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Abstract

To gain an insight into fungal sooty mould communities on leaves of trees and shrubs in the tropics and in temperate regions, 47
biofilms of the Mata Atlantica rainforest relic and the Caatinga vegetation in the state of Sergipe, Northeast Brazil, and from Central
European colline and alpine zones were compared. The four sampling sites clearly differed in composition of their epiphyllous fungal
communities. The fungal OTUs from all sites belonged mainly to the Ascomycota, with Dothideomycetes being the dominant class.
The core community group consisted of a few site-specific representatives in co-occurrence with the ubiquitous Mycosphaerella
tassiana and Aureobasidium pullulans. Most species of the core community were dark pigmented and were accompanied by facul-
tative unpigmented or lightly pigmented species. Among the cultivable fungal species, the proportion of melanised species was
significantly more abundant in samples from the two European sites, which supports the theory of thermal melanism. The identity
of the host plant had a stronger impact on fungal community composition than the presence of sap-feeding insects.

Keywords Fungal community composition - Sooty mould fungi - Fungal nutrition type - Hyphal pigmentation - Mycogeography -

Scale insects

Introduction

Surfaces of higher plants, particularly leaves and stems of
trees and shrubs, are often colonized by dark pigmented fungi,
which form hyphal mats. This type of colonization phenome-
non is commonly referred to as the ‘sooty mould communi-
ties’ (Chomnunti et al. 2014; Kirk et al. 2010; Schoulties
1980), and can be observed in many habitats throughout the
world. The absence of specific interbiotic cellular structures
such as haustorial protrusions as present in truly phytopatho-
genic fungi (An et al. 2006; Dekhuijzen and Scheer 1969)
indicates that these fungi have a predominantly or temporarily
non-biotrophic life habit.

Sooty moulds are relatively common in tropical, subtropi-
cal, and warm temperate regions (Chomnunti et al. 2014). In
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the tropics, these (Faull et al. 2002; Olejnik et al. 1999) and
other fungal associations exhibit considerable species diversi-
ty (Chomnunti et al. 2014; Dhami et al. 2013; Nelson 2008).
The abundance of sooty moulds is highest during the rainy
season (Batista and Ciferri 1963). Sooty moulds also occur in
the cold and temperate climate zones of the European Alps,
where they are formed by fungal communities with lower
species numbers (Flessa and Rambold 2013).

A considerable number of sooty mould species show a
clear preference for honeydew exudates of insects (Hughes
1976; Parbery and Brown 1986; Perez et al. 2009), such as
aphids, whiteflies, soft scales, mealybugs, leathoppers, and
psyllids (Barr 1987; Chomnunti et al. 2014; Hamid and
Jalaluddin 2006). Globally, more than 200 pigmented
epiphyllous fungal species with members of the
Antennulariellaceae, Capnodiaceae, Chactothyriacae,
Coccodiniaceae, Euantennariaceae, Metacapnodiaceae, and
Trichomeriaceae have been recognised as belonging to this
nutritional type. In their natural habitats, they may be accom-
panied by accessory, non-pigmented fungi (Chomnunti et al.
2014; Flessa et al. 2012; Flessa and Rambold 2013). Sooty
mould fungi therefore form mixed associations with consider-
able proportions of pigmented species. In tropical environ-
ments, members of this community may further associate with
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representatives of the so-called black mildews, which belong
to the Meliolaceae (Hansford 1961; Parbery and Brown 1986;
Schoulties 1980) and are known as true plant parasites that
develop intracellular haustoria in cells of host plants
(Rodriguez and Piepenbring 2007). These obligate biotrophs
interact closely with living plants to grow and reproduce, and
are assumed to be host-specific (Hansford 1961; Hosagoudar
1996). Sooty mould communities are exposed to the entire
airborne spore pool. Many spores can be deposited on leaves
without being able to live there and an older community may
therefore contain many spores that can be detected but do not
contribute to the structure of the community.

To investigate the alpha diversity (Whittaker 1960) of
sooty mould fungi in different continents and contrasting hab-
itats, two sites in Brazil and two sites in Central Europe were
analysed comparatively. The Brazilian sites are located in the
state of Sergipe and are represented by two vegetation types.
One is an open shrub vegetation with scattered trees
(‘Caatinga’), which exhibit typical sooty mould infestations
in combination with scale insects, and the other is a predom-
inantly secondary Mata Atlantica relic rainforest. The two
Central European sites represent open habitats in the colline
(Germany) and alpine (Switzerland) zones.

The aim of the present study was to test the following
hypotheses: (1) The diversity of sooty mould communities is
higher in the tropical region than in the central European re-
gion and also varies among the individual geographical sub-
regions. (2) The presence of sap-feeding insects (scale insects
or aphids) supports the development of specifically composed
communities. (3) The community composition is also trig-
gered by other biotic site factors such as host plant species
identity. (4) The structure of the communities at all sites is
similar in that the predominant fungi are dark pigmented and
saprotrophic.

Material and methods

In order to investigate the differences in «-diversity of the
sooty mould community at the study sites and in the two
regions Central Europe and Brazil, community barcoding
(CB) was performed. Since HTS does not distinguish between
living and dead fungi and does not allow for a direct investi-
gation of pigmentation, the results were complemented by a
cultivation-based single-species barcoding (SB) approach. In
addition, the cultivation-based approach can exclude strict
biotrophs.

Sampling and conceptual design of the study
A total of 47 samples were examined with community

barcoding (CB) and 33 samples with single-species barcoding
(SB). In order to compare samples from ecologically distinct
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habitats, two sites in the neotropics (North-eastern Brazil) and
two sites in the temperate zone (Central Europe) were includ-
ed in this study. The two sites in the Brazilian state of Sergipe
are located at lower altitudes but have two different vegetation
types: Site 1 (16 samples for CB, 10 samples for SB): North-
eastern Brazil Caatinga (BC): Brazil. Sergipe, Areia Branca,
Park dos Falcdes, 40 km NW of Aracaju, 7 km SE of
Itabaiana, c. 7 km in north-easterly direction from Areia
Branca on the road BR235 from Aracaju to Itabaiana, beside
rough road at entrance of the park. Open habitat with scattered
trees or shrubs. Fungi from sap-feeding insects were also stud-
ied and are labelled BC* (4 samples for CB). Site 2 (16 sam-
ples for CB, 10 samples for SB): Northeast Brazilian Tropical
Rainforest (BR): Brazil. Sergipe, Areia Branca, Park National
Serra de Itabaiana, 36 km NW of Aracaju, 10 km SE of
Itabaiana, 3 km northeast of Areia Branca on road BR235
from Aracaju to Itabaiana, beside rough road through the park
area. Relic forest (Mata Atlantica rainforest) with tall trees and
shrubs. Site 2 is located at a linear distance of 4 km from site 1.
The two sites in Central Europe mainly differ in altitude and
corresponding vegetation type: Site 3 (6 samples for CB, 8
samples for SB): Central Europe alpine zone (FA):
Switzerland. Canton Bern, Grimsel Valley, on
Rhododendron ferrugineum shrubs (none with sap-feeding
insects). For a further characterisation of the sampling sites,
see Flessa and Rambold (2013). Site 4 (5 samples for CB, 5
samples for SB): Europe colline zone (EC): Germany. Upper
Franconia, Bayreuth, campus area and Ecological-Botanical
Garden of the University of Bayreuth. For more details on the
sampling sites, see Flessa et al. (2012).

