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Abstract

The ascomycete Hymenoscyphus fraxineus causes the devastating ash dieback disease of European ash (Fraxinus excelsior
L.). Spore traps are often used to measure the amount of ascospores in the environment, but the pathogen-load of the soil
in ash stands has not been recorded so far. This is of particular interest with regard to the occurrence of ash stem necrosis, a
decisive factor for the severe course of the disease. In order to gain a more differentiated insight into the pathogen-load in ash
stands, we analysed soil samples from four ash tree sites in southern Germany, covering a clone plantation, two seed orchards
and a forest. The pathogen-load was determined using a quantitative TagMan real-time PCR assay for ten to twenty plots
per stand. Results obtained by the species-specific assay highlighted that the pathogen-load is heterogeneously distributed
in the ash stands. H. fraxineus DNA targets were detected in 17% of the soil samples. The pathogen-load differed according
to soil depth, with the highest pathogen abundance in the top 5 cm, followed by 5—10 cm and finally 10-15 cm. Pathogen-
load and thereby infection pressure were found to be highly variable for the individual trees in one stand. Overall, the study
discovered detectable levels of H. fraxineus in the soil of all four study sites, which supports the hypothesis that H. fraxineus
can be found in the soil of ash stands. The qPCR approach was found to be an effective method for monitoring the load of H.
fraxineus in soil and for demonstrating the successful application of the method on the sample type of custom-made spore
traps. Results suggest the implication of site-specific pathogen-load determination in future H. fraxineus-monitoring and
selection of less susceptible ash trees for breeding and seed production.
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Introduction

Since the early 2000s, the invasive fungal pathogen H. frax-
ineus (T. Kowalski) Baral, Queloz & Hosoya (anamorph:
Chalara fraxinea T. Kowalski) and the associated disease,
ash dieback, have been observed in Germany (Schumacher
et al. 2007). The appearance of the pathogen resulted in
severe dieback symptoms and declining ash (Fraxinus spp.)
populations (Enderle et al. 2017). The outbreak of this epi-
demic in Europe was first reported in Poland during the early
1990s (Kowalski 2006), followed by a rapid spread, and
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subsequently reports all over central Europe (Timmermann
et al. 2011). The origin of the pathogen is in east Asia where
it is associated with Fraxinus mandshurica Rupr. (Zhao et al.
2013). Due to the lower genetic variation in the European H.
fraxineus compared to Asian populations, it is suggested that
the introduction of the pathogen is limited to a few incidents
(Drenkhan et al. 2014; Gross et al. 2012a; McMullan et al.
2018)

Common ash (F. excelsior) and narrow-leaved ash (F.
angustifolia) are the species most affected by H. fraxineus
infection (Gross and Holdenrieder 2013). Besides the
restriction of susceptibility of different Fraxinus spp., the
ash dieback disease (ADB) affects ash trees of all ages and
stand types including mixed-, monodominant- and urban for-
ests. Nevertheless, there is a positive relationship between
ash density and disease severity, due to inoculum availability
influenced by mating opportunity (Laubray et al. 2023).

The life cycle of both, the naturalised H. fraxineus and its
suppressed sister species, Hymenoscyphus albidus, relies on
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saprotrophic growth on ash leaf petioles (Gross et al. 2012b;
Kowalski and Holdenrieder 2009). Sharing this similar eco-
logical niche showed that competition between these two
closely related ascomycetes can lead to the extinction of H.
albidus (McKinney et al. 2012). The rapid spread of H. frax-
ineus within Europe can be credited to airborne ascospores,
which serve as the primary mode of pathogen dissemina-
tion (Grosdidier et al. 2018; Gross et al. 2012b). A typi-
cal release period for central Europe extends from April to
October culminating in August (Dvofék et al. 2016). After
spore release, infections are highly weather dependent with
high humidity favouring infections (Hanackova et al. 2017;
Mansfield et al. 2018, 2019). H. fraxineus has been detected
in diverse parts of ash trees, including leaves (Gross et al.
2012b), shoots (Hanackova et al. 2017), stems (Husson et al.
2012), collars (Krautler et al. 2015) and roots (Baxter et al.
2023; Schumacher et al. 2010). Infection symptoms include
wilting of leaves and the formation of lesions, which tend to
enter a state of permanent rest, particularly during the winter
months (Bengtsson et al. 2014; Kriutler et al. 2015). Besides
typical crown dieback symptoms, stem collar necrosis and
rot are detrimental to the ash's health and safety within the
forest system (Enderle et al. 2017). Nevertheless, stem collar
necrosis is rather associated with fungal communities than
singular infection of H. fraxineus (Peters et al. 2023).

