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ARTICLE INFO ABSTRACT

Handling Editor: Prof. Benjamin E. Wolfe Lichens are multi-kingdom symbioses in which fungi, algae and bacteria interact to develop a stable selection

unit. In addition to the mycobiont forming the symbiosis, fungal communities associated with lichens represent

Keywords: the lichen mycobiota. Because lichen mycobiota diversity is still largely unknown, we aimed to characterize it in
Ascf)rflymta two cosmopolitan lichens, Rhizoplaca melanophthalma and Tephromela atra. The mycobiota were investigated
gﬁflorz}IEOta di across a broad distribution using both a culture-dependent approach and environmental DNA metabarcoding.
my T 1n; o ae . . . . . . .
etabarcocing The variation of the mycobiota associated with the two lichen species was extremely high, and a stable species-
Ecology R R X . . .
Fungal community specific core mycobiota was not detected with the methods we applied. Most taxa were present in a low fraction
Symbiosis of the samples, and no fungus was ubiquitously present in either lichen species. The mycobiota are thus

composed of heterogeneous fungi, and some taxa are detectable only by culture-dependent approaches. We
suspect that lichens act as niches in which these fungi may exploit thallus resources and only a few may establish

more stable trophic relationships with the major symbiotic partners.

1. Introduction

Symbioses are self-sustaining interactions between organisms of
different kingdoms, known as symbionts, which result in new structures,
metabolic activities (de Bary, 1879; Frank, 1877; Douglas, 1994), and
genomic interactions (Guerrero et al., 2013). The symbionts interact to
develop a more or less stable unit of selection in which they are inter-
linked by metabolic relationships, which can range from antagonistic to
mutualistic (Margulis and Fester, 1991; Douglas and Werren, 2016). The
so established symbiosis is determined by the presence of the different
partners and their specialization in different environmental conditions
(Rosenberg et al., 2010; Rosenberg and Zilber-Rosenberg, 2011; Rafferty
et al., 2015; Douglas and Werren, 2016; Chomicki and Renner, 2017).
The term symbiosis was originally introduced to study lichens (Frank,
1877) which are, among the terrestrial symbioses, iconic examples of
the living together of a main fungus (the mycobiont) and populations of
photosynthetic green algae or cyanobacteria (the photobionts; Hawks-
worth and Honegger, 1994; Honegger, 2009). These two partners shape
the phenotypic outcome of the lichen symbioses, i.e., the lichen thallus.

The lichen thallus contains, though, a multitude of associated mi-
croorganisms as well, such as prokaryotes, other microalgae and
microfungi (e.g., Muggia et al., 2008; Arnold et al., 2009; Grube et al.,
2009; Aschenbrenner et al., 2017; Moya et al., 2017; Spribille, 2018;
Hawksworth and Grube, 2020). The lichen-associated microorganisms
are acknowledged as the microbiota (Grube et al., 2009), its fungal part
has been described as the mycobiota (Fernandez-Mendoza et al., 2017),
while the term phycobiota (Barreno et al., 2022) was recently intro-
duced to define the microalgal diversity of the lichen thallus. However,
their functional and taxonomic diversity is largely unknown (Spribille,
2018; Hawksworth and Grube, 2020).

In particular, the lichen mycobiota (U'Ren et al., 2010; Fernan-
dez-Mendoza et al., 2017; Muggia and Grube, 2018; Banchi et al., 2020),
is represented by that fraction of microfungi which were supposed to
develop diverse trophic relationships (parasitic, commensals, or sapro-
trophic) with either the mycobiont or the photobionts (Lawrey and
Diederich, 2018). These fungi have been discovered in the early 19th
century and have been traditionally referred to as “lichenicolous fungi”
for over a century. They have been (and still are) recognized by visible
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infection or fertile structures on the host thalli (Lawrey and Diederich,
2003; Diederich et al., 2018). There are, however, also fungi that
cryptically occur in lichen thalli (e.g., Harutyunyan et al., 2008; Arnold
et al.,, 2009; Muggia et al., 2016). Similar to endophytism, these taxa
became known as “endolichenic fungi” (Arnold et al., 2009; U’Ren et al.,
2010, 2012, 2014; Muggia et al., 2016; Fernandez-Mendoza et al., 2017;
Banchi et al., 2018a). Owing to ambiguities in distinguishing the two
groups of fungi, Hafellner (2018) proposed a re-definition of lichen-
icolous fungi, i.e., of the lichen mycobiota, as “all lichen-inhabiting
fungi, both non-lichenized and lichenized, either obligate or faculta-
tive, with a colonization inducing symptoms on the host or not.”
Hafellner (2018) recognized three subgroups of lichenicolous fungi: 1)
lichenicolous fungi s. str. (living exclusively on lichens, discernible by
their symptomatic traits of infection; about 1800 described species
among Ascomycota and Basidiomycota; Diederich et al., 2018); 2)
endolichenic fungi (cryptically occurring, endophytes of lichens,
resulting from primary non-lichenized lineages of Dothideomycetes,
Eurotiomycetes, Leotiomycetes and Sordariomycetes; Arnold et al.,
2009; Muggia et al., 2016, 2019, 2021), which are still little known, they
are hardly detectable with standard microscopic techniques and their
study requires molecular and culture-dependent approaches; and 3)
lichen epiphytes, fungi usually lichenized that grow on the lichen thalli,
usually recognized among Lecanoromycetes (Poelt 1958; Moya et al.,
2020).

According to the above definitions, the diversity of ‘lichenicolous
fungi s. str.” was studied more easily based on their morphological traits,
whereas the diversity of the ‘endolichenic fungi’ was uncovered
recently, and their evolutionary origin was studied only for a few
members (Ertz et al., 2009, 2016; Muggia et al., 2016, 2019, 2021). In
general, most of the lichenicolous fungi seem to be phylogenetic
distantly related from the lichen mycobionts (Lutzoni and Miadli-
kowska, 2009) and many taxa have been found to represent new line-
ages in the fungal tree of life (e.g., Muggia et al., 2021, Cometto et al.,
2022). Arnold et al. (2009) proposed that the cryptically occurring
lichenicolous fungi could have a key role in the evolution of endophy-
tism and be an important evolutionary link with plant-associated en-
dophytes (U'Ren et al., 2010, 2012, 2014; Fleischhacker et al., 2015;
Chagnon et al., 2016; Muggia et al., 2016). The analogy with plant en-
dophytes is the absence of infection symptoms on lichen thalli (Arnold
et al.,, 2009), and the biosynthesis of many secondary metabolites
(Kellogg and Raja, 2017). However, it is still uncertain whether the
lichenicolous fungi in general preferentially associate with the algal
photobiont rather than the mycobiont (Arnold et al., 2009; Muggia and
Grube, 2018) and if they specialize on any lichen phenotype or
ecological conditions.

