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Summary

e The popular dual definition of lichen symbiosis is under question with recent findings of
additional microbial partners living within the lichen body. Here we compare the distribution
and co-occurrence patterns of lichen photobiont and recently described secondary fungus
(Cyphobasidiales yeast) to evaluate their dependency on lichen host fungus (mycobiont).

e We sequenced the nuclear internal transcribed spacer (ITS) strands for mycobiont, photo-
biont, and yeast from six widespread northern hemisphere epiphytic lichen species collected
from 25 sites in Switzerland and Estonia. Interaction network analyses and multivariate analy-
ses were conducted on operational taxonomic units based on ITS sequence data.

e Our study demonstrates the frequent presence of cystobasidiomycete yeasts in studied
lichens and shows that they are much less mycobiont-specific than the photobionts. Individu-
als of different lichen species growing on the same tree trunk consistently hosted the same or
closely related mycobiont-specific Trebouxia lineage over geographic distances while the cys-
tobasidiomycete yeasts were unevenly distributed over the study area — contrasting communi-
ties were found between Estonia and Switzerland.

e These results contradict previous findings of high mycobiont species specificity of Cyphoba-
sidiales yeast at large geographic scales. Our results suggest that the yeast might not be as

intimately associated with the symbiosis as is the photobiont.

Introduction

Symbiotic relationships play an important role in the growth,
adaptation and evolution of many ecologically successful groups
of organisms, despite their complexity and vulnerability (Moran
et al., 2005; Rosenberg et al., 2007; Printzen ez al., 2013; Bennett
& Moran, 2015; Divakar ez al, 2015). The stability of a
symbiotic organism, often consisting of a multitude of organisms
interlinked on the mutualistic-antagonistic continuum of
relationships, termed ‘holobiont’” (Margulis & Fester, 1991;
Douglas & Werren, 2016), is determined by the symbionts’
interaction intimacy, specialization, and stability of environmen-
tal conditions and partner availabilicy (Rafferty ez al, 2015;
Chomicki & Renner, 2017).

Lichens are a well-known and reasonably well-studied example
of obligate fungal symbiosis (Honegger, 2009; Nash III, 2010).
A heterotrophic fungal partner, also called the mycobiont, and
photosynthetic algae or cyanobacteria (photobiont) together form
a common body called the lichen thallus. In this intimate and
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long-term relationship, the fungus hosts and harvests carbon
products from the photobiont, and in return provides water,
mineral nutrients, and protection from herbivores and adverse
environmental conditions. While the mycobiont can be highly
specific in selecting its photobiont (Piercey-Normore & DePriest,
2001; O’Brien er al., 2013; Leavitt et al., 2015; Magain er al.,
2016), mycobiont generalists (i.e. with low photobiont speci-
ficity) are also common (Wirtz ez al., 2003; Muggia ez al., 2013;
Sadowska-Des ez al., 2014). The exact factors driving photobiont
selection are unclear, but are assumed to be determined by phylo-
genetic specialization, mycobiont reproductive strategy, availabil-
ity of motile and airborne photobiont cells, as well as key
ecological factors for the symbionts (i.e. climate, substrate; Schei-
degger, 1985; Marshall & Chalmers, 1997; Yahr et al., 2006;
Printzen et al., 2013; Singh ez al., 2017; Ertz et al., 2018; Pardo-
De la Hoz ez al., 2018).

While the dependence of the mycobiont on photosynthetic
products is fairly well established, lichens, similarly to plants,
host, in addition, a variety of bacteria with unclear significance to
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the complex organism (Bates er al., 2011; Partida-Martinez &
Heil, 2011). Lichen-specific bacterial communities and various
secondary fungal lineages inhabiting lichens have been discovered
in next-generation sequencing studies (Grube ez al., 2009; Park
et al., 2015; Spribille e al., 2016; Tuovinen ez al., 2019). These
previously unseen symbionts may act as potential functional
components in forming and structuring the lichen thallus and/or
modulating the response to environmental variables (Liba ez al.,
2006; Grube et al., 2014; Cernava et al., 2017).