Host plant sampling data are included in Supplementary
Data S1. Host plants of sites BC and BR were assigned to
their respective host plant identity groups based on DNA se-
quence analysis data. The protocol is referred in the “DNA
isolation” and “PCR and sequencing” sections. The species
identities of the host plants Rhododendron ferrugineum L. and
Salix spp. from sites EA and EC were confirmed or revised
based on morphological traits. The nomenclatural and classi-
fication concepts for the host plants follow the Catalogue of
Life Annual Checklist 2019 (Roskov et al. 2019).

Associated sap-feeding insect identification: The presence
or absence of the insects was recorded during the sampling
period. If the insects were still on the plant during collection,
they were examined microscopically and determined by mor-
phological traits, and if amplicons of the mitochondrial cyto-
chrome oxidase I (COI) gene were obtainable, individuals
were assigned to their respective taxon. The protocol is re-
ferred to in the “DNA isolation” and “PCR and sequencing”
sections.

The average annual temperature in Brazil (Itabaiana) is
25.4 °C, which differs from the European colline site with
7.8 °C and the European alpine site with 1.9 °C (climatic data
resources: https://de.climate-data.org/suedamerika/brasilien/
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sergipe/itabaiana-42970/; http://www.bayceer.uni-bayreuth.
de/meteo/de/klima/gru/html.php?id_obj=139937; https://
tirolatlas.uibk.ac.at/graphics/lieth/diag.py/chart?id=
1370932).

Hypotheses 1-3 were tested primarily using the CB ap-
proach, while the SB approach was used for testing the sup-
plementary hypothesis. Diversity indices, NMDS and
PERMANOVA, were used to investigate the influence of
the four sites, the two continents, the occurrence of sap-
feeding insects, and the host plant family and order on the
composition and diversity of the sooty mould communities.
At the BC site, the sooty mould community on leaves (BC)
was additionally compared with the insect-associated fungi
(BC*). Overlaps and differences in the species spectrum are
shown using Venn diagrams; the dominant species spectrum
is shown using bar plots and a heatmap. For the most common
ascomycetes from both approaches, the nutrition type was
determined with FUNGuild, compared with literature, and
the result visualized with iTOL Tree. To determine the pro-
portion of dark pigmented saprotrophs, the pigmentation was
examined for the most common fungi of the SB approach.

Sampling dates and sample treatment

For culture-independent community barcoding, material was
collected at the four sites in October 2013. Fragments of
mycelia were cut from infected leaf surfaces in the field with
tweezers and scalpel, placed in 1-ml screw cap tubes, and
brought to the laboratory. The tubes were kept at a tempera-
ture of + 0 °C until DNA isolation which took place within a
few days.

For species barcoding, biofilms of sooty mould communi-
ties from site EC were sampled from surfaces of young twigs
of five species of Salix species in May 2006, as the host plants
have annual leaves (Flessa et al. 2012). Biofilms of EA sooty
mould communities were collected from visibly infested
leaves in August 2007 (Flessa and Rambold 2013). Host
plants with sooty mould communities on leaves at the BC
and BR sites were sampled in October 2009. Branches of
the plants were cut off, individually packed in vouchers, and
transported to the laboratory. Cultivation took place immedi-
ately afterwards within a few days.

Cultivation and pigmentation test

Mycelial fragments were washed in sterile tap water, and
transferred to Petri dishes containing malt-yeast medium
(MYA) with 4 g glucose, 10 g malt extract, 4 g yeast extract,
0.1% tetracycline, and 12 g agar per litre. Cultures from EC,
BR, and BC were incubated at room temperature and exam-
ined daily for mycelial growth. As the fungi of EA samples
grew at temperatures of 15 °C or below, the incubation tem-
perature for the fungal strains was set to 15 °C (Flessa and

Rambold 2013). Outgrowing hyphae were transferred to new
plates until pure cultures were obtained. Pure cultures were
sorted according to their phenotypic traits (i.e. presence and
type of aerial mycelia, growth form, and pigmentation type).
From all isolated strains, at least one representative of each
morphotype was selected for sequencing. One fungal strain
per operational taxonomic unit (OTU) with more than two
members and an assortment of singletons was deposited in
the Jena Microbial Resource Collection (JMRC Jena). The
accession numbers of the deposited strains are in
Supplementary Data S2.

Pigmentation tests: Fungi were classified by their hyphal
pigmentation using cultures grown on malt-yeast agar medi-
um (MYA). Fungal cultures from EA were incubated at 15 °C
and cultures from EC, BR, and BC at room temperature and
examined after 1 month for macroscopically recognisable pig-
mentation. The pictures were taken with a Nikon D2x and lens
Micro-Nikkor 60 mm F/2.8 D, with a distance of 36.5 cm to
the object. The lighting was performed with two neon lamps
(L18 W/19 Daylight 5000 de Luxe), which were attached to a
frame with 80° inclination and provided constant lighting of
the images. A colour chart (RAL 7005-HR mousy; German
Institute for Quality Assurance and Certification e. V.) was
used as the standard background. Settings: lens aperture of
1/16, sensitivity ISO 100, balanced preset d-0, colour mode
III (Adobe RGB), and shutter speed of 0.5 s (Pietrowski et al.
2010). The CMYK values of the digital images for testing the
degree of pigmentation were classified as ‘dark’: C: 39-73%;
M: 50-75%; Y: 51-94%; K: 21-83%. CMYK values for pig-
mentation classified as ‘light’ or ‘absent’: C: 28-49%; M: 32—
48%; Y: 33-61%; K: 0-10% according to Flessa and
Rambold (2013).

DNA isolation

DNA from fungi, host plants (from BC and BR), and insects
was isolated using the Charge Switch® gDNA Plant Kit
(Invitrogen, Life Technologies Corporation, Carlsbad, CA,
USA). Cell disruption was performed using a Fast Prep
FP120 (Biol01, Thermo Fisher Scientific Inc., Waltham,
MA, USA) with a mixture of glass beads, consisting of 0.3 g
of beads with a size of 0.1 mm, 0.5 g with a size 0.5 mm, and
three glass beads with a size of 2.8 mm (Peqlab) at a speed of
6.0ms ' for2 x 40s.

PCR and sequencing

For community barcoding, the amplification steps during the
preparation of the internal transcribed spacer (ITS) library
preparation for the [llumina sequencing included a two-step
PCR using the ITS1F/ITS4 forward and reverse primers
(Gardes and Bruns 1993; White et al. 1990) combined with
specific tag sequence combinations (TAG) and the Illumina
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sequencing primer to amplify the ITS1 and ITS2 regions of
the rDNA gene (Supplementary Data S3a). The first PCR step
was performed using 30 cycles of denaturation at 94 °C for 27
s, annealing at 57 °C for 1 s, and extension at 72 °C for 90 s.
The second PCR step was performed after a purification step
using Exonuclease [, with an activity of 2 U/ml (New England
Biolabs), and Shrimp Alkaline Phosphatase, with an activity
of 0.1 U/ml (New England Biolabs), and included 5 cycles of
denaturation at 94 °C for 27 s, annealing at 53 °C for 1 s, and
extension at 72 °C for 90 s, using the Illumina sequencing
primer, combined with a second tag combination (INDEX)
and the Illumina P5 or P7 sequencing adapters, respectively
(Supplementary Data S3b). All PCR steps were performed
using a Primus 96 plus thermal cycler (MWG Biotech,
Ebersberg, Germany). Final amplicons were purified, quanti-
fied by gel staining with ethidium bromide in a 0.8% agarose
gel and 100% UV light under a GelDoc Station (MWG
Biotech), and finally pooled over several steps to minimize
variations in total amplicon concentrations between samples.
Paired-end sequencing was performed using an Illumina
MiSeq® sequencer at the Ludwig Maximilian University of
Munich Biocenter (Illumina Inc., 2018). For the list of used
primers, see Supplementary Data S3.

