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Abstract: In Lithuania, the dieback of European ash (Fraxinus excelsior L.), caused by alien ascomycete
Hymenoscyphus fraxineus, started in the mid-1990s, resulting in a large-scale decline of F. excelsior and its
dominated forest habitats. Nevertheless, the recent inventories show the presence of several hundred
hectares of naturally regenerated F. excelsior stands. We used seven naturally regenerated sites and
three planted progeny trials of F. excelsior to collect leaves, shoots, roots, and the surrounding soil to
study ash-associated fungal communities based on high-throughput sequencing. Results showed
that fungal communities associated with F. excelsior in re-emerging stands in post-dieback areas
were composed of 1487 fungal taxa. Among these, 60.5% were Ascomycota, 37.5%—Basidiomycota,
1.7%—Zygomycota, and 0.2% were Chytridiomycota. Revealed mycobiota was largely composed of
endophytic fungal communities as these were dominated by Cladosporium sp., Fraxinicola fraxini (sym.
Venturia fraxini) and Vishniacozyma foliicola. Identified mycobiota also included a range of ash-specific
fungal taxa. Hymenoscyphus fraxineus occurred in all stands but was not frequent. Cladosporium sp.
showed strongest negative correlation with the presence of H. fraxineus. This ascomycete, given its
dominance in leaves, shoots and in the organic soil layer, might be the limiting factor for the infection
rate or spread of H. fraxineus. Although fungal communities in asymptomatic and symptomatic
samples of F. excelsior differed significantly from each other, the majority of the most frequently found
fungal taxa were not host-specific, suggesting that these were negligibly affected by ash dieback.
Investigated stands in natural F. excelsior habitats exhibited larger diversity of fungal taxa (especially
ash-specific), than progeny trials planted on former grasslands, indicating the importance of natural
habitats in F. excelsior restoration programs.

Keywords: ash dieback; biodiversity; fungal communities; natural regeneration

1. Introduction

Since the mid-1990s, a devastating ash dieback epidemic, caused by an ascomycete
fungus Hymenoscyphus fraxineus [1] has spread across Europe severely affecting populations
of European ash (Fraxinus excelsior L.) [2-4]. Other ash species, such as F. angustifolia, were
also affected. Reports show that mortality of ash trees vary among different countries due
to differences in disease history and disease stage [5]. To date, most European countries
have reported the presence of diseased and dead ash trees, as well as incidences of the
disease in stands of different age and on various sites [6]. Although H. fraxineus is an
invasive pathogen in Europe [7], in its native range in Far East Asia, it is a symptomless
colonizer of Manchurian ash (Fraxinus mandshurica Rupr.), which is a close relative of F.
excelsior [8]. Younger ash trees affected by ash-dieback may die within few years, while
older and larger ones become chronically diseased and susceptible to secondary diseases [9].
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This leads to a gradual extinction of F. excelsior from forest ecosystems as the key species.
Indeed, the disease has led to deteriorated condition of ash stands and to the increase in
sanitary fellings.

The primary infection of H. fraxineus is caused by long-traveling airborne as-
cospores [10-13] infecting leaves and petioles, as well as fungal mycelia spreading
through the shoot-petiole junction to wood tissues, causing lesions and gradual dieback
of tree crowns [14-17]. Despite necroses around the tree root collar can also be associated
with direct infections of H. fraxineus [18,19], leaflets and petioles are considered to be the
main entry point for the pathogen [20,21], indicating the importance of foliar mycobiome
as a potential biocontrol agent.

Lithuania has one of the longest and most devastating ash dieback disease histories in
Europe [22]. Here, ash dieback started in the mid-1990s [23]. Due to subsequent sanitary
fellings, the area of ash stands in the country reduced from 50,800 ha in 1995 [24] to
13,013 ha in 2021 [25], or from 2.7 to 0.6% of all forest land. Currently, the epidemic is in
its chronic phase, but during the last decade, deterioration of remaining ash stands was
slower in comparison to its initial stages (State Forest Service, personal communication).

European ash is of high ecological importance in floodplain and riparian forests,
hedgerows, and as a landscape tree [26,27]. As many species are specifically associated
with F. excelsior, the loss of ash trees could also result in the loss of their habitat, potentially
leading to extinction. However, how many species strictly depend on F. excelsior is obscure
largely due to the scarcity of ash-related studies, especially the ones from the pre-dieback
era [28]. To date, 463 fungal species are listed among ash-associated mycobiome in the
USDA database [29]. In the United Kingdom, 1058 species were identified as being asso-
ciated with European ash, including 12 species of birds, 55 mammals, 78 vascular plants,
58 bryophytes, and 68 fungi [30].

Mycological studies associated with ash dieback have changed over time, i.e., from
identification of causal agent [3,31,32], to the assessment of seasonal patterns of the dis-
ease [11,33], fungal diversity, and its seasonal and spatial dynamics in planta [34]. Nu-
merous studies on fungal diversity in and near ash trees covered myciobiota diversity
in healthy [35-37], as well as diseased [32,34,37-39] stands. The number of studies on
ash-associated mycobiome (especially endophytes) boosted during several past years.
Indeed, the role of the microbiome, as the “second genome” and determinant of plant
features, including susceptibility or resistance to pathogens, has become a popular topic in
contemporary ecology [40] and is regarded as a possible mean of natural disease control.
Endophytes colonize plant’s inter and intracellular space and spend parts of their life cycle
or even their whole lives inside plants without causing symptoms [41-43]. In some cases,
endophytes may contribute to plant growth and increase tolerance to different stress factors,
including pathogens [44—46]. It is suggested that local biodiversity can play an important
role in suppressing the spread of invasive diseases [47,48]. Despite a large number of
research studies, the role and dynamics of fungal communities associated with F. excelsior
and their effect on ash dieback is not yet fully understood, giving a fragmental picture of
ash-associated fungal communities [33].

The rapid spread of H. fraxineus [4] and high mortality rates of infected trees [49]
raised a question whether ecosystems dominated by F. excelsior could be restored without
artificial measures, such as selection and breeding of disease-resistant ash trees [50,51].
Although the epidemic of ash dieback is ongoing for nearly 30 years, in Lithuanian
Forestry Cadastre, there are 1880 ha of F. excelsior dominated stands, which are up to
30 years old, including 1493 ha of stands, which are up to 20 years old [25]. The latter
indicates that, in certain small areas, regeneration of F. excelsior is taking place by natural
means. Although these stands are affected by ash dieback, i.e., exhibit ash dieback
symptoms to various extent, they are in a stable phytosanitary condition and, therefore,
are retained by forest managers [24].

The aims of the present study were: (i) to better understand the diversity and com-
position of fungal communities in asymptomatic and symptomatic functional tissues and
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adjacent soil of F. excelsior; (ii) to evaluate potential effects of common fungal taxa on the
occurrence of ash dieback pathogen H. fraxineus. We hypothesized that fungal communities
will differ between asymptomatic and symptomatic samples of respective tissues.

2. Materials and Methods

Study sites and sampling. In total, ten F. excelsior stands were selected in different
regions of Lithuania (Figure 1, Table 1). These sites represented native F. excelsior popula-
tions of Lithuania [50]. The study sites were selected based on the following criteria: (a) F.
excelsior composed at least 40% in a forest stand; (b) stands were formed in the period of the
ongoing ash dieback epidemic; (c) stands were of a relatively good and stable phytosanitary
condition (mean defoliation < 30%, assessed visually).

@ No. of sample plot

Percent of Fraxinus excelsior
in stand composition

Bl 51-10%
Bl 10.1- 15%
Il 151- 20%
I 20.1-100 %

~/™, - Boundaries of forest enterprises
Jurbarko — Name of forest enterprise

Figure 1. Map of Lithuania showing the distribution of Fraxinus excelsior forest stands (in green), and
the position of sampling sites (U1-U10).

Prior to the outbreak of ash dieback, Ul1-U3, U5, U8-U10 sites (Table 1) were
comprised of mixed natural forest stands dominated by F. excelsior, which were later sub-
jected to sanitary fellings of various intensity due to ash mortality caused by H. fraxineus.
Among all sites of the study, which were formed after the ash dieback outbreak, sites
U2 and U3 were of the best phytosanitary conditions with a well-developed main
canopy layer comprised almost exclusively of ash. The remaining self-regenerated
stands (Table 1) were composed of mixed tree species, putting ash trees in more shaded
conditions. Sanitary fellings in self-regenerated sites were not conducted during the last
decade (Forest State Enterprise, personal communication). The remaining U4, U6-7 sites
(Table 1) were planted as progeny trials of ongoing F. excelsior breeding for resistance
programs [50]. Noteworthy, all progeny trials were established on former grasslands but
in immediate vicinity to the forest.
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Table 1. Fraxinus excelsior sites in Lithuania used in the present study.