Recently, a specific group of basidiomycetous yeasts, Cyphoba-
sidiales (Pucciniomycotina, Basidiomycota), was detected as a
constituent of the lichen microbiome (Spribille ez al., 2016). The
abundance of the yeast within a lichen was found to correlate
with differing concentrations of vulpinic acid (secondary fungal
metabolite putatively related to herbivore and microbial defense)
in two genetically inseparable epiphytic lichens Bryoria fremontii
and Bryoria tortuosa. The genetic variation of the internal tran-
scribed spacer (ITS) marker of the yeast, sequenced from two
boreal lichen species — Letharia vulpina sensulato and Bryoria
fremontii collected from North America and Europe — was inves-
tigated in the same study. In this population genetic analysis, the
yeast remained highly mycobiont species-specific, regardless of
the origin, indicating a strong specificity on the yeast symbiont.
Later, previously unknown cystobasidiomycete symbionts from
the Microsporomycetaceac were found in a number of
widespread northern hemisphere Cladonia species (Cernajova &
Skaloud, 2019). The consistent presence in addition to pheno-
typic correlation as shown by Spribille ez a/. 2016 raised specula-
tion of the basidiomycetous yeast being the third mutualistic
partner within the lichen complex. While the biological relation-
ship with the lichen host has remained unknown, the possibility
of the yeast triggering major phenotypic changes (direct or indi-
rect production of a specific fungal secondary compound that
could result in improved resistance to herbivory) or contributing
to construction of the symbiotic organism’s body were hypothe-
sized (Spribille ez al., 2016).

By contrast, other authors (i.e. Millanes ez al., 2016; Oberwin-
kler, 2017) have considered Cyphobasidium spp. as lichenincolous
fungi that can form galls on lichen thalli and not as an overlooked
third mutualistic partner. Furthermore, a recent broad metage-
nomic study of 339 lichen species collected from the Appalachian
Mountains in North America failed to detect basidiomycete
yeasts in over 97% of sampled species, questioning their ubiquity
in lichens (Lendemer et 4l., 2019).

With added partners, the complexity of species interactions
within such fused supraorganisms rapidly increases. Understand-
ing the network of interactions within a holobiont is not easy,
especially for lichens, where experimental data are scarce (Honeg-
ger, 2012). Studying lichen symbiont distribution patterns over
ecological (biotic and abiotic) space has been a common method
to elucidate aspects on partner selectivity and dependency (e.g.
Hodkinson ez al., 2012; Chagnon ez al., 2016; Singh ez al., 2017;
Rolshausen e al, 2018). Alternatively, network-based
approaches are used to explore multispecies interaction patterns
as the web architectural structure could potentally elucidate fac-
tors responsible for sustaining communities (Dupont ez al., 2003;
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Bluthgen er al., 2006; Thébault & Fontaine, 2010; Chagnon
et al, 2018). Guimaraes et al (2007) and Pires Mathias &
Guimaraes (2013) demonstrated the importance of interaction
intimacy in shaping network structures. They found that highly
intimate interactions, defined by the degree of biological associa-
tion between partners (whether mutualistic or antagonistic), were
less connected with higher modularity and more specialized com-
pared with low-intimacy (nonsymbiotic) webs. Similarly,
Chagnon et al. (2016) found a strong effect of interaction type
on shaping the observed network structure.

Most symbiont association studies focus on a single interaction
type at a time, thus making the comparison between different
interaction types problematic (Bosch & McFall-Ngai, 2011).
Here we used molecular techniques to elucidate and compare the
interaction patterns within the lichen holobiont, between the
mycobiont, the photobiont, and the cystobasidiomycete yeast.
We sequenced the ITS marker for the three symbionts in six fre-
quently co-occurring and common circumboreal to temperate
and montane lichen species — Hypogymnia physodes, Hypogymnia
tubulosa, Lecanora pulicaris, Parmelia sulcata, Physcia adscendens
and Pseudevernia furfuracea.