For species barcoding, host plants, and insects, PCR was
performed using MWG Biotech Primus 96 plus thermocycler.
Using the Charge Switch® PCR Clean-Up Kit (Invitrogen),
the obtained double-stranded sequences of the fungal ITS
rRNA gene were purified and further processed according to
Triebel et al. (2005) using primers ITS4 (White et al. 1990)
and ITS1F-Z (5'-CTWGGYYATTTAGAGGAAGTAA;
modified after Gardes and Bruns 1993). Amplicons of the host
plant RNA polymerase C1 gene (rpoC1) fragment were ob-
tained from 5 pl purified PCR products (20-80 ng/ul) with
5 ul of primers (5 pmol/ul) by GATC Biotech, by Sanger
sequencing using primers rpoCl-4r (5'-CCA TAA GCA
TAT CTT GAG TTG G) and rpoC1-2F (5'-GGC AAA
GAG GGA AGA TTT CG) (Hollingsworth et al. 2009;
Saddhe et al. 2017). Amplicons of the insect COI fragment
(Folmer et al. 1994) were obtained from 5 ul purified PCR
products (20—80 ng/ul) with 5 pl of primers (5 pmol/ul) by
GATC Biotech using Nancy and Ron primers (Simon et al.
1994). DNA reference sequences were obtained by Sanger
sequencing; consensus sequences were deposited at NCBI
GenBank under accession numbers GU942834-GU942923
(fungal ITS), KM259875-KM259899 (host plant rpoC1 from
BC and BR), and MN604915-MN604921 (insect COI).

Bioinformatics
For community barcoding, the reads obtained from Illumina
sequencing were quality-checked using FastQC (Andrews

2010) and demultiplexed to sample-level by the variable
TAG sequences, with all reads containing ambiguous base-
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calls removed using the pipeline Quantitative Insights Into
Microbial Ecology ver. 1 (QIIME1) (Caporaso et al. 2010).
Demultiplexed reads were then imported into QIIME ver. 2
(QIIME2) (Bolyen et al. 2019) and trimmed using the
‘cutadapt’ plugin (Martin 2011), thereby eliminating any re-
maining [llumina barcodes and primer sequences. To obtain
amplicon sequence variants (ASVs) (Callahan et al. 2017), the
DADA?2 denoiser was applied as a QIIME2 plugin for
dereplication, removal of all detected chimeric sequences,
and quality-filtering, at a maximum expected error rate of 2
(Callahan et al. 2016). Those ASVs were further processed
into OTUs (de novo) at a 97% similarity by passing their
representative sequences to the VSEARCH tool, embedded
in the QIIME2 pipeline (Ezeokoli et al. 2020; Rognes et al.
2016). OTU clustering was followed by an additional chime-
ric filtering step, applying the UCHIME implementation using
the VSEARCH tool. Contextual data concerning the project
and the sampling were uploaded to the NCBI databases
BioProject and BioSamples. Illumina sequencing results were
deposited at the NCBI ‘Sequence Read Archive’ (SRA) data-
base; the uploaded demultiplexed sequences are available via
the respective link from the BioProject entry with the acces-
sion number PRINA699866. For species barcoding, fungal
isolates were grouped for further statistical analysis based on
their ITS rRNA sequence similarities as described by PerSoh
et al. (2010). Pairwise similarities among length-adjusted se-
quences were calculated by using the BLAST application
‘blastall’ (v. 2.2.18). The resulting tabular output dataset was
transformed with the simMatrix function, using the
RFLPtools package (Flessa et al. 2010) of R (R, Core
Team 2020). Based on this dataset, cluster analysis was per-
formed in R with the function ‘hclust’ using the clustering
method ‘average linkage’, and clusters with minimal similar-
ities of 97% (Flessa et al. 2012) were grouped into species
barcoding operational taxonomic units. The occurrence of
fungal groups was noted for the samples of each host plant,
yielding the present/absent matrix for further statistical
analysis.

Taxonomy assignment of fungal OTUs and strains

Using the UNITE database as a reference, a naive
Bayesian classifier was trained on the UNITE v.8.0 dy-
namic dataset (Nilsson et al. 2019) and used to assign
the taxonomy to fungal OTUs via the QIIME2 pipeline
applying the command feature-classifier classify-sklearn
with a confidence threshold of 70% required for taxon-
omy assignment.

Statistical data analysis

The frequency table, its taxonomy, and metadata (in which the
geographic site and occurrence of leaf-sucking insects as well
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as the phylogenetic affiliation of the host plant taxon were
encoded as grouping factors) of community and species
barcoding approaches were converted to CSV format,
imported in R v.3.6.2 (R Core Team 2020), and subsequently
merged to an S4 object using ‘phyloseq’ v1.30.0 (McMurdie
and Holmes 2013). Unless otherwise stated, all evaluations
and analyses were performed with R. Plots of rarefaction
curves were built with the ‘ggrare’ function in the ‘ranacapa’
package v. 0.1.0 (Kandlikar 2019). A dissimilarity matrix on
relative abundance was calculated using the dissimilarity
method most appropriate for the data obtained with the
‘rankindex’ function in the ‘vegan’ v.2.5-6 package
(Oksanen et al. 2019), i.e. Manhattan dissimilarities.
Variation of fungal communities between samples for com-
munity barcoding was visualized by non-metric multidimen-
sional scaling (NMDS) in the ‘vegan’ package using the
‘metaMDS’ function and plotted with package ‘ggplot2’
v.3.2.1 (Wickham 2016). For the species barcoding dataset,
Jaccard similarity was calculated and NMDS was visualized
in Primer 6 (v. 6.1.11, Primer-E Ltd., UK). Permutational
multivariate analysis of variance (PERMANOVA) was per-
formed on both approaches with the ‘adonis’ function in the
‘vegan’ package to compare fungal communities based on the
factor sampling site, continent, sap-feeding insect occurrence,
host plant family, and order. To perform pairwise comparisons
between individual factors, pairwise PERMANOV A was con-
ducted using the package ‘pairwiseAdonis’ v.0.0.3 (Martinez
2019) for significance testing (p < 0.05) applying Benjamini-
Hochberg false discovery rate adjustments on all p values to
protect against false positives (Benjamini and Hochberg 1995;
Ricks and Koide 2019). It was assumed that the p value indi-
cated significant differences if it was less than 0.05. The ‘ado-
nis’ function calculates an R value that indicates the extent to
which the factors analysed explain the groupings. R values
were interpreted as follows: > 0.75 indicating different groups,
R > 0.5 overlapping different ones, and R < 0.25 indicating
slightly separate groups.

Venn diagrams were drawn using ‘VennDiagram’
v.1.6.0 (Chen 2018). Alpha diversity indices, i.e. Chaol
richness estimate, Shannon-Wiener diversity index,
Simpson’s dominance, and Pielou’s evenness, were calcu-
lated with the ‘alpha’ function in the package
‘microbiome’ v1.8.0 (Lathi and Shetty 2017) and plotted
with ‘ggplot2’. Bar plots of phylum, class, and order were
drawn using the ‘tax_glom’ function in the package
‘phyloseq’ and plotted with package ‘ggplot2’. Heatmaps
were plotted from all OTUs, which were present in at least
10% of all samples using the package ‘pheatmap’ v.1.0.12
(Kolde 2019) and ‘RColorBrewer’ v.1.1-2 (Neuwirth
2014). All analyses described in this section were per-
formed on all OTUs without any further selection;
heatmaps were based on those OTUs, which were present
in at least 10% of all samples.