Site Latitude  Longitude Tree Age, y Tree Species Mean Annual Mean Annual Regeneration
N E ’ Composition, % *  Temperature, °C  Precipitation, mm x*
U1 56°16'37.1"  24°02'33.0" 10-25 70F, 10P, 10B, 10U 6.3 620 S
U2 55°13/35.4"  23°57'58.5" 15-20 90F, 10P 6.7 600 S
U3 55°01'49.8"”  23°0020.2" 15-20 100F 7.0 650 S
U4 56°03'43.4"  22°25'08.3" 17 70F, 30Q 6.3 800 P
U5 55°00'50.2"  23°04'00.9” 15-25 70F, 10P, 10B, 10S 7.0 650 S
U6 54°44/20.6"” 23°47'38.8" 17 100F 6.8 650 P
u7 56°03'33.8" 22°25'37.6" 17 70F, 30Q 6.3 800 P
us 56°00'38.4""  23°55'48.5" 15-20 90F, 10P 6.5 600 S
U9 55°09'11.1" 24°06'56.8" 7-10 70F, 30Q 6.7 620 S
U10  54°45'07.4" 23°47'53.5" 15-17 80F, 10P, 10B 6.8 650 S

* F—Fraxinus excelsior, P—Populus tremula, Q—Quercus robur, B—Betula pendula, U—Ulmus sp., S—Picea abies.
** S—Self-regenerated, P—Progeny trial.

At each study site, 12 trees of relatively good phytosanitary conditions, i.e., showing
defoliation up to 30%, were selected for sampling. Within each site, all sampled trees
were situated at least 50 m from each other. Sampling was carried out in July 2019 by
cutting live twigs with leaves from the lower part of the crown (4-12 m above the ground)
using a telescopic secateurs. From these, leaf and shoot (ca. 5 cm long and 1-1.5 cm
thick) samples were taken from the second-year shoots using hand secateurs. From each
respective tree, samples were collected and sorted out, accordingly, to the following sam-
pling categories: (a) asymptomatic leaves; (b) symptomatic leaves showing H. fraxineus
necroses; (c) asymptomatic shoots; (d) symptomatic shoots showing H. fraxineus necroses.
In symptomatic shoot samples, a borderline between necrotic and healthy tissues was
always present. Symptomatic and asymptomatic samples were collected from different
twigs. In addition, one lateral root with fine roots per tree was collected. In total, 720 shoot
samples (360 symptomless and 360 symptomatic), 720 leaf samples (360 symptomless and
360 symptomatic), and 120 root samples were collected from 120 trees. In addition, in
each study site, four random samples of organic and four of mineral soil were collected
using soil cores. Each sample was individually packed into plastic bags, transported to the
laboratory, and stored at —20 °C until subjected to DNA extraction.

Preparation of samples and DNA extraction. In the laboratory, collected roots were
carefully washed in tap water to remove any of the remaining soil, and fine roots with
root tips were separated from coarse roots, which were discarded. Fine roots were cut
into ca. 1 cm-long segments and, within each forest stand, pooled together. Soil samples
were sieved (mesh size 2 x 2 mm) to remove larger particles and roots and, within each
forest stand, pooled together. Leaf and shoot samples were sorted to asymptomatic and
symptomatic. In total, ten samples of each roots, mineral soil, organic soil, symptomatic
leaves, asymptomatic leaves, symptomatic shoots, and asymptomatic shoots were obtained
and used for DNA work. Prior to isolation of DNA, individual leaf, shoot, root, and soil
samples were freeze-dried at —60 °C for 24 h. Lyophilized samples were homogenized at
5000 rpm for 60 s using a Precellys 24 tissue homogenizer (Bertin Technologies, Montigny-
le-Bretonneux, France). About 50 mg of grounded powder were transferred to 2-mL
microcentrifuge tubes, together with two (3 mm in diameter) glass beads, and used for
DNA extractions.

The total DNA was isolated from each sample using CTAB protocol [52] by adding
1000 uL of CTAB buffer (0.5 M EDTA pH 8.0, 1 M Tris-HCL pH 8.0, 5 M NaCl, 3% CTAB)
and incubating, at 65 °C, for 1 h. Following incubation, the samples were centrifuged at
10,000 rpm for 5 min, and the supernatant was transferred to a new 1.5-mL Eppendorf
tube and mixed with an equal volume of chloroform. After centrifugation for 7 min at
10,000 rpm, the supernatant (about 500 L) was then transferred to a new Eppendorf tube
containing an equal volume of 2-propanol that was mixed by vortexing and incubated at
room temperature for 30 min, whereupon it was once more centrifuged at 13,000 rpm for
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10 min. After centrifugation, the supernatant was discarded, and the remaining pellet was,
then, precipitated with 70% ethanol (100 uL) and centrifuged for 5 min at 13,000 rpm. The
DNA pellet was dried in airflow for 30 min and, finally, resuspended in 30 pL of sterile
milli-Q water. The DNA concentration of each sample was measured using a NanoDrop
One spectrophotometer (Thermo Scientific, Rodchester, NY, USA) and, if needed, diluted
to 1-10 ng/ pL.

PCR amplification and sample preparation for sequencing. The amplification by
PCR of the ITS2 rRNA region was done using barcoded primers gITS7 [53] and ITS4 [54].
PCR reactions were performed using the Applied Biosystems 2720 thermal cycler (Applied
Biosystems, Foster City, CA, USA) in 50 pL reaction volume using the following final
concentrations: 200 nM of dNTPs; 750 nM of MgCl,; 200 nM of each primer; 0.025 nM
DreamTaq Green polymerase (5 U/uL) (Thermo Scientific, Waltham, MA, USA); 0.02 ng/uL
of template DNA. Sterile milli-Q water was added to make the final volume (50.0 puL) of the
reaction. The PCR program started with initial denaturation at 94 °C for 5 min, followed
by 30 cycles, each consisting of 94 °C for 30 s, annealing temperature 56 °C for 30 s, and
72 °C for 30 s, with a final extension at 72 °C for 7 min. The PCR products were assessed
using gel electrophoresis on 1% agarose gels stained with GelRed (Biotium, Fremont, CA,
USA). PCR products were purified using 3 M sodium acetate (pH 5.2) (AppliChem Gmbh,
Darmstadt, Germany) and 96% ethanol mixture (1:25). After the quantification of all of the
PCR products using a Qubit fluorometer 4.0 (Life Technologies, Stockholm, Sweden), they
were pooled in an equimolar mix and sequenced using a PacBio platform and one Sequel
SMRT cell at a SciLifeLab facility in Uppsala, Sweden.

Bioinformatics. The sequences generated were subjected to quality control and clus-
tering in the SCATA NGS sequencing pipeline at http:/ /scata.mykopat.slu.se (accessed
on 25 June 2021). Quality filtering included the removal of short sequences (<200 bp),
sequences with low read quality, primer dimers, and homopolymers, which were collapsed
to three base pairs (bp) before clustering. Sequences that were missing a tag or primer
were excluded. The primer and sample tags were then removed from the sequence, but
information on the sequence association with the sample was stored as meta-data. The
sequences were then clustered into different taxa using single-linkage clustering based
on 98% similarity. The most common genotype (real read) for each cluster was used to
represent each taxon. For clusters containing two sequences, a consensus sequence was
produced. Fungal taxa were taxonomically identified using the GenBank (NCBI) and
UNITE databases and the Blastn algorithm. The criteria used for identification were: se-
quence coverage > 80%; similarity to taxon level 98-100%, similarity to genus level 94-97%.
Sequences not matching these criteria were considered unidentified and were given unique
names. Representative sequences of all fungal non-singletons as the Targeted Locus Study
project have been deposited in GenBank under accession number KFVX00000000.