Microscopic analyses of morphology and culture isolation were the
main approaches to study the diversity of the lichen mycobiota before
the introduction of molecular methods to fungal diversity studies (Pet-
rini et al., 1990; Crittenden et al., 1995; Girlanda et al., 1997; Lawrey
and Diederich, 2003; Lawrey et al., 2007; Moya et al., 2017; Diederich
et al., 2018). In general, several attempts are required to isolate and
grow any those symptomatic lichenicolous fungi in culture, while their
inconspicuous, microscopic mycelium hampers their identification in-
side the lichen thallus. Still, culture isolations are essential for the
morphological characterization of those taxa that occur cryptically in
the thalli, especially when they reveal to be new monophyletic lineages
and new species are discovered and formally described (Muggia et al.,
2021, Cometto et al., 2022). In this context, isolated strains represent
only a minor part of the whole lichen mycobiota. The underestimation of
the fungal diversity in lichens, obtained by the culture-dependent
approach, derives from the fact that many fungi will never grow
outside the thalli in axenic conditions (U'Ren et al., 2014; Muggia and
Grube, 2018; Wijayawardene et al., 2021). On the other hand, a fraction
of culturable fungi is not detected by DNA metabarcoding (as reported in
the series of studies done on alpine lichen communities by Muggia et al.,
2016, Fernadez-Mendoza e t al. 2017, Banchi et al., 2018a,b).
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Data from high-throughput sequencing (HTS) complement the re-
sults of culture-dependent approaches and help to uncover more
comprehensively the diversity of the lichen associated fungi (U'Ren
et al., 2014; Muggia et al., 2020). The understanding of lichen myco-
biota has already benefited from HTS technology at different scales
(Bates et al., 2012; Zhang et al., 2015; Fernandez-Mendoza et al., 2017;
Banchi et al., 2018b; Smith et al., 2020; Yang et al., 2022) and identified
three major ecological fractions of the lichenicolous fungi (Fernan-
dez-Mendoza et al., 2017). These are: 1) a “generalist environmental
pool” of fungi unspecific to the lichen host; 2) a more specific “parasitic
pool” that grow and complete their life cycle specifically on their lichen
host; and 3) a pool of “occasionally occurring species” likely represented
by fungal propagules or extraneous fungi that do not have a precise
ecological role in the lichen thalli (Fernandez-Mendoza et al., 2017).
Lichen mycobiota are thus represented by diverse lineages of Ascomy-
cota and Basidiomycota, and both filamentous and yeast species are
recognized. The major representatives belong to the large ascomycetes
classes Dothideomycetes, Eurotiomycetes, Leotiomycetes, Sordar-
iomycetes and Lecanoromycetes (Diederich et al., 2018; Muggia and
Grube, 2018), and in Basidiomycetes, Agaricomycetes (Lawrey et al.,
2007), Tremellomycetes (Millanes et al., 2011; Tuovinen et al., 2019;
Cometto et al., 2022) and Cystobasidiomycetes (Spribille et al., 2016;
Cernajova and Skaloud, 2019, 2020; Cometto et al., 2022). In particular,
Eurotiomycetes and Dothideomycetes are frequently detected and iso-
lated from rock-inhabiting lichens and are close relatives of melanized
rock-inhabiting fungi (Sterflinger and Krumbein, 1995; Wollenzien
et al,, 1995), plant pathogens and opportunistic fungi on animals
(Harutyunyan et al., 2008; Muggia et al., 2016, 2019, 2021; Quan et al.,
2020). Leotiomycetes and Sordariomycetes taxa, instead, have been
identified from soil- and bark-inhabiting lichens collected in temperate,
humid, Antarctic and boreal environments (Arnold et al., 2009; U Ren
et al,, 2010, 2012), and are represented mainly by lineages closely
related to plant endophytes (Arnold et al., 2009; U’Ren et al., 2010; Yu
et al,, 2018). Basidiomycetes yeasts are represented by tremelloid
(Fernandez-Mendoza et al., 2017; Cometto et al., 2022) and cystobasi-
dioid taxa (Spribille et al., 2016; Cometto et al., 2022; Tagirdzhanova
et al., 2021) from lichens growing in alpine, subalpine and boreal hab-
itats. Furthermore, Smith et al. (2020) suggested that the lichen growth
forms build diverse microhabitats and can act as further selecting factor
of the mycobiota composition.

The present study aimed to characterize the range of diversity of
lichen mycobiota of two widespread lichen species, Rhizoplaca mela-
nophthalma (DC.) Leucker & Poelt and Tephromela atra (Huds.) Hafellner
to understand its possible main drivers on a wide geographic range.
These two lichen species were selected as study models and studied
across a broad range of their distribution as they are often found to co-
occur in alpine environments. Our specific goals were to 1) understand if
the two target species host significantly different mycobiota and if other
factors such as altitude or location have an influence on the diversity of
these fungal communities, 2) detect if there is a stable (across the
geographic and altitude range) and specific lichenicolous fungal
composition associated with either lichen species that could be recog-
nized as the ‘core mycobiota’, and 3) identify similarities and differences
between the mycobiota that can be isolated in culture and the mycobiota
detected by metabarcoding analyses.

2. Materials and methods
2.1. Sampling

The lichens Rhizoplaca melanophthalma and Tephromela atra were
selected as study organisms (Fig. 1). These two species were chosen
because they are well-characterized at a global scale for their morpho-
logical plasticity and genetic diversity. They have been the focus of
numerous studies that described the intraspecific variation of the
mycobionts and the photobionts, as well as the culturable fraction of
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©Rhizoplaca melanophthalma
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Fig. 1. (A) Map of the localities from which Rhizoplaca melanophthalma and Tephromela atra were collected. (B) R. melanophthalma collected in the Alps (Italy), (C)
collecting localities at Laghetti Sassersa in Italian Alps (Valtellina, Lombardy; Italy), (D) T. atra collected in the Apennines. (E) colony shape of Mycosphaerellales sp.
L3082 and (F) Microsporomycetaceae sp. L2343 isolated from R. melanophthalma, (G) Coniochaetales sp. L3093 and (H) Chaetothyriales sp. L3059 isolated from

T. atra. Scale bars: (B-D) 2 cm, (e-h) 1 cm.

filamentous and yeast ascomycetes and basiodiomycetes (Muggia et al.,
2008, 2010, 2014; Leavitt et al., 2011, 2016; De Carolis et al., 2022;
Cometto et al., 2022, 2023). Rhizoplaca melanophthalma has an umbili-
cate, fruticose to subfoliose, thallus (attached at a single point), whereas
T. atra builds a crustose thallus composed of adjacent areoles (Muggia
etal., 2008, 2010, 2014; Leavitt et al., 2011, 2016). Lichen samples were
collected in the period 2019-2021 in 56 different localities at an altitude
ranging from 350 to 5100 m above sea level (a.s.l.) and on different rock
types, such as acidic, granitic, schist-sandstone, siliceous and calcareous
rocks (Appendix S1, see Supplemental Data with this article). The
sampling was performed in boreal, alpine, temperate, humid and arid
habitats in Europe (Italy, Croatia and Spain), North America (Utah,

Nevada and Idaho), South America (Argentina and Chile), Indian Ocean
(Mauritius) and Oceania (Tasmania) (Fig. 1). Both lichen species were
found together in only nine localities (two in Spain and seven in Italy;
hereafter referred to as ‘small dataset’); in total 34 populations of
R. melanophthalma and 31 populations of T. atra were analyzed (referred
as ’complete dataset’). All the lichen samples were deposited at the
herbarium of the University of Trieste (TSB).

2.2. Preparation of lichen materials and DNA extraction

Up to ten (when available) individuals for each population of
R. melanophthalma and T. atra were selected for the molecular analysis.
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Each lichen thallus was physically cleaned from soil/rock debris and
part of it was removed with a sterile razor blade, transferred to 1.5 ml
reaction tubes and surface sterilized to avoid including fungi randomly
present on the thalli. For R. melanophthalma one marginal lobe and one
apothecium were taken, while for T. atra one marginal areole and one
apothecium. The fragments were surface-sterilized by washing three
times for 15 min with sterile water, followed by 30 min of washing with
500 pl of a 1:10 dilution of Tween 80, and a final washing step of 15 min
for three times with sterile water. The cleaned samples were dried under
a laminar flow hood and stored at —20 °C until they were processed for
DNA extraction. The DNA extraction was performed following the CTAB
protocol of Cubero et al. (1999), with minor adjustments. DNA extrac-
tions (~50 ng/ml) of ten individuals belonging to the same population
were pooled together to represent eventually a single sample in the
molecular analyses.