H. fraxineus and its cryptic sister species H. albidus
are hardly distinguishable by morphological features;
therefore, molecular detection based on species-specific
markers is mandatory (Queloz et al. 2011). Diagnostic of
H. fraxineus is based on isolation with subsequent in vitro
cultivation (Peters et al. 2023), molecular diagnostic via
PCR (Johansson et al. 2010), real-time PCR (Chandelier
et al. 2010; Ioos et al. 2009) and high-throughput sequencing
approaches (Chandelier et al. 2021). Various molecular
analyses and sample types can be used to observe pathogen
distribution and spread patterns, as well as pathogen-load
(Chandelier et al. 2014; Dvorak et al. 2016). Different
sampling methods like active or passive spore traps
(Chandelier et al. 2014; Dvorak et al. 2016; Grosdidier
et al. 2018; Laubray et al. 2023) with subsequent molecular
detection have been used to elucidate the spatial and
temporal pathogen distribution at different levels. However,
spore traps can be bulky, cost-intensive, high in maintenance
and are therefore often used scarcely or self-build solutions
are made (Chandelier et al. 2021). ADB disease severity
is highly influenced by host density, neighbouring trees,
climate and topography (Cracknell et al. 2023; Dvotak
et al. 2016; Enderle et al. 2013; Margais et al. 2016), and
forests are subject to a diversity of vertical and horizontal
microclimates (DeFrenne et al. 2021). Symptom formation
of ADB is observed at different grades of severity in crowns
within one stand (Enderle et al. 2018), thus influencing
microclimates mostly through crown architecture and ash
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density (Grosdidier et al. 2020). Since climate is a highly
influential variable in disease formation and ascospore
release (Cracknell et al. 2023; Dvoték et al. 2016), the spatial
differences observed in microclimates and topography
could influence the distribution of H. fraxineus pathogen-
load. Geographical patterns of pathogen abundance can
be obtained by multiple spore traps per plot (Gadoury and
MacHardy 1986; Laubray et al. 2023) or the use of natural
spore deposits such as soil (Chamberlain and Chadwick
1972). Since hyphae, ascospores and conidia of H. fraxineus
can withstand harsh conditions for extended periods (Gross
and Holdenrieder 2013), spatial detection and quantification
of pathogen within soil can be achieved. The pathogenic-
load of H. fraxineus in the environment has been subject of
multiple studies investigating ascospore dispersal patterns,
its occurrence and correlation with weather-related variables
(Aguayo et al. 2018; Chandelier et al. 2010; Dvoriak et al.
2023), while of interest for pathogen deposition patterns
and the occurrence of ash stem necrosis, the pathogen-
load in soil has not yet been examined. This is particularly
interesting due to the observed spatial variability in stem
necrosis incidence (Enderle et al. 2013) and its exacerbating
effect on the decline of ash tree health (Chandelier et al.
2016). Thus, we hypothesize that H. fraxineus is present in
the soil, and that its abundance exhibits spatial variability,
similar to the variability observed for stem necrosis. The
objective is to evaluate and provide a workflow from DNA
extraction to detection via qPCR for H. fraxineus in different
soil types and ash stands. Additionally, the workflow
was tested on two custom-made spore trap samples to
demonstrate its versatility on different sample material.

Hence, the aims of this study were (I) to establish a
protocol for the detection, and absolute quantification of H.
fraxineus in the topsoil and custom-made spore traps, (II)
to get insights into the spatial distribution of H. fraxineus
across soil layers and (III) to describe the pathogen-load on
soil level across various ash stands.

Materials & methods
Study sites

A total of four sampling sites in southern Germany were
investigated, to cover three different site types and soil types
(Table 1). The plantations in Schorndorf, Emmendingen and
Grabenstitt consist mainly of ash (F. excelsior) in monocul-
ture surrounded by mixed forest and trees planted with a dis-
tance of 7 m, 10 m and 1.5 m, respectively. By contrast, the
plot located near Kaisheim is included in the extensive moni-
toring plots and comprises of a mixed forest containing 55%
ash (F. excelsior), 26% hornbeam (Carpinus betulus) and sev-
eral species of oak trees (Quercus spp.) (Langer et al. 2022).
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Table 1 Study site names with respective locations in decimal degrees, federal state, site type, tree spacing and soil type. Tree spacing and year
of planting do not apply to the mixed forest stand due to the natural regeneration

Study site Location State Site type Tree spacing  Year of Soil type
plantation

Schorndorf 48.777189101057644, Baden-Wiirttemberg Seed orchard 7m 1992 Medium silty
9.42642187849277 sand