Statistical analyses. To evaluate the relationship between the sampling intensity
and the number of fungal taxa in F. excelsior samples (leaves, shoots, roots, and the soil),
rarefaction curves were generated using Analytical Rarefaction v.1.3 (http://www.uga.
edu/strata/software/index.html) (accessed on 19 October 2021). The diversity and species
richness of fungal communities was evaluated, calculating Shannon diversity index and
qualitative Serensen similarity index. Nonparametric Mann—-Whitney test in Minitab
v.19.2 (Minitab® Inc., Pennsylvania State University, State College, PA, USA) was used to
evaluate if the Shannon diversity index differed significantly between asymptomatic and
symptomatic samples of leaves and shoots, as well as between organic and mineral soil.
Nonparametric chi-square test was used to analyze differences in the richness of fungal
taxa between different stands and types of samples (symptomatic vs. asymptomatic). Non-
parametric Kruskall-Wallis test, combined with Dunn’s pairwise analysis and Bonferoni
correction, was used to evaluate differences in diversity of fungal communities among
different sites and types of samples using the XLSTAT v. 2021 statistical software package
(Addinsoft Inc., Damrémont, France).
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Pearson’s correlation between frequencies of sequences of different taxa were com-
puted using CORR procedure of the SAS software (SAS® Analytics Pro 9.4, 2020, San
Francisco, CA, USA). To obtain normal distribution of residuals and variance homogeneity,
the SQRT transformation was applied for the sequence frequency data. Assumptions of
normal distribution of residuals and variance homogeneity were tested with GLM and
UNIVARIATE procedures in SAS (SAS® Analytics Pro 9.4, 2020). Nonmetric multidimen-
sional scaling (NMDS), using Bray—-Curtis distance, was accomplished in Canoco 5 (v5.12)
program package [55]. Permutational multivariate analysis of variance (PERMANOVA)
with the Bray—Curtis distance metric was used to assess the significance of community
similarity. This analysis was done using the adonis2 function from the vegan package in R
version 4.1.2 (available at https://www.r-project.org/) (accessed on 19 October 2021) using
999 permutations.

3. Results

High-throughput sequencing resulted in 586,427 reads. After quality filtering, 236,532
(40.3%) high-quality reads were retained. Clustering analysis at 98% similarity showed the
presence of 1487 non-singleton fungal taxa (Tables S1-54). Among the detected fungi, 60.5%
were Ascomycota, 37.5%—Basidiomycota, 1.7%—Zygomycota, and 0.2% were Chytrid-
iomycota (Table 2). In total, 266 (17.9%) taxa were identified to taxon level, 262 (17.6%)
to genus level, and 913 (61.4%) remained unidentified. Analysis showed that there were
936 fungal taxa in leaves, followed by 846 taxa in shoots, 304 in root, and 239 in the soil
(Table 3). Most frequently detected fungi in leaves, shoots, roots, and the rhizosphere soil
are in Tables 4-7, respectively.

Rarefaction analysis of leaf, shoot, root, and the soil samples revealed that rarefaction

curves did not reach the asymptote (Figure 2).
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Figure 2. Rarefaction curves showing the relationship between the cumulative number of fungal taxa
and the sequencing intensity.
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Table 2. Distribution of sequences and taxa, by phylum, in different types of samples of Fraxinus excelsior.
Phylum Asymptomatic Symptomatic Total
No. of % No. of Taxa % No. of % No. of Taxa % No. of % No. of %
Sequences Sequences Sequences Taxa
Leaves
Ascomycota 23,258 66.92 414 56.63 42,135 73.98 376 57.23 65,393 71.30 535 57.16
Basidiomycota 11,427 32.88 296 40.49 14,787 25.96 264 40.18 26,214 28.58 377 40.28
Chytridiomycota 8 0.02 2 0.27 3 0.01 1 0.15 11 0.01 2 0.21
Zygomycota 63 0.18 19 2.60 32 0.06 16 2.44 95 0.10 22 2.35
Total 34,756 100.0 731 100.0 56,957 100.0 657 100.0 91,713 100.0 936 100.0
Shoots
Ascomycota 64,696 84.65 409 61.14 49,050 84.84 354 62.32 113,746 84.73 515 60.87
Basidiomycota 11,726 15.34 253 37.82 8752 15.14 209 36.80 20,478 15.25 321 37.94
Chytridiomycota 1 0.00 1 0.15 5 0.01 2 0.35 6 0.00 2 0.24
Zygomycota 7 0.01 6 0.90 5 0.01 3 0.53 12 0.01 8 0.95
Total 76,430 100.0 669 100.0 57,812 100.0 568 100.0 134,242 100.0 846 100.0
Roots
Phylum Organic Mineral Total
Ascomycota 2334 75.63 187 70.04 1510 79.27 168 73.68 3844 77.02 261 71.31
Basidiomycota 738 2391 72 26.97 388 20.37 55 24.12 1126 22.56 95 25.96
Glomeromykota 1 0.03 1 0.37 2 0.10 1 0.44 3 0.06 1 0.27
Zygomycota 13 0.42 7 2.62 5 0.26 4 1.75 18 0.36 9 2.46
Total 3086 100.0 267 100.0 1905 100.0 228 100.0 4991 100.0 366 100.0
Soil
Ascomycota 712 25.67 130 67.01 594 66.15 115 70.55 1306 35.57 174 68.77
Basidiomycota 2001 72.13 53 27.32 294 32.74 41 25.15 2295 62.50 66 26.09
Zygomycota 61 2.20 11 5.67 10 1.11 7 4.29 71 1.93 13 5.14
Total 2774 100.0 194 100.0 898 100.0 163 100.0 3672 100.0 253 100.0
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Table 3. Generated high-quality sequences and detected diversity of fungal taxa in samples of different types in trials and natural populations of Fraxinus excelsior in

Lithuania.
Sample Type Leaves Shoots Soil Roots
No.
Groups of Plots No. of No. of . No. of No. of H* Layer No. of No. of " No. of of H*
Sequences Taxa Sequences Taxa Sequences Taxa Sequences Taxa
Progeny trials Asymptomatic 8525 375 3.28 29,125 398 322 Organic 232 93 4.01 1608 174 3.88
Symptomatic 11,478 295 2.78 11,793 192 3.53 Mineral 120 60 3.63 ’
All 20,003 484 3.06 40,918 464 3.58 All 352 124 417 1608 174 3.88
Natural . .
regeneration Asymptomatic 26,231 608 3.59 47,305 524 3.40  Organic 2542 184 2.44 3383 304 428
Symptomatic 45,479 567 2.29 46,019 527 410  Mineral 778 142 4.00
All 71,710 799 3.28 93,324 724 3.95 All 3320 239 3.11 3383 304 4.28
Total 91,713 936 3.29 134,242 846 3.99 Total 3036 253 2.92 4460 366 4.26

*H—Shannon Diversity Index.

Table 4. Occurrence and relative abundance (%) of the 40 most common fungal taxa (shown as a proportion of all high-quality fungal sequences) in asymptomatic

and symptomatic leaf samples in ten populations of Fraxinus excelsior in Lithuania.

Species Name Phylum * U1 U2 U3 U4 U5 U6 u7 Us U9 u10 All
Asym Sym Asym Sym Asym Sym Asym Sym Asym Sym Asym Sym Asym Sym Asym Sym Asym Sym Asym Sym

Fraxinicola fraxini A 3547 1976 21.21 203 20.09 20.16 28.24 2538 10.17 0.21 49.09 4420 9.10 29.57 10.34 20.97 11.65 4.08 952 896 19.03
Cladosporium sp. 5239_0 A 250 1584 1453 19.00 11.02 2419 570 19.86 9.07 3159 597 13.15 11.39 1232 16.03 24.78 13.52 12.80 1556 14.13 17.03
Vishniacozyma foliicola B 14.82 12.04 1064 9.06 5.05 1040 813 12.07 1033 16.67 3.63 3.96 1841 9.45 1298 1221 14.84 30.27 14.39 27.07 11.96
Phyllactinia fraxini A 741 658 018 3543 - 016 966 297 1017 076 - 032 532 010 015 015 121 079 11.64 652 6.62
Ramularia vizellae A 228 6.04 403 307 473 837 1209 1211 259 450 420 299 839 616 652 433 1253 13.11 10.26 7.82 5.73
Saccotheciaceae sp. 5239_4 A 080 563 559 185 485 1224 093 276 542 631 031 244 181 051 785 134 099 162 053 053 5.03
Dioszegia sp. 5239_8 B 408 370 510 406 320 138 226 253 495 246 234 210 372 3.08 940 4.64 1044 1129 508 6.24 3.61
Didymella sp. A 040 229 415 299 394 267 136 157 566 403 187 189 576 195 127 108 0.88 028 413 051 242
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Table 4. Cont.