2.3. Preparation of mock communities

To better evaluate the sensitivity of our metabarcoding approach, two
mock communities were artificially created. The two mock communities
were prepared using the DNA extracted from lichenicolous fungi, algae
and lichen mycobionts that were isolated in axenic culture from the thalli
of R. melanophthalma and T. atra included in the molecular analyses.
These strains were isolated at the beginning of the research project and
their DNA extractions was already available and used for previous
phylogenetic studies based on the same sampling campaign included here
(Cometto et al., 2022, 2023; De Carolis et al., 2022). For each mock
community (one specific to Tephromela atra, and one to Rhizoplaca mel-
anophthalma), fungal and algal strains comprised: i) one of the two
R. melanophthalma and T. atra mycobionts ii) the corresponding Trebouxia
photobiont isolated from their thalli (see De Carolis et al., 2022), iii) a
number (see here below) of lichenicolous fungal strains (filamentous
fungi and yeasts; Fig. 1e-h) isolated from thalli of either lichen species
that were included in this metabarcoding analysis. They were previously
identified by Sanger sequencing of their nuclear ribosomal internal
transcribed spacer (ITS) and ribosomal large subunit (LSU) genes and by
morphological analysis (Cometto et al., 2022, 2023; De Carolis et al.,
2022). The lichenicolous fungal strains belonged to 11 classes in Asco-
mycota and Basidiomycota, i.e. Eurotiomycetes, Dothideomycetes, Sor-
dariomycetes, Leotiomycetes, Lecanoromycetes, Taphrinomycetes,
Tremellomycetes, Cystobasidiomycetes, Agaricostilbomycetes, Ustilagi-
nomycetes and Microbotryomycetes. The mock community for
R. melanophthalma (n. 1) was composed of 36 strains isolated from thalli
of R. melanophthalma, while the mock community for T. atra (n. 2)
included 27 strains isolated from thalli of T. atra. Either mock community
was composed of i) the mycobiont DNA at the concentration of 5 ng/pl, i)
the photobiont DNA at the concentration of 2,5 ng/pl, iii) the DNA of the
other fungi at three different concentrations (0,5 ng/ul, 0,05 ng/pl and O,
005 ng/pl) to simulate the presence of lichenicolous fungi likely to be
differently abundant within the thalli.

2.4. DNA amplification, library construction and sequencing

The fungal ITS2 region was amplified with the forward primer ITS3
(White et al., 1990) and the reverse primer ITS-f4 (Banchi et al., 2020)
which were modified at 5-end with Illumina tails. The annealing tem-
perature was tested using a gradient annealing temperature PCR. Two
PCR amplifications were performed to obtain the amplicons for HTS: the
first PCR amplifies the target sequence using the universal primers; the
second PCR is carried out to attach the dual index i5 and i7 (Glenn et al.,
2019a, 2019b) to multiplex samples in the same MiSeq run. The first
PCR was performed in triplicates of 15 pl reaction volumes containing 2
pl of DNA (~10-20 ng), 7,5 pl of AccuStart II PCR ToughMix, 0,75 pl of
EvaGreen™ 20 x (Biotium), 0.5 pl forward primer ITS3 (10 pM) and 0.5
pl reverse primer ITSf4 (10 pM). Amplifications were performed with
CFX 96™ PCR System (Bio-Rad), stopping the reactions when the
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amplification reached the exponential phase, under the following con-
ditions: 94 °C for 3 min and about 15 cycles at 94 °C for 20 s, 54 °C for
30 s and 72 °C for 30 s. A negative control was also amplified for about
15 cycles more than the other samples and kept until the sequencing
step. The three technical replicates of each sample were pooled together
and purified using Mag-Bind® Normalizer Kit (Omega bio-tek, Nor-
cross). All amplicons were checked for their quality and size by 1,5%
agarose gel electrophoresis stained with Green Safe Gel. The second PCR
was performed at a final volume of 25 pl containing 2 pl of the first PCR
products, 12,5 pl of AccuStart II PCR ToughMix, 1 pl of EvaGreen™ 20
% (Biotium), 0.5 pl of each indexed primer (10 pM). The PCRs were run
under the following conditions: 94 °C for 2 min and 6 cycles at 94 °C for
50 s, 60 °C for 20 s and 72 °C for 30 s. All samples were quantified with
Qubit™ fluorimeter (Thermo Fisher Scientific) and pooled together in
equimolar amounts. The final library was purified with Mag-Bind®
Normalizer Kit (Omega Bio-tek, Norcross) and checked for its quality by
1.5% agarose gel electrophoresis stained with Green Safe Gel. Amplicons
libraries were sequenced with Illumina MiSeq for a maximum read
length of 2 x 300 bp (BMR Genomics, Padua, Italy).

2.5. Bioinformatic analyses and statistics

Raw Illumina paired-end reads (2 x 300 bp) were demultiplexed,
quality checked with FastQC (Andrews, 2018), trimmed by Trimmo-
matic (Bolger et al., 2014), denoised and dereplicated to amplicon
sequence variants (ASVs) using DADA2 (Callahan et al., 2016) within
the QIIME2 (Bolyen et al., 2018) environment. Taxonomy was assigned
to ASVs using the deepest, not conflicting taxonomy between the one
assigned by BLAST® and the machine-learning sklearn approach
(compare_qgiime_taxonomy_pick_deepest.py) and using UNITE as the
reference database (Abarenkov et al., 2010). Based on this taxonomy,
the table containing the features (ASVs) and their abundance was
filtered from mycobiont, photobionts and any other non-fungal taxa in
QIIME2. Unassigned fungal ASVs were manually checked to ensure no
mycobiont ASVs were retained within the mycobiota ASV table; di-
versity accumulation curves were also plotted. Krona plots (Ondov et al.,
2011) were plotted using the ASV table and its taxonomy using Taxon
Table Tools (Macher et al., 2021).

The ASV table was normalized using the median (or the geometric
mean) of sequencing depth distribution after discarding the samples
with less than 500 reads belonging to the mycobiota; in this way we
discarded samples with extremely low sequencing depth that are likely
to miss a relevant part of the fungal diversity and can influence the mean
sequencing depth used for normalization. The normalized table was
used to calculate alpha diversity indices. ASV richness, Shannon and
Simpson indices were selected, as the first does not consider taxa relative
abundance, while the other two do. Shannon (H") emphasizes on com-
munity evenness, the higher the index the higher diversity and evenness;
Simpson (0 <D < 1) emphasizes on dominance, one being the lowest
possible diversity (one taxa only, complete dominance) and zero being
infinite diversity. Alpha diversity distributions (complete dataset) of
R. melanophthalma and T. atra samples were plotted as violin plots and
compared using the non-parametric Wilcoxon test. A further comparison
was performed only retaining the nine localities where both lichen
species were collected (hereafter referred to as ‘small dataset’). This
reduced dataset allowed fair comparisons of the fungal communities
associated with the two lichens and helped identify when the lichen host
can be an influential factor in determining the lichen-associated fungal
diversity.

Beta diversity was assessed with a non-metric multi-dimensional
scaling (NMDS) ordination, which was run on the dissimilarity matrix
calculated with the Bray-Curtis metric on the normalized ASV tables.
The metadata were tested for their homogeneity of dispersion using the
function betadisper from vegan package. The results of the homogeneity
test were then used to run an ANOVA with a Tukey post-hoc. Then, the
possible correlation of lichen host, altitude (whose range was divided
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into four relevant altitude classes) or geographic origin of the samples
was assessed by PERMANOVA (PERMutational ANalysis Of VAriance) in
R using adonis with 10* permutations. The analysis was carried out
using the same dissimilarity matrix of the NMDS ordination. Pairwise
comparisons were also made, for the group of samples with at least n >
4, the obtained p values were corrected for multiple comparisons using
the Benjamini-Hochberg correction.