Emmendingen 48.110646730650274, Baden-Wiirttemberg Seed orchard 10 m 1995 Sandy silt
7.872328899612421

Grabenstitt 47.84140371837484, Bavaria Clone plantation 1.5 m 2014 Highly silty sand
12.512144652560108

Kaisheim 48.807060477719205, Bavaria Mixed forest N.A N.A Highly silty sand
10.794439704946669

Soil samples

The soil type was determined as a pool sample for each
sample site, according to Kohn (1928). Soil samples for
molecular detection were collected at study sites in south-
ern Germany where ash trees (F. excelsior) exhibited vary-
ing degrees of symptoms of ash dieback, as determined
by visual observation, according to Peters et al. (2021).
Sampling at each site was restricted to plots, with 100 m?
in size and 20 plots per study site for the seed plantations
and the mixed forest, and 10 plots for the smaller clone
plantation. Soil samples were collected randomly within
each plot using an Egner’s cane soil sampler. In July 2023,
20 soil samples were collected from plot 3 at the Schorn-
dorf site at three depths: 0-5 cm, 5-10 cm and 10-15 cm.
Each sample was analysed individually as part of the soil
layer study. A pathogen-load study was conducted at all

Fig. 1 Study sites near Schorn-
dorf A, Emmendingen B,
Grabenstitt C and Kaisheim D.
Flora of four different sites with
high grasses and no natural ash
rejuvenation A, B, C and low
to no grass growth with natural
ash rejuvenation D. Passive
spore trap in Grabenstitt C with
paper filter. All pictures were
taken in June 2023

four sites, with a sample pool of four subsamples per plot
taken at a depth of 0-5 cm in order to assess the general
pathogen-load in June 2022. The soil was therefore sam-
pled on two occasions: once to study the soil layer at the
Schorndorf site (2023) and once to study the pathogen-
load at all sites (2022).

Spore trap samples

Passive spore traps were prepared and implemented as pre-
viously described (Aguayo et al. 2018; Eisen et al. 2022)
with paper filters (Whatman® Nol, 15 cm in diameter) and
Vaseline® and incubated for 7 days at a height of 160 cm
(Fig. 1C). Two spore traps were incubated for a duration
of seven days at the Kaisheim site (Plot 1, Fig. 3D), with
incubation starting on 22 June 2022 and 29 June 2022.
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DNA extraction

DNA extraction was performed with the FastDNAT
SPIN Kit for Soil (MP Biomedicals Germany GmbH,
Eschwege, Germany) using the manufacturer’s latest
protocol (May 2021) and 500 mg of soil as input amount.
Extractions for amplification controls consisted of 500 ul of
Hymenoscyphus fraxineus liquid culture for positive control;
500 mg of soil sample from Serbia, Belgrade (coordinates:
44.86936020312691, 20.24776516559037), with no
adjacent ash trees in surrounding area was used as control for
DNA quality positive for the ammonium oxidizing bacteria
(AOB) template but negative for H. fraxineus template.
Spore traps were prepared with a one-hole puncher (6 mm
diameter), and fourteen obtained paper discs were used for
DNA extraction with the previously described FastDNAT™
SPIN Kit for Soil. The concentration of DNA in soil samples
was determined using the Qubit™ fluorometric device
(Invitrogen, Waltham, USA), employing the broad range
dsDNA quantification assay kit with 2 pl of input DNA from
every sample, followed by dilution to 10 ng/ul.

Absolute quantification and detection limit

A duplex real-time PCR assay was employed to identify
the pathogen H. fraxineus (Chandelier et al. 2011), with
the additional objective of detecting AOB (Hermansson
and Lindgren 2001; Kowalchuk et al. 1997) as a proxy
for DNA quality, particularly in the context of inhibitors.
Positive detection of the AOB marker ensures sufficient
quantity and quality of DNA within tested samples. Exper-
iments were performed on a StepOnePlus™ real-time PCR
Cycler (Applied Biosystems, Foster City, USA) using

primer and probe combinations Cf-F/R/S (final concen-
tration 0.4 uM) and CTO189fC/RT1r/TMP1 (final con-
centration of 0.33 uM for primers and 0.26 uM for probe)
(Table 2), 12.5 pl 2 x Luna Universal gPCR Master Mix,
40 ng of total DNA, 0.15 units of thermolabile uracil-N-
glycosylase (UNG) (Roboklon GmbH, Berlin, Germany)
and nuclease-free water to a final volume of 15 pl per
reaction. Assay parameters started with UNG digestion at
37 °C for 2 min, initial denaturation and UNG deactivation
at 95 °C for 10 min, followed by 40 cycles of a two-step
protocol of 95 °C for 15 s and 60 °C for 1 min, with fluo-
rescence data acquisition after each cycle.