Fungal guild nutrition type of the predominant
Ascomycota

From the OTUs belonging to the Ascomycota, those that were
present in at least 3 samples and had a taxonomic assignment
at genus or species level and a guild assignment at species,
genus, or family level were selected using the FUNGuild da-
tabase (Nguyen et al. 2016). If there was no entry in the data-
base, the nutrition type as recorded in the Dictionary of Fungi
was used (Kirk et al. 2010). If there was no entry in either
source, OTUs from community barcoding were classified as
‘n.a.” (not assignable). For strains from species barcoding,
mixotrophic or eventually saprotrophic nutrition type was
assigned due to their cultivability. In addition to the rough
classifications into saprotrophic, mixotrophic, and biotrophic
nutrition types, the following life habit subtypes were applied:
P: plant-associated (including litter saprotrophic and wood
saprotrophic); A: animal-associated; S: saprotrophic; and O:
‘other’ (i.e. non-specific, fungus-associated, lichen-associat-
ed, dung saprotrophic); U: non-specific saprotrophic. The rep-
resentative sequences were aligned using Mega7 software
(Kumar et al. 2016) and a maximum likelihood phylogenetic
tree (Egidi et al. 2019) was built using a Kimura 2-parameter
model. For the visualization, the tree was uploaded to iTOL
V5.5 (Letunic and Bork 2019) and supplemented with the
nutrition type information and taxonomic classification.

Results
Dataset descriptions

Sooty mould symptoms were formed by oligo-species com-
munities with an average of 11.2 species per biofilm sample
from culture-based species barcoding and of 26.7 OTUs per
sample from culture-independent community barcoding.
Single-species communities are almost non-existent. In both
approaches, > 60% of all OTUs could be assigned at order
level or higher, and about one-third at species level. The pro-
portion of OTUs that could not be assigned at all is below
26%. The rarefaction curves generated for each sample
showed saturated curves for the community barcoding ap-
proach (Supplementary Data S4.1a). For a summary of the
number of OTUs and their occurrence as well as a list of taxa
detected by one or both approaches, see Supplementary Data
Ss.

Impact of the factors site and continent (community
barcoding)

Differences in alpha diversity indices: The average expected

number of OTUs per sample is highest in North-eastern Brazil
Caatinga (BC) and the Europe Alpine (EA) zone, and lowest
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in scale insects from BC (BC*), whereas the difference in the
number of species between the samples of BC* is the lowest,
and the greatest in the Central European colline (EC) zone
(Fig. 1a). The expected number of OTUs per sample is similar
in both continents. The Shannon-Wiener index shows differ-
ences in the diversity of OTUs at all sites, with the two
European sites (EA and EC) clearly differing from the
Brazilian ones (Fig. 1a). Less OTUs dominate in Brazilian
samples than in European ones, as the two European sites
have considerably lower dominance values than the sites in
South America, with EC samples differing more markedly
from the others. European colline (EC) and Brazil rainforest
(BR) show a higher degree of evenness in the composition of
their fungal communities than Brazil Caatinga (BC) and
Europe Alpine (EA) (Fig. 1a). While 5 OTUs are shared by all
sites, another 6 occur at three sites each. BC and BR have the
highest number of exclusively shared OTUs among all pairs,
with 30 OTUs. However, most OTUs can only be found in
samples of one site (from 75 in EA to 184 in EC). Thirty-
seven OTUs occur in samples on both continents
(Supplementary Data S4.2). The NMDS on fungal community
similarity showed that BR samples are the most widely dispersed
(Fig. 2), the two European sampling sites are clearly separated,
and EC is close to BC and shows overlap with BR, but this
overlap is due to a single sample of BR with few reads. At a
threshold of 95%, all sampling sites overlap. PERMANOVA
yielded significant results (p = 0.001) for differences in commu-
nity composition between sites and continents (Table 1).
However, as the 7 value of the factor ‘continent’ (* = 0.101)
is very low, it explains the differences in community composi-
tion less well than the factor ‘site’. The pairwise PERMANOVA
between the groups of factor ‘site’ showed significant results
between all site pairs (Table 1) for both approaches.

Impact of sap-feeding insects (community barcoding)

Based on the comparison of the community composition on
what is the main nutritional source provided by the habitat,
three types of sources could be distinguished: exudates by
secretion from leaf glands, substances by leaching from
leaves, and exudates from leaf-sucking insects. While
leaching occurs to some extent on every host plant, glandular
secretion was confirmed only for the EA host plant. Traces or
remains of sap-feeding insects were confirmed in the field for
leaves of host plants from BC. In EC, traces or remains of sap-
feeding insects (Aphididae) were observed on all sampled
trees in the field. No leaf-sucking insects or traces thereof were
found at BR and EA sites. The grouping factor ‘sap-feeding
insect association’ leads to a similar number of expected
OTUs per sample, similar diversity, and only slightly different
dominance and evenness between the two groups (Fig. 1¢). Of
all OTUs, 58 occur in both groups (Supplementary Data
S4.2). Differences in community composition under the factor
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Table 1 (A) PERMANOVA analysis of differences in the community
compositions among factors site, continent, sap-feeding insect—associa-
tion, taxonomic affiliation of the host plants, and combined factors. (B)
Pairwise PERMANOVA of the factor ‘site’. North-eastern Brazil
Caatinga leaves (BC) and sap-feeding insects (BC*), North-eastern
Brazil Tropical Rainforest (BR), Europe alpine zone (EA), and Central
Europe colline zone (EC)

(A) PERMANOVA: Global

Factors ” p
Site 0.347  0.001
Continent 0.101 0.001
Sap-feeding insect presence 0.092  0.001
Host plant family 0.465  0.001
Host plant order 0.308  0.001
Host plant family and sap-feeding insect presence ~ 0.577  0.001
Host plant order and sap-feeding insect presence 0.396 0.001

(B) PERMANOVA: Pairwise, factor ‘site’

Pairs s p*
BC vs BC* 0.083  0.094
BC vs BR 0.178  0.002
BC vs EC 0.283  0.002
BC vs EA 0.394  0.002
BC* vs BR 0.121 0.002
BC* vs EC 0.331 0.089
BC* vs EA 0.576  0.005
BR vs EC 0.139  0.002
BR vs EA 0212  0.002
EC vs EA 0.590  0.005

*Benjamini-Hochberg false discovery rate adjustments to protect
pairwise PERMANOVA against false positives

‘sap-feeding insect association” showed a significant impact
(p=0.001) in the PERMANOVA. However, as the 7 value of
this factor (+* = 0.092) was very low, it explains the differ-
ences in community composition less well than other factors.
For the BC site, samples of sooty moulds from leaves and
fungal OTUs from sap-feeding insects on infected plants (la-
belled as BC*) were compared. The communities found on
and in sap-feeding insects showed complete overlap with
those of leaf samples and proximity to the EC samples in the
NMDS analysis. The pairwise PERMANOVA between
groups of the factor ‘site” showed significant results between
all pairs except between BC and BC* and BC* and EC
(Table 1), which is also consistent with the NMDS analysis.