We aimed to find whether there was a stable, lichen species-specific
fraction of fungi associated with one or both lichens, which can be
referred to as the ‘core mycobiota’. Thus, we searched for the core
mycobiota in a frequentist fashion, i.e., as the portion of the diversity
which can be consistently recovered in a relevant portion of the sample
set. Therefore, we tested its possible presence, progressively relaxing the
similarity threshold to cluster ASVs into operational taxonomic units
(OTUs), the required relative abundance threshold for each ASV or OTU
within each sample, and progressively increasing the sample fraction
(percentage of samples containing that ASV or OTU) required to be
included in the core taxa. We selected ASVs (no similarity threshold),
99% and 97% similarity clustered ASVs (OTUs), 0.050, 0.010, 0.005,
0.001 relative abundance thresholds, and 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7
sample fraction thresholds. These analyses were performed both on the
complete and the small datasets, for both lichen hosts. Analyses were
performed in R (R Core Team, 2013; meta-
barcoding_alpha_beta_diversity_core_taxa.R) using packages phyloseq
(McMurdie and Holmes, 2013), vegan (Dixon, 2003) and microbiome
(Lahti et al., 2017).

ASVs from the mock communities were compared to the original
Sanger sequences from the DNA extractions used to build the mock
sample itself. Phylogenetic trees from alignments containing both
Sanger sequences and ASVs from metabarcoding were calculated with
RAXML (Stamatakis, 2014) and converted to cladograms to ease the
visual comparison in FigTree; taxonomy was assigned to ASVs on the
final cladograms (assign_qiime_taxonomy_to_fasta_alignment.py).

The correspondence of the mycobiota diversity detected by meta-
barcoding and culture-dependent approach was examined by BLAST
(sequence similarity of at least 97%). Sanger sequences from the cultures
were dereplicated (100% similarity) by cd-hit (Li and Godzik, 2006) to
avoid the use of the same sequence from multiple fungal isolates. In
doing this, all identical isolates in their ITS2 sequences were assumed to
be a single strain.

The comparison was performed only for those populations for which
fungal isolates were obtained in culture, i.e., 25 populations were
compared.

Scripts mentioned in the methods and others used through the ana-
lyses are available at (https://github.com/claudioametrano/lichen_myc
obiome_tiny_scripts).

2.6. Culture isolation

Fungal isolation was performed from four thalli for each population
of R. melanophthalma and T. atra following the protocol of Yoshimura
et al. (2002). Approximately 2 mm? fragments of lichen thalli were
dissected with a sterile razor blade. For R. melanophthalma, one marginal
lobe and one apothecium were taken, while for T. atra, one marginal
areole and one apothecium. The fragments were washed as previously
described (Yoshimura et al., 2002; Muggia et al., 2016). The clean
fragments were ground in sterile water under the hood and tiny thallus
fragments were picked with a sterile bamboo needle and transferred into
agar tubes. Six different media were used to promote the growth of as
many different filamentous and yeast fungi as possible: Lilly and Barnett
(LB, Lilly and Barnett, 1951), Trebouxia medium (TM, Ahmadjian,
1993), potato dextrose agar (PDA, ApplChem A5828), Sabouraud’s
glucose agar base medium (SAB, Pagano et al., 1958), dichlor-
an/glycerol agar (DG18, Hocking and Pitt, 1980), and malt yeast-extract
(MY, Lilly and Barnett, 1951). Two replicates for each medium were
inoculated for a total of 12 inocula from each lichen individual, and
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incubated in growing chamber (17 °C, 20 pmol x photons m™2 x s 2,

with a light/dark cycle of 14/10 h). When the inocula developed into a
mycelium mass of about 5 mm size (after about three to six months),
they were sub-cultured into Petri plates, on the same medium of the
original tube. These isolates were genetically identified (by sequencing
the ITS and the LSU loci; see Cometto et al., 2022; Cometto et al. under
review) and preserved as cryostocks (at University of Trieste).

3. Results
3.1. DNA sequencing and data analysis

The initial average read count per sample was 237,000 (st. dev.
77,000). 15.5 x 10° reads passed the quality filter, and the average reads
count per sample was 228,000 (st. dev. 74,000) after filtering out low
quality and short reads. After paired reads assembly, denoising and
singletons exclusion 1430 ASVs were identified. ASVs belonging to the
mycobionts, the photobionts (mainly identified as different species of
Trebouxia) and any other non-fungal taxa were filtered out and 980 ASVs
were retained: 392 ASVs in R. melanophthalma and 646 ASVs in T. atra
samples.

Accumulation curves were generated for each sample, both before
and after filtering out the main symbionts. Most of the curves leveled off
and reached a plateau with a rather small sampling effort (Appendix S2-
S4). The mean values of ASVs abundance were 3326 (95% CI:
2015-4928) and 4884 (95% CI: 2966-7658) for R. melanophthalma and
T. atra, respectively. The median abundance percentage of mycobiota
assigned ASVs was 0.89% and 2.65% for R. melanophthalma and T. atra,
respectively.

3.2. Mock communities and negative control

In the R. melanophthalma mock community, 35 out of 36 taxa were
detected: only taxon L2882, which was in the mock community at the
lowest concentration (0.005 ng/pl), identified by BLAST (99.50% sim-
ilarity) as Thermoascaceae sp. was not detected among the ASVs (Ap-
pendix S5; Appendix S6, Supporting Information). In the T. atra mock
community, 27 out of 28 taxa were detected: only taxon L2875, which
was in the mock community at the lowest concentration (0.005 ng/pl)
and identified by BLAST (98.25% similarity) as Teratosphaeriaceae sp.,
was not identified among the ASVs (Appendix S7, S8). In some cases (e.
g., L3816; Appendix S5) multiple ASVs corresponded to a single Sanger
sequence obtained from a cultured strain.

The negative control was clean when checked on RT-PCR; its PCR
was then run about 10-15 cycles longer than any other sample. ASVs
corresponding to Capnodiales sp., Coniosporium sp., Filobasidium sp.,
Malassezia restricta, Pseudeurotium sp., Rhizoplaca sp., Teloschistaceae
sp., Trebouxia sp. and Vuilleminia pseudocystidiata were detected. ASVs of
Pseudeurotium sp., Rhizoplaca and Trebouxia sp. were also detected in
other samples (Pseudeurotium sp. in four samples, Trebouxia sp. in one
sample), while the other ASVs were only present in the negative control.

3.3. Taxonomic composition of lichen mycobiota

Taxonomy was assigned to ASVs using BLAST or the machine-
learning sklearn approach (Appendix S9): 33% ASVs taxonomic
assignment was congruent (same exact taxonomy was assigned by the
two methods), 16% ASVs taxonomic assignment was congruent with
BLAST achieving a deeper taxonomy, 49% ASVs taxonomic assignment
was congruent with sklearn achieving a deeper taxonomy. 2% of ASVs
taxonomic assignments were in conflict and, in these cases, taxonomy
was assigned manually.

The majority of the ASVs of the R. melanophthalma mycobiota were
Ascomycota (93%);, the remainder were classified as Basidiomycota
(6%), unidentified fungi (0,5%), Olpidiomycota (0,2%) and Chy-
tridiomycota (0,02%). At the class level (Fig. 2a), the most represented
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Fig. 2. Krona plots describing the proportion of ASVs assigned to different taxa according to UNITE database (see methods) in (A, C) Ascomycota and (B, D)
Basidiomycota at the genus level in the mycobiomes of (A, B) R. melanophthalma and (C, D) T. atra using the non-normalized ASV table.