Absolute quantification was performed using synthetic
dsDNA (gBlocks™, Integrated DNA Technologies Ger-
many GmbH, Munich, Germany) designed to represent
the partial integrated transcribed spacer (ITS) sequence
(Table 3) (Chandelier et al. 2010; Ioos et al. 2009) of H.
fraxineus. The copy number of the standard was calculated
using the manufacturer’s protocol (https://eu.idtdna.com/
pages/education/decoded/article/tips-for-working-with-
gblocks-gene-fragments, accessed March 2023) to obtain
a dilution series of 7 concentrations with increasing copy
numbers from 1 x 10° copy to 1x 10° copies (Table 3).
Samples were considered positive if all three technical
replicates displayed a positive signal for H. fraxineus and
the internal control concurrently. The concentrations of
H. fraxineus detected in the samples were expressed as
the number of copies of the target sequence in 40 ng of
template DNA.

The limit of detection was assessed using all seven
concentrations and absolute quantification was performed
omitting the lowest concentration of 1 x 10°. Values of
quantification, standard curve, and quantitative cycle

Table 2 Primers and probes used in this study, nucleotide sequence, target organisms and references. Ammonium oxidising bacteria are abbrevi-

ated as AOB

Oligonucleotide Amplicon size [bp] Nucleotide sequence (5°-3’)

Oligonu- Target organisms References

designation cleotide
length
(bp]
Forward 456 AGC TGG GGA AAC CTG ACT G 19 H. fraxineus (Johansson et al. 2010)
Reverse ACA CCG CAA GGA CCCTATC 19 H. fraxineus (Johansson et al. 2010)
Cf-F 81 CCC TTG TGT ATA TTA TAT TGT 31 H. fraxineus (Chandelier et al. 2010)
TGC TTT AGC
Cf-R GGG TCC TCT AGC AGG CAC AGT 23 H. fraxineus (Chandelier et al. 2010)
Cf-S 6-FAM-TCT GGG CGT CGG CCT 19 H. fraxineus (Chandelier et al. 2010)
CGG-BHQ-1
CTO 189fC 116 GGA GGA AAG TAG GGG ATC G 20 AOB (Kowalchuk et al. 1997)
RTI1r (for Nitrosomonas  CGT CCT CTC AGA CCA RCT ACT 22 AOB (Hermansson and Lindgren 2001)
sp. strain PLL12, G
TMP1 Ace. No. HEX-CAA CTA GCT AAT CAGRCA 28 AOB (Hermansson and Lindgren 2001)

OP146089.1) TCR GCC GCT C-BHQI
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Table 3 The sequence of double-stranded synthetic gBlock™ fragment was designed to represent the amplicon sequence in the described assay

by Chandelier et al. 2010 and Ioos et al. 2009 to detect H. fraxineus

Target  Nucleotide sequence (5°-3")

Length [bp]  Reference

ITS CCTCACGGGTAGAAACCCCACCCTTGTGTATATTATATTGTTGCTTTAGCAGGTCGCCCTCTG- 125

this study

GGCGTCGGCCTCGGCTGACTGTGCCTGCTAGAGGACCCTAAATTTTGAAATACAGTGTCGTC

threshold were obtained using StepOne™ Software V2.3
(Applied Biosystems, Foster City, USA).

PCR detection of H. fraxineus

A species-specific end-point PCR approach for the detection
and sequencing of a H. fraxineus DNA-Marker has been
performed using a primer pair designed by Johansson et al.
(2010) (final concentration 0.2 uM) with 12.5 ul Q5® Hot
Start High-Fidelity DNA Polymerase (New England Biolabs
GmbH, Frankfurt/Main, Germany), 40 ng of source template
and water to a final volume of 25 ul. Assay parameters
were applied as described in Johansson et al. (2010). PCR
products were separated at 80 V for 90 min on a 1% agarose
gel, stained with GelRed (Genaxxon bioscience GmbH,
Ulm, Germany) and visualised with a UV transilluminator.
PERFECT™ Plus 2kb DNA marker (Roboklon, Berlin,
Germany) was used as a length marker. All oligonucleotides
used in this study were manufactured by Metabion (Planegg,
Germany). Sanger (dideoxy) sequencing of the PCR
products was performed by Macrogen Europe (Amsterdam,
Netherlands) using the PCR primers.

