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1  Supplementary Methods

1.1 Coverage analyzes of 5.8S and LSU primers

Ribosomal sequences were retrieved using the following GenBank query (2017-11-08):

(28S[Title] OR 1lsu[Title] OR "large subunit"[Title])

AND (ribosomal[Title] OR ribosome[Title] OR rRNA[Title] OR rDNA[Titlel])

AND Eukaryota[Organism]

AND 20:10000 [SLEN]
NOT (genome[Title] OR scaffold[Title] OR chromosome[Title] OR supercontig[Title] OR
mitochondrial [Title] OR mitochondrion[Title] OR protease[Title] OR proteasome[Title] OR
protein[Title]
The resulting 1,491,269 sequences were clustered at 70% identity using VSEARCH (Rognes et al.,
2016), pre-sorted by decreasing length. Then, ITSx (Bengtsson-Palme et al., 2013) was used to find
rDNA domains within the cluster centroids. The resulting domain coordinates for 5.8S and LSU
were used to extract the subsequences of these domains from the SAM alignments produced by
VSEARCH. The intermediate clustering step largely reduced the time necessary for the domain
search. The 5.8S domain was found in 67.8% of the sequences, while the LSU domain was found in
48.4%. Primer matches were found using the USEARCH search_oligodb command (v10.0.240,
https://www.drive5.com/usearch) with a maximum of 10 substitutions allowed. 22 bp were removed
from the sequence ends because many sequences on GenBank tend to contain the sequencing pri-
mers. This also removed useful information, but should be safer, especially because ITS3 and ITS4
are popular sequencing primers, and not removing them may lead to wrong results. Some sequences
were shorter and did not contain all primer binding sites. In order to reduce the number of unspecific
matches, the positions of the rDNA domains were determined for each sequence using hmmsearch
(http://hmmer.org, version 3.1b2). The HMM profiles were constructed from the 5 8S rRNA and
LSU rRNA eukarya (columns 1-63) seed alignments from the Rfam database
(http://rfam.xfam.org). Only USEARCH primer hits positioned at the expected location within the
domains were considered for the mismatch analysis.

Taxonomic information about each sequence was retrieved with the help of Taxadb
(https://github.com/HadrienG/taxadb) and the Entrez web service (get taxonomy.py script from
https://github.com/markschl/bio_scripts). Primer mismatch summaries were done by counting the
number of unique species. No additional filtering was done (e.g. removal of uncultured records or
sequences not classified to the species level but assigned a higher rank only). All graphs and analyz-
es were done in R with the help of ggplot2. For plants, all search results are shown and summarized
in Table file 3.

See also script primer_validation/01 primer _mismatches Genbank.sh, Data Sheet 4.



1.2 Analysis of terminal mismatches to fungi

The UNITE database (Kdljalg et al., 2013) was used for finding mismatches within the six terminal
3’ bases at the annealing site of the primers ITS4f/ITS4f2. The UNITE+INSD dataset (2017-10-10
release, 777,046 sequences) was downloaded from https://unite.ut.ee/repository.php, and clustered at
85% identity using VSEARCH. The LSU domain was found in 491,030 of the sequences using the
same procedure as above with the GenBank dataset. For finding the correct positions, sequences
were aligned against a HMM profile constructed from the LSU rRNA_eukarya seed alignment from
the Rfam database (http://rfam.xfam.org/family/RF02543), positions 1-60 (5’ end of ITS4f primer).
Both the sequences and the HMM profile were reverse complemented to minimize the number of
misaligned residues. Alignment was done with smmalign (http://hmmer.org, version 3.1b2). Fre-
quencies of the six residues of interest were determined in R. Sequences were not trimmed at the
end even though many of them may still contain the primer sequence. However, it was assumed that
most if not all of the sequences containing the ITS4f/ITS4{2 primer site were sequenced with ITS4
or another primer more downstream. Thus, the last 6 bp of the primer site should be correct since
they do not overlap with ITS4. For species with deviating sequences with a certain abundance (> 3
sequences and > 1.5% of all sequences), a manual validation was done by inspecting full-length
alignments produced from the UNITE sequences (see Table File 1).

See also script primer_validation/02 _ITS4f end UNITE.sh, Data Sheet 4.

1.3 Mock community construction

24 fungi from different taxonomic groups were selected (listed in Table S4 and Table File 4). 12 of
the species were previously isolated from F. excelsior leaves. The fungi were cultured on malt agar
(20 gI'" malt extract, 15 gl agar). In order to obtain pure cultures, single (if possible) or few hyphae
were cut from the culture margin and transferred to a new plate. For yeasts (S. cerevisiae, E. haseg-
awianum, P. flavescens), a single colony was obtained by dilution plating. From those new cultures,
a standardized inoculum was excised using a cork borer (4 mm diameter) and transferred to Erlen-
meyer flasks containing 60 ml of 2% malt extract. The flasks were incubated at 20 °C in the dark
with constant shaking at 80 rpm. After incubation for different time periods (see Table File 4), my-
celium was transferred to a sterile filter membrane (Whatman / GE Healthcare) and the liquid was
removed by aspiration. Yeasts (including 4. pullulans which grew as yeast in liquid culture) were
cultured in a total of 150 ml malt extract for 3.9 days. In order to aggregate cells, the medium was
centrifuged at 2500 rcf for Smin and the supernatant discarded. 70-100 mg tissue was then trans-
ferred to 2 ml Eppendorf tubes and stored frozen at -80 °C. For homogenization, two metal beads

(7 mm and 4 mm diameter) and a few silica beads (1 mm diameter) were added. Samples were ho-
mogenized in a frozen state using a cooled BeadRuptor 24 mill (Omni international, Kennesaw,
USA) for 2 x 30 s at 2.25 m/s. DNA was extracted using the NucleoSpin® Plant II kit (Macherey-
Nagel) according to the manufacturer’s instructions, using the PL1 lysis buffer. Extraction quality
was ensured by checking for fragmentation on an agarose gel. Only extractions without visible
fragmentation (smear) were used. DNA concentration was measured using the Qubit dsSDNA BR
assay (Thermo Fisher Scientific). All gDNA extractions were then diluted to a final concentration of
0.75 ng pl”" in 5 mM Tris/HCI buffer. Dilution was done in three steps with intermediate Qubit
measurements. The final measurement was done with Qubit dsSDNA HS in three replicates. Subse-
quently, an even mixture was created by adding an equal amount (ng) of each gDNA to the pool.
Additionally, two uneven mock communities with geometric abundance distributions with different
values for the k parameter were mixed (Table File 4, workbooks ‘dilution_uneven 1/2”). In order to
achieve precise mixtures at a high dilution range, four blocks of six consecutive dilutions were
mixed separately. The sub-pools were then serially combined to create the final pool. Pipetting of



the three mixtures was done independently three times. The frequencies of the individual species
were randomly assigned using R. The mixes were stored in aliquots at -80 °C until used.

