all strains using the primer pair ITS-1F
(Gardes and Bruns 1993) and ITS-4 (White et al. 1990).
Additionally, for a selection of strains belonging to Armil-
laria, a partial sequence of the translation elongation factor
la (EF-1a) was amplified using the primer pair EF595F +
EF1160R (Kauserud and Schumacher 2001). The PCR mix-
ture consisted of 1 ul of DNA and 19 pl mastermix which
contained 2.5 pl 10x PCR reaction buffer (with 20 mM
MgCl,, Carl Roth, Karlsruhe, Germany), 1 pl of each primer
(10 mmol), 2.5 pl MgCl, (25 mmol), 0.1 pl Roti®-Pol Taq
HY Taq polymerase (Carl Roth, Karlsruhe, Germany) and
2.5 pl of 2 mmol dNTPs (Biozym Scientific GmbH, Hes-
sisch Oldendorf, Germany). Each reaction was topped up
to a volume of 20 pl by adding sterile water. A StepO-
nePlus™ PCR System (Applied Biosystems, Waltham,
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Massachusetts, US) was used to carry out the DNA ampli-
fications. The PCR conditions for the amplification of the
ITS and EF-1a regions were set according to Bien et al.
(2020) and Guo et al. (2016), respectively. A 1% agarose
gel was used to visualise the PCR products. The products
were sent to Eurofins Scientific Laboratory (Ebersberg,
Germany) for sequencing. Initially, PCR samples of the ITS
region were sequenced using the forward reaction (primer
ITS-1F). In case of imprecise results, additionally, reverse
reactions (primer ITS-4) were sequenced. PCR products of
the EF-1a sequence region were sequenced by the respec-
tive forward and reverse reactions. All resulting sequences
were visually checked and edited as follows using BioEdit
Sequence Alignment Editor (v. 7.2.5; Hall 1999). Consensus
sequences were generated, for all strains with forward and
reverse sequences available. Defective sequence beginnings
and ends were trimmed and erroneous nucleotide allocations
corrected. Sequences were submitted to GenBank (Table 2).

Identification of fungi

Only cultivatable Dikarya fungi were investigated, however,
yeasts were not taken into account. Only isolates which are
clearly growing from the wood chips were determined.
Obvious contamination with filamentous fungi was not
considered. The genus Trichoderma was not included in the
analyses, because it is difficult to assess whether these very
fast-growing fungi were contaminations or real outgrowth
from the wood.

MT were assigned to fungal taxa based on morphological
observation and molecular analysis of representative strains
following the method of Guo et al. (2000). For fungal taxon
determination blastn searches based on ITS sequences were
conducted on the GenBank database (http://www.ncbi.nlm.
nih.gov/genbank, Altschul et al. 1997) excluding uncultured/
environmental sample sequences from the search. Results
were critically interpreted with emphasis on well-curated
culture collections, such as the Westerdijk Fungal Biodiver-
sity Collection (CBS). In general, blastn results on a species
level below a threshold of 98% identity were not trusted to
be accurate enough for final determination. In case no defi-
nite affiliation to a specific taxonomic level was possible,
for example because of more than one hit with a thresh-
old of over 98% identity, the identification was marked by
cf. (confer) to indicate uncertainties. The results were re-
checked against literature and previously identified cultures
from the institute’s collection for confirmation. In addition
to blastn searches, extended analyses for taxon determination
on a species level were conducted for isolates belonging to
Diplodia and Armillaria due to the considerable number
of isolates from these genera. Phylogenetic analyses were
conducted based on an ITS sequence-dataset and an ITS-
EF-1a concatenated sequence-dataset for Diplodia and

Armillaria isolates, respectively, including appropriate refer-
ence sequences retrieved from GenBank. Both analyses were
performed using RAXML v. 8.2.11 (Stamatakis 2006, 2014)
as implemented in Geneious R11 (Kearse et al. 2012) using
the GTRGAMMA model with the rapid bootstrapping and
search for best scoring ML tree algorithm including 1000
bootstrap replicates (Online Resource 4 and 5).

As a rule, current names were applied according to the
nomenclatorial database MycoBank (Robert et al. 2005).
Two exceptions from this generally applied rule have been
made in the case of the MT designated here as Fusarium
solani s. 1. and Armillaria gallica. In the case of F. solani
the authors are aware that there is a currently unsettled dis-
cussion about correct delimitation of this species, or rather
species complex. Here we follow the “classic”” nomenclature
substantiated by Geiser et al. (2021) obverse that promoted
by Lombard et al. (2015) and Sandoval-Denis et al. (2019)
who place said species complex in the genus Neocosmos-
pora (N. solani (Mart.) L. Lombard & Crous). The currently
applied name for A. gallica, according to MycoBank is A.
lutea Gillet. However, Marxmiiller (1992) stated that A.
lutea is a nomen ambiguum and the later introduced name
A. gallica Marxm. & Romagn. is to be used (Burdsall and
Volk 1993).

Results
Sampled trees

The crown health status regarding ash dieback of the
sampled trees ranged from vital and nearly without die-
back symptoms to almost dead. All sampled trees (Online
Resource 3), except for the six planed control trees, had
obvious stem collar necroses through discoloured, sunken,
and in some cases ruptured bark. In cases of ruptured bark,
subjacent stem collars were neither completely rotting nor
dead. During processing of the sample trees in the labora-
tory two out of the six control trees (trees 32 and 42, Online
Resource 3) showed necrotic woody tissue inside the stem
base. Consequently, these two trees were transferred to and
analysed as sample trees (symptomatic sample trees n = 54,
asymptomatic control trees n = 4).

Isolated fungi

In total, 4401 wood chips of stem collar tissue originating
from 58 trees were incubated. A total of 1511 isolates (from
which 226 were not identifiable due to contaminations;
marked as Fungus sp.) from 1413 wood chips (32%) were
observed. 958 chips (22%) showed no outgrowth at all after
four weeks of incubation, while 960 (22%) chips had been
overgrown by fast-growing fungi from adjacent wood chips

@ Springer


http://www.ncbi.nlm.nih.gov/genbank
http://www.ncbi.nlm.nih.gov/genbank

Mycological Progress (2023) 22:52

52 Page8of29

810C DL MUY DLDIUWNY
‘Te 19 Ipusm %00°001 T'6¥9ST AN pInpiusoosig I %S %0C°0 € 961€20dO 9265 sa[1DY DIXNDIUS0ISIg
pup pup
102 -1sspqopnasd -1sspgopnasd
‘Te 19 gooyosg %00001 1°86STT1 AN DLi2anvag I %»T %LO0 I ¢81€20dO 1009  soawodifg DLi2anvag
(paystiqndun) pUPISSLq pupISSDq
[e "Jo Twusen) %00°001  T"CEVCTININ vraanpaog I %T %E10 [4 Ly2eT0dO 6L69  Sa[ma100ddH vraAnpag
(paystiqndun) supj
[e 10 uazfiny -npnd wnipis suppnnd
“USMNIIN UeA %C866  1'€CLE6OLA -bqoainy € WL %€ 0 S 961£20dO 9L19 sappapryiodq wnipispqoa.my
010¢ D1IDJ1]OS Lz ds
Te 39 UgiLD %00°001  1'SYSTSIINH 2uL1020085Yy I %T %L0°0 I 1L2€20dO 0€08 §o[pHoloH 2uL102008Yy
(Pausty
-qndun) yreq “ds +1 'ds
pue uosuyor %00°00T  T'LECC8OHIN 2uL102005Yy 4 %€ %0C°0 € Y¥2ec0dO €0IL §o[pHoloH 2uL1020085Yy
(paysty sadusidao
-qndun) ropm %T9'66  1'LSS996MIN DUD]IULLY
L10T i » dds
‘Te 19 Uewiuag %YL66  T°SLSBIIXDI bLwjuLy S %08 %9701 861 991€20dO 568 $2]D21D3Y bLDIULLY
2D4201U0]
L10T Te 10 DULIDS ¢ "ds vus
ewwoxdqry, %19'86  T'6SL9GYAM  -spuysn3uy [4 %e %9T0 14 £0¢€c0dO LOT9  sapiodsoalq -DSSDUSAIUY
2D4221U0]
L10T Te 312 pulvs 1 “ds puis
ewordqry, %00°001  T'6SL96VAM  -sputisnsuy I %e %€1°0 4 §91€20dO 1665 sappiodsoald -DSSpUIISNUY
papioa
-oysndup
610C T8 19 A %00°00T  T'6€6198HIN DLIDULITY C %S %€€0 S 161€20dO 6119  sopiodsoalq ds vy
(paystqndun)
dwreygng D110303fu1 D110303fu1
pue 1o5ue] %00°00T  1T'66€19S.LIN DLIDULDI]Y 4 %S %0T0 € 91¢€20dO 0r6S  sappiodsoajqd DLIDULDI]Y
SNLADISNUL wr ds
610C T8 19 DA %00°001  T'9TISSSHIN  Saoduoyjunyy I %C %L0°0 ! 0¢cec0dO 8669  Sa[paLo0dlH saokuioyunyy
10]023214DA “ds
10T 'Te 10 UIN %966  1'80IcIedd  wnmuouaidy I %»T %L0O0 1 ¢LTeET0dO 1€08  s2ppawvodiy wunuouta13y
uoneoyn
QouaIy (%) Amuapy dl -uopr jo siseg woy
3R CHlt (%) ‘ou
synsa1iserg [9DN S.LI saNg Amunuo) (%) Aouanbai] sojejostu  uoISSAOY SII Al VAI-MN Iop1Q wnjAyg saroadg