Ampification Piot

7/, B s~ N

Fig.2 Plot of amplification A and standard curve B for the H. frax-
ineus (ITS) target (Chandelier et al. 2010). A dilution series 1 X 10° to
1x10° of ITS gBlocks™ was measured in three technical replicates
per concentration. Amplification plots A for ITS gBlocks™ contain-

Results

The duplex qPCR assay was evaluated using a standard
curve generated with gBlocks™ in increasing concen-
trations. Findings revealed an efficiency of 96.52% and
a detection limit of 10 copies per reaction at a C, value
of 33 (Fig. 2b). The overall standard deviation was less
than 0.73 for all detected concentrations observed over
three technical replicates (Table 4). To estimate the detec-
tion limit in copies per gram of soil, the qPCR result of
sample GR2 was used (Table S1). Since 40 ng of sample
GR?2 carried 10 copies of the H. fraxineus target, and 500
mg of soil from GR2 extraction yielded 15.4 ug of total
metagenomic DNA (30.8 pg/g soil), the detection limit
of 0.25 copies/ng (10 copies/40 ng) corresponds to 7700
copies per g of soil (30,800 ng/g soil X 0.25 copies/ng).
A total of 130 soil samples within this study were quan-
tified for H. fraxineus DNA markers with a total of 23
positive samples ranging from 864 to 10 detected copies
(Fig. 3). The rehearsal series comprised samples as part of
the H. fraxineus distribution study carried out at four sites
in 2022 followed by a soil layer study carried out at one

Standard Curve

N R2=0.99
N Slope = -3.408
Efficiency = 96.52%

-y

ing the H. fraxineus template. Standard curve B obtained by plotting
(red dots) the threshold numbers of the technical replicate’s qPCR
cycles against the absolute copy number of each standard. Coefficient
of determination, slope and efficiency are stated B
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Table4 Mean C, values as a mean of three technical replicates and
standard deviation for synthetic gBlock standards (H. fraxineus tar-
get) in ascending concentration from 1x10° to 1x10° copies per
reaction. The duplex assay (Cf-F/R/S; CTO189fC/RT1r/TMP1) has a
detection limit of 10 copies per reaction for the H. fraxineus template

Copy number Mean Cq values Standard deviation
1x10° Not detected X

1x10! 33 +0.46

1x10% 31 +0.72

1x10° 27 +0.21

1x10* 23 +0.04

1x10° 20 +0.03

1x10° 16 +0.11

site in 2023. We provided evidence that DNA markers of
H. fraxineus are detectable in soil samples collected from
ash stands in varying quantities, which are subsequently
referred to as pathogen-load.

Distribution of H. fraxineus in soil

As part of the pathogen distribution study, 70 soil samples
from four study sites were tested for the presence of H. frax-
ineus. All soil samples were positive for the quality control
template AOB (Table S1), demonstrating sufficient DNA
quality and quantity in the DNA extracts. The highest patho-
gen distribution in the tested plots was observed at the site
in Grabenstitt with 50% positive plots (5 of 10), followed
by Kaisheim with 35% (7 of 20), Emmendingen with 15%
(3 of 20) and Schorndorf with 5% (1 of 20) (Fig. 3 & 4).
The distribution of positive plots showed the variation in
pathogen-load between individual plots, highlighting plots
and neighbouring plots with high pathogen-loads. This was
particularly evident in plots 4 to 6 at the Kaisheim study
site and 17 to 19 at the Emmendingen site (Fig. 3). The
quantification of H. fraxineus confirmed a heterogeneous
pathogen-load across all sites, with particularly high levels
at the Grabenstitt (plot 4: 864 copies/40 ng) and Kaisheim

A B
17 | 18 | 18
1 2 3 4 5 6 7 16 (59) (166) (25) 20
8 9 10 1 ‘ 12 13 15 14 13 12 1
14
(35) 15 16 17 18 19 20 6 4 8 9 10
5 4 3 2 1
c D
2 | 19 ‘ 16 13 1
1 (10) 20 (584) 18 17 (50) 15 14 (52) 12 (16) 10
e ,
3 (864) S 6
I | ¢ | & | 10
(18) ) | (119) 4 | 5 | [ | l ] l
| ! I * I : |(40) a | ¢y | T | & |9

Fig.3 Plot design of the study sites Schorndorf A, Emmendingen B,
Grabenstitt C and Kaisheim D. Plots are numbered, with bold and
underlined numbers representing plots with positive H. fraxineus
detections and green plots representing plots with at least one ash tree

Fig.4 Plots per study site 20 ~
grouped as positive and nega- 18 4
tive tested for H. fraxineus in
duplex assay. Number of 16
samples is displayed in brackets;
14 A
absolute numbers of plots per .g
group are displayed within the = 12 4
column chart as numbers b 10 4 19
£
E 8 A
=]
=
6 4
4 -
2 4
0 1

with leaves. Absolute quantification data are given in parentheses as
copies per 40 ng of template DNA. Each plot is 100 m? in size. The
grey area in D marks the area between the plots which is not drawn to
scale