The aims of this study were: to map symbiont associations
within these six lichen species from a very fine ecological scale (a
single tree trunk) to a broader geographic scale (two distant areas
in Europe); to estimate and compare symbiont specialization
with each other and with their lichen host (i.e. evaluate phyloge-
netic restrictions) through comparative network analyses; and to
evaluate whether and to what extent the symbiont distribution
patterns are subject to environmental (climatic and spatial)
restrictions.

Materials and Methods

Sampling design
Six common epiphytic species — Hypogymnia physodes, Hypogymnia

tubulosa, Lecanora pulicaris, Parmelia sulcata, Physcia adscendens,
and Pseudevernia furfuracea — were collected systematically in
Estonia and Switzerland. At least one specimen per each species
was collected from seven trees in every site (Supporting Informa-
tion Fig. S1). Such a sampling scheme was carried out in a total
of 25 collection sites during June 2014: 10 sites in Estonia and
15 in Switzerland, selected to account for environmental varia-
tion in each country (Table S1). In the Swiss Alps, specimens
were collected in two areas: the river of the Rhone valley in
the canton of Valais (sites 1—9) and the river of the Inn valley in
the Engadine in the canton of Grisons (sites 10—15; Fig. S1). In
both valleys, the sampling was conducted in the valley bottom
(¢. 600700 m above sea level (asl) in Valais and ¢. 1100—-1400 m
asl in Engadine) and on the north- and south-facing slopes of
each mountain (¢. 1700-2000 masl in Valais and ¢ 1900—
2100 masl in Engadine). In Estonia, the specimens were
collected in five locations: three in the eastern part of the country
(Jarvselja (sites 16, 17), Pedassaare (sites 18, 19), and Tallikeste
(sites 24, 25)) and two in the western part: Soomaa (sites 20, 21)
and Hiademeeste (sites 22, 23). In each location two sites were
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sampled, one in a more open forest dominated by Scots pine
(Pinus sylvestris) and Norway spruce (Picea abies), and the other
in a denser, mixed spruce forest. Altitude, substrate tree species,
visual estimation of canopy coverage, as well as most frequent tree
species on site were recorded for each location (Table S1).

Hypogymnia physodes, H. tubulosa, P. sulcata and P. furfuracea
specimens were identified in the field to species level. Physcia
adscendens specimens were collected together with P. zenella as the
two species are inseparable when juvenile. We do not attempt to
differentiate the two species and consider them as a species com-
plex, as the specimens cannot be separated by ITS sequence alone
(Lohtander er al., 2000). Lecanora specimens were identified in
the field to genus level, followed by detailed morphological,
chemical and anatomical characterization in the laboratory.
Chemical analyses were performed with thin layer chromatogra-
phy (TLC) using solvent systems A, B and C (Culberson &
Ammann, 1979; White & James, 1985).

In total, 838 lichen specimens were collected from 25 sites —
157 H. physodes, 146 H. tubulosa, 160  P. sulcata, 86
P. adscendensftenella, 155 P. furfuracea, and 134 L. pulicaris aggr.
specimens. Subsequent Lecanora morphological/anatomical, and
chemical investigations clarified that Lecanora sampling included
five Lecanora morphospecies (Methods S1). Only the most fre-
quently occurring Lecanora species — L. pulicaris — forming a
monophyletic clade on the ITS gene tree (Fig. S2), was included
in subsequent data analyses, together with the five macrolichen
species. All specimens were stored at the Swiss Federal Research
Institute WSL.