Host plant dependence (community barcoding)

PERMANOVA revealed significant differences (p = 0.001) in
community composition between host plant families and or-
ders (Table 1). Significant differences were found in the
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Fig.1 Alpha diversity estimates of fungal communities a among the sites
North-eastern Brazil Caatinga leaves (BC) and sap-feeding insects (BC*),
North-eastern Brazil Tropical Rainforest (BR), Europe alpine zone (EA),

pairwise comparisons between 9 host plant orders. The corre-
sponding table of results is given in Supplementary Data S6,
and the pairwise comparisons of host plant families in
Supplementary Data S7. Sooty mould communities could
not be found on all plants of a site, and the host plant families
and orders were strongly linked to the sites, i.e. Asterales and
Dilleniales occurred only at BC, Ericales only at EA, and
Gentianales and Sapindales only at BR. This factor should
therefore be viewed with some caution. The fungal commu-
nity compositions differ significantly (> = 0.304, p = 0.003)
when ‘host plant order’ and ‘site’ are tested as a combined
factor, but there are no significant results in the pairwise tests
(data not shown). The community compositions are also sig-
nificantly separated based on the paired factor ‘host plant or-
der’ or ‘host plant family’ with ‘sap-feeding insect associa-
tion” (Table 1). Although the global PERMANOVA gives a
high #* value for host plant family and sap-feeding insect,
none of the pairwise PERMANOVA tests is significant (data
not shown). Pairwise tests of host plant order and sap-feeding
insect between 9 groups were significant. The corresponding
table of results is given as Supplementary Data S6.

and Central Europe colline zone (EC). b Continents Europe (EU) and
South America (SA). ¢ Association with sap-feeding insects (SFI+ = sap-
feeding insect presence, SFI— = no sap-feeding insect association)

Taxonomy (community barcoding)

While OTUs were used anonymously for all previous analy-
ses, the analyses in the following section are based on taxo-
nomic assignments. Ascomycota and Basidiomycota were
found at all sites, with Ascomycota predominating (Fig. 3a).
Within the Ascomycota, Dothideomycetes were the dominant
class at all sites, followed by Eurotiomycetes and
Sordariomycetes, which were present at all four sites (Fig.
3b). Within the Dothideomycetes, the Capnodiales and
Pleosporales dominated and were also present at all sites.
Capnodiales are the dominant order, with a proportion of over
50% in BC incl. BC* and EA, over 25% in EC, and over 10%
in BR, considering the high proportion of unassignable ones
in BR. Both European sites are characterised by a higher rel-
ative abundance of Eurotiomycetes. Among the
Sordariomycetes, the Hypocreales and Xylariales were the
dominant order, but were mainly found in samples from BC
and less frequent in BR. The Xylariales were absent in the
group ‘sap-feeding insects’ (BC*) and were found in EA
and EC in only one sample each. Within Basidiomycota,
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Fig. 2 Non-metric multidimensional scaling (NMDS) ordination plot
showing the compositional differences of the sooty mould communities
from the different sampling sites North-eastern Brazil Caatinga leaves
(BC) and sap-feeding insects (BC*), North-eastern Brazil Tropical
Rainforest (BR), Europe alpine zone (EA), and Central Europe colline
zone (EC). Confidence interval of ellipses = 95%, Manhattan dissimilar-
ities, stress = 0.158

Tremellomycetes were predominant and were found at all
sites (Fig. 3c) but their relative abundance is higher at BC
and EC sites than at the other sites. BR samples showed a
higher relative abundance of unassignable OTUs (NA). The
steadiness of OTUs that were present in at least 10% of all
samples is summarized in Fig. 4. The Brazilian sites differ
from the two European sites in community structure.
However, the two European sites are less similar than the
Brazilian ones. Mycosphaerella tassiana, Aureobasidium
pullulans, and Vishniacozyma sp. Pleosporales sp. occurred
in BC, BR, EA, and EC. Capnodiaceae sp. and Capnodium
sp. occurred only at the Brazilian sites, and Capnodiales sp. 3
and Sarcinomyces sp. only in EA samples. Capnodiaceae sp.
and Capnodium sp. tend to co-occur. This also applies to
Sarocladium strictum and Alternaria sp. together with
Erythrobasidium hasegawaianum and Capnodiales sp. with
Sarcinomyces sp.

In order to classify the trophic mode within the
Ascomycota via FUNGuild, those OTUs were selected
that were present in at least three samples and that had a
taxonomic assignment to species or genus level. The
criteria applied to 29 OTUs, representing 4.27% of all
OTUs in this dataset and 37.17% of all reads, which were
combined in an iTOL tree (Fig. 5). Thirteen of these
OTUs have a biotrophic trophic mode, 9 are classified
as saprotrophic, and another 7 are declared mixotrophic
according to FUNGuild. Three-quarters of OTUs are
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plant-associated, 5 of them are also animal-associated.
All those belonging to the saprotrophic type were classi-
fied as unspecific. None of the OTUs was exclusively
animal-associated.

Single-species community barcoding

The complementary analyses of cultivable fungi showed
similar results to the community barcoding in terms of the
influence of the factors ‘site’, ‘continent’, ‘sap-feeding in-
sect association’, and ‘host plant family and order’. All
factors examined were significant. Again, the #* values
for the grouping factor ‘continent’ (> = 0.163) and sap-
feeding insect presence (> = 0.09) were lower than those
of the other factors (Supplementary Data S8.2a). In con-
trast to community barcoding, BC and BR samples overlap
completely in the NMDS, while EA and EC are separate
and do not overlap with Brazil samples (Supplementary
Data S8.1, 8.3¢c—5¢). Pairwise PERMANOVA between site
factor groups showed significant results between all pairs
except for the two Brazilian ones (Supplementary Data
S8.2b), which is consistent with NMDS analysis. The cul-
tivable part of the European communities is represented by
a much lower number of species per sample than of the
South American ones. One species was found in all four
sites, most (37) are shared by BC and BR (Supplementary
Data Fig. S8.4b). Ascomycota and Basidiomycota were
found at all sites, with Ascomycota predominating
(Supplementary Data Fig. S8.6a). The ratio Ascomycota
to Basidiomycota is similar to that of community
barcoding. The order Capnodiales within the
Dothideomycetes is also the group with the highest relative
abundance (Supplementary Data Fig. S8.6b—c). Likewise,
also the Sordariomycetes show a higher abundance in BC
and BR. Among the orders, the relative proportion of
Pleosporales is considerably higher at all sites. This also
applies to Xylariales in the BR and BC samples
(Supplementary Data Fig. S8.6b—c). In contrast to commu-
nity barcoding, only Aureobasidium pullulans occurs at all
four sites; Mycosphaerella tassiana and Didymella exigua
occur in a large number of samples from BC, BR, and EC,
and Antennariella placitae mainly in BC samples and to a
lesser extent in BR and EA samples. In accordance with the
results obtained with community barcoding, Capnodiales
sp. was found exclusively at the EA site and there in 85%
of the samples (Supplementary Data Fig. S8.7). Trophic
modes according to FUNGuild for the most common
Ascomycota are given in Supplementary Data S8.8.

Pigmentation of sooty mould fungi

The degree of pigmentation was determined by taking
into account the steadiness of the species. The proportion
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of detections of dark pigmented fungal species was 46.2%
across all fungal species. Of those present in at least one-
third of all samples, 60% were dark pigmented, and of
those present in at least half of all samples, 100% were
dark pigmented. This analysis shows that the more

common fungi at each site were dark pigmented. At all
four sites, the proportion of dark pigmented species varied
widely, with the highest value in EC (60%) and lower
values in BC (47.5%) and EA (46.3%), and lowest in
BR (43.8%). Among the predominant which were present
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Fig. 4 Heatmap of the most
common taxa based on their
consistency in North-eastern
Brazil Caatinga leaves (BC) and
sap-feeding insects (BC*), North-
eastern Brazil Tropical Rainforest
(BR), Europe alpine zone (EA),
and Central Europe colline zone
(EC) samples. The colour scale
illustrates the dominance (%)
within the sites. The dendrogram
on top illustrates the similarity of
the sites; the one on the left rep-
resents the similarity in the pattern
of occurrence of the individual
fungal OTUs

Vishniacozyma sp.
Neopestalotiopsis foedans
Ochroconis cordanae
Erythrobasidium sp.
Strelitziana sp.
Eurotiomycetes sp.
Papiliotrema sp.
Capnodiales sp. 1
Toxicocladosporium strelitziae
Capnodiales sp. 2
Pestalotiopsis biciliata
Pleosporales sp. 2
Fusarium sp.
Mycosphaerellaceae sp.
Tremellales sp.