The ITS region of the fungi was amplified using two self-designed primers located on the SSU (5'-
CTTTGTACACACCGCCCGTC-3") and LSU (5'-CCGSTTCACTCGCMGTTACT-3"). The PCR
product was sequenced from both ends using Sanger sequencing. The primers ITS1F, ITS3 and
ITS4 were used for re-sequencing in case of failure. All sequences were aligned and edited in Gene-
ious 6.1 (Biomatters, New Zealand) to obtain a full-length sequence of the complete ITS region in-
cluding parts of the SSU and LSU.

Since the genome size and number of rDNA repeats was unknown for most species, a qPCR quanti-
fication was done to determine relative rDNA content per species and get a more precise estimation
of the expected amount of ITS amplicon for each species. A conserved 108 bp fragment of the SSU
region was amplified using newly designed primers (forward: 5'-
YAATTATTGCTCTTCAACGAGGA-3', reverse: S'-ATTCAATCGGTASTAGCGACG-3"). The
degeneration at the 5’ end of the forward primer was applied because of the deviating sequence of S.
cerevisiae. However, the results might still not be as precise for this species as for the others. Ampli-
fication was done in triplicates in a reaction volume of 10 ul containing 0.2 pl of each primer

(10 uM), 2 ul of 5 x FIREPol® EvaGreen® qPCR Mix Plus (ROX) (Solis BioDyne, Tartu, Estonia),
1 ul gDNA and 6.6 ul PCR-grade water. Cycling was done on a 7500 Fast RT-PCR (ABI / Thermo
Fisher Scientific) with the following conditions: initial denaturation at 95 °C for 15 min, followed
by 40 cycles of 95 °C for 15 s and 55 °C for 1 min. The PCR efficiencies were inferred from the
slopes of the amplification curves using LinRegPCR (2014.2, Ruijter et al. 2009). The window of
linearity was calculated separately for each species, and the starting concentrations (NO, normalized
fluorescence units) were calculated based on the mean efficiency of the three replicates.

1.4 Determination of linker sequences for primers

The purpose of the 2-bp linker added at the 5’ end of each primer was to prevent binding of the
frameshift nucleotides or the adapter to fungal sequences. It was therefore chosen to be as rare as
possible in the sequence databases. The dinucleotide frequencies were determined from alignments
of parts of the 5.8S and LSU domains of the UNITE OTUs (2016-08-22, including singletons, clus-
tered at dynamic threshold). The alignment was done through a immsearch (http://hmmer.org)
against profiles constructed from fungal 5.8S and LSU alignments by James et al. (2006). For each
primer, a dinucleotide linker not occurring upstream in the alignment was selected.

See also bash script primer_validation/03_linker analysis.sh in Data Sheet 4.

1.5 Construction of the taxonomic reference database

For fungal taxa, the USEARCH/UTAX reference dataset from UNITE (2017-10-10,
https://unite.ut.ee/repository.php) was used. Other eukaryotic sequences were downloaded from
Genbank using the following query:

"internal transcribed spacer 2" OR "internal transcribed sequence 2" OR ITS2 OR "ITS 2"
OR "ITS-2" OR ITS)

AND ("50"[SLEN]: "5000" [SLEN])
NOT ("Fungi"[Organism] OR chromosome OR scaffold OR chloroplast OR intergenic OR
cytochrome OR histone OR exon OR 165 OR 23S OR matK OR tubulin OR elongation OR protein)



The downloaded sequences were additionally cleaned by excluding mitochondrial, chloroplast
rDNA and non-ribosomal sequences by keywords. The taxonomy was retrieved using Taxadb
(https://github.com/HadrienG/taxadb) and the Entrez web service (get taxonomy.py script). The
sequences were then clustered at 70 % identity using VSEARCH, and assigned a consensus taxon-
omy (tax_consensus.py). ITSx was then used to extract the ITS2 region. Unrecognized cluster se-
quences were further searched for keywords in their headers that suggested the presence of the ITS2
region. Those sequences were included as well in the taxonomic database.

See also script taxonomy _db.sh, Data Sheet 4.

1.6 Chimera detection in mock community reads (Figure S6B)

In order to precisely determine the content of chimeric reads, we used the known sequences of the
mock communities as reference database for the uchime? ref command from USEARCH v10.0.240
(Edgar, 2016a). The command was run with the "balanced" setting.

1.7 Pylogenetic tree of Venturia spp. and Mycosphaerellaceae (Figure 8 in main text)

Putative Venturia OTUs were found using a global search (usearch global command of VSEARCH)
against all Venturia spp. ITS sequences published by Ibrahim et al. (2016) at an identity threshold of
93%. From matching OTUs, the most abundant (> 1000 reads in total) were selected. In addition, a
selection of sequences from related species were included (Crous et al., 2007). For the Myco-
sphaerellaceae, OTUs were selected based on the automatic annotation by USEARCH if present
with > 200 reads.

Both sequence sets were aligned using MAFFT (v7.130b; Katoh and Standley 2013) using the G-
INS-i algorithm with 1000 cycles, and positions with end gaps or > 75% internal gaps were removed
in Geneious. The phylogenetic trees were constructed using the RAXML BlackBox server (Stama-
takis et al. 2008; https://embnet.vital-it.ch/raxml-bb), which generated 100 trees using the
GTR+CAT model and selected the best-scoring ML tree (maximum likelihood search option). The
calculations were done without specific outgroups. The figure was created in R using ggtree (Yu et
al., 2017) and ggplot?2.