Species Name Phylum * U1l U2 u3 U4 U5 U6 u7 U8 U9 U10 All

062 221 235 316 135 191 115 070 562 588 259 279 1.02 123 027 046 1154 515 561 261 231
167 166 038 026 053 054 723 127 797 099 685 302 290 729 370 330 066 012 138 099 1.1
046 136 166 346 065 075 082 063 012 1.05 1.04 08 085 062 276 448 044 226 265 380 149
071 119 199 114 157 191 074 130 134 08 145 1.01 051 164 08 268 055 028 148 070 1.26
031 08 259 064 311 013 046 122 1.02 0.80 - 0.05 0.82 - 024 021 011 0.08 - 0.15 0.87
025 065 165 059 267 062 019 029 157 082 016 055 109 051 041 057 022 012 074 015 0.74
003 076 009 0.09 010 038 071 359 008 045 031 0.64 020 308 074 294 066 258 032 0.86 0.69
052 068 055 048 060 034 139 060 067 020 021 025 119 041 110 088 088 095 063 020 0.61
015 055 051 078 218 078 014 037 126 053 016 0.07 014 010 018 026 022 008 0.63 046 0.58
031 072 08 022 101 117 030 070 067 252 031 021 181 041 024 072 044 012 159 042 0.73
022 053 027 018 046 020 038 099 05 017 280 145 061 072 107 041 187 131 116 083 0.56
028 046 151 030 138 079 003 010 071 018 010 025 027 041 039 031 044 036 021 0.02 0.51
012 043 152 089 110 1.09 - - 0.55 0.03 - 0.05 - - - - - 0.04 - 0.09 0.46

- 042 014 008 008 021 003 016 004 006 234 481 003 092 003 010 033 032 053 123 044
074 044 028 040 054 032 046 032 039 023 057 018 065 133 092 098 044 020 1.06 0.75 0.42

Sphaerulina azaleae

Malassezia restricta
Dothideomycetes sp. 5239_20
Alternaria alternata
Rhodotorula dairenensis
Taphrina carpini
Hymenoscyphus fraxineus
Neosetophoma rosae
Sporidiobolus metaroseus
Lemonniera sp. 5239_33
Basidiomycota sp. 5239_41
Erythrobasidium hasegawianum
Sclerostagonospora sp. 5239_35
Kondoa gutianensis
Apiotrichum gracile

Phomopsis oblonga - 030 0.01 - 473 - - - - 0.02 - - 0.07 - - - - - - - 0.41
Occultifur sp. 5239_45 019 032 034 023 045 017 016 019 020 020 016 016 051 031 033 062 066 063 095 099 031
Unidentified sp. 5239_23 019 036 079 006 046 064 - 006 031 073 005 016 007 - 018 010 - 0.44 - 022 035

034 030 058 007 075 018 008 016 027 023 005 041 055 021 056 031 - 059 021 018 0.31
019 033 001 012 004 0.04 207 060 071 047 005 009 003 092 056 021 088 036 021 075 0.32
077 028 027 008 034 038 005 016 039 018 021 021 027 031 027 026 - 0.24 - 0.13 0.28
003 020 010 141 025 007 016 029 027 0.06 - 0.02 017 0.10 - - - - - 0.07 0.25
006 024 015 016 049 023 011 0.08 012 018 093 012 024 072 030 005 011 016 021 044 0.25
034 025 008 004 001 0.08 0.16 - 020 0.09 0.05 021 167 021 130 015 044 020 042 130 0.25
003 020 038 011 173 020 0.08 0.06

Buckleyzyma aurantiaca
Kondoa sp. 5239_66
Filobasidium wieringae
Tilletiopsis washingtonensis
Bullera alba

Calloria urticae

Elsinoe heveae - 009 - - 014 - 018 - - - - - 024
Malassezia globosa 019 019 006 002 001 001 172 010 055 033 036 067 031 113 018 077 - - 011 - 022
Symmetrospora gracilis 0.03 017 039 018 049 032 008 026 012 002 031 025 051 010 0.09 - - 0.04 - 009 o0.20
Leptosphaeria rubefaciens 003 016 197 0.02 - 0.01 003 - 0.08 0.08 - - 014 - - - - - - - 0.19
Papiliotrema pseudoalba 031 017 003 044 004 003 011 012 005 010 030 0.07 018 041 011 052 114 0.19

019 018 013 007 014 025 035 032 008 008 021 035 027 010 0.06 0.10 011 012 011 0.15 0.16
Cystofilobasidiales sp. 5239_96 009 018 018 011 010 004 055 021 016 029 - 007 010 010 003 - 011 016 021 035 0.17
Pseudomicrostroma juglandis 012 017 022 029 0.16 - 0.63 010 008 005 016 0.05 024 - 024 036 - - - - 0.14
All 40 taxa, % 7728 9416 85.49 93.55 80.35 93.37 88.65 94.22 84.52 84.35 89.10 90.30 81.21 86.04 81.89 91.14 87.25 91.64 91.64 90.84 88.94

Phaeosphaeriaceae sp. 5239_83
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* A—Ascomycota, B—Basidiomycota.
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Table 5. Occurrence and relative abundance (%) of the 40 most common fungal taxa (shown as a proportion of all high-quality fungal sequences) in asymptomatic
and symptomatic shoot samples in ten populations of Fraxinus excelsior in Lithuania.

Species Name Phylum * U1 U2 U3 U4 U5 [8[3 u7 U8 U9 U10 All

Asym Sym Asym Sym Asym Sym Asym Sym Asym Sym Asym Sym Asym Sym Asym Sym Asym Sym Asym Sym

1479 1635 11.61 1946 260 19.55 1897 3.78 280 046 23.89 1.78 34.18 5.07 26.84 17.78 39.76 2.79  44.18 1597 18.18
1707 135 789 277 795 930 392 147 2427 040 1754 428 295 913 3.07 334 035 050 094 037 5.13
348 514 023 439 058 743 707 2133 030 078 149 236 575 140 1382 1519 131 061 208 249 5.12
280 627 635 746 362 059 1274 070 203 055 9.00 618 849 253 072 023 1127 158 359 417 4.75
1717 422 2057 862 812 051 113 014 384 018 267 128 021 399 674 167 136 050 112 324 4.37
049 257 310 272 034 140 121 343 073 081 060 0.18 071 127 1448 1565 1.05 034 146 332 3.82
520 275 1439 683 744 073 006 014 1522 117 0.02 0.01 0.03 094 535 186 4.09 087 633 298 3.62

260 468 136 273 439 047 759 063 341 055 1156 590 0.79 1.07 046 048 1.05 084 298 078 287

332 007 923 209 1686 185 057 042 634 150 087 082 024 146 261 032 122 030 159 797 277
445 576 159 015 0.06 012 11.35 0.07 0.30 - 343 026 1229 088 0.06 005 087 0.03 023 020 245
- 0.09 - 16.74 0.04 211 - 049 - 1443 0.01 014 025 136 - 0.19 - 013 0.03 0.16 231
013 1499 004 005 060 177 - 322 009 219 - 058 0.06 2585 0.01 744 009 013 001 059 197
085 262 263 101 094 11.84 380 - 017 057 011 056 231 026 426 033 049 010 072 0.62 1.96
0.03 5.62 - 1.70 - 298 - 007 - 0.01 046 2621 010 0.03 003 002 1.40 - 0.01 0.07 1.89
0.03 3.86 - 051 205 58 814 1797 017 025 001 362 012 539 0.01 030 002 003 004 500 1.82
036 057 076 066 070 286 021 853 095 350 027 1223 094 257 022 019 030 013 1.01 078 1.66
- 0.02  0.06 - - 049 - - 0.09 1478 - - 0.01 - - 023 - - - - 1.47
039 172 020 049 013 008 057 049 052 074 534 056 073 026 050 030 133 037 494 3.63 1.30
- 037 015 025 002 043 044 014 026 008 023 071 234 006 482 144 159 - 252 033 119
003 005 006 069 002 120 - 0.07 026 497 0.04 074 - 065 - 532 - 010 0.06 279 1.10
023 032 033 162 060 030 002 014 020 070 0.01 0.07 002 032 221 182 021 48 116 684 110
- - 024 012 - 035 0.01 531 004 386 004 383 - 006 - 0.02 0.02 16.34 - 0.15 1.05
- 011 034 079 028 014 167 014 004 005 300 233 216 029 041 008 274 034 133 036 096
042 011 158 1.03 211 057 097 014 246 100 074 037 024 052 040 019 070 047 187 2.02 0.87
016 080 046 030 055 0.08 103 007 004 005 135 136 159 003 094 050 112 0.03 124 0.64 0.75
039 35 013 017 021 0.04 023 - 0.09 0.02 118 110 063 016 011 0.04 370 094 1.06 240 0.69
016 002 022 013 004 002 015 056 0.09 0.02 091 - 055 058 1.60 159 423 017 120 028 0.68

449 064 109 029 224 229 1.04 - 289 040 039 0.08 018 042 0.04 005 - - 012 0.28 0.62

Cladosporium sp. 5239_0
Lecania naegelii
Vishniacozyma foliicola
Elsinoe heveae

Knufia sp. 5239_15
Didymella sp. 5239_6
Pirozynskiella laurisilvatica
Xenocylindrosporium
margaritarum
Pezizomycotina sp. 5239_14
Lembosiniella sp. 5239_16
Cryptosphaeria eunomia
Paracucurbitaria corni
Saccotheciaceae sp. 5239_4
Valsa cypri

Praetumpfia obducens
Angustimassarina sp. 5239_25
Pleosporales sp. 5239_32
Elsinoe sicula
Dothideomycetes sp. 5239_20
Diplodia fraxini
Neosetophoma rosae
Hymenoscyphus fraxineus
Genolevuria sp.
Capnobotryella sp. 5239_53
Buckleyzyma aurantiaca
Capnobotryella sp. 5239_34
Dioszegia sp. 5239_8
Lecidella elaeochroma f.
elaeochrom

WP EEISSEE> > > > W
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Table 5. Cont.