Catenulostroma hermanusense

Cladosporium sphaerospermum

Hannaella sp.

Antennariella placitae

Phaeosphaeriaceae sp.

dd
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in at least one-third of all samples, the ratio shifts towards
the dark pigmented ones with the highest values in EA
(100%) and EC (67%) and slightly lower proportion in
BC (59%) and lowest value in BR (48%). A trend for a
correlation between nutrition type and pigmentation could
not be found (Fig. 6) neither generally for all fungi nor for
those found in at least one-third of the samples per site.
The dark pigmented fungi of this study could all be
assigned to Ascomycota, while all Basidiomycota were
light pigmented (Supplementary Data Fig. S8.9).
Dothideomycetes were the largest class among the dark
pigmented and Sordariomycetes represented the largest
group among the light pigmented ones.
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Discussion
Applied methods

This study used a cultivation-based species barcoding ap-
proach (SB) and a community barcoding approach (CB).
With regard to the significant impact of the factors site, con-
tinent, sap-feeding insect presence, and host plant family and
order on fungal community composition, the results for both
approaches are similar. For community barcoding, the ITS1
region was used as marker. In recent studies, the use of the two
ITS regions has been quite inconsistent. While some used
ITS2 as the universal fungal barcode (Bao et al. 2019; Beng
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[T capnodiales
[T chaetothyriales
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Hypocreales
[] Pleosporales
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B Trichosphaeriales
[T] umbilicariales
[7] venturiales
[] xytariales

Trophic mode

. Saprotrophic (FUNGuild species level)
. Saprotrophic (FUNGuild genus level) P
@ saprotrophic (FUNGuild family level)
‘ Biotrophic (FUNGuild species level)
. Biotrophic (FUNGuild genus level)
. Biotrophic (FUNGuild family level)
Fig. 5 Most abundant OTUs (occur in at least 3 samples) among the
Ascomycota with taxonomic assignment on species or genus level and

with FUNGuild classification on species, genus, or family level. Tree was
generated with maximum likelihood method by Mega7 and visualized

and Corlett 2019; Egidi et al. 2019; Epstein et al. 2019; Li
et al. 2019; Lynikiene et al. 2020; Morales-Rodriguez et al.
2019; Nerva et al. 2019; Qian et al. 2020; Ricks and Koide
2019; Saravesi et al. 2019; Wilkinson et al. 2019; Wiirth et al.
2019; Yao et al. 2019; Zhang et al. 2019), others strongly
recommended the use of ITS1 (Mbareche et al. 2020), as it
had already been implemented in many studies (Beule et al.
2019; Checinska Sielaff et al. 2019; Del Frari et al. 2019;
Schiro et al. 2019). Few studies are based on both ITS regions
(Janakiev et al. 2019). The use of operational taxonomic units
(OTUs) versus the recent use of amplicon sequence variants
(ASVs) is also inconsistent. Although there are recommenda-
tions to use only ASVs (Callahan et al. 2017), resulting in a
reduction in the number of dominant species (Egidi et al.

with iTOL (interactive Tree of Life). P, plant-associated (including litter
saprotrophic and wood saprotrophic); A, animal-associated; S,
saprotrophic; O, ‘other’ (i.e. unspecific, fungus-associated, lichen-associ-
ated, dung saprotrophic)

2019), many of the current studies are still based on OTUs
(Bao et al. 2019; Beng and Corlett 2019; Beule et al. 2019;
Checinska Sielaff et al. 2019; Epstein et al. 2019; Janakiev
et al. 2019; Lynikiene et al. 2020; Morales-Rodriguez et al.
2019; Nerva et al. 2019; Pan et al. 2019; Qian et al. 2020;
Ricks and Koide 2019; Saravesi et al. 2019; Wilkinson et al.
2019; Wiirth et al. 2019; Yao et al. 2019; Zhang et al. 2019),
but others rely on ASVs (Del Frari et al. 2019; Egidi et al.
2019; Li et al. 2019), or OTUs generated from ASVs
(Ezeokoli et al. 2020), and even OTUs from cultivation-
based Sanger sequencing are still in use (Janowsky et al.
2019). With the availability of the VSEARCH tool within
the QIIME2 pipeline, allowing the easy aggregation of
OTUs from ASVs, the Illumina sequencing datasets in this
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Fig. 6 Proportion of pigmented a
species and link between
pigmentation and nutrition type. a
Proportion of dominant
pigmented species (present in at
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taking into account their steadi- 70%
ness. North-eastern Brazil 60%

Caatinga leaves (BC) and sap- 50%
feeding insects (BC*), North-

eastern Brazil Tropical Rainforest 40%
(BR), Europe alpine zone (EA), 30%
and Central Europe colline zone 20%
(EC). b All species regardless of
their dominance from species
barcoding are grouped by pig-
mentation and nutrition types
based on the relative amounts of b
samples they were found in
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study were analysed based on ASVs, obtained from the
DADA? plugin from QIIME2, with subsequent grouping into
OTUs, based on a sequence similarity threshold.

By including a culture-based method, it was possible to
include the degree of pigmentation of the mycelia as an ana-
lytical factor in the design of this study, to detect the fungi that
are mixotrophic and to exclude those which are exclusively
biotrophic. Those aspects cannot be addressed by the exclu-
sive use of a culture-independent approach. Also, the fungi
found with the different approaches may differ (Dissanayake
et al. 2018). To put the significance of the pigmentation tests
into perspective, it must be taken into account that pH, carbon,
and nitrogen source have a major influence on pigment pro-
duction in fungal strains (Lathadevi et al. 2014). Therefore,
pigmentation may differ in culture and in situ. It is well doc-
umented that the degree of pigmentation of fungal cultures
depends on the medium (Kowalski et al. 2016; Palacio-
Barrera et al. 2019; Blechert et al. 2019). In a previous study
of sooty mould fungi associated with R. ferrugineum, fewer
fungi were dark pigmented on a MY A medium than on other
media (Flessa and Rambold 2013). However, any fungus that
was dark pigmented on MY A was also dark pigmented on the
other media. It can therefore be assumed that the proportion of
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Light pigmented

m Dark pigmented

BC EC EA
BC EC EA

dark pigmented fungi of sooty mould communities in situ is
possibly underestimated.

Host plants of tropical parasitic black mildews
(Meliolaceae) in Brazil are known to belong to
Anacardiaceae, Asteraceae, Euphorbiaceae, and Fabaceae
(Hansford 1961; Hosagoudar 1996; Macedo et al. 2010;
Pinho et al. 2012; Pinho et al. 2009; Silva et al. 2012).
These host plant families overlap with the host spectrum of
sooty mould fungi in the present study. Black mildews have
similar traits as the pigmented saprotrophic species, such as
the degree of pigmentation and hyphal growth, and can coex-
ist within sooty mould communities. Due to their biotrophic
habit, efforts to cultivate black mildews have not been suc-
cessful (Hansford 1961; Hosagoudar 1996) and they are there-
fore not included in the species barcoding approach of this
study.