1.8 Statistical models used for finding differences in community structure (PERMANOVA)

Permutational analysis of variance (PERMANOVA) was done using the vegan package (Oksanen et
al., 2017) for different subsets and different factor combinations (Table S2). Apart from a general
test for geographic and between-host variability, the sampling site was included as a stratum ("ran-
dom effect") constraining the permutations to these groups. In these models, the site effect was not
of primary interest. In order to make the sample sizes more balanced (8 trees per group), a separate
stratum for each site/health status combination was specified for F. excelsior. The R code was:

perm <- permute::how (nperm=99999, plots=permute::Plots (stratum))

vegan: :adonis2 (abundance clr ~ factors, permutations=perm, data=data subset)



1.9 Statistical models used for finding differentially distributed taxa

The models were calculated for each OTU and each Monte Carlo (MC) sample provided by
ALDEX2::aldex.clr. A linear mixed model with one variable of interest (fixed effect) was used, and
the sampling site and the number of PCR cycles were included as random effects (Table S3). The
calculations were done for each group described in the "Subsets" column of this table. R code for the
mixed-effects model:

m <- lme4::lmer (abundance clr ~ factor + (llplot) + (l]cycles), data=data subset)

1.10 Clustering of raw sequence data from Cross et al. (2017)

All Ion Torrent PGM sequence data from BioProject PRINA305543 was downloaded and quality
filtered at a maximum error rate of 0.005 (1.5 err. per 300 bp) using USEARCH. Clustering was
done using the UNOISE3 algorithm in USEARCH using a low minimum OTU size (-minsize) of 2.
The OTU table was constructed by mapping the unfiltered reads against the OTUs using
VSEARCH. Taxonomic annotation, searching for the ITS2 region and removal of unspecific se-
quences was done as described for this paper.

See also script literature_comparison/l _cluster cross.sh, Data Sheet 4.

1.11 Survey of published ITS sequences from Fraxinus fungi

In order to compare the results of this study with existing studies on the mycobiome of Fraxinus
excelsior and other Fraxinus species, their isolate sequences from several studies were downloaded
from GenBank (Bakys et al., 2009a, 2009b; Davydenko et al., 2013; Kosawang et al., 2017; Kow-
alski et al., 2016; Scholtysik et al., 2012). In addition, OTUs from two NGS studies were included
(Cleary et al., 2016; Cross et al., 2017). The first study provided only the top 20 OTU sequences.
Cross et al. (2017) provided raw sequence data, which was clustered as described in Supplemen-
tary Methods 1.10. Only samples collected within a timeframe comparable to this study (mid to late
August) were selected. For other studies, all data was included, even if derived from samples col-
lected earlier in the year. The isolate and OTU sequences were clustered at a 98% threshold using
USEARCH cluster fast. The ITS2 OTUs from the NGS studies were positioned before the longer
Sanger sequences, thus forming most of the cluster centroids. This was done to ensure consistent
clustering despite of the variable sequence lengths.

The isolate frequencies and read counts were extracted from the mentioned publications and
summed up for each of the 98% clusters. The same was done for the OTUs from this study and from
Cross et al. (2017). The results are summarized in Table File 5.

See also script literature_comparison/2 _cluster _all.sh, Data Sheet 4.



2 Supplementary Results

2.1 Read processing

The two sequencing runs yielded in 14.4 and 15.2 million (M) reads. A total of 21.4 M reads were
assigned to samples from this experiment. 2.9 M reads from the second run were discarded by ran-
dom selection for samples where too much indexed product had been spiked. Strict quality filtering
removed another 4.7 % of the reads. The sample sizes (without negative controls) ranged from 460 —
94,631 with 96% of the samples being in the range 27,690 - 69,599 (median: 48,770). Rarefaction
curves suggest that most of the OTU diversity was captured (Figure S5). Only few sequences
(0.6%) were classified as unspecific.

2.2 Quality control

A single OTU/species pair with 100% identity could be found for all mixed species (Figure S6A).
There was one exception, where two OTUs were found for Backusella tuberculispora. However,
this was expected since Sanger sequencing of the gDNA extract from this species already showed an
ambiguous position within the ITS2 region, suggesting two sequence variants. Apparently, no pure
culture had been obtained for this species.

The number of chimeric reads was low, although increasing with more PCR cycles in the tailing step
(Figure S6B). The number of singleton OTUs did not substantially increase with cycle numbers
(Figure S7B). However, the recovery of rare species of PCR cycles was clearly lower with higher
cycle numbers: The more cycles were done, the more rare species in the uneven mock community
failed to amplify (Figure S6C). Very rare species (< 5 reads at 19 cycles) were not present any more
at 24-33 cycles. Similarly, OTUs with roughly < 50 reads (frequency of 0.2%) at lower cycle num-
bers were not amplified at 29/33 cycles, and OTUs with < 200 reads (0.8%) were missed at 33 cy-
cles. In accordance to this finding, the relative frequency of rare OTUs in the leaf samples decreased
with higher cycle numbers (Figure S7A).

For each cycle group, a negative control was included. One of them contained 1643 reads of an
OTU, which was almost undetectable in "real" samples. Therefore, this OTU was removed from the
analyzes. In addition, other "unexpected" reads could be detected in both the negative controls and
the mock community samples, which were most likely derived from environmental samples and
incorrectly assigned to the control barcodes. This phenomenon that has been referred to as crosstalk
(Edgar, 2016b). The quantification of the effect is described in the next chapter.

The presence of some species in the dataset raised suspicion because they were not expected to oc-
cur endophytically in leaves. Therefore, possible contaminations during DNA extraction were exam-
ined using indicator species analysis using the multipatt function from the indicspecies R package
(De Caceres et al., 2010). The leaf samples had been extracted in batches of 30, and about half of the
samples of each batch were analyzed by NGS amplicon sequencing. Therefore, the extraction series
was used as grouping variable and the analysis was run allowing single sites and combinations of
two sites. While there was no indication of contamination for most extraction series (1-2 randomly
significant species), several OTUs associated with a combination of two series were found, many of
them being identical to the unexpected OTUs. Further examination revealed that the contamination
had been present undetected for a time frame of several consecutive extractions. Since all species
showed the same pattern of occurrence independent of biological variables, they were excluded
from further analyzes, as well as all OTUs with > 95% sequence similarity to them.