Species Name Phylum * U1l U2 u3 U4 U5 U6 u7 U8 U9 U10 All
Phomopsis oblonga A 0.03 - 0.02 08 006 026 003 147 - 179 001 062 013 - 0.02 011 0.09 1352 014 0.08 0.61
Paraphaeosphaeria sp. 5239_60 A - 0.73 - - - 351 - - - 006 001 005 002 006 001 011 005 057 004 737 053
Mrakia aquatica B - - - - 0.04 - - 042 - 003 002 018 041 016 003 716 - - 0.01 0.07 0.52
Alternaria alternata A 026 184 006 012 002 030 024 042 004 001 011 151 036 013 060 182 068 044 040 057 0.50
Prosthemium sp. 5239_69 A - - 0.06 0.12 - - - - - 008 - - - - 001 - - 20.85 - - 048
Calloria urticae A - 0.05 - 0.19 - 0.06 - - - 003 002 - - 016 088 411 019 010 057 114 048
Nigrograna mycophila A - - 0.02 - 004 049 - - 0.09 390 004 - - - - 0.04 - 0.98 - 0.03 0.43
Sclerostagonospora sp. 5239_35 A - - 176 052 418 126 001 - 009 025 - - - 006 013 001 - 0.07 045 0.03 041
Muyriolecis sambuci A 192 048 004 007 006 002 08 007 022 002 239 001 007 179 025 030 - 0.10 - 002 o041
Rhodotorula dairenensis B 0.03 014 035 030 08 020 047 615 034 004 006 - 069 006 061 039 016 0.07 092 023 041
Malassezia restricta B 098 002 016 012 011 0.02 041 483 009 044 071 043 054 058 0.06 008 082 202 004 052 041
Jeremyomyces sp. 5239_59 A - 0.48 - 056 0.04 028 013 084 009 001 020 027 0.01 18 0.04 342 - 0.03 027 024 040
All 40 taxa, % 82.25 88.41 87.10 86.64 6790 81.75 85.05 83.64 68.58 60.68 88.72 80.64 80.12 71.45 92.35 94.14 92.27 71.25 84.64 78.72 82.03

* A—Ascomycota, B—Basidiomycota.

Table 6. Occurrence and relative abundance (%) of the 40 most common fungal taxa (shown as a proportion of all high-quality fungal sequences) in root samples
from ten populations of Fraxinus excelsior in Lithuania.

Species Name Phylum * U1 U2 U3 U4 U5 [8[3 u7 U8 U9 U10 All

Cladosporium sp. 5239_0 A 6.67 8.54 23.75 5.31 10.14 14.48 10.98 8.45 13.33 14.18 11.12
Fraxinicola fraxini A 7.54 5.21 3.61 3.85 11.06 13.10 10.98 9.39 8.89 9.70 7.78
Vishniacozyma foliicola B 3.48 417 6.02 2.93 6.45 7.94 5.78 3.76 6.67 8.58 6.30
Didymella sp. 5239_6 A 2.61 1.88 4.82 2.38 3.92 5.95 4.62 2.82 6.67 6.34 417
Sphaerulina rhabdoclinis A 2.61 1.88 1.20 2.01 5.07 5.56 3.47 0.47 6.67 3.36 3.54
Tetracladium sp. 5239_125 A 3.48 2.50 - 19.60 0.23 0.20 0.58 0.94 - - 3.07
Saccotheciaceae sp. 5239_4 A 3.19 2.29 3.61 1.28 1.61 4.37 2.31 2.35 6.67 5.97 2.96
Malassezia restricta B 1.45 1.04 1.20 0.37 2.30 9.52 2.89 0.94 2.22 3.36 291
Rhexocercosporidium carotae A 4.64 8.96 2.41 513 0.23 - 1.16 2.82 - 3.73 2.83
Neosetophoma rosae A 1.45 1.04 4.82 13.19 0.46 1.39 1.73 0.94 4.44 0.37 2.80
Mycena sp. 5239_140 B 4.64 18.33 4.82 - - 0.20 1.73 - - - 2.22
Helotiales sp. 5239_229 A 0.87 - - - - - - - - - 2.17
Pirozynskiella laurisilvatica A 1.74 1.25 - 0.37 0.92 2.38 1.73 - - 2.99 1.91
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Table 6. Cont.

Species Name Phylum * U1l U2 u3 U4 U5 U6 u7 U8 U9 U10 All
Lecania naegelii A 058 125 241 055 253 159 231 141 889 1.87 1.88
Xylaria sp. 5239_216 A - - - - 1797 - - - - - 175
Calyptella capula B 0.29 - - 1136 1.84 - - - - - 1.57
Ramularia vizellae A 290 1.04 - 165 161 198 116 094 222 187 1.50
Knufia sp. 5239_15 A 145 146 241 055 138 198 173 141 - 112 135
Dioszegia sp. 5239_8 B 087 167 241 092 046 099 289 141 - 187 1.26
Pleosporales sp. 5239_190 A - - - - - - - 2535 - - 1.21
Pezizomycotina sp. 5239_14 A 058 042 361 - 092 198 058 - 667 187 1.08
Phyllactinia fraxini A 116 1.04 241 055 069 139 058 - - 112 099
Plectosphaerella pauciseptata A 0.29 - - 128 0.46 - 6.94 - - 0.75 0.87
Tomentella sp. 5239_292 B 0.29 - - - 8.29 - - - - - 081
Hymenoscyphus fraxineus A 058 042 120 - 092 139 116 141 - 037 081
Cryptosphaeria eunomia A 058 0.42 - 037 046 139 116 047 - - 0.76
Coprinellus disseminatus B 0.58 - - - 0.23 - - - - - 067
Unidentified sp. 5239_382 A 1.74  5.00 - 018 0.23 - - - - - 0.65
Dothideomycetes sp. 5239_20 A 029 021 - 055 046 060 058 047 222 075 0.58
Alternaria sp. 5239_21 A 029 021 - 073 046 119 - 094 - 075 0.58
Paracucurbitaria corni A 058 0.42 - - 023 079 - - - 2.61 0.58
Exophiala equina A 087 063 120 1.28 - 020 116 047 - - 0.58
Elsinoe heveae A 029 021 120 018 0.69 - 058 047 222 075 0.58
Xenocylindrosporium A - - - - 023 159 058 141 - 149 0.56
margaritarum
Angustimassarina sp. 5239_25 A 0.87 0.63 - - 0.46 - 058 - - 0.75 0.56
Penicillium polonicum A 116 104 120 018 023 079 - - 222 - 0.54
Rhizoctonia sp. 5239_344 B - - - 4.40 - - - - - - 0.54
Praetumpfia obducens A 145 042 - 018 023 040 116 047 222 075 0.52
Unidentified sp. 5239_35 A 2.03 0.63 - 073 023 079 058 - - 149 o047
Helotiales sp. 5239_318 A 0.87 021 - 1.65 - - 231 - - 037 045
All 40 taxa, % 64.93 74.38 76.25 83.70 82.69 84.13 74.85 69.48 82.22 79.10 77.49

* A—Ascomycota, B—Basidiomycota.
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Table 7. Occurrence and relative abundance (%) of the 40 most common fungal taxa (shown as a proportion of all high-quality fungal sequences) in organic and
mineral soil samples from ten populations of Fraxinus excelsior in Lithuania.