TT0T'90°€T/TT Iseld weq ‘piookuiolpisvg = g D109 w005y = Y 1WN[AUJ ‘y, YIm PIOLTEW I8 L015]22X2 ] WOIJ PAJe[ost sa1oads Jo siodar
151y 91qeqoid ¢, yym padIew are JoI poom Suisned 13unj ‘sioyine 9yl AQ pauTULINOp A[[euly sweu 9y} SI S910ddg,, uwnjod siopio urypiim Afeonaqeydie paios 13uny paje[ost Jo IS g d|qel

pringer

Qs



Page90f29 52

Mycological Progress (2023) 22:52

unsoqoys umnsoqoys
610C 'Te 19 DA %1866 1'0cI8S8HIN  wniuo1avyy ! %T %L00 I L62€C0dO 9T¢8 §aIpLIDPLOS vV unnuojnyy
(paystqndun) “ds *ds avaop
nx pue I %1866 1'86LC8INMIN  wniuiolovyy I %T %L0°0 1 £0€€c0dO cees $I[DLDPIOS v -luojanyy
L10T -ds avaop ¢ “ds avaop
T 10 eAOYOX %9T86  T'VSYOIOXH  -IpIspqoInia)) I %T %L0O0 1 £92€T0d0O €008 s2pjja1vyIuny) a4 -prpqopia)
L10T “ds wnipis 1 “ds avaop
Te 39 UelUysyer] Y866  1'TVC98LXMA -bqoIvia) ! %e %e10 (4 §9¢€0dO €008 $2[pjj240Yjuny) q -Ip1vqoia)
ppjpomad wg PIopnoad
710¢ ppj21yoLio] pjjeyoLio]
‘Te 39 sno1y %T66 1°€68¢ST AN -vyda) I %T %L0O0 1 ¢eCeT0do CYOL  S2[POSDOLIIN v -vyda)
WNSoun.e
winiiods “ds wnriods
610C T8 19 DA BLT96  1'0€0998HIN -odu) I %T %L0°0 1 L0€€T0dO 9¢€8  SIPas 9rIadU] v -odu)
(paystqndun) wninqaay g Wning
e 10 eAeD %Cy'66  1°0996S1ZIN DUAY I %»T %LO0 1 L8C€T0dO L8T8 $2[HoloH vV =y vupdp)
(paystiqndun)
dweygng wn.1ojpul 7 ds
pue 1o5ue] %00°00T  T'S6ET9SLIN nioydopn) I %C %L0°0 1 11€€20dO 8L¥8 so[pHojoH v nioydopn)
(paystiqndun)
dweygng wn.1opul 1 'ds
pue 1o5ue] %0000 1'S6ET9SLIN nioydopn) [4 %E %0T°0 € 86C€C0dO 001L soppyoloH v nioydopn)
©0Z0T psoun.a g DSOwDA
e pue ustg %00°00T  T'9S6CETNIN nioydopn) 4 YL %€S0 8 €0Tec0dO 619 §o[pyojoH v nioydopn)
nuyau nuijou
810C s210q1y %066 1'CYeI6LHIN nuoydopn) I %T %L0O0 I 8¥C£€C0dO $869 $a|p1oPH v nioydopn)
viod aq Mod
10T -SOULIIXIP -SOULLIXIP
‘[e 39 gooyosg %00°001 1687611 AN nioydopn) € %01 %BELO I 92Cec0dO 920L §o[pHojoH v nioydopn)
DaL2U1D DaL2U1D
610C Te 19 DA %00°00T  1'80T098HIN sudyog € %6 %010 9 ¢lcecodo ¥L89 sa[pyojoH v Jo suduyog
(paystiqndun)
$90IN0SoY
onauah [elq
-OIOIJAl JO Uon visnpo 4DISNpD
-99[10D ue9[IyD %0000 T'OTETTENN  apuvyialg € %6 %€€0 S £€91¢20dO ev6s sapaodsjoq d DadpunL2lg
(Payst|
-qndun) uos iU
-~IBJA pue [eled %€0°'66  1'008T9V A -uaiuv viodsig 1 %T %L0°0 1 00€£20dO 6CE8  SIPas 9eladu] \ x ds paodsig
uoneoyn
Qouargy (%) Amuapy dl -uapl Jo siseg oy
Ppajeost (%) ‘ou
synsariserqg I9ON S.LI SIS Amunuo) (%) Aouanbar] soje[oSI U UOISSAOY SII I VAI-MN Iop1Q wnjAyg soroadg

(Ponunuod) 7 9[qel,

pringer

a's



Mycological Progress (2023) 22:52

52 Page 100f 29

120T s2.42
‘[e 39 TUIessOH %00°001  1°S89YTOMIN $242 ay110dpiq L 394 %¥8'€ 8¢ GS1€20dO vT6s  sayriodoiq vV P ayuodoiq
910¢
IKew[3oA ppjoUOIGN.L g DIDIoUOIqIL
pue yosyper %00°001 T'ISOLPI N PI12144410194D I %T %L00 I ¥0€£€20dO €eeg  s9niodsoald vV ppudyop)
2]D211.10D i #21D211100
610C Te 19 nA %00°001  T'SO0LSSHIN ~ puio41s01dd1) C %S %0T0 € 8S1€20dO [453Y $aDLIDILY vV puwodsordsi)
9107 Suenyz av1ySIAD] 7 ds
pue3uaz  %00°001 1¥T9€9SNNM  piodsouiso) 4 %S %020 € 797€20dO S60L  sapasoodiy vy viodsouso)
(paystqndun) “ds [ 'ds
Ie 10 elloy %186  1'SLES6VAIN — piodsouwiso) I %T %L00 I y£c€c0dO vhOL  soatodif Vv piodsouwso)
S10T noiday -ds avao
Te 10 Suepm %00°001 1°81€091 AN  pja1uosung I %T %L00 I £CCeC0dO G969  s2paio0diy vV -ondiddpio)
SN22DI1MU wSN22DI1U
S10C 'Te 1 Sueg %00°00T  1°C66CTLIA snjjoutido) € %61 %OV'1 (44 681¢£20dO 8¥09 $2]DI1DSY q snjjoutido)
£S2IDU
(paysrty SMIDUNUISSTP -1UISSIP
-qndun) oafuersy %5866  1'66SLLOAM snjjoutido) C %01 %6L°0 cl LLTEC0dO 1668 §2DoLIDSY q snjjputido)
(payst suvipn.a « T Suvippi
-qndun) A3eN  %00'001  ['LITEYGNT  snjjoutido) I %T %L0°0 I T1€€20dO 0658 $2]D21D3Y g o snjjaurdo)
(paysty Suppna w1 SuvIppI
-qndun) £3eN %00°00T  T'LITEVONI snjjoutido) I %T %L00 I 12cec0dO 2969 $2DoLIDSY g 3o smjjaurido)
snonsauiop (SNoysauiop
10T 'Te 30 ULy %00°00T  T'TOcCEldA snjjputido) I %T %L0O0 I ¥81€20dO 1109 §2poLIDZY g 3o smjjaurido)
(pays1
-qndun) e 39 punjaA $2]D12DYO0 wq PuunjaA
SMISIA 1op UeA %1866 1'VECOSOAN  DIavyd01o) I %T %L0O0 I S0€€C0dO Pees -uoy Y Dplavyoomoy
IpMuUaINI
[ vasou “ds
610C T8 19 NA %ST66 1°€66S91 AN S€yovisouo;) [ %T %L0°0 I yL1€20dO G86S  S2Ipa120ddH vV sdyovisouor)
600C sipi1 ds
‘Te 30 uowirg %00°001  1°165L91NA  winiiodsopvi) I %E %ET0 < 62CeT0dO 6C0L  sapipoudn) Vv wniiodsopp])
wnia3
-1pnpd “TeA wn.1a31pnno
SU2Is2414 §9]D112 “TBA SUIISa414
610C 'Te 1R NA %1866 1'CYILSSHIN wnipLopyy I %L %010 9 06C€C0dO 0628 -pydsojavy) v wnipLopy?
auiffogns “ds
610C '[e 12 NA %00°001  1'88CCOSHIN ~ wniuiojany? 1 %T %L0°0 1 $6¢£C0dO £CE8 §3IDLIDPIOS vV wnnioppvyy
uonesyn
QouaIdjey (%) Amuapy dl  -uopI jo siseq oy
Ppajeost (%) ‘ou
synsariserq 19DON S.LI SIS Amunuo) (%) Aouanbar] soje[oSI U UOISSAOY SII I VAI-MN 0p10 wnjAyg saroadg