13
17

3

Schorndorf (n=20)
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(plot 19: 584 copies/40 ng) study sites. Nonetheless, plot
10 (10 copies/40 ng) and plot 11 (16 copies/40 ng) at the
Grabenstitt and Kaisheim sites, respectively, displayed low
pathogen-loads (Fig. 3). Moreover, the majority of the plots
tested positive had at least one ash tree, whereas only three
plots tested positive despite having no ash tree on the plot
(Fig. 3). Besides the detection via qPCR, the presence of
H. fraxineus was confirmed through PCR and subsequent
sequencing of the samples. Five sequences were acquired
and aligned with the positive control (H. fraxineus 1431
liquid culture), as well as five different H. albidus strains
(Fig. 5). All sequences acquired from the soil DNA tem-
plate correspond 100% with the positive control and a
H. fraxineus sequence from the database. However, they
display nine nucleotide disparities compared to H. albidus
sequences.

Soil layer study
H. fraxineus DNA was identified in all three sampling depths

at the Schorndorf site, with spatial variation in pathogen-load
observed. The quantity of positive tested samples declined

Position 105 to 158

gradually with increasing depth: 30% at 0-5 cm, 15% at
5-10 cm and 10% at 10-15 cm (Table 5 & Fig. 6). Absolute
quantification varied between 282 copies/40 ng DNA for the
highest and 13 copies/40 ng for the lowest quantified sam-
ple (Table 5). The mean quantity per sampling depth was
27 copies/40 ng at 0-5 cm, 9 copies/40 ng at 5-10 cm and
20 copies/40 ng at 10-15 cm (Table 5), indicating that the
pathogen-load decreases with increasing soil depth. However,
mean quantity was calculated with negative samples equiva-
lent to zero copies. Given the detection limit of ten copies per
reaction, the assumption of negative samples corresponding
to zero copies may introduce a bias in the mean quantity.

Detection of H. fraxineus on passive spore traps

The two spore trap filters yielded positive results for the
AOB marker. Both spore traps were exposed to ambient air
in a sequence of seven days in late June and tested positive
for H. fraxineus at a quantity of 25 and 11 copies/40 ng,
respectively. These results also support the use of the gPCR
assay for measuring the pathogen-load on spore traps with
filter matrix. Therefore, the entire process, encompassing

Position 381 to 394

1. H. fraxineus 1431 (OR821816)
2.H. fraxineus EM18 (OR821815)

3. H. fraxineus GR9 (OR821814)
4. H. fraxineus KA19 (OR821813)
S. H. fraxineus 335C2 (OR821818)
6. H. fraxineus 605C2 (OR821817)

7.H. fraxineus HP13.1.2.1(MT155386)

8. H. albidus CBS (MH864151)

9. H. albidus H 184 (KP403803)

10. H. albidus EST2591 (HF937560)

11. H. albidus strain CNRHalbLDPRO (MW238522)
12. H. albidus LOU-M-8 (KC481686)

ooooolooooooo

Fig.5 Nucleotide alignment for the partial rDNA and ITS sequences
of H. fraxineus and H. albidus fragmented to display the mis-
matches (arrows). Strains are indicated on the left, with their respec-
tive accession numbers in parentheses. Strains in bold are obtained

Table5 Soil layer samples from the Schorndorf site with positive
detection of H. fraxineus displayed with values of absolute quanti-
fication for sample 1 to 6, whereas samples 7 to 20 are negative in
all sampling depths (not shown). The quantities displayed within soil

A
N \

0000000000

’ =
from templates generated of this study. The dotted line is employed
to highlight between the two species. Curly parentheses are utilized

to denote nucleotide positions as counted in H. fraxineus 1431 (Acc.
No. OR821816)

layers are mean values of three technical replications displayed as
copies/40 ng input DNA and layers with no detection of H. fraxineus
are marked with X. The mean quantity for each soil layer was calcu-
lated based on a sample size of 20

Soil layer samples

Depth 1 2 3 4 5 6 Mean quantity Location
Oto5cm 26 16 13 252 13 236 28 Schorndorf
5to 10 cm 35 X X 41 X 71 7

10to 15 cm 16 X X X X 282 15
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Fig.6 Samples per sampling 20 4
depth were grouped as positive 18
and negative for H. fraxineus

in duplex assay. The number of
samples is displayed in brackets,
and absolute numbers of plots
per group are displayed within
the column char as numbers

16 A
14 A
14
12 A

10 A

Number of samples

3 2

0-5 cm (n=20)

sample preparation, DNA extraction and the quantification
of H. fraxineus markers, was successfully employed on two
spore trap samples.