2.3 Quantification of crosstalk

The abundance of "unexpected" OTUs in the negative and mock controls increased with increasing
total OTU sizes (Figure S9), leading to the conclusion most of these reads were probably derived
from crosstalk. Quantile regression with tau=0.995 was used to predict the maximum rate of misas-
signment. Log10-transforming the OTU sizes and allowing a negative intercept seemed to improve
the prediction. This non-linear relationship may be explained by a sampling effect. According to this
analysis, a maximum of 6 misassigned sequences per sample were predicted for the most abundant
OTU (OTU 2; Venturia fraxini). Crosstalk may also explain, why this OTU did not disappear from
the uneven mock community at higher cycle numbers like other rare species did (Figure S6A).

For three figures in the main text (Figure 5B, Figure 7, Figure 9A), potential crosstalk was re-
moved to improve readability. This was done by setting read counts below the predicted maximum
number of misassigned reads to zero. No correction was done for the other figures and for statistical
analyzes since the approach at determining misassignments is entirely empirical and the properties
of crosstalk are poorly understood (Edgar, 2016b).

3  Supplementary Discussion

3.1 Advantages and limitations of the fungal-specific primers I'TS4f and 1TS4f2

ITS4f and ITS412 showed a strong specificity for fungi despite of the low number of differences
(two and one, respectively) to most plant sequences. This can be explained by the fact that mis-
matches within the last 3-4 bases of a primer have a much stronger effect on amplification efficiency
of Taq polymerases than internal mismatches (Huang et al., 1992; Kwok et al., 1990; Wu et al.,
2009). A single difference can be enough to strongly reduce amplification. Achieving such an effect
with proofreading polymerases with a 3’ to 5’ exonuclease capability is only possible if the nucleo-
tides at the 3' end are protected from being 'corrected', e.g. by using phosphorothioate internucleo-
tide linkages (Zhang and Li, 2003). The use of high fidelity polymerases in amplicon sequencing
studies is highly advisable since they exhibit lower PCR error rates and produce less chimeric mole-
cules compared to the Tag polymerase (Gohl et al., 2016).

During the course of our study, a similar primer named ITS4-Fun has been developed independently
by Taylor et al. (2016). Its 3' end is identical to the ITS4f2 primer, but it is longer (25 instead of

21 bp) and has no internal degeneration (see Table S5). The selectivity of ITS4-Fun has been con-
firmed by Illumina sequencing after amplification with a 7ag polymerase. Taylor et al. (2016) re-
ported a high coverage of ITS4-Fun among sequences of the SILVA LSU database. We confirmed
this finding for our primers using all sequences available on GenBank. In addition, we focused on
the 3' end of ITS4/ITS41f2 since a downside of relying on highly selective 3' mismatches is that
even single deviations to fungal sequences can have a detrimental effect on their amplification,
eventually leading to total exclusion of these species from the analysis. Much care was taken to
identify mismatching taxa in the fungal kingdom as listed in Table S5 and Table File 1. The two
major groups with mismatches to both ITS4f and ITS412, Tulasnella and Microsporidia are general-
ly not well amplified by many ITS primers (Tedersoo and Lindahl, 2016). Additionally, part of the
Xylaria cubensis sequences were found to have 4-5 mismatches to the ITS4f/f2 primers, as well as
ITS4. The isolates originate mainly from above-ground parts of tropical (Higginbotham et al., 2013;
Higgins et al., 2011; Olmo-Ruiz and Arnold, 2014, 2017; Rukachaisirikul et al., 2013), subtropical
(Osamu Tateno et al., 2015) and temperate (Brooks et al., 2017; U’Ren et al., 2016) plants. X. cu-
bensis was also abundantly found in lichens (Soca-Chafre et al., 2011; U’Ren et al., 2012, 2016) and
orchid roots (Herrera et al., 2010; Jiang et al., 2011), and was even detected in marine sponges (Bo-
lafios et al., 2015). X. cubensis has a high genetic diversity and might actually be a complex of sev-



eral species (U’Ren et al., 2016). It may be even more widespread, but was not captured in amplicon
studies due to the mismatches to ITS4. Interestingly, there seems to be a lack of reports about diffi-
culties in amplifying this species.

Other species from basal lineages and the Peltigerales have one mismatch towards the ITS4f primer
and none to ITS4f2. In the pond sediment sample, no mismatching OTUs of clearly fungal origin
could be identified, although the taxonomic assignments were not always possible with certainty.

Selecting between the two primers tested in this study (ITS4f and ITS4f2) results in a trade-off: The
additional degeneration of ITS4f2 allows amplification of most fungal taxa, but also reduces the
selectivity of the primer. NGS sequencing of an F. excelsior leaf sample with ITS4f2 yielded a high
fraction (> 50%) of plant amplicon, therefore, the ITS4f primer was used, at the risk of missing
some taxa. However, this risk was small; based on sequences from cultured isolates and the litera-
ture about the Fraxinus mycobiome, no species was expected to have mismatches to the primer. X.

cubensis was never isolated in our study even though it is culturable (Rogers, 1984; U’Ren et al.,
2016).

3.2 Petiole specific Malassezia spp.

Interestingly, species more abundant in petioles also included Malassezia spp., which are well
known as colonizers of the skin surfaces of animals, including humans. However, we believe that it
is unlikely that the reads were derived from laboratory contamination. Species of this genus are
cosmopolitan and also found in plants (Amend, 2014; Tondello et al., 2012). Moreover, M. restricta
and M. globosa have been amplified from F. excelsior wood samples in New Zealand (Power et al.,
2017). A re-analysis of the raw sequence data from a study on endophytic and epiphytic F. excelsior
fungi in the course of the growing season (Cross et al., 2017; Supplementary Methods 1.11) re-
vealed a low level of Malassezia spp. In accordance to our results, the species was almost only pre-
sent in different parts of the petiole (Figure S21).