(Ponunuod) 7 9[qel,

pringer

Qs



Page 110f29 52

Mycological Progress (2023) 22:52

punniaq -]
LT0T 'Te 32 Suex %8966  1'T8SLI6AN sisdojiuio,] I %T %L0O0 1 96¢£20dO 4% sapaodsjoq sisdojiuo]
(paystqndun)
S90IN0SAY
onausy [elq
-OIJIA] JO uon sadynjaa wSaduynjaa
-99[[0D ues[ID) %HL866 1'E8SYEOIIN buipmuu] ! %T %9T0 4 ¥L2eT0dO LE08 $21D21LD3Y puipmu]
(paystiqndun)
yongex pue sap
lyseyeye], %LLT6  T'96SLTEDT ds mpwrydoxyy I %L %90 4 01€€20dO 06€8  -MAyr019Y) ds vppydoxsy
(pausty
-qndun) yreq
pue uosuyor %8566  1'€60LYSHIN viv] vdding (4 %e BTE'1 0C 091€20dO LE6S SV «0I0] vding
anA2PIY anA2PIY
90202 “TeA nyvajad “TeA 1yvajad
wire(q pue uaig %866 1'I¥9CCTLIN vd{ng ! %e %ee0 S 6L1€20dO ¥66S SaLDIEY Jo vddng
(paystiqndun)
[e 19 zsnd %00°001  1'T6CSESNIN  “ds ponajouus I %€ %10 [4 L81€20dO 8109 o)L ds vonajopusy
910¢ saLid
‘[e 10 D1AGIR[Z %00°00T  1'8500%0I3 ds pjjatonproq I %»T %L0O0 1 ¥91€20dO vh6s  -pydsoluog ds vpjasongioq
810C wnpIpund §aI012 ug WUnpipuvd
Te 10 SugySuoy %00°00T  ['vvOvyOdN wnys025 [ %E %9T°0 14 ¢CCec0do €969  -oduomy2ong wnysn025
900C pauidps §2]D112 g P2urdps
‘Te 19 SIATY %00°001 1°TSPTST AN vipojdiq I %C %L0O0 ! 0L1€20dO 6L6S  -pydsoluog vipojdiq
1coc upxo.lf sapLia uaxpaf
Te 10 Sueyz %00°001  T'6¥V€L8SLIN vipojdiq L BIL %6181 08¢ £61€20dO 1268 -pydsod.yog vipojdiq
00T ds
‘[e 19 [BpaATy %00°001  T'CLYCTSNIN - “ds pjjaudprq I %T %LO0 I 682€£C0dO 6878  s2piodsoa)d av20v]12uPIq
€102 siprdososd y +ds
‘[e 39 snoIy %00°001 1°9€8LET AN vjjaudpiq I %T %L0°0 I £12ec0dO GL89  saniodsoald vjjauspiq
pjjapourd ¢ -ds
20T T8 12 OryZ %00°00T  T°60vSYoMIN vjjpwipIq I %T %L0O0 I £61€20dO LY19  sapiodsodlq vjjawspIq
120g oIeio ¢ 'ds
-09d pue Suepm %8L'66 1'66ET8SMIN  ds pjjaudpiq I %C %L0°0 ! €L1€20dO 7865 s9pi0dsoald vjppuspIq
(paystqndun) DUIOJSOLODUL I ds
e 10 ynlareq %00°00T  T'#ST88SNIA vjjpudpiq I %T %L00 1 191€20dO 6£6S  S2pi0dsoald vjjpudpiq
€10¢C sipnd stpnd
‘[€ 39 Sauwon %00°001  T'vETEVEDN aypiodviq 1 L %9T°0 ¥ ¥61¢£20dO 1€19  saypiodoiq Jo aypiodviq
uoneoyn
Qouargy (%) Amuapy dl -uapl Jo siseg oy
Ppajeost (%) ‘ou
synsariserqg I9ON S.LI SIS Amunuo) (%) Aouanbar] soje[oSI U UOISSAOY SII I VAI-MN Iop1Q wnjAyg soroadg

(Ponunuod) 7 9[qel,

pringer

a's



Mycological Progress (2023) 22:52

52 Page120f29

2u0fiSvaf £2WL0f18D1f
610C T8 19 DA %00°00T  T'L8CSSSHIN uopxod{gy C YL %9C°0 14 ¢61€20dO €r19 saLDILY uojxod{y
DIIDINLLIA “ds
¥10T Te 10 ung %18'66 T'STILSSIM  pHquifiqry I % %L0O0 I L1T€20dO 0£69  $app2100dip $2]p2400dA ]
240IN2198Df <UnInop
610C 'pepeWlly %0000 T'TOPELSLIN vuojoydSg C %E %10 (4 60C€C0dO SYe9 $2]p21D3Y “Jo vuiojoydSy
snauixo.f snouixo.f
(paystqndun) snyd£o snydqo
[ 119 A99[ajueq %00°00T  T'98€SST.LIN -Soudwk g 8 %eS %S8T1 6L1 ¥$1€20dO (443 sappyojaH -Soudwk g
sapioriods wg S2pioriods
-ojpydad -oppydad
610C T8 19 DA %YT66 1°0S1091 AN  stsdojoonuny I %T %L0O0 1 §€CET0dO SYOL $o[pHoloH sisdojoonungy
sunsouup
WNSOUUD UO1 uop1s
610C Te 19 A %9966 1'0S06S8HIN  -PIspqoL2ioH I %e »HEL0 C ¢61¢c0dO 1119 soppnssny -Dqoi219H
e610T
‘Te 1o yelmoyuef %6%'86  1'S69T8LAN s wniydp.n I %T %L00 I 69¢£C0dO L008  $2[DOSDOLIIN “ds winiydp.an
pu1jaf “TeA
WnL04nu
610T Te 12 A %0000T  T'L60¥98HIN Xuspuonn I %€ %10 (4 61¢€20dO LS69  Sappatd0ddy ds xusowoirn
“ds sa|p12 “ds
S00T 'Te 10 S134] %01°66  TTOLLBLAV WnyoLjoan [4 %e %€1°0 [4 LETET0dO §S69  -oduio4nyrong WnyoLjoan
D]012.4218 D]0212.421S
810C Te 19 J18IS %00°00T  1'9L¥OSTOIN wnLosng [ %T %LO0 ! §LTEC0dO TLOL  Sa[patd0ddy wnLisn.g
sapronys
(paysrtqndun) -1430.40ds
nsmopn) - %00°001  1'86TSEILIN wntvsng I % %L0°0 I 6S1£20dO €665 s2[pa1d0diH ¢ ds wnivsng
(paystqndun) wWnoUD.1
stua-[eaopues %00°001 1°690SL1 AN wnrsng C %6 %01°0 9 ¢s1€20dO 0z6s  sowasodiy [ ds winposnyg
(paysiqndun) muvjos 1uDnjos
e 10 Sueyz %00°001 1"eLe6Syid wnisng [4 %Tl %660 Sl £81€20dO €009  s2pa4o0diy WnLIosn,g
G102 WNUIINQUUIDS wnuiong
‘Te 39 plequioT] %00°00T  T"€I8TETINMA WNLIDSH] I %T %L0O0 ! 881€¢0dO €09 soppaddodiy -UDs WNLDSng
(paystqndun) wnLIagn] wny121n]
[e 10 ynloreq %0000 T'9ST88SNIN wnrsng 9 y 343 %08°¢ €S 1$1€20dO 6165 Sappaio0diy IO WnLsng
cloc
133ue| pue pjoonnd swbjoonnd
[[SN-B[UEBnOQ %0000 T'LETTHEOL sisdojiuoyg ! %»T %L0O0 I £6¢€00dO 8Y0L sapodSjoq sisdojnuoyg
uoneoyn
Qouargy (%) Amuapy dl -uapl Jo siseg oy
Ppajeost (%) ‘ou
synsariserqg I9ON S.LI SIS Amunuo) (%) Aouanbar] soje[oSI U UOISSAOY SII I VAI-MN Iop1Q wnjAyg soroadg

(Ponunuod) 7 9[qel,

pringer

Qs



Page 130f29 52

Mycological Progress (2023) 22:52

1qna 1qna
T00T T8 10 Mar] %0866 vuaajorydo I %T %LO0 862£70d0O LT€8  soni0dsoalq v esmwweﬁﬁ
610 Lajoniu g Mnonut
Te 10 1kew[SoA %T1'86 vijisoidoy (4 %E %ET°0 #02£20d0 8079 21X v vijisorday
“ds winip “ds wnip
810 eaesexng %TL96 -nuopoiday ! %T %LO0 60€£20d0O 8¢€8 sa|vo12H v -luopoidoy
120T
dwrexgng npayonf sapp npayonf
pue 15ueT  %00°001 vdnaday I %T %L00 ¥87€20d0 ¥878  -Movydsiydury v vd&marday
(paystiqndun) 40]021q 10]021q
O®YZ pUB B %S1°66 wnpxaxyy I %T %L0O0 897€70d0O 9008 sapInssmy q winpxaxyy
(paysiqndun) puidina -ds
[e 19 eAeD %T8 66 DLUOIUOISDT I %T %L0O0 661£20d0 1619 soawodifg VvV DLuoIsDT
%51]
sigoinud §293 -1gvinut $29
610T T8 19 NA %SS'66 -Lutoauyanyy I %T %L0O0 9L1£20dO 8865 2102103y g  -Cwossuyany
102 pi10ds13uoj
Te 30 ASPHIoA %T9°66 visnuvy I %T %L0O0 1€2€20dO TE0L  sapdodsodld v cds vismuppy
0202 puaiddna puaiddna
Te 1o dweygng  %00°001 vuoydixnf I %T %ET°0 082£20dO 7818 sopi0dsoa)d v puwoydyxnp
Q020¢ ds ds
W] pue uatg %0866 pjjastaso.ovf € %L %9T°0 002£20dO T619 $2D1LID)AY vV pjjasiasononf
(paystiqndun)
dwreygng SU212aDY0d $SUILIDY0D
pue 3URT  %00°001 V128412500001 ! %S %020 762£20d0 7628 saL)LY vV pjjasiasonons
(paystqndun) wn.ivajord ¢ds
[& 10 prequio| %T1°66 LU0 I %T %L0°0 182€20dO [LT8  Sappatd0ddy v LU0
T10e vuadiyl] ¢ ds
Te 10 [eIqED %0866 LU0 I %T %LO0 §$2€20d0O 890L  Sappa120ddlH v LU0
10T DIIUD]ISN] I ds
Te 10 [eIqED %0866 DLIUOK]T (4 %L %9T°0 752€70d0O 160L  s2ppawdodiy v DL2IUOK]T
120T NS
dweygng wnsou1s1gn.i -ou1d1gn.
pue 108ue  %00°001 uojxodsy € %L %0t°0 061£20dO 1509 saLD)X v uojlxod{H
(paystqndun) WNnUPaImoy KUNUDINOY
e e ynfred  %00°001 uojkxodqy I %T %L0°0 1$2€20d0 9P0L $2IDLID)AX v uojxodqy
uonesyn
Uy (%) Amuapy -uapI Jo siseqg woxy
pajejost (%) ‘ou
symsariserq 19ON S.LI SIS Amunuo) (%) Aouanbar] soje[oSI U UOISSAOY SII I VAI-MN 0p10 wnjAyg saroadg