Ascomycota belonged to Lecanoromycetes (54%), Eurotiomycetes Cystobasidiomycetes (0,7%), while at the order level the most abundant
(25%), Dothideomycetes (12%), Leotiomycetes (3%), unidentified class was Tremellales (92%).

(5%) and Sordariomycetes (0,2%). At the order level, the most abundant
were Lecanorales (23%), Chaetothyriales (23%), Pleosporales (5%),
Capnodiales (5%), Helotiales (2%), Caliciales (1%) and Botryosphaer- identified fungi (0,5%) and Olpidiomycota (0,1%). At the class level
iales (1%). The most represented Basidiomycota (Fig. 2b) at the class (Fig. 2¢), the most represented Ascomycota belonged to Leotiomycetes
level were Tremellomycetes (94%), Microbotryomycetes (4%), (24%) Eurotiomycetes (21%), Dothideomycetes (20%),

The majority of the ASVs of the T. atra mycobiota were Ascomycota
(81%), the remainder part was classified as Basidiomycota (18%), un-
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Lecanoromycetes (19%), Sordariomycetes (10%) and unidentified
classes (5%). At the order level the most abundant were Helotiales
(21%), Chaetothyriales (19%), Capnodiales (13%), Lecanorales (11%),
Pleosporales (4%), Caliciales (3%) and Pertusariales (1%). In Basidio-
mycota (Fig. 2d) the most represented classes were Tremellomycetes
(74%), Agaricomycetes (25%) Microbotryomycetes (0,2%), Cys-
tobasidiomycetes (0,1%), while the most abundant orders were Trem-
ellales (73%), Cantharellales (22%), Corticiales (1%) and
Agaricostilbales (0,7%).

3.4. Alpha, beta diversity and the core mycobiota

After discarding the samples with less than 500 reads assigned to the
mycobiota, 29 populations of R. melanophthalma and 30 populations of
T. atra were retained. Six populations (1, 11, 13, 20, 41 and 51) were
discarded (Appendix S1). ASV richness and Shannon index (complete
dataset) showed the alpha diversity higher in T. atra than in
R. melanophthalma, but at the same time T. atra community was slightly
less even. The alpha diversity metrics had median values of 20.4 (95%
CI:16.5-24.4) and 30.9 (95% CI: 26.6-35.8) for R. melanophthalma and
T. atra, respectively, using the ASV richness; 1.84 (95% CI: 1.60-1.98)
and 2.17 (95% CI: 2.01-2.34) for R. melanophthalma and T. atra,
respectively, using Shannon index; 0.77 (95% CI: 0.64-0.77) and 0.81
(95% CI: 0.74-0.82) for R. melanophthalma and T. atra, respectively,
using Simpson index (Fig. 3a and b). The difference was significant for
ASV richness and Shannon index (p < 0,001, Wilcoxon test), while it was
not significant using Simpson index (Fig. 3c). The alpha diversity met-
rics applied to the small dataset had median values of 31 (95% CI:
22.3-35.1) and 33.0 (95% CI: 26.7-45.6) for R. melanophthalma and
T. atra, respectively, using the ASV richness; 2.22 (95% CI: 1.71-2.40)
and 2.27 (95% CI: 2.08-2.50) for R. melanophthalma and T. atra,
respectively, using Shannon index; 0.82 (95% CI: 0.65-0.85) and 0.83
(95% CI: 0.77-0.86) for R. melanophthalma and T. atra, respectively,
using Simpson index. The indices applied to the small dataset showed no
significant differences between the R. melanophthalma and T. atra
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distribution, even though the median values of alpha diversity in T. atra
were still higher, showing slightly higher diversity, but also a T. atra
community slightly more dominated by the most abundant taxa
(Fig. 3d-f).

Relevant metadata including lichen host, altitude class (except class
1) and country of origin having four or more samples passed the ho-
mogeneity test and were used in PERMANOVA. NMDS plots (Fig. 4,
Appendix S10) showed that the samples and the mock communities
were grouped according to the lichen host (p = 10~>), geographic origin
(p = 10~°) and altitude (p = 10~>) as highlighted by PERMANOVA using
the complete dataset. Pairwise comparisons showed correlations with
lichen mycobiont (Rhizoplaca or Tephromela) and extreme altitudes
(class 4) versus all the other altitude classes (0.00006 < p < 0.002)
except class 1, which was excluded because its distribution of distance to
centroid was significantly different from the distributions of the other
three classes. Additional significant correlations included South Amer-
ican versus European samples (0.0002< p < 0.008) and North American
samples (p = 0.01), while the correlation with location within Europe
(0.02< p < 0.03) and within Italy (0.07 < p < 0.17) was less significant.
The pairwise comparisons between North American group and Euro-
pean groups were also significant (0.007 < p < 0.03).

The ordination also showed that T. atra samples from remote local-
ities (sample n. 15 from Tasmania and sample n. 22 from Mauritius)
were segregated from the European samples, but being single samples
they were not included in pairwise comparisons. The small dataset (lo-
calities with both lichen species) did not show significance except for
geographic origin, but pairwise comparisons did not show significance
after being corrected for multiple comparisons. The limited number of
samples with both lichen hosts and the limited altitude range (class 2
and 3) prevented further tests. Notably, the negative control sample was
completely separated from any other samples, thus strengthening the
reliability of the results.

Line plots (Fig. 5a—c, d, f; Appendix S11-S14) showed how the core
ASVs and OTUs size decreased quickly when stricter (higher) relative
abundance and stricter (lower) sample fractions threshold were

Fig. 3. Violin plots of alpha diversity metrics calculate with (A, D) ASV richness, (B, E) Shannon and (C, F) Simpson indices. (A-C) Complete dataset, (D-E) small
dataset for R. melanophthalma (orange) and T. atra (blue). The violin shape shows the probability density of the distribution; the median value is represented by the
white dot, the black bar shows the interquartile range, the black line shows lower/upper adjacent value. Significance detected by Wilcoxon test is indicated by the
number of stars: no star is lack of significance, one star is 0.01 < p < 0.05, two stars are p < 0.01.
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Fig. 4. Non-metric Multi Dimensional Scaling (NMDS) ordination based on the Bray-Curtis dissimilarity matrix calculated from the normalized (by median
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selected. The 99% similarity OTUs with a relative abundance threshold
of 0.001 and sample fraction threshold of 0.1 produced 43 core OTUs for
both R. melanophthalma and T. atra (Fig. 5a—c), while 146 and 179 core
OTUs, for R. melanophthalma and T. atra respectively, were found in the
small dataset (Fig. 5d-f). Among them 15 were shared between the two
cores (53 in the small dataset; Fig. 5e). They belonged to the classes
Dothideomycetes (Capnodiales sp., Catenulostroma sp., Cladosporium sp.,
Comoclathris sp., Didymellaceae sp., Dothiorella sp., Extremus sp., Fried-
manniomyces endolithicus, Helicoma sp., Pleosporales sp. and Phae-
sphaeriaceae sp.), Eurotiomycetes (Cladophialophora sp., Epibryon
interlamellare, Herpotrichiellaceae sp., Knufia sp., Rhinocladiella sp. and
Sclerococcum diminutium), Lecanoromycetes (Lecanoromycetes sp. and
Candelariella sp.), Leotiomycetes (Gorgomyces honrubiae and Helotiales
sp.), Agaricomycetes (Sistotrema autumnale), Tremellomycetes (Filoba-
sidium wieringae, Tremellales sp., Tremella anaptychiae and T. indecorata)
and Orbiliomycetes (Orbiliales sp.). The number of core OTUs decreased
quickly when applying higher sample fraction thresholds (Fig. Sb—e;
Appendix S15, S16). Using a 0.5 sample fraction threshold (0.7 in the
small dataset) it reached a single core OTU, Cladophialophora sp. (and
two OTUs in the small dataset, Dothideomycetes sp. and Xylographa) for
R. melanophthalma, and two core OTUs, Dothideomycetes sp. and
Tremellales sp. (but none in the small dataset) for T. atra. There was no
shared core OTU between the two mycobiota.