Molecular methods

About 2-5 mg of healthy and visually uncontaminated lichen
thallus was lyophilized and then pulverized in a stainless bead
mill Retsch MM300 (Disseldorf, Germany) for 1 min at 30 Hz.
The full genomic DNA from each lichen thallus was extracted
using the DNEasy 96 Plant Kit (Qiagen) following the manufac-
turer’s DNEasy 96 protocol for lyophilized material for initial
mycobiont-photobiont genetic variation screening (48 speci-
mens, eight individuals per species from different Swiss sites).
The rest of the DNA extractions (790) were done using an auto-
mated and customized protocol with LGC sbeadex™ plant kit
(LGC Genomics, Berlin, Germany) on a KingFisher™ Flex
Purification System (Thermo Scientific, Dreieich, Germany).
The full nuclear IDNA ITS was amplified for the lichenized fun-
gus, green algal photobiont, and cystobasidiomycete yeast sym-
bionts. The ITS region of the nuclear ribosomal RNA cistron has
been used as the primary fungal barcode marker (Schoch ez al.,
2012) but has also been used effectively in delimiting closely
related green algal lineages in lichens (Helms ez al., 2001; Leavitt
et al., 2015; Moya et al., 2017). Fungal-specific primers ITS1F
(Gardes & Bruns, 1993) and I'TS4 (White et al., 1990) were used
to amplify the mycobiont, algal specific nr-SSU-1780-5'
(Piercey-Normore & DePriest, 2001) and ITS4T (Kroken &
Taylor, 2000) to amplify the trebuxioid photobiont, and
Cyphobasidium-specific primers ITS_symrho_1F and LRO_sym-
tho_R (Spribille e¢# al., 2016) were used to amplify the yeast
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symbiont. Each PCR reaction (12.5 pul) consisted of a JumpStart
REDTax ReadyMix (Sigma Aldrich), 5uM of the forward and
reverse primers and 0.8 pul of template DNA.

The thermal cycle conditions for the mycobiont and the pho-
tobiont followed the same protocol: initial denaturation at 94°C
for 2 min, then 10 cycles of denaturation for 30 s at 94°C, primer
annealing for 45 s at 62°C, and extension for 45 s at 72°C, then
25 cycles of denaturation for 30 s at 94°C, primer annealing for
45 s at 52°C, and extension for 45 s at 72°C, and finally exten-
sion for 10 min at 72°C. The PCR program for the yeast was:
initial denaturation at 94°C for 2 min, 40 cycles of denaturation
for 30's at 94°C, primer annealing for 45 s at 49°C, and exten-
sion for 45 s at 72°C, and final extension for 10 min at 72°C.

The PCR products were visualized on 1% agarose gel stained
with EZ-Vision In-Gel Solution 10,000X (Amresco, Solon, OH,
USA) and purified with Exo-SAP (Fermentas, St Leon-Rot, Ger-
many) treatment. The forward and reverse strands of the ITS
markers were amplified using the same primers with BIGDYE TEr-
MINATOR v.3.1 cycle sequencing mix (Applied Biosystems, Foster
City, CA, USA), following purification with BigDye xTermina-
tor Purification Kit (Applied BioSystems). Sanger sequencing of
the symbionts, carried out in the ETH Zurich Genetic Diversity
Centre (GDC, Ziirich, Switzerland) with a 3730 DNA Analyzer
and a 3130x] DNA Analyzer (Applied Biosystems), was chosen
to obtain high-quality ITS sequences of the dominant symbionts
of the three focal organisms within the holobiont (Paul ez af,
2018).

ITS phylogenies and OTU delimitation

The sequence traces were observed and complementary strands
aligned using GeNElous v.7.1.9 (Kearse er al, 2012). Contig
identities were checked against the GenBank nucleotide database
using the MEGABLAST function (Madden, 2002). High-quality
sequences from each species were aligned using the MAFFT
v.7.017 (Katoh er al, 2002) with G-INS-I algorithm and
200PAM/k = 2 scoring matrix. All unique mutations were manu-
ally validated against their sequencing chromatograms before
using the data matrices for downstream analyses. Haplotypes for
all three symbionts were calculated in DNASP v.6.10.03 (Rozas
et al., 2017). However, owing to the high number of haplotypes
and haplotypic singletons within datasets, especially within cysto-
basidiomycete data (Table S2), operational taxonomic units
(OTUs) were calculated for photobiont and yeast datasets.