(Ponunuod) 7 9[qel,

pringer

a's



Mycological Progress (2023) 22:52

52 Page 140f 29

p]0I1OD g D10219D
€10T DIIDYD pIODYD

‘[e 30 ouueq 61966 11056 -ouaikdoanN I %C %L0°0 ! 66C£C0dO 8CE8  So[piodsos)d -ouaikdoan
(paysty paorund paorund

-qndun) npg %00°00T  T"SSESSOMIN D1122UOIN 9 %eE %Y1°8 €Cl [L1€20dO 086S  sapatodiy D1122UOIN

nzjoyuany

610C 'Te 19 DA %00°00T  T°0CI¥98HIN PaDIqDJOIN 4 %6 %€S0 8 861¢£20dO SC19 soppnojaH ds vavaqnfosN
910C DADI DLID) “ds vriy

‘[e Jo uopeAel], %0000 T'SET606UN -1GMonooIN I %T %L0°0 ! 0€T€c0dO 1€0L  sappiodsoald -1GMons0IN
810C DULLIOD DLID] g DULOD

e 39 Yosypef %866 1'8ILSO6LAN  -19imonsooN I %T %L0O0 ! C¢L1€20dO 1865 soppiodsoald DUDIGNINI0IN
6107 ds s ds

‘Te 30 UKoy %00°001 THYCI6THIN — DMPSIGoaN ! %T %L0°0 [ 20€€2c0dO [€€8 soppuojaH DIDSINGOIN
(paysy syoyIxa ds

-qndun) nrg %0000 T'6LI9FFLIN  pi£y200sD02N C %S %0C°0 € §2CeT0dO 8969  sani0dsoald DIL2025POIN
1202 ‘B 1R suad.ias wSuad.ias

urejsuswung %00°00T  T'TCEO6LLIN DIUDUIN € %6 %01°0 9 102€T0dO €619 $aDLDILY DIUDUIN
12]0aa]n 7 'ds

610C '[e 19 DA %0000 T'6CCSS8HIN  prLisauowlq I %e %e10 [4 98¢€c0dO 9878 Sowa10diH IDIIDLIIIN
(paysiqndun) “ds uod [ -ds

[ 39 LIgeq[eg %P1I'66 18091094  ~1204puij) C %S %0C°0 € SL1€20dO L86S  soppatdodiy DIIDLIIIN
110 18nfoyiou w x180foyiou

‘[e 3o OUSION %€8°66  1°00008¥1D DIDOISY I %T %LO0 I 8LC€C0dO €708 saproddjoq DIOPOIS
(poystqndun) D2IVALO D2IVALO
dweygng sisdoaavyds sisdoavyds

pue 1o3ue] %00°00T  T'96€T9S.LIN ~OLIN I %T %L0°0 1 06c€c0dO 6€0L  So[piodsos)d O
DAgN.L i PAqn4

610C Te 19 DA %00°00T  T'6I0T98HIN DA220LIIN I %T %LO0 I 8¢C€C0dO 8C0L  sopadodiy D420
WNADALD] WNAvaLD]

600¢C ‘Te 19 s[I'd %00°00T 17990098104 DA220LIIN € %S %0¢°0 € 0Icec0dO S619  saa1o0ddy IO DA220LIIN
L
810C vriodspjyons priodspjyons

‘[e 30 Jouwued %00°001  1°TS6899N  Pruoyd0dviapy ! %»T %LO0 I 8¢eC0dO TLT8  SowatdodSH viuoyr0dvia
vsoqiqng wq Psolqmq

000¢C Te 10 aleZ %00°001 T'THIFST AN  pruoysodviap C %€ %10 4 ¥12€20dO 9.89  saawodiy viuoyr0dvia

s1s0U

610C T8 1 -18nj10nu ds

Jesurexyooyd %00°001 T'6£0¥9T AN pwajorydoy I %»T %L0°0 [ 80££20dO LEE]  soIni0ds0d]d vuaajorydoy

uoneoyn
Qouargy (%) Amuapy dl -uapl Jo siseg oy
Ppajeost (%) ‘ou
synsariserqg I9ON S.LI SIS Amunuo) (%) Aouanbar] soje[oSI U UOISSAOY SII I VAI-MN Iop1Q wnjAyg soroadg

(Ponunuod) 7 9[qel,

pringer

Qs



Page 150f29 52

Mycological Progress (2023) 22:52

14] «1 “ds
610C Te 1R A %C8'86 1'VCILSSHIN vioydoruad I %T %L00 1 S1cec0dO LT69 SIDINSSNY vaoydoruad
iU «DIU
- .&35@“5 - .NMWWSMM\E
610C T8 19 A %0000 T'6€9LSSHIN pioydoruad I %T %L0°0 ! LTCeT0dO LTOL So[pnssny ioydoruad
q0¢0¢ puid1onb sy DUILND
e pue ustg BLY'66  1'6CI9STLIN vaoydoruad I %C %L0O°0 ! 6L.7€20dO 708 $IIDINSSNY vaoydoruad
14] 11947
610C T8 19 DA %€866 1'¥CILSSHIN vioydoruad € %01 %9T'1 6l 081€20dO $66S soppnssny paoydoruad
pjav] s *PI0]
610C T8 19 nA %c€66 1'LI9LSSHIN vioydoruad I %C %L0°0 ! £L2eT0dO 9¢08 So[pnssny uoydoiuad
(paysy
-qndun) yreq DIDUIDIUL <DIDUIDIUL
pue uoysuyof %6966 1'6LCOVLMIN pioydoruad I %T %L0O0 I 6¥¢£c0dO 0L so|pnssny Jo paoydoruag
a0t
BAOURYS DaL2UID +C D24oU1d
pue ASNQOJOA %00°00T  1°S€9810ZIN vioydoruad I %T %L00 1 LLTET0dO 6£08 $IIDNSSNY "Jo vaoydoruad
(paysry D242ULD +1 D24aU1d
-qndun) Sueyz %00°00T  T°098LYCAN ioydoruad € WL %eC0 S 80¢€C0dO 0819 so|pnssny Jo vaoydotuad
avajp a4 2P210p
610C 'Te 19 A %0000 1'686C98HIN wnijpomuad I %€ %10 4 812¢€T0dO 1€69 soppyoLny wnipouad
p102]32U p102]32U
+10T priavydso priavydso
Te 10 KopfIoA %9¥'66 1'6T9SST AN -onydpand € %L %eC0 S 981¢£20dO ¥109  sopiodsos)d -onydvand
(paysiqndun) 110D DLID] “ds vriy
[e "Jo Dysueqlg %0866 1'9C8LYSLIN  -1qinonovind 9 V343 %S0°C Ie 181€20dO 6665 $2p10dsoald -1q-monovand
(paystqndun)
Te 10 utrdg %LO66  TOPISETLIN  ds pruosanQ I %T %L0O0 1 992€c0dO 008  $2[D]j240YIUD)) ds piuoaaijo
010¢ vjiydodip W #P1Ydo
‘[e 19 BAOINOZEd %00°001  T°€1€8TFOD pulv|0g0 ! %T %L0°0 [ L0T€T0dO ¥€9 $2ID1LID)X -&ap vurmjogQ
910¢
1Kew[S0A ppydoofu ppydoofus
pue yosipef %6£°66 1'7SILYT AN DUDISOLSIN I %T %L0O0 1 10€€20dO 0ce8  s9piodsoald DUDISOLTIN
810T 'Te 10 puUa31SO1 “ds
oySurseue %¥9°66 1'STSLST AN  puioydoiasoaN ! %T %L0°0 [ LS1€20dO 8C6S  $2Ini0dsoald puioydojasoaN
a01D3DLf
(paystqndun) DIaDYOI -ds pgavyo
[ "Jo Dysue[lg %00°00T  1"€C8LYSLIN -ouaikdoaN 1 %T %E1°0 [4 £6¢£C0dO €678 So[piodsoa)d -ouaikdoan
uoneoyn
Qouargy (%) Amuapy dl -uapl Jo siseg oy
Ppajeost (%) ‘ou
synsariserqg I9ON S.LI SIS Amunuo) (%) Aouanbar] soje[oSI U UOISSAOY SII I VAI-MN Iop1Q wnjAyg soroadg