The 97% similarity OTUs with a relative abundance threshold of
0.001 and sample fraction threshold of 0.1 produced 41 core OTUs for
R. melanophthalma and 45 for T. atra (130 and 154 core OTUs,

respectively, in the small dataset; Appendix S11, S12). Of these, 16 core
OTUs were shared between the two lichen mycobiota (58 core OTUs
were shared in the small dataset). The shared core composition over-
lapped the 99% OTU core, except for an unidentified Lecanoromycetes
sp. (in the small dataset Microcera larvarum and Sclerococcum parasiticum
were identified). Also, in this case, the core decreased quickly: one core
OTU, Cladophialophora sp. (and four in the small dataset, i.e., Capronia
sp., Dothideomycetes, Tremellales and Xylographa sp.) for
R. melanophthalma and five core OTUs, i.e., Dothideomycetes sp., Her-
potrichiellaceae sp., Tremellales sp. and Rhinocladiella sp. (and none in
the small dataset) for T. atra were retained using a 0.5 sample fraction
threshold (0.7 in the small dataset); there were no shared core OTU
(Appendix S11, S12, S17 and S18).

The unclustered ASVs with a relative abundance threshold of 0.001
and 0.1 sample fraction threshold produced 33 core OTUs for
R. melanophthalma and 36 for T. atra (220 and 176 core OTUs, respec-
tively, in the small dataset; Appendix S13, S14). Among them 11 OTUs
were shared between the two cores (and 49 core OTUs in the small
dataset). The shared core differed to the 99% and 97% OTU cores for the
absence of the OTUs identified as Cladosporium sp., Catenulostroma sp.,
Didymellaceae sp. and Lecanoromycetes sp. (while Microcera larvarum
and Sclerococcum parasiticum lacked in the small dataset; instead, the
new OTU Botryosphaeriales sp. was present). The number of the core
OTUs decreased to zero using a 0.5 sample fraction threshold (and 0.7 in
small dataset; Appendix S13, S14, S19 and S20).
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Fig. 5. Mycobiome core taxa of R. melanophthalma and T. atra using 99% similarity clustered ASVs (OTUs) of the complete (A-C) and small (D-F) dataset. (A, C, D,
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3.5. Culture-dependent/independent approach comparison

Starting from 152 fungal isolates from thalli of R. melanophthalma, 86
strains were obtained by 100% similarity dereplication. Fifty-seven of
these strains corresponded to 32 metabarcoding ASVs; 29 strains were
not detected by DNA metabarcoding. In total, 160 ASVs in
R. melanophthalma were only detected with DNA metabarcoding
(Fig. 6a, Appendix S21).

Starting from 39 fungal isolates from thalli of T. atra 32 strains were
obtained by 100% similarity dereplication. Fifteen strains corresponded
to nine metabarcoding ASVs; 17 isolates were not detected by DNA
metabarcoding. In total, 107 ASVs were only detected with DNA meta-
barcoding (Fig. 6b-Appendix S22). The fraction of diversity detected
only by the culture-dependent approach amounted to about 13% of the
total detected diversity for both R. melanophthalma and T. atra, p
[possibly slightly less considering that strains typically grouped into
fewer ASVs (Fig. 6).

Of these strains the basidiomycetes (20%) have been phylogeneti-
cally identified in Cometto et al. (2022) and the ascomycetes (80%) were
further analyzed in Cometto et al. (2023).

4. Discussion

We described the diversity and variation of lichen mycobiota in the
two widespread lichen species Rhizoplaca melanophthalma and

(A) Rhizoplaca melanophthalma

57 strains

which
correspond to

32 ASVSs

(B) Tephromela atra

15 strains

which
correspond to

9 ASVSs

Metabarcoding Culture

Fig. 6. Venn diagrams showing the comparison between culture-independent
(metabarcoding, light blue) and culture-dependent (axenic isolation of
strains, orange) approaches for (A) R. melanophthalma and (B) T. atra myco-
biomes. The overlapping area of the diagram shows how many strains (and
ASV) are shared in the two approaches.
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Tephromela atra by the combination of DNA metabarcoding analyses and
a culture-dependent approach. We identified fungi that potentially
represent the core mycobiota of either lichen; however, these mycobiota
are variable and comprise taxa occurring in a relatively low sample
fraction (none of the taxa had a frequency higher than 70%). No fungal
taxon (even recognized as OTU clustered with a permissive 97% simi-
larity threshold) was ubiquitously present across all samples of the two
lichens. The mycobiota of R. melanophthalma and T. atra are largely
composed of heterogeneous lichenicolous fungi which do not develop
any observable structure on the lichen thalli. A fraction of these myco-
biota comprises generalists associated with both lichens. Furthermore,
there is a relevant fraction undetected by PCR and found only by the
culture-dependent approach. We assume this could be due to primer
specificity and/or amplification biases (e.g. amplicon competition) of
the less frequent (or abundant) lichenicolous fungi.

4.1. Lichen mycobiota are variable and heterogeneous

The mycobiota of the two lichen species R. melanophthalma and
T. atra are diverse and variable. They are mostly composed of Asco-
mycota, while Basidiomycota represent a less abundant fraction. This
agrees with previous studies investigating the mycobiota of other lichens
(Zhang et al., 2015; Fernandez-Mendoza et al., 2017; Banchi et al.,
2018a; Smith et al., 2020; Yang et al., 2022). The mycobiota diversity of
T. atra seems slightly higher than that of R. melanophthalma, when either
the complete dataset or only the nine sampling locations in which both
lichens were growing together are considered; in addition, the T. atra
communities tend to have more dominant taxa than R. melanophthalma
communities. However, the generally low single sample diversity and
the wide range in diversity measures, prevents to highlight conclusive,
significant differences. For obvious reasons of presence/absence of
either one or the other lichen species in most of the localities, the
sampling could not be evenly performed across the range of their
worldwide distributions. This could hamper the potential consideration
that mycobiota diversity can be influenced by the lichen mycobiont
species. Nevertheless, the broad geographic sampling and the number of
individuals (lichen thalli) analyzed for each population, is enough to
distinguish a fair segregation of two groups of lichen mycobiota, i.e.,
belonging to R. melanophthalma and T. atra. The distinction of the lichen
mycobiota emerges in the NMDS ordination and PERMANOVA analysis
when lichen host, geographic locations and altitude are considered.
Indeed, the mycobiota of T. atra collected from Tasmania and Mauritius
are very different from the others. Similarly, R. melanophthalma samples
collected at high altitudes (over 3000 m a.s.l.) in South America are
characterized by mycobiota with low fungal diversity and comprising
different taxa, and segregate from those collected at lower elevations.
Also, R. melanophthalma samples collected in Utah and Nevada segregate
from the South America and European ones. However, since the local-
ities hosting both lichen species are limited to samples from Europe and
they only partially represent the altitude range of the two lichen species,
it is impossible to conclusively determine which factor among lichen
host, geographic distance or (extreme) elevation has the prominent role
in shaping the mycobiota diversity.