Species Name Phylum * U1 U2 U3 U4 U5 [8[3 u7 U8 U9 U10 All
(0] M o M (0] M (0] M (0] M (0] M (0] M (0] M (0] M (0] M
Trechispora invisitata - 2.76 - - - - - - - - - - - 4.55 - - - - 88.01 - 50.03
Malassezia restricta 200 138 243 125 451 1209 857 333 227 588 10.00 8.82 748 588 195 3.03 9.01 649 1446 590

10.00 276 6.07 1625 827 1319 571 1333 341 1765 - 1471 6.54 455 1029 22.08 -
240 1034 243 375 451 7.69 - 6.67 227 882 20.00 13.24 13.08 18.18 735 325 3.03 450 017 3.61 217
1.60 690 486 625 6.02 440 476 16.67

Cladosporium sp. 5239_0 9.01 017 12.05 4.97

Vishniacozyma foliicola

Fraxinicola fraxini - 588 10.00 147 187 - 294 195 - 0.90 - 482 1.75
Pseudosperma aff. Perlatum 2.80 - - - - - 190 - 227 294 - - - - - 2792 - - - - 152
Ramularia vizellae 160 483 162 500 150 220 095 6.67 114 294 - 147 841 - - 325 - 180 0.06 361 1.05
Malasseziales sp. 5239_104 0.40 0.40 14.29 857 - - - 093 - 147 - 090 046 120 1.02

080 138 081 1.8 150 440 095 1.14 294 - 441 093 - 147 195

B

B

A

B

A

B

A

B
Saccotheciaceae sp. 5239_4 A - - 360 0.06 723 1.02
Didymella sp. 5239_6 A 240 759 243 188 075 220 476 333 114 294 - - 561 - 58 325 303 360 006 120 1.02
Trichocladium griseum A 120 207 121 18 150 110 09 - 114 - - 294 093 - 147 19 - 631 006 241 0.86
Fusarium tricinctum A - - - 1500 - - 381 - - - - - - 455 - - - - - - 0.79
Typhula capitata B 200 345 972 - - - - - - - - - - - - - - - - - 0.79
Penicillium italicum A 6.00 138 324 1.88 - - 286 - - - - 147 093 - 147 065 - 090 012 241 0.63
Heterobasidion parviporum B - - - - - - 190 - - - - - - - - - - 17.12 - - 0.63
Hypocreales sp. 5239_529 A 040 0.69 040 - - - - - 1932 - - - - - - - - - - - 0.59
Knufia sp. 5239_15 A 080 276 081 250 - 110 - 333 - 294 - 294 187 - 147 065 3.03 - 0.06 241 0.56
Malassezia globosa B 080 483 081 0.3 - 110 095 - 114 1176 - - 093 455 147 065 - 090 012 3.61 0.56
Malassezia sympodialis B - - - - - - - - - - - - 093 - - 0.65 - 360 046 241 0.49
Dioszegia sp. 5239_8 B - 207 121 188 - 110 095 333 - - - - 093 - 147 130 - 0.90 - 361 049
Leptodontidium sp. 5239_466 A 1.60 - 2.83 - 2.26 - - - - - - - 093 455 147 065 - - 012 - 046
Lecania naegelii A 080 621 081 313 075 110 095 - - - 1000 - - - - 130 - - - 241 046
Penicillium bialowiezense A 0.80 - 0.81 - 0.75 - 095 - 682 294 - - 187 - 294 065 - - - - 043
Wallemia muriae B 4.80 - - - 6.77 - - - - - - - 093 - - 0.65 - 1.80 - - 0.40
Pezizomycotina sp. 5239_14 A 120 138 121 125 - - 0% - 114 - - 147 093 - 147 - - 090 0.06 120 0.36
Pseudogymmnoascus sp.
5239 239 A 040 345 040 3.13 - - 09 - 568 - - - - - - - - - - - 036
Lembosiniella sp. 5239_16 A 0.80 - 0.81 - - - 095 - - - - - - - - - 303 090 - 723 033
Dothideomycetes sp. 5239_20 A 040 138 040 1.25 - - - 333 - 294 - 147 - - - 130 - 0.90 - 120 033
Xenocylindrosporium A - 069 - 063 150 - 09 - - - 1000 147 - 1818 - 065 - 180 - 120 030
margaritarum
Pirozynskiella laurisilvatica A 040 138 040 125 - 220 - - - - - 147 093 - 147 - - - 012 - 030
Mortierella sp. 5239_297 z 7.60 - 3.64 - - - 095 - - - - - - - - - - - - - 030
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Table 7. Cont.

Species Name Phylum * U1l U2 u3 U4 U5 U6 u7 U8 U9 U10 All
Saitozyma podzolica B 2.40 - 243 - 1.50 - - - - - - - 093 - - - - - 0.06 - 0.30
Oidiodendron sp. 5239_450 A 200 276 2.02 - 150 110 095 - - - - - 093 - 147 - - - - - 030
Paxillus involutus B 0.40 - - - - - - - - - - - - - - - - - 052 - 0.30
Phyllactinia fraxini A - 0.69 - 063 075 110 - - 227 - - - 093 9.09 - - - 0.90 - 120 0.26
Pseudeurotium sp. 5239_238 A 080 069 040 125 - - - - - - 10.00 - - - - - - - 0.06 3.61 0.26
Tomentella sp. 5239_616 B - 2.07 - 313 075 220 - - - - - - - - - - - - - - 026
Trichosporiella cerebriformis A 2.00 - 2.02 - - - - - 341 - - - - - - - - - - - 0.26
Tetracladium sp. 5239_125 A - - 2.02 - - - - - - - - 147 093 - 147 - - - - - 023
Ganoderma applanatum B - - - - - - 952 - 455 - - - 187 - 294 - - 0.90 - - 0.23
All 40 taxa, % 61.60 75.86 58.70 75.63 60.77 58.24 64.76 43.32 59.09 70.59 70.00 58.82 62.62 68.18 55.88 76.62 15.15 71.17 97.22 83.13 83.27

* A—Ascomycota, B—Basidiomycota, Z—Zygomycota.
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There were 388 fungal taxa, which were found in a single site out of ten sampled; by
contrast, 105 fungal taxa were found in all ten sites. As many different fungal taxa were
detected at different sites, Serensen’s qualitative similarity index of fungal communities
among different study sites was moderate (0.49-0.63).

Among fungal taxa that were found in leaf samples, 279 (29.8%) were exclusively
found in asymptomatic leaves, as well as 205 (21.9%) in symptomatic leaves, while 452
(48.3%) fungal taxa were common to both categories of leaf samples (Figure 3).

Leaves asymptomatic Shoots asymptomatic

Leaves symptomatic Shoots symptomatic

Figure 3. Venn diagrams showing the diversity and overlap of fungal taxa in asymptomatic and
symptomatic samples of leaves and shoots of Fraxinus excelsior.

The most frequently detected fungal taxa were Cladosporium sp. 5239_0, Fraxinicola
fraxini (=Venturia fraxini), and basidiomycetous yeast Vishniacozyma foliicola, found in all ten
sites and in all sample types. Together, the three most abundant fungal taxa included 32.5%
of all high-quality sequences. These taxa, together with another frequently detected fungi
such as Elsinoe heveae, Lecania naegelii, or Phyllactinia fraxini, were dominating in fungal
communities of analyzed F. excelsior samples in shoots and leaves (Tables 4-7).

Nonmetric multidimensional scaling of fungal communities demonstrated that fungal
communities in shoots were largely separated and differed significantly between symp-
tomatic and asymptomatic samples (p < 0.002), yet they intermixed between asymptomatic
and symptomatic samples in leaves (p > 0.095) (Figure 4). Fungal communities in mineral
and organic soil samples were largely overlapping, but statistical analysis showed that
these differed significantly from each other (p < 0.041) (Figure 4).
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Figure 4. Ordination diagram based on nonmetric multidimensional scaling of fungal communities in
leaf, shoot, root, and soil samples. Each point in the diagram represents a respective site of F. excelsior.