(Ponunuod) 7 9[qel,

pringer

a's



Mycological Progress (2023) 22:52

52 Page 16 of 29

wniou
-und snaspou ¢ 'ds avaop
610C 'Te 19 DA %00°00T  T°ST9O¥S8HIN -wdSopnasq ! %T %L0O0 9¥cec0dO CSIL  $21p]0q2]9Y] -loamapnasd
smpnLadsp [ “ds avaop
610C T8 19 nA %0000 1'8€0T98HIN $§224u1020) I %T %L0°0 ¥2Tec0dO 9969  $2P]0g2]9Y ] -hoanapnasd
(paysiqndun) wn. “ds
[[opISHIY %1866 1'18698SODIN  -PqiaY puioyd I %T %L0°0 90€£20dO ceeg  sapiodsoald saprodsoald
(poystqndun) vIIpDL «DIDIPDL
[e 30 93po] %00°00T  T'CE6ISSLIN n1qa1yd [4 %S %0T0 $81€¢0dO €109 sapiodsjoq D1qo1yd
8107 'Te 10 p3u0]qo “ds
SIoemafoBH %00°001  1'966ESSON  Pirydadoiyd I %»T %L0°0 9€7€c0dO 569 so[pyoloH viydad0piyd
10T avaond g 2P221d
‘[e 39 gooyos§ %00°001 T'6IEITT AN pydadowiyd [4 %6 %ES 0 91¢€c0dO 8¢0L §o[pHojoH vydasowiyd
(paystiqndun)
ployswey nuiiof g Hunof
pue WO %00°001  1'S009LTLIN Pivydadoviyd I %C %L0°0 8€CcT0dO 960L sa[pyoloH vipydasoppyd
woddnip g
L10T bpipL0s § ppipLos
‘[e 39 susayng %00°001  1'8€TI9LNN 21oDY20.L9uDYq ! %»T %L0O0 ¥$cec0dO s0L sajpiodsjod 21a0Y2012uPY
aporyd
-o011224]8
p11avydso “ds
610C 'Te 19 DA %00°001  1T'¥CLTOSHIN -avyd I %»T %L0O0 ¥92€20dO 12eL  sapiodsos)d DLDYdSOIVY
D12
910¢C ‘T8 19 uay) %S8L6 1'€S9SST AN ppnotzad I %T %L0°0 01c€c0dO 090L so[pHoloH ¢ “ds mpmorzaq
(paust|
-qndun) safuersy %YL'96  T'08SLLOAM ds ppnorzad 4 %e %9T0 09¢€c0dO YSIL §aI01OjoH T “ds vpnorzag
D]02121pDA
610C 'Te 19 DA %S0°S6  1'86VC98SHIN ppnorzad ! %T %LO0 §0¢€C0dO Cli9 $2|p1oPH [ “ds vnorzag
(paystiqndun)
JUBULIOH ndn.j 1ndn.jsou
pue UOSIBJN %00°00T T'6£9S99HIN -S04 D]noLZad I %T %L00 SYec0dO 9L6S §aI01OJ12H Jo ppnd1zad
psopn.Lods pson.Lods
910T T8 uayn %00°00T  T"LSTO6S8IN ppnorzad [ %e %eE0 891€20dO YOIL sappyolaH Jo ppno1zad
14] +€ ds
610C T8 19 DA %86'L6  T'¥CI9LSSHIN vaoydoruad I %C %L0°0 9LT€c0dO 8€08 So[pNSSnY vaoydoruad
(paystqndun) 124] xC 'ds
[ "J9 BAOIOP9] %E866  1'SEYOrOXI pioydonad 1 %T %L0°0 £9¢£70dO 9CCL S2IDINSSNY vaoydotuad
uoneoyn
Qouargy (%) Amuapy dl -uapl Jo siseg oy
Ppajeost (%) ‘ou
synsariserqg I9ON S.LI SIS Amunuo) (%) Aouanbar] soje[oSI U UOISSAOY SII I VAI-MN Iop1Q wnjAyg soroadg

(Ponunuod) 7 9[qel,

pringer

Qs



Page 17 0f 29 52

Mycological Progress (2023) 22:52

“ds “ds
20T Te 9 2] %00°001  1°600191X0  DLyo2UOY |, I %T %L00 8L1€20dO €66S  $2IpaL00dLy DLIOIUO)IY |
wnovIu
610C 'Te 19 DA %00°001  1'9C9CO8HIN  -9uliv Uina1ajg [4 %S %01°0 L91€20dO 0L6S Sojpnssny 5 ds wnatarg
610C wopinoq sds
‘T8 19 OUS3SION %0000 T'S90SO6LMIN ~ WnulLLays291g I %T %L0°0 £8¢¢c0dO £8¢8 sappodsjoq WNULIY29218
q610¢C s2)1}
‘Te 30 yelmoyuef %7966 1'S960FLHIN s xruyrotodg I %T %L0°0 162£20dO 1678  -pwossorydo ds xrap1040dg
pL0odspa1a)
610C 'Te 19 DA %966 1'6CE6S8SHIN piodsopoq I %T %L0O0 962€c0dO 1L0L $2|PIDPLOS ds sapprpiog
wn. g N
€10 uossie| -ods18uojqo -ods13u0)qo
pue BJURINOD] %00°00T  T°0L681TAM Du12.10is18 I %e %0T0 0L2€20dO 8008 S2[pjj4vHIuny Du24101818
(paystqndun) ]021US1] xD]0OONUS1]
[e 10 sAyeg %00°00T  T'6LSYE6ND wnpipIdog ! %T %L0O0 rcecodo 290L sa[pnojaH wnipyicog
wnqo g g
610C ‘T8 19 NA %1866 1701091 AN wnipyIog I %C %L0°0 90C€C0dO (445" so[pyoloH wnpiifog
s1ppofo §1ppILD
S102 piodsou piodsou
‘[e 39 SnoIyH %TT66 T068TI9N  -08p1s042]08 I %T %L00 $8¢€C0dO G878  saqniodsoald -08D150.42]08
vxopoivd $2D12DYD wbxopvand
610C 'Te 19 DA %00°00T  I'8TCLS8HIN pidodoziyog I %T %LO0 19¢€20dO SSIL -ouUiH pidodoziyog
(paysiqndun) amiduolap av1§uolap Jo
prequoy %T966 1'€SII9N AN wnipp]o0ing I %T %L00 1¢€c0dO 190L  s2[pa4oodiy wnpo]204ng
piodsisnf piodsisnf
610C Te 19 DA %90°66 1'890LSSHIN DIUOIIOZIYY ! %T %L0O0 6£2€c0dO LSOL  S$o[vjja40y3uny) DIUOIIOZIYY
(paystqndun) “ds “ds
ssaging pue wmp1iodsod wnipriodsod
I9sweped %1766 1'SOCYCTININ ~220XY Y I %T %L00 L§2€T0dO L60L §2[pHoloH ~2I0XIY Y
910¢ wsfo-op sajv]
‘[é 19 BIISPIA %00°001 T¥r6vST AN -0y ! %T %L0O0 £€¢€C0dO EVOL 1420y dsSOICpy ds pLwmuy
WNADLIDYD g WNADI
s20Kwioy1 -ADYd $208U
610C T8 19 DA %866 1'LCCO98HIN -dopnasq I %»T %L0O0 ¥6C€C0dO v678  s2piodsoald -oyndopnasq
snpj
-nowpuaddp
910C snospou “ds snospou
‘[€ 39 4OO[[eIN %00°001 T'SL8LET AN -wdSopnasq 1 %T %L0°0 112€20dO ey $2Ip]0q21Y] -wlSopnasd
uoneoyn
Qouargy (%) Amuapy dl -uapl Jo siseg oy
Ppajeost (%) ‘ou
synsariserqg I9ON S.LI SIS Amunuo) (%) Aouanbar] soje[oSI U UOISSAOY SII I VAI-MN Iop1Q wnjAyg soroadg

(Ponunuod) 7 9[qel,

pringer

a's



52 Page 180f29 Mycological Progress (2023) 22:52
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sequences, the majority of Diplodia isolates from this study
are placed clearly within a clade of strains of Diplodia frax-
ini (Fr.) Fr., including its ex-neotype (Online Resource 4 and
Online Resource 6). One strain from this study (NW-FVA
5979) is placed within a clade formed by strains of Diplodia
sapinea (Fr.) Fuckel including its ex-epitype strain and the
ex-type strain of the synonymised Diplodia intermedia. The
ITS sequences of this clade differ by one nucleotide, how-
ever, the ITS sequence of NW-FVA 5979 is identical to that
of the ex-epitype strain of D. sapinea. Preliminary morpho-
logical observation of strains of Armillaria indicated affili-
ation to A. gallica. However, A. gallica cannot be clearly
distinguished morphologically from Armillaria cepistipes
Velen. (Tsopelas 1999). Of the 35 isolates included in the
phylogenetic analysis of Armillaria, 33 isolates are placed
within a clade containing reference strains of A. gallica.
The two remaining isolates are placed within a clade of A.
cepistipes (Online Resource 5 and Online Resource 7). Since
only a selection of Armillaria isolates was included in the
phylogenetic analysis due to limited lab resources, a clear
distinction could not be made for all isolates of this genus.
Hence, isolates of Armillaria are combined and referred to
as Armillaria spp. in the final assessment of this study.

The most frequent MT isolated were D. fraxini (21.8%),
H. fraxineus (13.9%), Armillaria spp. (12.3%), and N. puni-
cea (9.6%), which account for nearly half of the isolated
fungi. Perithecia of N. punicea were frequently observed
on the ash bark above the necrotic lesions. All other iso-
lated fungi were less frequent with <4% proportion. The
most abundant MT in respect to continuity beside the
aforementioned D. fraxini (71% continuity), H. fraxineus
(53%), Armillaria spp. (50%), and N. punicea (33%), were
Diaporthe cf. eres (43% continuity / 3.8% fyr), Fusarium
cf. lateritium (34% / 3.5%), and Paracucurbitaria sp. (34%
/ 2.1%). These MT were also most abundant in regard to
occurrence at the nine sample sites (H. fraxineus occurs at
eight sites, Diaporthe cf. eres and D. fraxini at seven sites,
Fusarium cf. lateritium, N. punicea, and Paracucurbitaria
sp. at six sites). When taking into account only the intensive
sampling sites with at least five stem collars studied, there
is an overlap of five occurring fungi: Diaporthe cf. eres, D.
fraxini, H. fraxineus, N. punicea, and Paracucurbitaria sp.

The ash dieback pathogen H. fraxineus was isolated from
31 of the 54 stem collar necroses (57%). It was isolated at
all studied sites except at Wolfenbiittel, where only a single
tree with stem collar necrosis was sampled. The fungus was
detected in both, young and advanced necroses, but not in
the four control samples without symptomatic tissue. Hyme-
noscyphus fraxineus was isolated less frequently at the inves-
tigated sites with better water supply (soil water supply and
climate combined; Online Resource 2).