3.3 Recovery of rare species in the mock communities

The species from the uneven mock community were generally recovered at a good precision. How-
ever, it was obvious that the amplification of diluted communities (and also environmental samples)
with many PCR cycles lead to a bad recovery of rare species (Figure S6A/C; Figure S7A). This
effect was especially strong at 33 cycles, but also visible at 29 and less cycles. The reason is likely
dilution leading to "extinction" of rare template molecules. For instance, most petiole samples had a
lower amount of total genomic DNA (and also less fungal DNA) than lamina samples and were
therefore mostly amplified with 29 PCR cycles. It was observed that rare species with a frequency of
approximately < 0.2% were missed in the staggered community (Figure S6A), which had been di-
luted to 0.31 pg ul™" in order to match the approximate fungal gDNA concentration in the leaf sam-
ples. A frequency of 0.2% roughly corresponds to a total of 5 template ITS molecules in the three
replicate reactions (Table S7). At such low numbers, the influence of stochastic events is high.



4  Supplementary Figures

(most)
plants GCTGAGTTTAAGCATATCAATAAGCGGAGGAAA

Fungi GCTGAACTTAAGCATATCAATAAGCGGAGGAAA

ITS4  GCATATCAATAAGCGGAGGA
ITS4f  ACTTAAGCATATCAATAAGCG
ITS4f2 ~ AYTTAAGCATATCAATAAGCG

* phosphorothioate linkage

Figure S1: Sequence comparison of the new primers ITS4f/ITS4f2 and ITS4 (reverse complement)
with the most prevalent plant and fungal LSU sequences. The two nucleotides differing in most
plants are highlighted in grey in the plant sequence. ITS4f2 differs from ITS4f by an additional de-
generation and only one phosphorothioate linkage (*). The primer sequences in their forward orien-
tation are found in Table 1.
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The adjusted r-squared and the p-value of the linear model are shown in the graph. The line has a
slope of 1, illustrating a perfect correlation.
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Figure SS5: Rarefaction curves for all lamina and petiole samples. The vertical line illustrates the
total number of sequences in the scaled samples (20,000) used in many figures of the paper.
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Figure S6: Influence of different PCR cycle numbers on the amplification of the mock communi-
ties. (A) Number of scaled reads per OTU in the even (left) and uneven (right) mock communities.
For each species, exactly one OTU was found (OTU identifiers in parentheses) except for B. tuber-
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the number of PCR cycles in the even and uneven mixtures. (C) Comparison of expected vs. ob-
served read numbers for each species in the mock community, amplified with different cycle num-
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The read numbers per sample were scaled to a total of 20,000 reads.
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Figure S9: Number of putatively misassigned sequences in the mock communities and negative
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Figure S10: Non-metric multidimensional scaling (NMDS) plot based on isolated fungal mor-
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Figure S13: Abundance comparison for OTUs with a differential distribution between the three
examined host species. Analyzes were done separately for each leaf part (see Table S3). Scaled and
log transformed read numbers are shown as box plots with per-sample abundances overlaid as
points. OTUs are sorted by parameter estimates, taxa specific for F. excelsior appear first, followed
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Figure S14: Heatmap of scaled read abundances for OTUs with a differential distribution between

the examined host species (see also Figure S13). Separate heatmaps are shown for laminae (L) and
petioles (P), including all OTUs even if differences were only significant for the other leaf part. The
corresponding cultured isolate codes (if any) are written in square brackets along with the % devia-

tion of the OTU sequence from the isolate sequence (if any). The OTU identifiers can be found in

parentheses at the end.
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Figure S15: Abundance comparison for OTUs with a significant preference for laminae or petioles.
Analyzes were done separately for each host species (see Table S3). For which host species the
analysis was significant is indicated after the species name (Fe=F. excelsior, Fo= F. ornus, Ap=A.
pseudoplatanus) with the significance level as described for Figure S13.
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Figure S16 (previous page): Heatmap of scaled read abundances for OTUs with a significant pref-
erence for laminae or petioles (see also Figure S15). Separate heatmaps are shown for each host
species, including all OTUs even if differences were only significant for one host. The correspond-
ing cultured isolate codes (if any) are written in square brackets along with the % deviation of the
OTU sequence from the isolate sequence (if any). The OTU identifiers can be found in parentheses

at the end.
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Figure S17: Abundance comparison for OTUs with a significant* preference for the north or south
side of the Alps. Boxplots are shown for each host / leaf part combination (Fe=F. excelsior, Fo=F.
ornus, Ap=A. pseudoplatanus). For which combination the analysis was significant is indicated after
the species name with the significance level as described for Figure S13.
* Note that the p-values were not adjusted for multiple testing as described in the paper.
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Figure S18: Heatmap of scaled read abundances for OTUs with a significant* preference for north
or south side of the Alps (see also Figure S16). Separate heatmaps are shown for each leaf part,
including all OTUs even if differences were only significant for one leaf part. The corresponding
cultured isolate codes (if any) are written in square brackets along with the % deviation of the OTU
sequence from the isolate sequence (if any). The OTU identifiers can be found in parentheses at the
end. *Note that the p-values were not adjusted for multiple testing as described in the paper.
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Figure S19: Abundance distribution for the three OTUs with the strongest preference for healthy or
diseased F. excelsior trees (all found in leaflet communities). Boxplots of scaled and log-
transformed read numbers are shown for each sampling site (1-4) north of the Alps and leaf part
(L=laminae, P=petioles), overlaid with points representing the counts for each tree. The p-values
were not adjusted for multiple testing.
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Figure S20: Comparison of OTU frequencies of leaf fungi with negative or positive correlations to
frequency of the pathogen H. fraxineus. The scaled and log-transformed read frequencies are com-
pared for laminae (L, filled circles) and petioles (P, empty circles). The correlations were deter-
mined separately for laminae and petioles and additionally validated using a linear mixed model.
OTUs are shown if the association was significant in both analyzes for at least one leaf part. The
correlation coefficients for significant associations can be found on top of the panels along with the
significance level of the SPARCC pseudo p-value (* p <0.05, ** p <0.01, *** p <0.001), and the
p-value of the linear mixed model in parentheses. The OTUs are sorted by the mean of the correla-
tion coefficients.
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Figure S21: Occurrence of Malassezia spp. in the dataset from Cross et al. (2017) (See Supplemen-
tary Methods 1.10). The relative frequencies are shown dependent on the day of the year. The max-
imum number of Malassezia reads in one sample was 26. Almost all of the sequences belonged to