The most frequent fungi found in soil samples were Trechispora invisitata (0.65% of
all reads, Table 6), Malassezia restricta, and Cladosporium sp., which were found in the soil
of all study sites. The causal agent of ash dieback H. fraxineus was consistently found
in all sites (Tables 4 and 5), but it was relatively unabundant (0.89% of all high-quality
reads). The lowest abundance of H. fraxineus was in the site U2, which exhibited the
lowest ash defoliation of all investigated sites. H. fraxineus was most frequent in shoots
(1.05% of reads), followed by roots (0.86% of reads) and leaf (0.69% of reads) samples. On
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few occasions, H. fraxineus was also present in the soil, comprising 0.25% of all sequences
found in soil samples. Among leaf and shoot samples, 94.2% of all H. fraxineus sequences
were detected in symptomatic tissues. Among leaves and shoots, the detected frequency
of H. fraxineus did not correlate significantly with the presence of other fungal taxa,
except for a positive correlation between the abundance of H. fraxineus and Ramularia
vizellae on leaves (r = 0.576, p = 0.008), a positive correlation between the abundance of
H. fraxineus and Pleosporales sp. on shoots (r = 0.562, p = 0.010), and a negative correlation
between the abundance of H. fraxineus and Cladosporium sp. on shoots (r = —0.548,
p = 0.012). Significantly positive correlation between the abundance of H. fraxineus and
Ph. fraxini (r = 0.622, p < 0.001) was detected in sites U2 and U3 in asymptomatic leaves.
In root samples, significant correlations between the abundance of H. fraxineus were
found with the abundance of Knufia sp. (r = 0.782, p = 0.001), Malassezia restricta (r = 0.736,
p = 0.001), Sphaerulina rhabdoclinis (r = 0.656, p = 0.002), Vishniacozyma follicola (r = 0.641,
p = 0.002), Fraxinicola fraxini (r = 0.639, p = 0.002), Lecania naegelii (r = 0.614, p = 0.004),
and Phyllactina fraxini (r = 0.602, p = 0.005). The overall species richness was significantly
higher in asymptomatic vs. symptomatic leaves and shoots (chi-square tests, p < 0.001).
In a total of over 10 sites, 731 taxa were found in asymptomatic leaves, while 657 taxa
were found in symptomatic leaves (Table 2). The Shannon diversity index was also
higher in asymptomatic leaves than in symptomatic leaves (3.59 vs 3.01, Table 3), but the
difference was insignificant (p > 0.05). Overall, 669 taxa were found in asymptomatic
shoots, while 568—in symptomatic ones (Table 2). Contrary to this, the Shannon diversity
index was higher in symptomatic than in asymptomatic shoots (4.15 vs. 3.49, Table 2),
but the difference was also insignificant (p > 0.05). The Shannon diversity index did
not differ significantly between the organic and mineral soil (p > 0.05). Correlations of
abundance of H. fraxineus with the Shannon diversity index were insignificant both
in asymptotic leaves (r = —0.588, p = 0.073) and in symptomatic leaves (r = —0.169,
p =0.640). No significant correlations were also found for symptomatic (r = —0.034,
p = 0.926) and asymptomatic (r = —0.118, p = 0.745) shoot samples.

4. Discussion

Since the outbreak of ash dieback in Lithuania in mid-1990s, silviculture in F. excelsior-
dominated forest ecosystems was shifted towards the cultivation of other tree species or left
for self-regeneration [22]. Cultivation of F. excelsior stands was generally abandoned. The
only notable exception from this was a small number of dedicated F. excelsior progeny trials
and clonal archives, created to look for a viable solution to restore F. excelsior stands using
ash material resistant to H. fraxineus. Such trials, in combination with disease resistance
and due to self-thinning and sanitary thinning, resulted in healthier stands in comparison
to natural ash stands, but with ambiguous results [50].

In addition, a small number of young, naturally regenerated F. excelsior stands, which
were often mixed with other tree species, emerged on sites of former ash stands deteriorated
by ash dieback during the first decade of this still ongoing epidemic. Although F. excelsior
trees in these stands are not free of H. fraxineus infections, the sanitary conditions of
investigated stands were stable and generally satisfactory for the last five years (State
Forest Service, personal communication). Phytosanitary conditions of investigated stands
U2 and U3 were good, as these included only a limited number of diseased ash trees and
with a crown defoliation under 30%.

It should be noted that all F. excelsior stands (and investigated trees) selected for this
study were of young age, modest diameter, and modest height, usually not exceeding 15 m.
The young ash trees are generally considered to be more susceptible to ash dieback than
the older ones [56,57].

Due to our sampling approach, the composition of mycobiome species was deter-
mined, in shoots and leaves, of the lower part of the crowns of investigated trees. The
results of the present study should be interpreted with caution, as H. fraxineus infec-
tion in the tops of F. excelsior trees were reported to be typical [58]. On the other hand,
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ash-associated mycobiome is usually most species-rich in the lower part of the crown,
i.e., in a more shaded part of the F. excelsior crowns [35,36]. Noteworthy, the observable
defoliation of crown tops was absent among ash trees selected for sampling and was not
typical in assessed stands overall.

In general, our study revealed a high diversity of fungal taxa in both leaf and
shoot samples, which was in agreement with earlier findings of culture-independent
studies [34,39,59]. Species composition was clearly dominated by Ascomycota, which
included representatives of endophytic and other plant colonizing fungi [42]. Species
accumulation curves (Figure 2) showed that the species saturation was not reached,
indicating that a potentially higher diversity of fungal taxa could be detected by broader
sampling and sequencing effort. Indeed, a higher sampling intensity of leaves and shoots
resulted in much higher species richness in leaf and shoot samples compared to those
detected in root and soil samples.

The frequency of H. fraxineus appearance among detected fungal taxa was rather
low in all sampling categories. As the ash dieback epidemic was ongoing for years, the
possibility should not be excluded that, due to the competition for the same ecological
niche, H. fraxineus was gradually replaced by opportunistic pathogens and/or secondary
colonizers. This fact is in contradiction with some important studies, where H. fraxineus
was among the most abundant species [60] in leaf mycobiome. However, a relatively small
proportion of H. fraxineus among leaf colonizing fungi is also reported by Cross et al. [34],
Agan et al. [61], and Agostinelli et al. [39], where the abundance of H. fraxineus biomass
in colonized leaf substrate was significantly increased only towards the second half or the
end of the vegetation season.

Our study indicates some impact of H. fraxineus on total diversity of fungal communi-
ties: on 8 out of 10 sites studied, the Shannon diversity index was higher in asymptomatic
leaves than in symptomatic ones (H = 3.59 and H = 3.01 on asymptomatic and symptomatic,
respectively, Table 2). Meanwhile, the opposite tendency was observed for shoot samples
(H = 3.49 and H = 4.15 on asymptomatic and symptomatic samples, respectively (Table 2).

The impact of H. fraxineus on composition of fungal taxa and distribution of ash-
colonizing mycobiome was among primary objectives of many recent studies [58]. However,
the extent of such impact is difficult to evaluate, mainly due to the lack of knowledge of
F. excelsior-associated fungal diversity prior to the outbreak of ash dieback disease. The
phenomena of the replacement of autochthonous leaf decomposer Hymenoscyphus albidus
by alien pathogenic H. fraxineus is described in several studies, e.g., [51,62]. In our case, H.
albidus was not detected. The presence or absence of H. albidus among dieback-affected
European ash mycobiome was often in the focus, as it occupies similar ecological niche as
H. fraxineus. Besides, H. albidus can be considered as a reference species, and its abundance
may indicate potential changes in fungal communities associated with F. excelsior. Although
H. albidus was often reported to be absent in recent studies [20,39,60], its abundance in
ash leaves was never exactly clear. In recent studies on ash dieback, where H. albidus was
actually found, it appeared in low numbers [62-64]. Czech studies on ash-dieback [63,64]
imply insignificant impact of H. fraxineus to the prevalence of H. albidus. Its low colonization
frequency appears to be typical, even before the outbreak of ash dieback in Europe [65,66].

Ash-specific Fraxinicola fraxini was found to be absent or rare in some Fennoscandian
stands of F. excelsior [39,67]. In the present study, F. fraxini was the key component of Euro-
pean ash leaf-colonizing mycobiome in both asymptomatic and symptomatic leaf samples,
consistently found in all locations and in all samples, and its appearance was higher in
symptomatic leaves in the majority of investigated sites. By contrast, the abundance of
F. fraxini in symptomatic leaves in sites U2 and U3, which were characterized by a low
defoliation, was lower than it was in asymptomatic leaves. This is in agreement with other
studies, where possible F. fraxini association with premature ash defoliation was discussed,
regardless that this ascomycete is often considered as a weak leaf pathogen [61,62]. As an
early leaf colonizer and the species able to coexist with H. fraxineus in colonized necrotic
petioles of European ash, F. fraxini was sometimes considered as a possible antagonist to H.
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fraxineus [60]. We did not detect a significant correlation between the frequency of these
two fungal species, which can be due to the fact that F. fraxini and H. fraxineus colonize
different parts of ash foliage [60].

Cryptosphaeria eunomia, which specifically colonizes and decomposes dead F. excelsior
twigs, was among the most frequently detected fungi in symptomatic shoot samples, but
on different sites, it was found very inconsistently. In ash progeny trials, this species was
found very seldom, indicating its strong dependence on natural ash habitats.