147 MT (91%) were only isolated from necrotic stem
tissue. Almost one-third of all MT according to their

identification are able to decay wood (Table 2). A signifi-
cant proportion of the isolated species were found here for
the first time associated with F. excelsior, for example: three
isolates from necrotic stem collar tissue were assigned to the
MT identified as Cryptostroma corticale (Ellis & Everh.)
P.H. Greg. & S. Waller and one isolate from stem collar
tissue was identified as D. sapinea. The isolation of Paracu-
curbitaria sp. from the examined samples is the first proof
of this genus from stem collar necroses of F. excelsior. Fur-
thermore, one isolate from necrotic stem collar tissue was
preliminarily assigned to the genus Vexillomyces S. Bien,
C. Kraus & Damm based on ITS sequence comparison.
Further morphologic as well as multi-locus phylogenetic
investigations based on additional DNA regions (ribosomal
large subunit, EF-Ia, and a 200-bp intron of the glyceral-
dehyde-3-phosphate dehydrogenase) revealed this isolate to
represent a novel yet undescribed species of Vexillomyces
(Tan et al. 2022). The MT, which only occurred once in
asymptomatic control samples were assigned to Akantho-
myces sp., Cephalotrichiella penicillata Crous, and Scle-
rostagonospora cycadis Crous & G. Okada. The following
fungi were isolated from stem collar necroses as well as from
symptomless controls: Alternaria infectoria E.G. Simmons,
Alternaria sp., Diaporthe cf. eres, Exophiala sp., Hypoxylon
fragiforme E.G. Simmons, Jackrogersella sp., Paracucur-
bitaria sp., Peniophora sp. 1 and sp. 2, Phaeosphaeria sp.,
Pseudeurotiaceae sp., and Sistotrema oblongisporum M.P.
Christ. & Hauerslev.

Fungal communities in stem collar necroses

The number of MT isolated from stem collar necroses at the
different sites ranged from one (Wolfenbiittel, one sample
tree) to ten (Woltershausen, two sample trees) at the exten-
sive sites and from 29 (Schwansee, eight sample trees) to 87
(Schlangen, 19 sample trees) at the intensive sites. Hence,
the fungal communities at the sites studied differed in their
species composition and diversity (Fig. 4). In Schlangen 52
MT (32% of all 162 isolated MT of this study) out of 87
MT were found exclusively at this site. Nevertheless, the
most common MT in Schlangen are identical with the most
frequent MT over all sampling sites (Armillaria spp., D.
fraxini, H. fraxineus, and N. punicea). Diplodia fraxini was
isolated from almost 80% and H. fraxineus from almost 70%
of the trees studied at this site. 54 MT were found in the
samples from the site of BerggieBhiibel and 30 (19%) of
those occurred exclusively at this site. Likewise, the most
common MT at BerggieBhiibel were D. fraxini, H. fraxineus,
and Armillaria spp. However, N. punicea was isolated only
once there. At the Rhiiden study site, 32 MT were found, 13
(8%) of which were found exclusively at this site. The most
frequent MT were the same as the most abundant MT in
respect to continuity from all samples - except N. punicea,
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Schlangen
(n=19)

Schwansee
(n=8)

BerggieRhubel
(n=11)

Fig.4 Overlap between the fungi isolated from the main sites (with
at least five samples) with the indication of how many of the isolated
fungi were found at each site and between the different sites (absolute
number as well as percantage), empty white areas indicating no over-
lap between the respective sites. Five fungi at the overlap of all sites
are Diaporthe cf. eres, Diplodia fraxini, Hymenoscyphus fraxineus,
Neonectria punicea, and Paracucurbitaria sp. (RStudio 4.1.2)

which was isolated only once in Rhiiden. 31 MT were found
in the Satrup samples, 12 of which (8%) exclusively at this
site. The most common MT in Satrup were identical with
the four most common MT in Schlangen. At Schwansee,
29 fungal MT were isolated in total, 12 of which (8%) were
found exclusively at this site. At this location, the most com-
mon MT besides D. fraxini and N. punicea were Coprinellus
species and F. solani s. 1.

Discussion
Fungi associated with ash stem collars

In total, 162 fungi were isolated from ash stem collars and
differentiated within this study. About half of these fungi
were isolated from stem collar necroses in comparable stud-
ies as well (Lygis et al. 2005; Langer 2017; Meyn et al. 2019;
Kranjec Orlovié et al. 2020). Though 87 taxa (54%) iso-
lated here were not reported by the aforementioned studies.
It has to be taken into account that different sample sizes
and sample site numbers lead to differing numbers of spe-
cies. Considering the mentioned studies, Meyn et al. (2019)
had the smallest sample size with four trees at one sam-
ple site and reported the smallest diversity with 16 fungal
species. Langer (2017) isolated more fungal species (35)
from 32 sample trees at seven sample sites. The correlation
between sampling size and reported fungal diversity is also
confirmed by Kranjec Orlovi¢ et al. (2020) with 68 fungal
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species isolated from 90 sample trees examined at three sam-
ple sites. The non-negligible impact of the number of sample
sites on the detectable fungal species diversity is shown in
this study with 162 MT isolated from a smaller sample size
(58 trees), but a higher number of sample sites (9) compared
to the study of Kranjec Orlovi¢ et al. (2020). Other factors,
such as number of the incubated wood chips or the isolation
method may also have influence on the number of species
isolated. But overall, there seems to be a positive correlation
between sample size or number of sampled sites and species
richness. Langer (2017) observed that, advanced stem col-
lar necroses result in a higher number of isolated species.
This could be confirmed in the present study when taking
into account only the stem collar necroses with isolation of
H. fraxineus.

Similar to studies focusing on endophytes of tree woody
tissues (BuBkamp et al. 2020; Langer et al. 2021) in this
study the majority of fungi isolated belong to Ascomycota
(77.8%). A reason for the lower frequencies of Basidiomy-
cota compared to Ascomycota might be that fungi belong-
ing to the former often need longer incubation periods in
order to grow out from incubated woody tissues (Oses et al.
2008) but since the incubated increment segments were kept
for four weeks on nutrient media, it has to be assumed that
enough time was given for fungi to grow out. However, the
proportion of Basidiomycota (22.2%) in this study is higher
than in the aforementioned studies. The reason for this dis-
crepancy might be the focus on different woody tissue types
in the mentioned studies and hence detection of differing
fungal communities with divergent ecological functions.
Basidiomycota isolated from woody tissues are often related
to wood rot, because lignin is primarily decomposed by this
fungal group and therefore they are more likely to be found
in diseased or necrotic rather than asymptomatic woody
tissue (Eriksson et al. 1990; Bugg et al. 2011). Hence, the
occurrence of white and brown rot fungi in stem collar
necroses is not unusual. Typical white rot fungi like Armil-
laria spp., Coprinellus spp., Bjerkandera adusta (Willd.) P.
Karst., Peniophora spp., Trametes versicolor (L.) Lloyd, and
few brown rot fungi like Fomitopsis spp. have been isolated
from stem collar necroses in this study. The majority of soft
rot fungi isolated here pertain to Ascomycota and the follow-
ing representatives of this group were found: Biscogniauxia
nummularia (Bull.) Kuntze, Hypoxylon spp., Jackroger-
sella sp., Nemania serpens (Pers.) Gray, and Xylaria spp.
(all Xylariales). Besides the occurrence of white and brown
rot fungi, the frequent association of xylarialean wood
decay fungi with stem collar necroses make it plausible that
affected ash trees have a massive loss of stability and tend to
topple over even without wind as a supporting factor.

Approximately one-third of the isolated MT detected in
this study were listed for F. excelsior in the USDA fungal
database (Farr and Rossman 2022). Only one of the most
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frequent MT of this study, N. punicea, is not listed there,
but other species from the genus Neonectria are mentioned.
However, N. punicea was described as one of the most fre-
quent MT associated with stem collar necroses in the context
of ash dieback (Langer 2017; Meyn et al. 2019). The other
most abundant MT isolated in our study Armillaria spp.,
D. fraxini, H. fraxineus, Diaporthe cf. eres, Fusarium cf.
lateritium, and Paracucurbitaria sp. were already described
to be associated with ash (Chandelier et al. 2016; Hanackova
et al. 2017; Langer 2017; Meyn et al. 2019; Linaldeddu
et al. 2020; Kowalski and Bilanski 2021; Barta et al. 2022).
Langer (2017) investigated stem collar necroses of 32 ash
trees and determined the aforementioned species as well—
except for Paracucurbitaria sp. Meyn et al. (2019) isolated
D. fraxini (labelled as Botryosphaeria stevensii), H. frax-
ineus, N. punicea, and Diaporthe cf. eres as well. The most
commonly isolated species from stem collar necroses in the
present study, except Armillaria sp. and Paracucurbitaria
sp., were also isolated in high frequency by Linaldeddu et al.
(2020), although they focussed on symptomatic branches of
damaged ash trees in Italy. The absence of Armillaria sp.
in branches was anticipated, because it is a soil-borne root
and stem rot fungus, colonising its host through rhizomorph
growth (Morrison 2004).