M. restricta.



5  Supplementary Tables

Table S1: Detailed overview of sampling sites. The values for the climatic variables (temperature,

precipitation) were inferred from data from nearby measuring stations. For Switzerland, the data
were obtained from MeteoSwiss. The mean values for the years 1981-2013 (or shorter) were in-

ferred from measurements of nearby stations by linear interpolation based on their elevations. For

the Premia site (5), mean values for the years 2002-2010 were calculated from data by the Regional
Agency for the Protection of the Environment of Piedmont (https://www.arpa.piemonte.gov.it/
rischinaturali/accesso-ai-dati/annali_meteoidrologici/annali-meteo-idro/banca-dati-
meteorologica.html). For the site "Lago di Ledro" (8), annual means from a nearby weather station
were obtained from Di Piazza and Eccel (2012) for a nearby station (1981-2010), and monthly
means were interpolated from measurements of the Rovereto and Ronzo stations
(https://climatlas.fbk.eu/view/diagrammi, 1981-2010).

1 mm)

Forest site Romont | Wettingen Spiez Silenen Premia Faido CMonte Lago di
aslano Ledro
Site number 1 2 3 4 5 6 7 8
Country CH CH CH CH IT CH CH IT
458781 N
Coordinates 471800 N |47.4734 N | 46.6859 N | 46.7947 N | 46.2767 N | 46.4719 N |45.9613 N |10.7633 E,
7.3076 E | 8.3370E | 7.6530E | 8.6642E | 8.3509 E | 8.8075E | 8.8815 E |45.8602 N
10.7494 E
Elevation (m) 954 535 609 497 734 680 441 -463 | 681/713
Collection date 28 Aug 28 Aug 31 Aug 26 Aug 31 Aug 26 Aug 05 Sep 05 Sep
Isolation date 29/30 Aug | 29/30 Aug | 01/02 Sep | 27/28 Aug | 01/02 Sep | 27/28 Aug | 06/07 Sep| 04 Sep
Number of healthy | ¢ 16 12" 16 16 16 16 16
F. excelsior trees
Number of dis-
eased F. excelsior 16 16 16 16
trees
Number 02 F. or- 16 16
nus trees
Number of A.
pseudoplatanus 16 16 16 16 16 16 16 16
trees
BIL / CHA LAE / NA- | WIS /HON Bezzecca
Nearby weather BLAE (p/t) | (p) THU/ |ALT/GOS/ . |COM/FAI/| LUG/ THI- |(t/p), Rover-
stations® (Up). MGL | AL/ OTE | INT/ABO | ANT Premia PIO |ARO/GEN |eto/Ronzo
(°) (p) ) 0)
Mean temperature | 5 0.1 0.4 0.9 0.7 1 28 1
January [°C]
July [°C] 16.7 18.9 18.1 18.2 19.3 18.8 21.1 20.4
Annual mean [°C] 7.7 9.4 8.7 9.2 9.7 9.8 11.6 10.5
Annual precipita- | 433 1011 1423 1221 1209 1467 1637 1253
tion [mm]
Days with rain (> 135 127 139 132 97 106 99 102

looking trees.

?Ibrahim et al. (2017)
* Names/codes of the weather stations used for interpolation. t: temperature interpolated, p: precipitation in-

terpolated

This place was heavily affected by ash dieback. Therefore, it was not possible to find enough healthy-




Table S2: Overview of the PERMANOVA analyzes

Factor Subsets Formula (right hand side) Stratum

Host species and | Leaf part: lamina (L), petiole (P) | ~ (host + plot + cycles)*2

sampling site

region (north / Host species, leaf part: ~ region * cycles site /

south side of the | FellL, Fe/P, Fol/L, Fo/P, ... health

Alps)

Health status Leaf part (F. excelsior): ~ health * cycles site
FellL, Fe/P

Table S3: Overview of the linear mixed models used for finding differentially distributed OTUs.
The right hand side of each formula is shown, containing all factors.

Factor Subsets Formula (right hand side)
Host species Leaf part: lamina (L), petiole (P) | ~ nost + (1|plot) + (1|cycles)
Leaf part Host species: F. excelsior (Fe), ~ leaf part + (1l|plot) + (l]cycles)

F. ornus (Fo), A. pseudoplata-
nus (Ap)

region (north / Host species, leaf part: ~ north south + (1l|plot) + (llcycles)
south) Fell, Fe/P, FolL, Fo/lP, ...
Health status Leaf part (F. excelsior): ~ health + (1|plot) + (1]cycles)

Fell, Fe/P




Table S4: List of isolates used for the assembly of the mock communities. See also Table File 4.