Differences in pathogen-load between study sights

The hypothesis that there are no differences in number of
positive detected plots between study sites was tested with
a binomial approach. Using the generalised linear mixed
models (GLIMMIX, SAS v9.4, www.sas.com), a p-value of
0.0634 was obtained. Given that the p-value is greater than
the alpha level of 0.05, the hypothesis cannot be rejected.
In light of these findings, it is not possible to draw any
conclusions regarding the differences between the study
sites.

Discussion

Since the first detection of H. fraxineus several studies were
conducted to study the diseases and develop management
strategies to conserve common ash in a forest environment
(Langer et al. 2022; Schumacher 2011). Ascospores of H.
fraxineus were monitored in various studies and several
environmental factors such as humidity, precipitation and
temperature are associated with ascospore abundance
(Aguayo et al. 2018; Chandelier et al. 2014; Dvorak et al.
2016, 2023). Further, ascospore abundance was found to
decrease rapidly within 50 m from the inoculum source
and with increasing height (Chandelier et al. 2014; Dvorak
et al. 2023; Grosdidier et al. 2020). Landscape architecture,
especially the resulting microclimates, is another crucial
factor influencing the ascospore flight (Grosdidier et al.
2020). The aforementioned factors could lead to a variable
pathogen-load even at a small spatial scale as observed in
this study, which may explain the spatial distribution of
ADB, especially concerning stem collar necrosis (Enderle
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5-10 cm (n=20) 10-15 cm (n=20)

Sample depth positiv negativ

et al. 2013). Integration of two already established protocols
(Chandelier et al. 2010; Hermansson and Lindgren 2001)
was successfully implemented with a detection limit of
10 copies for the H. fraxineus template, as per current
literature in singleplex studies where qPCR was found to
be even more sensitive towards fungal detection than high-
throughput sequencing approaches (Chandelier et al. 2021).
The detection of the AOB template as a quality control
measure was unavoidable, given that soil is a complex
matrix where the absolute quantity of extracted DNA and,
in particular, the quality of the extracted DNA may be
influenced by a variety of inhibitors, which could result in a
false negative interpretation of the results (Manfredini et al.
2021; Wang et al. 2017). Our results suggest an ubiquitous
abundance of AOB within the soil of different ash stands,
which is consistent with previous findings in German forest
soils (Kriiger et al. 2021). We conclude that there is no
interference of soil type on the molecular detection of H.
fraxineus, as AOB were detected in all samples, despite
the presence of three different soil types. Furthermore,
specificity of the oligonucleotides designed by Chandelier
et al. 2011 was previously discussed (EPPO 2013) and
interference with H. albidus DNA might occur. Therefore
the gPCR was occasionally verified by a species-specific
PCR assay (EPPO 2013; Johansson et al. 2010).

Distribution of H. fraxineus in soil

Soil monitoring is a frequently used method to assess the
abundance of microorganisms such as Beauveria bassiana
after biocontrol introduction in agricultural settings (Man-
fredini et al. 2021; Tartanus et al. 2021). Our study was con-
ducted to investigate the spatial distribution of H. fraxineus,
expressed as DNA marker copy numbers per 40 ng input
DNA as a proxy for pathogen-load. Heterogeneous distribu-
tion of pathogen-load was seen on all four study sites, indi-
cating an uneven distribution of pathogen propagules. The
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majority of plots exhibiting pathogen-loads were situated in
proximity to ash trees, which suggests a potential influence on
pathogen-load formation and ash density. The clone planta-
tion in Grabenstitt is characterised by the highest abundance
of ash trees, the highest pathogen-load within a single plot
and the highest percentage of plots that tested positive. Thus,
there appears to be an influence between the abundance of
ash trees and pathogen-load, which is consistent with previ-
ous research (Laubray et al. 2023) that found a link between
quantity of infected rachis and ash density. In addition to ash
density, grass cover is another factor that affects the quantity
of apothecia and, therefore, indirectly influences the potential
amount of ascospores that can be produced (Mansfield et al.
2018). Another method to describe the pathogen-load within
an ash stand was applied in Poland, where several plots in ash
stands were counted for ash rachis and apothecia to estimate
infectious material (Kowalski et al. 2013). The results are con-
sistent with this work, describing variability in the pathogen-
load detected within an ash stand and between ash stands.