Within the genus Armillaria, A. gallica was the most fre-
quently isolated species in the present study. Additionally
to our isolations, mycelial fans and rhizomorphs of Armil-
laria spp. were observed at all sample sites of this study
and the majority of further studied ash stands diseased by
ash dieback. Armillaria species are common soil colonisers
in Europe and therefore are probably existing in most for-
est sites even before ash dieback occurred (Morrison 2004;
Lygis et al. 2005; Bakys et al. 2009b). They are considered
secondary pathogens and wood-decaying fungi infecting
stressed trees, which explains their occurrence in advanced
stem necroses and root rot (Chandelier et al. 2016). On the
one hand, Armillaria spp. can colonise stem collars after the
necrosis has already formed by H. fraxineus. On the other
hand, they are also able to independently attack a weakened
ash tree without a stem collar necroses due to H. fraxineus
(Langer 2017). As in our study, the occurrence of A. gallica
and A. cepistipes associated with stem collar necroses of
trees affected by ash dieback has been shown by Chandelier
et al. (2016) in Belgium. Enderle et al. (2017) also detected
A. gallica in stem collar rots in south-western Germany.
These results are in contrast to investigations by Lygis et al.
(2005), who determined A. cepistipes as most frequent in
Lithuania. Nevertheless, regardless of which of the two spe-
cies caused infection, Armillaria spp. most likely acceler-
ate the decline of ash dieback-affected ash trees (Chandelier
et al. 2016) and reduce stem stability.

The most frequently isolated species in our study D.
fraxini has been recognised as the dominant species in

comparable studies as well. Linaldeddu et al. (2020) deter-
mined that many reports of D. fraxini on ash have earlier
been assigned to D. mutila s. 1. Phylogenetic analyses
showed, that most of the Diplodia strains isolated in this
study, although morphologically similar to D. mutila, cer-
tainly match with D. fraxini. It is an aggressive pathogen
known to cause bark lesions and wood discoloration or to
enlarge necroses, which are primarily caused by H. fraxineus
(Alves et al. 2014; Linaldeddu et al. 2020, 2022). Kowal-
ski et al. (2017) classified it as the second most pathogenic
fungus after H. fraxineus, though it was not mentioned as a
frequent coloniser of F. excelsior before ash dieback disease
occurred (Kowalski et al. 2016). These facts might indicate
that infections with H. fraxineus facilitate the colonisation
of affected ash trees by D. fraxini. Another possible expla-
nation for the more frequent occurrence of D. fraxini could
be global warming because this species benefits from warm
temperatures of around 25 °C (Alves et al. 2014). In our
opinion, D. fraxini plays an important role in ash dieback
disease and contributes undoubtedly to a greater damage
extent, in particular at stem collar necroses. Besides the
latter very frequent Diplodia species, to the knowledge of
the authors, this is the first report of D. sapinea on ash. In
contrast to the study by Linaldeddu et al. (2020), the spe-
cies D. subglobosa could not be isolated in our analysis,
maybe because they investigated branches and not stem col-
lar necroses.

Neonectria punicea has a large host spectrum, includ-
ing F. excelsior (Hirooka et al. 2013). However, this fun-
gus has rarely been documented from this particular host
species before (Langer 2017; Meyn et al. 2019; Karadzi¢
et al. 2020). N. punicea was found to be associated with
stem collar necroses and cankers of European ash in Ger-
many (Langer 2017; Meyn et al. 2019) and it is able to cause
necroses in juvenile ash trees (KaradZzi¢ et al. 2020). Its
perithecia were observed frequently on the bark above the
necrotic ash tissue (ibid. and Karadzi¢ et al. 2020). Neonec-
tria punicea is mainly known to be a secondary pathogen,
but can also express an endophytic lifestyle (Langer 2017).
Species of the genus Neonectria invade through natural
entrances, like lenticels or artificial wounds, for infection
(Flack and Swinburne 1977; Salgado-Salazar and Crouch
2019).

The isolation of strains assigned to Diaporthe cf. eres
were made from diseased and also from healthy woody ash
tissue in this study. This is in agreement with insights that
Diaporthe eres can live as a plant pathogen, endophyte, or
saprotroph and has a wide host range as well as a widespread
distribution (Udayanga et al. 2014; Linaldeddu et al. 2020).
This species often produces its tiny fruit bodies on dead
woody tissues (Kowalski et al. 2016). In a study by Kowalski
et al. (2017), D. eres showed the least virulence and caused
significantly milder disease symptoms on F. excelsior plants
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than the other tested fungal species. Diaporthe eres could be
considered a weak pathogen in comparison to ash dieback on
F. excelsior. In case of tree weakening by H. fraxineus the
early endophytic presence of D. eres favours a fast patho-
genic attack (Kowalski et al. 2016).

In this study Fusarium cf. lateritium Nees has been iso-
lated frequently from symptomatic tissue and once from
healthy wood tissue. The species is already known from F.
excelsior in association with bacterial ash canker (Riggen-
bach 1956) but its virulence seems to be low in comparison
with other fungal species (Bakys et al. 2009b). Kowalski
et al. (2017) showed, that F. lateritium causes none or only
small necroses on F. excelsior. In general, Fusarium spp.
have a wide host range and are reported as the most common
endophytes in ash bark and wood (Kowalski and Kehr 1992;
Sieber 2007; Bakys et al. 2009b; Kowalski et al. 2016). The
facts described above, indicate that F. lateritium is able to
colonise the bark and woody tissue of ash independently of
H. fraxineus. In association with ash dieback though it is
more likely that the species contributes to the stem collar
necroses as secondary pathogen. Thereby, it is non-essential,
whether acceleration of ash dieback is established by shift-
ing from endophytic to pathogenic lifestyle or colonising the
tree as a secondary pathogen after tree weakening.

As far as it is known, the isolation of Paracucurbitaria sp.
from the examined samples is the first proof of this genus in
stem collar necroses. It was not isolated by Langer (2017)
and Meyn et al. (2019) from rootstock. However, Kowalski
and Bilariski (2021) detected Paracucurbitaria sp. in previ-
ous year’s ash leaf petioles in Poland, Barta et al. (2022)
isolated it from ash twigs in Slovakia, and Hanackova et al.
(2017) reported Paracucurbitaria corni (Bat. & A. F. Vital)
Valenz.-Lopez, Stchigel, Guarro & Cano as an endophyte
of ash leaves and seeds. Therefore the occurrence of spe-
cies from the genus Paracucurbitaria in plant material of
F. excelsior is not striking, but its high frequency in stem
collar necroses was unanticipated. It can be assumed that
the high frequency of Paracucurbitaria sp. is no coinci-
dence, because its detection in stem collar necroses of ash
is increasing in ongoing research at the NW-FVA since sam-
pling for this study.

Besides D. sapinea, there are a few species, which, to
the knowledge of the authors, have not been previously
reported from F. excelsior (Table 2). One of them is C.
corticale, known as the causal agent of the sooty bark
disease on maples. Its main host is Acer pseudoplatanus
L., but it has been proven that C. corticale can colonise
other maple species as well as Aesculus hippocastanum L.
(Enderle et al. 2020). This species was found at sampling
sites with sycamore. In addition to the first reports of ash
as a host, one strain belonging to the genus Vexillomyces
was isolated and recognised as undescribed species. The
genus Vexillomyces was described in 2020 for two species
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(V. palatinus, V. verruculosus) isolated from spore traps
attached to vine shoots. No host organism is known for
these species. Later several species of Claussenomyces and
Tympanis were transferred to the genus (Baral and Qui-
jada 2020). The respective species are known from dead
or living angiosperm and gymnosperm wood, however,
only for V. atrovirens (syn. Claussenomyces atrovirens) an
affiliation to the host genus Fraxinus could be recognised
(Dennis 1986).

Role of Hymenoscyphus fraxineus in stem collar
necroses

The ash dieback pathogen H. fraxineus could not be iso-
lated from all of the 54 symptomatic stem collars. Only in
about half of the trees, the fungus could be determined. It
has been already reported by several authors, that H. frax-
ineus could not be frequently isolated from symptomatic
tissue of ash (Przybyl 2002; Bakys et al. 2009a; Enderle
et al. 2017). A possible explanation for this could be its
slow growth, unfavourable sampling conditions for the
pathogen or too advanced necroses with antagonistic activ-
ity of other colonisers (Kowalski and Holdenrieder 2009;
Hauptman et al. 2013; Gross et al. 2014; Langer 2017).
Often, H. fraxineus could be solely isolated from recently
discoloured woody tissues of the stem collar necroses
(Fig. 2) and is probably supressed in the older parts of the
necroses already colonised by secondary fungi. The afore-
mentioned reasons might have contributed to the moderate
isolation success of the ash dieback pathogen in this study.
Perhaps, fungal community analysis by means of culture-
independent methods, such as high throughput sequencing
or qPCR could detect H. fraxineus more frequently than
by culture based isolation, since these methods have the
potential to detect inactively present fungi or even DNA
residues if the initial fungus has been suppressed by sec-
ondary invaders (Lindahl et al. 2013). Our results on the
Jur and continuity of the association and localisation of
H. fraxineus in basal stem necroses support the assump-
tion, that this pathogen is very often the main or primary
causal agent triggering stem collar necroses. Either way,
H. fraxineus is confirmed as the main pathogenic agent
of the ash dieback epidemic (Kowalski 2006; Bakys et al.
2009a; Kowalski and Holdenrieder 2009; Gross et al.
2014). The only lack of evidence for H. fraxineus at the
study site Wolfenbiittel could be explained by the mea-
gre sample size. It can be assumed that H. fraxineus may
have been isolated if a larger wood chip number or sample
tree size was examined. According to information from
a co-researcher in FraxPath, H. fraxineus was present in
branches of the sample trees at the study site Wolfenbiittel
(Maia Ridley, personal communication).
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Fungal communities in stem collar necroses

The observation of significant differences in the occurrence
of fungal taxa between the investigated forest sites is consist-
ent with the results of Bilaniski and Kowalski (2022). In the
study of Meyn et al. (2019) only two species were found in
all sample trees and many of the identified fungi were single
isolates. Similarly, Kranjec Orlovi¢ et al. (2020) revealed
just few predominating taxa representing half of all fungal
isolates from stem bases of Fraxinus angustifolia Vahl. In
addition, species represented only by a single isolate make
up one-third of all isolates in the study by the latter authors.
The fact, that the composition of fungi isolated in this study
differs with only a little overlap between the sampling sites,
leads to the assumption that adding further sampling sites
would reveal new sets of fungi not recorded in this study.