On the other side, the mycobiota of R. melanophthalma and T. atra
seem to be equalized by the presence of those generalist lichenicolous
fungi which would be responsible for the aggregation into that big group
of the samples coming from lower altitudes and either from the same
location or from close geographic origins.

These taxa, retained at low sample fraction thresholds in the two
mycobiota, are likely only opportunistically present in the lichen thalli
or intermingled within them. In this fraction of ASVs we identified
ubiquitous ascomycetes taxa such as Alternaria and Cladosporium, but
also sequences of other lichen mycobionts (e.g., Aspicilia, Caloplaca,
Lecidea, Rhizocarpon, Scoliciosporum, Tornabea) and of symptomatic
lichenicolous fungi (e.g., Sclerococcum, Skyttea). The presence of
different lichen mycobionts in thalli formed by a certain mycobiont was
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also reported by Fernandez-Mendoza et al. (2017) and further supports
the idea that thalli are open systems in which potentially multiple
lichen-forming fungi can grow intertwined. Indeed, in rich lichen com-
munities, where thalli develop next to each other, different lichen
mycobionts in any thallus could derive from spores or hyphae extending
from the neighbor thalli. Taxa shared by the two lichen mycobiota are
identified only when relaxed thresholds are applied and are species
known to be extremotolerant rock-inhabiting fungi (Ruibal et al., 2009)
such as Friedmanniomyces endolithicus (Selbmann et al., 2005; Coleine
et al., 2020), Knufia (Nai et al., 2013), or various genera including both
environmental and pathogenic species, such as Cladophialophora, Rhi-
nocladiella, Capronia (Teixeira et al., 2017) and Epibryon (e.g., Epibryon
interlamellare is a moss pathogen; Davey and Currah, 2006). It is worth
noting that strains of lichenicolous fungi, which are phylogenetically
closely related to these genera of rock-inhabiting fungi and pathogens,
have been already isolated from lichens (Harutyunyan et al., 2008;
Leavitt et al., 2016; Banchi et al., 2018b; Muggia et al., 2021) and their
occurrence in the here investigated lichen species (from a broader
geographic context) is a further confirmation of their lichen-associated
life-style (Cometto et al., 2023).

Basidiomycota are only 6% and 18% of the detected ASVs in
R. melanophthalma and T. atra, respectively. However, the abundance of
Basidiomycota has been variably detected in lichen mycobiota in gen-
eral. Indeed, it was reported as low as 0.1% of the total OTUs by Banchi
et al. (2018a,b) when sequencing the ITS2 as barcode, whereas
Fernandez-Mendoza et al. (2017) highlighted a surprisingly 44.6% of
Basidiomycota when sequencing the ITS1 as barcode. The two studies of
Fernandez-Mendoza et al. (2017) and Banchi et al. (2018a,b) analyzed
alpine lichen communities composed of diverse species, in which a
comparison could be carried out only for T. atra, being this species
present in all these studies. The presence of basidiomycetes yeasts has
been documented within the cortex of lichen thalli by microscopy and
metagenomics in some fruticose epiphytic and crustose epilithic lichens
(Spribille et al., 2016; Tagirdzhanova et al., 2021; Tuovinen et al., 2019,
2021). Here, we detect many basidiomycetes yeast taxa also in the
R. melanophthalma and T. atra mycobiota, and our results are also sup-
ported by the culture-dependent approach (Cometto et al., 2022). The
most frequent basidiomycetes are taxa from the order Tremellales
(Tremellomycetes) that were also recovered by Fernandez-Mendoza
et al. (2017) and Banchi et al. (2018a,b). ASVs belonging to Cys-
tobasidiomycetes were recovered sporadically in our analyses. Although
Cystobasidiomycetes of the order Cyphobasidiales were hypothesized to
be ubiquitous in parmelioid macrolichens (Spribille et al., 2016), in
accordance with Lendemer et al. (2019) and Smith et al. (2020), Cys-
tobasidiomycetes seem to be not as frequent in the lichen mycobiota we
analyzed. Our results place these taxa in the fraction of species which
presence is occasional in lichen thalli. As the priming sites of the
ITS3-ITSf4 system are conserved in Cystobasidiomycetes (data not
shown), our results are less likely to be affected by the lack of amplifi-
cation of these fungi.

Interestingly, only a few taxa seem to be specifically present in the
two lichen mycobiota, as they were consistently found in a high sample
fraction from either one or the other lichen species. None of these was
shared between the two mycobiota, even when the relative abundance
threshold was kept low (0.001) and permissive 97% similarity OTU was
used. These taxa (OTUs) correspond to the Cladophialophora sp. Sh17
(from Rhizoplaca) which is a fungus isolated from lichens from dry
habitats many years ago (Harutyunyan et al., 2008), the lichenicolous
fungus Tremella macrobasidiata AM453 (from Tephromela; Millanes et al.,
2011; Zamora et al., 2011), and a Dothideomycetes (from Tephromela)
fungus with high BLAST similarity to black fungi isolated from rocks
(Gueidan et al., 2011). We thus refrain from proposing a true shared core
mycobiota.

The kind of mycobiota diversity that we recover for
R. melanophthalma and T. atra could be a consequence of the different
thallus structure of the two lichens, which enable certain fungi (either in
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form of filamentous mycelia or its fragments, yeasts cells or spores) to
remain inside the thalli. However, this hypothesis was not tested here
and goes beyond the scope of the present research, deserving further
analyses.

4.2. Metabarcoding studies in lichens can be partial because of thallus
properties, DNA amplification biases and the nature of the data itself

DNA metabarcoding by high-throughput sequencing (HTS) uncovers
in a comprehensive way the diversity of fungal communities in diverse
environments (Nilsson et al., 2019). However, in lichen systems domi-
nated by the mycobiont as major fungal partner, the use of universal
primers comes at the cost of possibly underestimating the diversity of
rare fungi (Bates et al., 2012; Zhang et al., 2015; Fernandez-Mendoza
etal., 2017; Banchi et al., 2018a,b). This results in a low sampling depth
of the lichen associated fungi and possibly uneven depth in different
lichen species (Fernandez-Mendoza et al., 2017; Banchi et al., 2018a,b).
Our data also showed a relatively low abundance of taxa in the whole
mycobiota and an uneven sequencing depth between R. melanophthalma
and T. atra mycobiota, having T. atra mycobiota twice the median depth
than those of R. melanophthalma. This uneven sequencing depth might
be due to the lower amount of DNA per mass unit of thallus in T. atra
than in R. melanophthalma, different DNA quality, or actual rDNA copy
number per genome affecting amplification. Accumulation curves from
both lichens reached the plateau in most samples, highlighting a fairly
low fungal diversity (per single lichen population) in the mycobiota of
both lichens. However, some low abundance taxa may still be missed by
the primer system and the experimental protocols we adopted.