Although Alternaria alternata (as well as the other Alternaria spp.) was not among
the most abundant fungal taxa, it requires special attention. For about two decades, the
cosmopolitan necrotroph A. alternata was considered as one of the most frequently found
and identified species associated with symptomatic leaves, shoots, and stems of European
ash [38,68,69], and it was considered as the species which may contribute to the worsening
phytosanitary conditions of dieback-affected F. excelsior stands [32,70]. It is noteworthy
that this particular species appeared among frequently found taxa in other studies, based
on the culture-dependent fungal identification approach. However, in our studies and
similar high-throughput sequencing-based studies, A. alternata appeared in much lower
proportions [39,59], suggesting that, due to fast growth rate, it can be overrepresented
in culture-dependent studies, but it probably has a limited role among ash-associated
mycobiome. One of such possible roles is an extensive leaf colonization towards the end of
the vegetation season in the tops of the crowns, causing premature defoliation as it was
suggested by Scholtysik et al. [36].

Similarly to A. alternata, another set of fungal taxa, traditionally regarded among
the most prevalent in European ash [32,36,69], namely Aspergillus sp., Epicoccum nigrum,
Giberella avenacea, Phoma sp., and Phomopsis sp., were identified in low abundances. These
findings are in line with other high-throughput sequencing studies [34,39,59], but they
strongly contradict the results of culture-based studies [38,59,60,69]. Evidently, each of the
aforementioned methods have their advantages and shortcomings, suggesting that the use
of both methods can provide a valuable complementary information.

Interestingly, a parasitic ascomycete Botryosphaeria stevensii (anamorph state is Diplodia
mutila), a known pathogen of F. excelsior [69], was missing in all samples of this study. By
contrast, B. stevensii was reported in necrotic shoots [32,70], leaves [59,60], and seeds [59] of
F. excelsior.

Another member of the genus Diplodia, which is associated with F. excelsior, namely
Diplodia fraxini, was a frequently and consistently found fungal taxon in symptomatic apical
parts of investigated ash. It is a frequently detected fungal taxon in necrotic tissues of
diseased F. excelsior [60,71]. Albeit we did not find significant statistical evidence of an
antagonistic relationship between H. fraxineus and D. fraxini, based on relative scarcity of
the former and abundance of the latter, the possibility should not be excluded that the
spread of H. fraxineus in European ash could be limited by other ash-association pathogens,
such as D. fraxini.

The very first culture-independent studies of endophytic communities within plants [72]
revealed that these communities vary a lot within a single plant species, as well as over
relatively short distances, sensitively reacting to the key substrate and various other re-
sources. Considering the abovementioned factors and tendencies, we can conclude that
the mycobiome diversity between seven self-regenerated stands and three ash progeny
trials assessed in the present study was remarkably similar, sharing 85 taxa among the 100
most frequently found ones. Apparently, the site (self-regenerated forest stands vs. planted
and carefully thinned progeny trials) did not have a pronounced impact on qualitative
species richness, although in general numbers of sequence reads among samples collected
in progeny trials, these were significantly lower. Hereby, H. fraxineus was several times less
abundant in samples from ash progeny trials, yet the actual phytosanitary conditions in tri-
als were slightly worse than those of self-regenerated stands. From the 100 most frequently
detected fungal taxa in leaf, shoot, and root samples, 85 of them were omnipresented at
both types of sites (> 5 reads). Ascomycetes Cosmospora obscura, Nigrograna mycophile, Para-
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phaeosphaeria sp. 5239_60, Pirozynskiella laurisilvatica, Pleosporales sp. 5239_32, Prosthemium
sp. 5239_69, Sclerostagonospora sp. 5239_35, basidiomycete Peniophora sp., and several
unidentified genera were identified, almost exclusively, on self-regenerated sites, indicat-
ing the dependence of these fungi on natural habitats. Among typical ash-related fungal
taxa [33,36,39], Cryptosphaeria eunomia, Didymella sp., Dioszegia sp., D. fraxini, Knufia sp., Ph.
fraxini, and Sphaerulina azalea also clearly favored typical conditions of self-regenerated
sites. It is suggested that sun-exposed parts of F. excelsior crowns (such conditions were
more pronounced in progeny trials vs. self-regenerated sites) may be more susceptible to
H. fraxineus infections due to lower diversity of endophytic mycobiome, in comparison
to the parts of the crowns situated under more shady, moister conditions and (possibly)
higher density of fungal spores [58]. This also corresponds well with the observation of
spaciously planted and thinned from unwanted vegetation F. excelsior clonal archives in
Lithuania, where ash clones in close vicinity to neighborhood forest canopy (20 m or less)
were of significantly better phytosanitary conditions than trees constantly sunlit during
daytime (unpublished data).

In the present study, a high abundance of biotrophic powdery mildew Ph. fraxini
proved it to be a keystone species in foliage of F. excelsior. Its positive correlation in generally
healthy sites with H. fraxineus is in accordance with [34] and [61], where strong connections
between these two fungal species were revealed in leaves of investigated European ash,
suggesting Ph. fraxini as an interesting investigation prospect. The possibility should not
be excluded that leaf colonization by Ph. fraxini could predispose overwise healthy tissues
to infections by H. fraxineus, thereby allowing it to more easily overcome tree defense.

The diversity of fungal taxa in soil and root samples was surprisingly low (Figure 2),
repeatedly showing that a higher diversity of fungal taxa could be detected using a larger
sample size and deeper sequencing. Following the general classification of soil fungi to
three main functional groups—symbiotrophs, saprotrophs, and pathogens [73]—fungal
communities in the soil were dominated by saprobic species, and diversity was greatly
influenced through vegetation properties of the sites, especially leaf litter. Most abundant
and consistently found species in the soil were Cladosporium sp., Vishniacozyma foliicola, Frax-
inocola fraxini, and Didymella sp. pointing out these fungal taxa as important decomposers
of F. excelsior apical parts on forest floor. The absence of Glomeromycota, among identified
species in assessed soil and root samples, is surprising, as F. excelsior is known to be a host
of arbuscular mycorrhizal fungi [74]. Evidently, to reveal arbuscular mycorrhiza fungi
related to the European ash, a more extensive sampling effort is required. Such evidence is
in accordance with the study of [75], where only a small proportion of root tips of Fraxinus
were found to be colonized by just a few species of arbuscular mycorrhiza fungi.

Occurrence of H. fraxineus in soil samples was very low (only 0.9 reads per sample), in
comparison to quantities of ascomata of this species on the forest floor reported by [58],
indicating that the propagule pressure of this pathogenic species in investigated stands was
lower than expected, regardless of the fact what we excluded ground litter from our study.

Noteworthy, Armillaria spp., known as a secondary pathogen of ash-dieback-affected
F. excelsior, was detected very seldom in three sites of naturally regenerated forest.

5. Conclusions

Functional tissues (leaves, shoots, and roots) and adjacent soil of F. excelsior were
associated with species-rich communities of fungi. Although the ash dieback pathogen
H. fraxineus was relatively rare in all sites and substrates (leaves, shoots, roots, and the
soil), in leaves and shoots, there were profound differences in the richness of fungal taxa
between symptomatic and asymptomatic samples, suggesting that the state of infection
influenced overall fungal diversity. The abundance of several fungi significantly correlated
(positively or negatively) with the abundance of H. fraxineus, among which Cladosporium
sp. showed a negative correlation, suggesting that it could be a potential inhibitor of
H. fraxineus. Investigated stands in natural F. excelsior habitats exhibited a higher diversity
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of fungal taxa (especially ash-specific) than progeny trials planted on former grasslands,
indicating the potential impact and importance of natural habitats.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f13101609/s1. Table S1. Occurrence and relative abundance
of fungal taxa (shown as a proportion of all high-quality fungal sequences) in Fraxinus excelsior
asymptomatic (A) and symptomatic (S) leaves from ten different sites (U1-U10) in Lithuania; Table S2.
Occurrence and relative abundance of fungal taxa (shown as a proportion of all high-quality fungal
sequences) in Fraxinus excelsior asymptomatic (A) and symptomatic (S) shoots from ten different
sites (U1-U10) in Lithuania; Table S3. Occurrence and relative abundance of fungal taxa (shown
as a proportion of all high-quality fungal sequences) in Fraxinus excelsior roots from ten different
sites (U1-U10) in Lithuania; Table S4. Occurrence and relative abundance of fungal taxa (shown as a
proportion of all high-quality fungal sequences) in Fraxinus excelsior organic (O) and mineral (M) soil
from ten different sites (U1-U10) in Lithuania.
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