At all four sites, sampling efforts were driven by the dis-
covery of dark pigmented epiphytic communities on perennial
plant substrates, regardless from the identity of the host plant
species. In an earlier study of sooty mould communities on the
evergreen Rhododendron ferrugineum, differences in the
composition between communities on young leaves and those
on previous years leaves were recognised (Flessa and

Biotrophic light pigmented
Mixotrophic light pigmented
Saprotrophic light pigmented
H Biotrophic dark pigmented
m Mixotrophic dark pigmented

m Saprotrophic dark pigmented
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Rambold 2013). A similar effect was observed for the com-
munity on annual leaves and perennial structures of Salix spp.
in a previous study, and on hibernating evergreens in a green-
house (Flessa et al. 2012). In the current study design, there-
fore, only perennial plant parts were compared for all four
sites. In the comparative study on sooty mould communities
on Salix and evergreen plants in the same region, the influence
of different climatic annual cycles was analysed. The sooty
mould communities on perennial plant parts of both host
groups differed less than the sooty mould communities on
annual and perennial structures within one group. As seasonal
aspects may have less influence on the composition of sooty
mould fungi than on other organisms (Flessa et al. 2012), the
chosen study design is suitable to address the hypotheses of
the present study. Since sooty moulds were only found on
hosts of one genus per site at both European locations, but at
the Brazilian sites on host plants of different orders and fam-
ilies, conclusions about host plant dependence can be drawn at
least for the two sites in Brazil.

Most current studies do not distinguish between epiphytic
and endophytic fungal communities, as the complete
microbiome is usually extracted from whole leaves
(Lynikiene et al. 2020; Qian et al. 2020; Wiirth et al. 2019).
This is problematic in that endophytic fungi are more host-
dependent than epiphytic fungi (Fonseca-Garcia et al. 2016;
Lau etal. 2013; PerSoh 2013). Furthermore, it has been shown
that the two microbiomes differ considerably and only share a
small proportion of the strains (Flessa and Rambold 2013;
Yao et al. 2019). In this study, therefore, a methodological
approach was chosen that allows to focus on epiphytic
communities.

Differences in community composition between
continents and sampling sites

The significant difference between the alpha diversity of
European and Brazilian sites reflects the distance between
the two phytogeographical zones, which differ in climatic
conditions and vegetation types. The significant difference
in the sooty mould communities can therefore be explained
to a considerable extent by climatic differences. In Brazil, the
vegetation cycle is usually interrupted by a long dry season
with a rise in temperature due to the lack of rain. This has a
strong influence on all organisms, comparable to the strong
influence of seasonal effects on communities at European
sites, but also plants in Europe may be exposed to severe
drought in summer and winter (Aulitzky et al. 1982;
Cernusca 1976; Rango and Martinec 1994; Sakai and
Larcher 1987). However, since the grouping factor ‘continent’
explains the different sooty mould communities less well than
the individual sampling sites, the large-scale climatic differ-
ences are not the main factor. One possible reason for this
overlap could be the dry periods which occur in both sites in

Brazil and Europe and may be a stronger driving factor than
different average temperatures. Another reason could be that
there are generally many ubiquitous fungi in the sooty mould
community, and indeed, 5 OTUs occur at all sites.

The different sites (BC, BR, EA, EC) influenced the com-
munity composition significantly, with much less overlap be-
tween groups. Since all four sites were close to busy roads, the
differences cannot be explained by different levels of pollu-
tion. Although both European sampling sites are located in the
temperate zone, there are significant differences in the type of
vegetation surrounding the sampling sites and the mean annu-
al temperature due to the altitude. Climate data from the
Botanical Garden weather station at EC showed that the
highest amounts of rainfall coincided with the highest temper-
atures in July and August and with the lowest temperatures in
December and January. At EA, the highest amount of precip-
itation corresponds to the month with the lowest mean tem-
peratures (Tirol Atlas, Geographie Innsbruck). Thus, since the
Brazilian fungal communities from Caatinga and rainforest
are located at a short distance apart, macroclimatic factors
cannot explain these differences. This finding contrasts with
the results of Dhami et al. (2013), who found no differences in
community composition between two more distant sampling
sites with different host plant species, when using a commu-
nity barcoding approach. In this study, host influence was
tested only between plant individuals of two species of the
same genus (Nothofagus), but not at higher taxonomic levels.
Maybe the differences between two species within a genus are
too small to have an influence on the community composition.

Influence of sap-feeding insect association on com-
munity composition

There is evidence from many studies that sooty moulds have
relationships with leaf-sucking insects because they are able to
grow on honeydew (Chomnunti et al. 2014; Perez et al. 2009).
However, the presence of honeydew alone does not lead to a
defined community composition because significant differ-
ences could be observed between communities of EC and
BC. Climate and vegetation type are therefore most important,
but probably also the fact that honeydew composition greatly
differs between Aphididae (EC) and Coccidae (BC). The
dominant sugar components in the honeydew of Aphis fabae
(Aphididae) are the trisaccharide melezitose and fructose
(Fischer et al. 2005), while in Coccus hesperidum
(Coccidae), glucose and sucrose are the main sugar compo-
nents (Golan and Nadja 2011). Different types of sugars
(mono-, di-, and trisaccharides) as additional nutrition sources
to the substances leached from the leaf tissues could therefore
have an indirect influence on the composition of the fungal
community. However, the most abundant OTUs were found
on plants of both Brazilian sites, although sap-feeding insects
were only found on BC host plants. This indicates that the
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occurrence of those genera is not strictly dependent on the
presence of scale insects and honeydew as a nutrition source.
Nevertheless, other fungi may be strongly affected by the
presence or absence of honeydew in addition to substances
leached from the leaf tissues (Tukey 1970). Based on the
results of this study, it can be assumed that, although honey-
dew provides additional carbohydrates for the sooty mould
community, it does not lead to a specific sooty mould com-
munity as an isolated factor. As the fungi found in sap-feeding
insect samples (BC*) largely overlap with those in the sooty
mould community on leaves of the same site, these insects
could play a role in the dispersal of sooty moulds within a
region. It is possible that only a part of the fungi is spread
by insects, and others, such as Xylariales, by airborne spores.
However, this requires further investigation.

Host-species selectivity

The host plants studied in the tropics and the host plant
Rhododendron ferrugineum in the European Alps have peren-
nial leaves. On the European colline site (with mostly decid-
uous trees), ‘saturated’ epifoliar fungal communities were
found on branch tips of Salix spp. and were sampled from
there. Thus, at all four sampling sites, premature termination
of succession in fungal communities due to leaf fall as a con-
sequence of seasonality can be excluded (Flessa et al. 2012).
Host plant order and family had a significant impact on the
community composition in both approaches. Differences in
the structure of the fungal community among host plant spe-
cies can be caused by differences in surface structure and
nutritional status on leaf surfaces. Leaching substances, which
may persist of most compounds found in plants, may serve as
other sources than honeydew (Tukey 1970) and vary between
different host plant species. This widespread process of
leaching leads to large nutrient losses (Schoch 1955;
Wallace 1930), so that leaching substances can easily accu-
mulate on the leaf surface of one plant species, but may be
swept away from others due to different surface structures.
The assumption that host plant taxonomy has a great influ-
ence on phyllosphere fungal community composition is con-
sistent with the study by Kembel and Mueller (2014), who
showed that in the tropics the taxonomic identity of the host
plant explains more than half of the variation of the composi-
tion of fungal communities across trees. The result of the
present study is not fully conclusive, however, because of
the 15 pairwise tests that included orders from the tropical
sites, only 5 were significantly different and among the fam-
ilies only one. This result is not surprising, however, as path-
ogenic and endophytic fungi are known to be more restricted
to certain host plant genera or species, while saprotrophs,
which dominate the communities described here, are less
host-specific (Kodsueb et al. 2008; Zhou 2001). A large pro-
portion of cultivable fungal species in this study were
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described as mixotrophic. This two-track nutrition type may
be responsible for this relatively low degree of selectivity be-
tween host plants. Although host plant order alone does not
explain the differences well, five significant results of the
pairwise tests of the combined factors ‘host plant order’ and
‘sap-feeding insect association’ from the Brazil sites at least
suggest that different leaching in relation to honeydew may
have an influence on community composition. However, this
would need to be verified in more detail in future studies.
Communities on Ericales and Ericaceae from EA differed
significantly from orders and families of the other sites.
Presence of fungi in the EA samples was mostly restricted to
the undersides of the leaves. Leachates or glandular secre-
tions, as present on leaves of Rhododendron ferrugineum
(Flessa and Rambold 2013), may provide a substrate leading
to a more specific sooty mould community. However, as sooty
moulds occurred exclusively on R. ferrugineum in the alpine
study site, this cannot be conclusively assessed.