Restricting the detected pathogen-load to either spores or
mycelium is not possible due to the PCR method used, which
cannot differentiate between these two. Since ascospore
abundance in ash stands is particularly high in June (Crack-
nell et al. 2023; Dvoték et al. 2016, 2023; Laubray et al.
2023) and at ground level (Chandelier et al. 2014) one may
speculate that a high proportion of detected pathogen-load
is constituted by ascospores deposited on soil. Nevertheless,
mating, overwintering and the formation of pseudosclero-
tia and ascospores occur on leaf residues of Fraxinus spp.
(Gross and Holdenrieder 2013; Margais et al. 2023). Fur-
thermore, H. fraxineus has the ability to grow in soil inocu-
lated with conidia, even in the absence of ash tissue, and can
infect ash roots through the soil (Fones et al. 2016). There-
fore, in addition to ascospores, the mycelium and conidia
of H. fraxineus can be detected in leaf residues and soil,
which may contribute to the pathogen-load. As a result, the
term "pathogen-load" is employed to describe the quantified
DNA markers of H. fraxineus. In contrast to previous stud-
ies where H. fraxineus infectious material was monitored
(Kowalski et al. 2013), the employed term pathogen-load
in our study refers to infectious and non-infectious material
simultaneously. Soil samples are more advantageous than
spore traps in that their sample sizes can be easily adjusted,
enabling the expected level of resolution to match the study's
design.

Moist conditions, mainly caused by flooding and topogra-
phy, are suspected to influence H. fraxineus-associated collar
necrosis (Enderle et al. 2013; Margais et al. 2016). Moreo-
ver, heavy clay soils in combination with high precipitation
and water logging are associated with root infections (Baxter
et al. 2023). High pathogen-load and moist conditions may
increase stem necrosis incidence, leading to a higher likeli-
hood of tree death. One mitigation measure to overcome

ash dieback disease is the selection of plus-trees with tol-
erance to H. fraxineus (Stener 2018). Our research reveals
that pathogen-load varies within soils and may contribute
to stem canker formation. As a result, it is recommended
that the monitoring of pathogen-load in plus tree selections
is given greater importance, as this variable may have been
previously undervalued.

Distribution of H. fraxineus within different soil
depths

The pathogen-load of H. fraxineus is assumed to deposit
through input from wind-dispersed spores and leaf residues
containing mycelium. As ascospore abundance and infected
leaf residues are described as ubiquitous in ash stands (Chan-
delier et al. 2014; Dvoték et al. 2023; Laubray et al. 2023;
Margais et al. 2023), it can be assumed that deposition on the
soil differs due to topography, microclimates and fauna, rather
than ascospore abundance. Another peculiarity within the soil
layers is that the depths between 5 and 15 cm were only found
positive if the first layer was also positive. As leaching of
soluble nutrients from F. excelsior leaf litter was described
(Hagen-Thorn et al. 2006; Nykvist 1959), it is assumed that
vertical displacement or growth of H. fraxineus occurs after
deposition on the foliage and soil surface. However, the lon-
gevity of the pathogen-load in the soil, its potential for accu-
mulation and the translocation processes are uncertain.

Detection of H. fraxineus on passive spore traps

The successful detection of H. fraxineus on passive spore
traps was undertaken in various countries using paper filters
and different matrices as adhesives (Chandelier et al. 2014;
Grosdidier et al. 2018; Laubray et al. 2023). Extraction of
DNA from these paper filters primarily involves macerating
the entire trap and then utilizing this matrix for additional
extraction techniques. The method outlined in this study
utilised a one-hole puncher to prepare random sections
of the entire paper filter. This allows the use of easy-
to-handle standard laboratory containers (2 ml) for all
extraction procedures, including maceration. Commercially
available bead beaters can be utilized to efficiently perform
maceration, as demonstrated for both pure ascospores and
soil medium (Wang et al. 2023).

Conclusion

Soil samples examined in this study show heterogeneous
pathogen-loads of H. fraxineus within the topsoil of all
tested ash stands. Despite the high ascospore pressure
described in stands, the deposition of H. fraxineus
propagules seems to be heterogeneous and accumulates
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in hotspots. Those hotspots are discussed to be influenced
by microclimates and topography. Pathogen accumulation
in soil and relocation in deeper layers is suggested. The
pathogen-load composition cannot be further specified in
H. fraxineus compartments like ascospores, or mycelia given
the applied methods limitations. Hence the measurements
include all compartments of H. fraxineus containing
DNA. Nevertheless, a high proportion of ascospores can
be assumed due to the high pressure of those described in
several studies. The aforementioned technique for detecting
pathogen-load through soil samples has the potential for
monitoring pathogen pressure in areas such as new ash
plantations but also selected tolerant or sensible ash trees,
allowing for an assessment of current pathogen pressure.
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