Relation of the most common fungi to the site
characteristics

Independent of age class and site conditions, European ash
trees can be vulnerable to an infection by H. fraxineus (Pau-
tasso et al. 2013). However, the extent of ash dieback in
the crown and stem collar necroses and tree mortality, most
likely depend on many different factors. Susceptibility of
ash trees to the pathogen, the range of subsequent colonis-
ing fungal species (Langer et al. 2022), tree vitality, or the
environmental context of the forest site and stand (Havrdova
et al. 2017) are some examples. Ash tree vitality is encour-
aged at fertile and (moderately) wet soils, conditions which
are preferred by ash (Walentowski et al. 2017). It has to be
taken into account that for this study only a selection of for-
est sites from a rather narrow area out of the wide range of
European ash was investigated. An optimal soil and water
supply with a sufficient percentage of ash trees was fun-
damental. Furthermore, the selection of sample trees was
subjected to different restrictions. For example the condi-
tion of a diameter at breast height less than 25 cm because
of logistics and processing abilities in the lab. Besides that,
trees with very advanced necroses like completely necrotic
or rotten stem base or dead trees were not suitable for
investigation.

Our preliminary results indicate that H. fraxineus was
isolated less frequent at sites with higher water availability
(Online Resource 2). This is in accordance with the guess
that the fungal composition of stem collar necroses depends
on soil and water availability of the forest stand (Linaldeddu
et al. 2011; Salamon et al. 2020). As mentioned before, this
assumption refers only to the selection of the investigated
forest sites. One explanation could be, that secondary fungi
have more favourable conditions at sites with higher water
availability and thus are able to overgrow H. fraxineus faster
than at drier sites.

For the other most common fungi Armillaria spp., Dia-
porthe cf. eres, D. fraxini, Fusarium cf. lateritium, N. puni-
cea, and Paracucurbitaria sp., Dirichlet regression indicated
no correlation between fy, and water supply rank of the site
(Online Resource 2). Assuming that H. fraxineus as the sole
pathogen influences the extent of damage caused by stem
collar necrosis, this this would be in contrast to the sugges-
tion of several authors that stands with wet soil conditions
show a higher probability that the individual trees affected
by H. fraxineus exhibit greater damage (Gross et al. 2014;
Erfmeier et al. 2019). At Schwansee, the wettest sampling
site, H. fraxineus was only isolated twice. However, the stem
collar necroses were most advanced at these sampling trees,
where a lower isolation rate of H. fraxineus was generally
expected, as mentioned previously.

It was noticeable, that D. fraxini and N. punicea had a sig-
nificantly different fy,c at the various sampling sites (Online
Resource 2), but there was no indication for a correlation
with the site characteristics water supply, soil and bedrock,
climate, or mixture of trees. However, it was observed that
ash trees with a low fyc of D. fraxini had a thinner bark.
Compared with D. fraxini and N. punicea, the MT Diaporthe
cf. eres, Fusarium cf. lateritium, and Paracucurbitaria sp.
had a consistent fy, over all sites. But Fusarium cf. later-
itium was not isolated at Satrup and at the valley bottom in
Schlangen. Due to the lower amount of isolations in this
study, the authors assume there is also a lower probability
of occurrence in stem collar necroses.

Armillaria species were not present at all studied sites
and could not be isolated from the trees in Schwansee. This
result is contradictory to those of Enderle et al. (2017),
who found older necroses to be more often colonised by
Armillaria spp. The progress of the necroses formation was
clearly visible by their partially ruptured wood surface and
presence of fruiting bodies on the necrotic stem areas of
wood decay fungi, such as Coprinellus sp. and Xylaria poly-
morpha (Pers.) Grev. (Liers et al. 2011). Furthermore, the
absence of Armillaria spp. isolates in Schwansee, the most
moist of all sampling sites which is influenced by its ground
water, do not correspond to preference of Armillaria species
for continuously moist soil conditions (Whiting and Rizzo
1999). A possible explanation for the lack of this species in
Schwansee, could be the specific forest site background as a
former lake. The area was earlier used as fishpond until the
eighteenth century. Thus, the soil was subjected to special
formation conditions (Welk 2017) and perhaps it was not
possible for Armillaria spp. to colonise the soil like in other
forest sites.

Many of the other MT detected in this study were isolated
just once, which may indicate no direct correlation with the
investigated forest sites, thus site characteristics like soil and
water supply relatedness cannot be assumed. However, it
cannot be ruled out that the one-time isolated fungi occur
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in other forest sites, than the investigated ones, too. As well
as a higher abundancy is theoretical possible. Additionally,
it is to be expected that the composition of fungi might dif-
fer according to tree age, tree species composition, forest
management type, season, and the like (Scholtysik et al.
2013; Tomao et al. 2020). For example, a more diverse tree
species composition at a forest site could contribute to the
occurrence of a wider spectrum of fungi colonising a tree
(Cavard et al. 2011; Kowalski et al. 2016; Krah et al. 2018;
Tomao et al. 2020). This is confirmed by the isolation of
sycamore-typical fungi like C. corticale und Cy. rubronotata
from F. excelsior in stands with maple trees. It is further-
more supported by the fact that the most mixed intensive
sampling site of BerggieBhiibel has one of the highest fungal
diversity in relation to its sample tree amount. In addition
to its diverse tree species composition, BerggieB3hiibel is the
most eastern sampling site. Satrup is the most northern sam-
pling site and shows high fungal diversity despite its smallest
sample tree amount. This observation suggests that widely
varying sites in Germany lead to differing fungal commu-
nities. Furthermore, a possible underestimation of fungal
diversity in the studied trees may occur since not all fungi
are detectable through standardised culture based methods
or in general (Guo et al. 2001; Allen et al. 2003; Unterseher
2011; Muggia et al. 2017).

Conclusion and outlook

This study provided new insights into the fungal diversity
and communities of endophytes, primary and secondary
pathogens, wood-decaying fungi, and saprotrophic fungi
associated with stem collar necroses of European ash trees.
A rich fungal composition inhabiting symptomatic stem tis-
sue has been revealed with four frequent species occurring
at most of the studied forest sites, but with little overlap
between the sites. The fungal species richness detected in
this study (162) is considerably higher compared to previ-
ous investigations in which 16-75 different species were
detected (Lygis et al. 2005; Enderle et al. 2017; Langer
2017; Meyn et al. 2019). This difference in diversity can be
explained by the larger sampling size (not only tree num-
ber, but also amount of wood chips taken) and the partially
greater number of sites studied. Single trees with only about
20 studied chips of stem collar tissue each (Oranienbaumer
Heide, Wolfenbiittel) had the fewest amount of isolated MT.
Further studies on stem collar necroses can increase the
knowledge of fungal biodiversity on F. excelsior, as clearly
demonstrated by the newly described species, Vexillomyces
fraxinicola (Tan et al. 2022), which was collected in this
study.

The ash dieback pathogen was isolated from only about
half of the trees sampled. Different reasons like its slow
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growth can cause a low isolation rate of the primary patho-
gen. Nevertheless, it is possible that stem collar necroses
are commonly initiated by this fungus. The occurrence
of several pathogenic fungi from necrotic stem tissue of
ash beside H. fraxineus is striking, because of their high
JSur- It was shown that the different fungal communities
of the sample trees are largely dominated by three MT
(D. fraxini, Armillaria spp. and N. punicea) next to H.
fraxineus representing almost 50% of all isolates. They are
considered to play a major role in the progression of stem
collar necroses and rot and therefore also contribute to a
loss of tree stability. The remaining fungi which were iso-
lated from the stem collars necroses turned out to be very
diverse with much lower fy;r, in the majority of cases were
represented with only one isolate. Overall, the synergistic
interaction of different pathogens in the context of ash die-
back, for example H. fraxineus and D. fraxini or N. puni-
cea, can lead to a larger damage in contrast to infection by
only one pathogen (Margais et al. 2010). In this context,
N. punicea poses a serious threat to planted ash forests
and natural regenerations of F. excelsior, especially if
another host tree species, such as European beech (Fagus
sylvatica L.) is in mixture. European beech is potentially
an inoculum reservoir of N. punicea for future infections
of ash stem collars (Karadzi¢ et al. 2020). Therefore, in
the future, the susceptibility of ash to form stem collar
necroses and to be diseased by D. fraxini and N. punicea
should be considered in breeding programmes to develop
more resistant ash trees in relation to ash dieback.

However, stem collar necrosis types caused by other
fungi than H. fraxineus or Phytophthora spp. (Langer 2017),
should not be disregarded. The results of this study show,
that at least one fungal pathogen can be found in the necrosis
without evidence of H. fraxineus. For example, one of the
control samples, which turned out to have necrotic tissue
inside the wooden body, was colonised by Armillaria sp. In
this case, it is likely that the fungus attacked the weakened
tree independently of a pre-colonisation of the stem collar
by H. fraxineus.

Since in this study no correlation between the site factors
and fungal occurrence could be calculated because most of
the isolated fungi were only detected once, further studies
should be carried out at additional comparable forest sites.
Inventories of stem collar necroses at a higher number of
locations may reveal dependence of MT to forest side con-
ditions and their individual role in the fungal communities
in detail. Future studies need to be conducted in order to
estimate potentially high-risk characteristics of forest sites
for pronounced and fast-advancing stem collar necroses and
rot. Additionally, the investigation of genotypes of H. frax-
ineus associated with single-stem collar necroses could help
to better understand the path of infection with H. fraxineus
and the secondary colonisation by other fungi.
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