days in |expected fre-
liquid quency (qPCR) ?
# |phylum class order family genus species isolation source culture |mean |std. dev. |accession
root from mixed Picea
mariana, P. glauca,
Pinus contorta, Populus
1 |BasidiomycotalAgaricomycetes |Agaricales Cortinariaceae Hebeloma Hebeloma crustiliniforme |woods (UAMH 5460)  |21.0 1.7E-02|2.6E-03 |MH931275
2 |Basidiomycota/Agaricomycetes |Boletales Coniophoraceae Coniophora Coniophora puteana dead wood 13.0 4.5E-02|1.5E-03 |MH931268
3 |Basidiomycota/Agaricomycetes  |Polyporales Coriolaceae Fomitopsis Fomitopsis pinicola dead wood 12.0 4.4E-02|2.1E-03 |MH931272
4 |BasidiomycotalAgaricomycetes  |Russulales Bondarzewiaceae Heterobasidion |Heterobasidion annosum |fruiting body 11.0 5.7E-02|6.8E-03 |MH931274
Cystobasidiomy- |Erythrobasid- Erythrobasidium hasega- |epiphytic on Pinus syl-
5 |Basidiomycota|cetes iales Erythrobasidiaceae  |Erythrobasidium |wianum vestris 3.9 2.1E-02[1.5E-03 |MH931270
Rhynchogastrema- F. excelsiorleaves (epi-
6 |BasidiomycotaTremellomycetes |Tremellales taceae Papiliotrema Papiliotrema flavescens _|phytic) 3.9 4.3E-02|3.6E-03 |MH931267
7 |Ascomycota |Dothideomycetes |Capnodiales Mycosphaerellaceae |Septoria Septoria sp. F. excelsior leaves 11.0 2.8E-022.3E-03 |MH931283
8 |Ascomycota |Dothideomycetes |Dothideales Dothioraceae Aureobasidium |Aureobasidium pullulans |F. excelsior leaves 3.9 4.4E-02|4.8E-03 |MH931262
9 |Ascomycota |Dothideomycetes |Pleosporales Didymellaceae Boeremia Boeremia sp. 1 F. excelsior leaves 6.0 4.8E-02|1.0E-03 |MH931264
10 |Ascomycota |Dothideomycetes |Pleosporales Didymellaceae Boeremia Boeremia sp. 2 F. excelsior leaves 6.0 7.2E-02|1.7E-03 |[MH931265
11 |Ascomycota |Dothideomycetes |Pleosporales Didymellaceae Epicoccum Epicoccum nigrum Epiphytic 3.0 5.8E-02|4.5E-03 |MH931271
12 |Ascomycota |Dothideomycetes |Venturiales Venturiaceae Venturia Venturia fraxini F. excelsior leaves 11.0 2.4E-02|1.2E-03 |MH931284
F. excelsior leaves
13 |Ascomycota |Eurotiomycetes Eurotiales Aspergillaceae Penicillium Penicillium sp. (epiphytic) 6.0 5.0E-02|4.4E-03 |MH931281
Picea abies fine root
14 |Ascomycota |Leotiomycetes Helotiales Phialocephala |Phialocephala fortinii (UAMH 11012) 13.0 2.2E-02|1.1E-03 |MH931279
Hymenoscyphus frax- F. excelsior necrosis,
15 |Ascomycota |Leotiomycetes Helotiales Helotiaceae Hymenoscyphus|ineus Vienna 25.0 1.2E-02|2.7E-04 |MH931276
Saccharomy- commercial baker's
16 |Ascomycota |Saccharomycetes |cetales Saccharomycetaceae |Saccharomyces |Saccharomyces cervisiae |yeast 3.9 1.3E-01/5.6E-03 |MH931282
Abies balsamea needle
17 |Ascomycota |Pezizomycetes Pezizales Sarcoscyphaceae Pithya Pithya vulgaris (endophytic) 13.0 2.9E-02[1.9E-03 |MH931280
18 |Ascomycota |Sordariomycetes |Diaporthales Diaporthaceae Diaporthe Diaporthe eres F. excelsior leaves 6.0 1.9E-02/1.6E-03 |MH931269
19 |Ascomycota |Sordariomycetes |Glomerellales |Glomerellaceae Colletotrichum | Colletotrichum acutatum |F. excelsior leaves 4.0 2.9E-02(3.7E-03 |MH931266
20 |Ascomycota |Sordariomycetes |Hypocreales Nectriaceae Fusarium Fusarium tricinctum F. excelsior leaves 4.0 3.2E-02|1.6E-03  |[MH931273
Pinus sylvestris wood
21 |Ascomycota |Sordariomycetes |Ophiostomatales|Ophiostomataceae Ophiostoma Ophiostoma minus (stem) 6.0 6.7E-02|3.9E-03 |MH931278
22 |Ascomycota |Sordariomycetes |Xylariales Xylariaceae Nemania Nemania serpens F. excelsior leaves 13.0 7.6E-03|1.2E-04 |[MH931277
23 |Ascomycota |Sordariomycetes |Xylariales Xylariaceae Xylariaceae isolate F. excelsior leaves 13.0 4.3E-02|2.5E-03 |MH931285
24 |(Zygomycota) Mucorales Backusellaceae Backusella Backusella tuberculispora|forest soil 4.0 6.2E-02|2.6E-03 |MH931263

Similar to sp. 1, ITS2 sequence differs by 1 substitution and 2 InDels,

? Expected relative amount of each species in the even mock community as calculated from the qPCR results (NO)




Table S5: Overview of fungal groups with mismatches within the last four 3’ bases of ITS4f

# Mismatches
ITS4f | ITS4f2 |ITS4
ITS4 sequence (reverse complement) <GCATATCAATAAGCGGAGGA
ITS4f sequence (rev.) <ACTTAAGCATATYAATAAGCG
ITS4f2 sequence (rev.) <AYTTAAGCATATYAATAAGCG
ITS4-Fun (Taylor et al., 2016) (rev.) <AYTTAAGCATATCAATAAGCGGAGG
Most fungi ACTTAAGCATATCAATAAGCGGAGGA
Peltigeraceae . 1* 0 0
Kickxellomycota B N P 1* 0 1
Entomophthorales B N P 1* 0 1
some Tulasnella spp. B R . Covinnnnn 3* 2 3
Uncultured Mortierella sp.' B 1* 0 1
Xylaria cubensis .T.Cuveee.C.T.C.Cuuu AL, 6* 5 5
Microsporidia A..i......G.C.u. AC...... 5* 5* 4
GS19 sp. (Tedersoo et al., 2017) . 1* 0
Candida sp.“ N . Weounnin. 4-5 |4-5 3-4
Zoopagomycota / Syncephalis sp .T.... 1*? 0? ?
1.1.1.11 Unidentified Fungi sp. 1*? 0? ?
(SH216684.07FU) .To...
Some Claroideoglomus claroide-
um/luteum® S AT el -
Some Claroideoglomus etunicatum® S ..