Fungal community structure: taxonomic groups,
pigmentation, and nutrition types

The fact that a numerous coexisting species compete for the
same resource requires more attention. According to the niche
theory, the most common result is competitive exclusion, and
it is to be expected that single-species should dominate over
oligo-species communities (Tubay et al. 2015). This was ob-
served in Rhododendron-associated fungal communities,
where glandular secretions in young leaves were correlated
with the dominant occurrence of a sooty mould fungus
(Flessa and Rambold 2013). However, this fungus is not able
to suppress the growth of other fungi. On perennial leaves, the
predominance of that fungal species decreased towards pre- or
co-dominance with a ubiquitous species. This result is similar
to the situation on evergreen trees sampled in the colline zone
(Flessa et al. 2012). The high proportion of oligo-species com-
munities in older Rhododendron ferrugineum leaves, on stems
of Salix spp., and on the various leaves of tropical trees thus
suggests that, according to the niche theory, more traits added
by the community-inhabiting fungi themselves lead to more
complex and different niches, which in turn can be filled with
additional fungal species.

Capnodiales, common fungi in all four habitats studied, are
usually dark pigmented. Capnodiaceae are sooty moulds in
the strict sense and their dominance in Brazil is consistent with
previous studies on tropical sooty moulds. Together with spe-
cies of Antennulariellaceae, Capnodiaceae, Chaetothyriaceae,
Coccodiniaceae, Euantennariaceae, and Metacapnodiaceae,
they dominate the saprotrophic epifoliar fungal community
forming sooty mould symptoms (Chomnunti et al. 2014;
Dhami et al. 2013; Faull et al. 2002; Olejnik et al. 1999).
However, they do not occur in such communities in Europe.
There, this niche is occupied by Chaetothyriales sp. (EC) and
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Capnodiales sp. in coexistence with Sarcinomyces sp. (EA).
Of the four OTUs that were ubiquitous at all sites, only
Mpycosphaerella tassiana (dark pigmented, mixotrophic ac-
cording to FUNGuild and its cultivability) was also among
the more common fungi at all four sites. Less continuous,
but present at all sites was Aureobasidium pullulans
(mixotrophic, light and dark pigmented).

Fungi which were present in at least two-thirds of all
biofilms form the core community of the sooty mould symp-
tom. It is formed by specific, non-ubiquitous and a few
ubiquitous fungi. The OTUs, which were present in less
than 1/3 of all samples, are considered sporadic companions
rather than members of the main matrix in the biofilm of the
sooty mould community. A large proportion of these are
light pigmented. For this group of fungi, the absence of dark
pigmentation on leaf surfaces may be a disadvantage under
natural conditions as discussed below. Causes for this lack
of pigmentation may also be in vitro effects caused by the
type of cultivation media (Lee and Hyde 2002, Lathadevi
et al. 2014) so that the proportion of dark pigmented ones
could be even higher. Among the common fungi, the pro-
portion of dark pigmented species is lowest in the warmest
regions and highest in the colder regions. This is in accor-
dance with the thermal melanism theory (Clusella Trullas
et al. 2007) which states that dark pigmented ectothermal
organisms have an advantage at low temperatures because
they can warm up more easily. Saprotrophic fungi have
been subject of a large-scale study in Europe and were
found to be darker in cold environments (Krah et al.
2019), which supported the theory of thermal melanism
and has now also been confirmed for sooty mould fungi in
this study: the proportion of dark pigmented predominant
species is lowest in the warmest regions BR (48%) and BC
(59%) and higher in the colder regions EC (67%) and EA
(100%). Sooty mould communities comprise primary
pigmented fungi and accessory unpigmented fungi. The
main group consists of functional species that are dark
pigmented. Melanin protects against high UV radiation
(Zak 2005) and chemical and biological stress, leads to des-
iccation resistance and structural re-enforcement of hyphal
walls (Butler and Day 1998; Eisenman and Casadevall
2012), and leads to the advantage of faster warming in cold
regions (Krah et al. 2019). Unpigmented fungi lacking this
trait may be considered accessory endomycelial immi-
grants. A correlation of dark pigmentation with a
saprotrophic or mixotrophic nutrition strategy and light pig-
mentation with a biotrophic strategy was not observed,
based on the results of the single-species barcoding ap-
proach. It is assumed that both dark pigmented and less or
unpigmented species of this fungal community can also live
saprotrophically. Some of them may optionally be
biotrophic or fungicolous, which is also likely for dark
pigmented ones (Butler et al. 2001). In their epifoliar life

stage, unpigmented fungi may be dependent on the primary
group. The incrustations formed by dark pigmented fungi
are thus heterospecific mycelia consisting of primary and
secondary fungal components. Biofilms of bacteria of dif-
ferent compositions and structures are well known (Davey
and O’Toole 2000; Stahl et al. 2013). They mostly involve
semi-aquatic accumulations of prokaryotes. However, there
is no reason not to consider heterospecific mycelia as a type
of biofilm, according to the definition by Characklis (1990),
which refers to ‘cells at a substratum, a surface accumula-
tion, which is not uniform in time or space, a significant
amount of inorganic or abiotic substances held together by
the biotic matrix and transport and transfer processes
play[ing] a much more important role than in isolated oc-
currence of suspended single cells’ (Characklis 1990).
Another indication for different structural niches within
the epifoliar fungal community are the different nutritional
types. Most species and OTUs (of both approaches) are
totally or at least partially saprotrophic. Only 1/5 of all
OTUs in this study were identified as biotrophic according
to the FUNGuild classification. However, this result has to
be put into perspective in that species from the culture-based
approach that are classified as biotrophic may only be fac-
ultatively biotrophic due to their cultivability. The propor-
tion of possible saprotrophs may be underestimated if the
FUNGuild reference alone is used to determine the nutri-
tional type. Of the biotrophic or potentially biotrophic
OTUs, the largest proportion was plant-associated with only
a small proportion classified as potentially fungicolous.

Conclusions

Based on the results of this study, the core community of sooty
moulds can be characterised as follows: Only few species
generally dominate and form a main group. Among them,
there are usually one or few specific representatives that occur
together with a few ubiquitous species with dark pigmenta-
tion. Other unpigmented or weakly pigmented fungi are con-
sidered accessory and are saprotrophic or biotrophic, the latter
interacting directly with their hosts. Their presence depends
on the presence of main group representatives that form a
protecting structure. In this context, the theory of thermal mel-
anism was supported for the first time for sooty mould com-
munities. Diversity and composition of sooty mould commu-
nities depend on site and climatic conditions as well as on the
identity of the host plant, but to a lesser extent on the presence
of sap-feeding insects. We propose to subsume the
heterospecific mycelial complex of sooty mould communities
under the term ‘biofilm’. In this study, a first impression could
be gained about the potential of comparative mycogeographic
studies on habitat and host plant preferences of sooty moulds.
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Further studies are needed to investigate the influence of sap-
feeding insects in more detail.
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