The selection of a barcode is a determining factor for an extensive
detection of fungal taxa, as well as the completeness of the reference
database used in the data analyses for the taxonomic assignment.
Indeed, discrepancies in PCR amplification of a selected barcode can be
due to the universality of the primer systems used. This has been
observed for the different detection of Ascomycota or Basidiomycota,
when the ITS1 or the ITS2 were chosen as barcodes. In lichens, myco-
biota poor in Basidiomycota were described when the ITS2 barcode was
used (Banchi et al., 2018a,b), while this fungal phylum was detected in a
much higher abundance when the ITS1 was adopted (Fernandez-Men-
doza et al., 2017). Smith et al. (2020) tried to overcome this issue by
mining rDNA sequences from lichen metagenomes, with the advantage
of not relying on specific primers and amplified barcodes. In their study
the authors included samples of Rhizoplaca spp. and detected high-rank
taxa that we do not find in our sequencing results, such as Xylonomy-
cetes (Ascomycota), Entomophthoromycetes and Harpellomycetes
(Zoopagomycota), Rhizophydiomycetes (Chytridiomycota) and Glom-
eromycetes (Mucoromycota). While some taxa, such as Xylonomycetes
(Ascomycetes), have a very low substitution rate on the priming sites of
ITS3-ITSf4 system, other taxa which are basal lineages in the fungal tree
of life (Li et al., 2021), such as Entomophthoromycetes (Zoopagomy-
cota), present more divergent sequences at the binding sites of the
primers. Thus, the supposedly universal primers used in this study may
not have been appropriate to efficiently amplify some of these rarer
fungi in lichens and left them undetected in the metabarcoding results.
Metagenomics is a powerful resource to investigate lichen mycobiota,
however, a successful binning of a specific barcode in a full metagenome
and its correct taxonomic assignment, highly depends on the
completeness of the genomic references available (Mande et al., 2012;
Alneberg et al., 2014). In our case, we refined the taxonomic assignment
by applying multiple methods, which, in addition to the constant
improvement provided by the update of reference databases (Abarenkov
et al., 2010), lowered the amount of unassigned fungal ASVs (5% in
Ascomycota, 0.1-0.6% in Basidiomycota).

Using blocking primers designed explicitly for the lichen mycobionts
would avoid the yielding amplification of mycobiont reads (U'Ren et al.,
2014). We tried this strategy at the beginning of the study and designed
blocking primers specific for either lichen mycobiont. However, the
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developed primers failed to block the amplification of ITS from myco-
bionts. We refrained from optimizing this method, also because the
universal primers used to catch the widest possible fungal diversity,
even in their fungal version (ITSf4), tend to amplify high amounts of the
abundant algal ITS fragment.

Mock communities, used as positive controls, are a valuable tool to
ensure the accuracy of the estimated fungal diversity captured in the
sequence metabarcoding, as well as the sensitivity to rare taxa and
possibly divergent priming sites (Bakker, 2018; Lear et al., 2018; Yeh
et al., 2018). Although two of the taxa included at the lowest concen-
trations (0.005 ng/pl) in the prepared mock communities were not
amplified/detected, it was possible to reconstruct the composition of
these synthetic communities with high accuracy. Still, biases due to the
different quality of genomic DNA (gDNA), unknown rDNA copy
numbers in the fungal genomes, and PCR efficiency can impair the ac-
curacy of the taxa abundance recovered in a mock. This issue could be
overcome if PCR amplicons at known concentrations were used instead
of gDNA (Banchi et al., 2020). However, this approach is unsuitable for
estimating the accuracy of taxon abundance if environmental DNA
(eDNA) is analyzed in the study (Lamb et al., 2019; Banchi et al., 2020).

Our characterization of the core mycobiota of the two lichen species
was based on the fraction of samples in which each taxon occurred and
their relative abundance within the sample. The mycobiota diversity
was expressed in ASV, as the smallest unit of diversity in metabarcoding
analyses, in which the intraspecific variability is considered (Callahan
etal., 2017; Estensmo et al., 2021). This approach convenes when fungal
communities are compared in terms of diversity. On the other side, the
use of ASVs may lead to an overestimation of the (species) taxonomic
diversity, generating a plethora of low abundance taxa, many poten-
tially belonging to the same species, as shown by the results from mock
communities. Therefore, clustering them into OTUs was adopted, when
we aimed to identify a potential stable fraction of fungal species asso-
ciated with the two lichens, i.e., the core mycobiota. However, any
traditionally adopted sequence similarity threshold for ASVs clustering
(e.g., 99%), which does not correspond to the species level in many
lineages (Hawksworth and Liicking, 2017; Liicking et al., 2020), can
lead to an error in the opposite direction, that is identifying fewer, more
abundant units which include multiple species (Tedersoo et al., 2022).
Because none of these approaches is bias-free, we applied a gradient of
both relative abundance of OTUs (obtained by the clustering of ASVs
using different similarity thresholds), of ASVs and sample fractions.
However, future analyses are needed to tackle whether any species or
higher level taxa of the mycobiota have specific functional role within
the R. melanophthalma and T. atra lichen symbioses. This approach
would align with the recent holobiosis framework which notes that
holobionts often recruit microbes from the environment; within this
model the microorganisms function would be more relevant than its
taxonomy, to make it suitable to take part to the symbiosis (Doolittle and
Booth, 2017).

4.3. A fraction of the mycobiota is detected only by culture isolation

Out of the thousands of metabarcoding studies performed since the
early 2000s, a comparison between the diversity detected by DNA
metabarcoding and culture-dependent approaches on the same samples
is seldom reported. Some studies have performed such a comparison
among different mycobiota and reported similar results and discrep-
ancies between the two methods (U'Ren et al., 2014; Dissanayake et al.,
2018; Pang et al., 2019; Duran et al., 2021; Oita et al., 2021; Yang et al.,
2022). Our results, in accordance with results found in literature, show
that DNA metabarcoding uncovers the largest part of the diversity of the
lichen mycobiota, in which a part of fungi isolated in culture is found.
However, and as reported twice for lichens (U'Ren et al., 2014; Yang
etal., 2022), and also highlighted for endophytic fungi (Oita et al., 2021;
Dissanayake et al., 2018), there are fungal species that do grow in cul-
ture but are not detected by the metabarcoding analysis. We suggest that
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this is likely due to several factors, from the amount and quality of the
DNA extracted from the lichen thallus to its amplification and
sequencing. If fungi successfully isolated in culture derive from few
spores that outgrow, but either their DNA is not easily amplifiable from
the thalli (because of low concentrations and competition with more
abundant/more efficiently amplifiable template DNA) or are removed
by the dataset because singletons in the sequencing results, they will not
ever appear as part of the metabarcoded mycobiota.

5. Conclusions

DNA metabarcoding studies on lichen mycobiota help reveal the
diversity and variation of fungi associated with lichens, which may play
a role in shaping the phenotypes of lichen thalli and making these
symbioses ecologically successful worldwide. Future development of
species-specific blocking primers may facilitate a more accurate char-
acterization of the mycobiota diversity. Recurrent isolation of lichen-
icolous fungi from different lichen species and geographic origin, which
otherwise are not detected in other types of environmental samples, is a
confirmation that lichens are cradles of biodiversity (Arnold et al.,
2009). Lichens act as niches in which these fungi may exploit the thallus
resources, while only a few may establish more stable trophic relation-
ships with the major symbiotic partners. Thus culture isolates will serve
for further -omics and ad hoc in vitro experiments to study the other
biological sides of the mycobiota. While primary partners detected in
lichens contribute to the self-sustaining and maintenance of the
long-lived lichen structure, and their roles are fairly-well understood
(Nash, 2008), the role of others seems varied. For example, lichen
growth could be facilitated by adjacent cyanobacterial colonies (cya-
notrophy; Poelt and Mayrhofer, 1988), bacterial colonizers may deliver
hormones, vitamins or nutrients to thalli (e.g., Grube et al., 2015), some
yeasts seem very likely to influence the secondary metabolite production
and the physiology of some lichens (Spribille et al., 2016), and it might
be imagined that some lichenicolous fungi contribute to rejuvenating of
thalli by local infections of older parts (Grube and Muggia, 2021). Even
less is known about the activity of the many other lichenicolous fungi
that we detect in this study by amplicon sequencing and culturing. Some
fungi may be trapped in the lichen and others may wait for better con-
ditions. Additional work is needed before we can assign a functional role
to these poorly characterized lichenicolous fungi.
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