* One mismatch within last two 3’ bases

" All sequences from this groups belong to uncultured Mortierella spp., but from different studies (Hedh et al.,
2008; Taylor et al., 2013; Timling et al., 2014) and forming a distinct related group (UNITE species hypothe-
ses SH02366[4-7].07FU)

? Apparently marine yeasts classified as Bandonia marina (Genbank PopSet 663440448), but BLAST suggests
Candida sp., the sequence of the B. marina type (NR_144778) is different.

3 Sequences from VanKuren Nicholas W. et al. (2013), who described a long and a short ITS variant within
the mentioned Claroideoglomus species, whereby the short variant has InDels at the end of ITS2 (and also
several LSU regions). However, these variants co-occurred in the same genome as confirmed by FISH, there-
fore part of the LSU sequences should always be matched by the primers.

Table S6: Selective OTU amplification by the ITS4f/ITS4f2 primers in the pond sediment sample.
The read counts (normalized) are shown for the different reverse primers, additionally categorized
depending on the OTU sequences encountered at the site corresponding to the 3' end of ITS4{/1TS412
(see also Figure S1). The read numbers [n*] indicate the number of 3° mismatches between the
ITS4{/1TS412 primers and OTU sequences, which are shown on top. 'x reduction' indicates the factor
by which read numbers were reduced in relation to the ITS4 amplicon.

GTTT ATTT ACTT
animals, protists, some fungi, some protists,
plants . .
Reverse plants, few fungi animals & green algae
primer # reads x reduction # reads xreduction | #reads xreduction
ITS4 8266 6136 103704
ITS4f [2*] 9 918 x | [17] 24 256 x| 104263 1.0 x
ITS4f2 [1] 21 394 x 2883 2.1x| 104266 1.0 x
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Table S7: Overview of the concentrations (pg pl") of the uneven (#1) mock communities used to
match the approximate fungal gDNA concentration in samples amplified with the same number of
PCR cycles. They were estimated based on qPCR quantifications. In addition, the expected number
of ITS template molecules per 4.5 pul of mock gDNA (amount used for amplification in total) is
shown for a hypothetical species with a frequency (m/m) of 0.1% in the mix. For the exact calcula-
tion see Table File 4 (workbook 'ITS content calc'). The final concentrations of the indexed and
purified PCR products of the mock community (last two columns) were comparable with the leaf
sample concentrations, indicating that the dilutions were appropriate.

# of ITS conc. after index-
gDNA |molecules |ing
#of |conc. @t0.1% [ng ulI"]

cycles|[pg pl™"] ffreq. even  uneven
19 34.40 [286.9 12.0 10.7
24 3.29 27.4 32.2 21.8
29 0.31 2.6 34.9 53.0

Table S8: Statistical comparison of Shannon alpha diversity between fungal leaf communities north
and south of the Alps. The p-values for the linear mixed models were determined using a chi-squared
test implemented in the Anova function of the car package. The p-values were additionally adjusted
for multiple testing using the Benjamini-Hochberg method. The sampling site and the number of
PCR cycles were included as random effects.

Host Leaf part |Chisq Df Pr q

F. excelsior L 0.072 1 0.788 0.938
P 0.006 1 0.938 0.938

F. ornus L 4236 1 0.040* 0.193
P 0.018 1 0.893 0.938

A. pseudoplatanus L 0.861 1 0.353 0.578
P 0.044 1 0.834 0.938
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Table S9: PERMANOVA results for testing differences in community structure between host spe-
cies and sampling sites. The analysis was done separately for laminae (L) and petioles (P). The num-
ber of PCR cycles (C) was included as variable, and all two-fold interactions are shown below. P-
values (Pr) were adjusted for multiple testing.

Host species (H)
R> F Pr

Sampling site (S)
R> F Pr

PCR cycles (C)
R> F Pr

L [0.22 299 <0.001** |0.14 5.01 <0.001*** |0.02 2.31 <0.001 ***

P [0.09 9.84 <0.001** |0.09 2.26 <0.001*** |0.02 1.73 <0.001 ***
Interactions and residual R-squared
H:S H:C S:C Resid.
R® F Pr R® F Pr R® F Pr R?

L |0.07 2.27 <0.001** ]0.02 1.11 0.188 0.05 1.17 0.054. 0.48

P 10.06 1.53 <0.001** ]0.01 1.1 0.217 0.04 0.69 1.000 0.69

Table S10: PERMANOVA results for testing differences in community structure between the north
and south side of the Alps. The analysis was done separately for each host species and leaf part. The
number of PCR cycles was included as variable. P-values (Pr) were adjusted for multiple testing. The
sampling sites were included as strata.

North / south Cycles North / south : cycles | Residual
R? F Pr R F Pr R? F Pr R?
E excelsior L|0.07 6.34 0.004* |0.05 1.62 <0.001** [0.01 06 0.951 [0.88
P|0.03 2.68 0.007* |0.05 1.57 0.002 ** 0.01 087 0.813 |0.91
E omus L|0.12 2.74 0.399 0.11 1.32 0.399 003 076 0.657 [0.73
P|0.06 1.37 0.066. 0.07 1.65 0.018* 0.03 0.82 0.678 |0.84
A. pseudoplat- L |0.04 2.37 0.102 0.06 1.91 0.102 006 196 0.102 |0.84
anus P|0.02 1.31 0.696 0.02 1.58 0.21 001 075 0.946 |0.94

Table S11: PERMANOVA results for testing differences in community structure between leaves of
asymptomatic ("healthy") and symptomatic F. excelsior north of the Alps. The analysis was done
separately for each leaf part. Apart from health status, the number of PCR cycles and an interaction
term were included in the model. P-values (Pr) were adjusted for multiple testing. The sampling sites
were included as strata.

F. excelsior | Health Cycles Health : cycles Residual
R® F Pr R® F Pr R F Pr R?

Laminae 0.02 1.12 0.084.|0.08 1.59 <0.001 ***|0.03 0.98 0.397 |0.87

Petioles 0.02 0.92 0.850 |0.07 1.42 0.023* |0.03 0.65 0.984 |0.88
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