We preferred evolutionarily meaningful OTUs over simple
distance-based clusters (Nguyen er al, 2016). To assign
sequences into clusters, we used the ultrametric tree-based meth-
ods ‘complete’ and ‘UPGMA’ and the sequence-based and itera-
tively likelihood-maximizing ‘ML’ method of the ‘IdClusters’
function from the package DEecirHER (Wright, 2016). Addition-
ally, sequence clusters sharing common evolutionary history were
evaluated in CLUSTER PICkER v.1.2 (Ragonnet-Cronin er al,
2013) using Bayesian ITS gene trees constructed from MAFFT
alignments and inferred from BEAST v.1.8.4 (Drummond ez 4/,
2012) using CIPRES SciENCE GaTEwAY v.3.3 (Miller er al,
2010). CLUSTER PicKER uses a clade support and within-clade
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genetic distance thresholds to identify clusters. We applied an a
posteriori probability of >95% and genetic distance threshold of
0.03 to identify strongly supported monophyletic clades within
the photobiont and yeast datasets. The cutoff value of 0.03 was
also used in the ‘IdCluster’ function. Bayesian trees were esti-
mated from two independent Bayesian/Markov chain Monte
Carlo analyses run for each symbiont dataset; each analysis was
run for 200 million generations, sampling every 10 000™ state.
Convergence of analyses was assessed in TRACER v.1.5 and a maxi-
mum clade credibility trees with posterior probabilities (PP) were
calculated from a set of trees excluding 10% burn-in in
TREEANNOTATOR, and visualized in FIGTREE (Rambaut, 2009).

The final OTUs were assigned using a conservative consensus
approach, where an OTU was assigned when at least three out of
four methods supported this group. The mycobiont was treated
as the traditional morphological species, as no conflict was found
between OTU delimitation and the six focal species (each mor-
phospecies corresponded to one OTU, except for the
P. adscendens/tenella complex which formed a single OUT;
Table $2). The full list of specimens together with haplotype and
OTU assignments are given in Table S3.

Interaction network analyses

Bipartite network analyses were conducted to understand
whether there is variation in symbiont specialization to sequenced
partners and whether there are differences in photobiont and
yeast network structures with the mycobiont. Only data from the
six focal species evenly distributed across the sampling sites were
used for network analyses.

Symbiont interaction is defined here as a co-occurrence of
symbionts in a lichen thallus. Bipartite quantitative interaction
matrices were constructed between lichen species and photobiont
OTUs, between lichen species and cystobasidiomycete yeast
OTUs, and between photobiont and cystobasidiomycete yeast
OTUs using the number of thalli where symbionts were found
co-occurring as the frequency measure. Thus, our datasets pro-
vided weighted estimates of interactions between the symbionts.
We calculated the species-level specialization index (4') for each
taxon with the function ‘dfun’ in the R package BpARTITE (Dor-
mann ez al., 2008). The differences between mean symbiont spe-
cializations for all interaction types were tested using Wilcoxon
rank sum test but considering only taxa with #>5 occurrences
because of potential overestimation of specialization for rare taxa
(Vazquez & Aizen, 2003).

Connectance (i.e. realized proportion of possible links), mean
number of links per species, number of compartments (i.e. inde-
pendent subsets of the web), degree of nestedness/segregation,
modularity, and network-level of specialization (H2') were used
as the basic properties to characterize and compare photobiont
and yeast interaction with the mycobiont.

Connectance, number of links and compartments are widely
used as straightforward metrics in characterizing network o-prop-
erties (Delmas ez al., 2019). Nestedness and modularity are other
commonly used and extensively evaluated network characteristics
with different metrics described for their quantification (e.g.
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Almeida-Neto et al., 2008; Fortuna et al, 2010; Thébault &
Fontaine, 2010). To measure segregation into modules, we chose
a more recently developed node overlap and segregation measure
(NOS; Strona & Veech, 2015). This symmetric measure can dis-
tinguish segregated and nested networks and ranges from —1
(complete segregation) to 1 (maximum node overlap), where val-
ues close to 0 indicate randomness. Specialization values (both
H2’ and d’) indicate the degree of deviation of a species or a net-
work of interactions from a random interaction pattern, ranging
from 0 for extreme generalization to 1 for perfect specialization.
These specialization metrics are robust to varying species frequen-
cies and sampling intensities when comparing networks (Bliith-
gen et al., 2006). For comparing network raw properties, similar
bipartite quantitative interaction matrices as described earlier
were constructed for each site. Network structure metrics were
calculated with R v.3.5.2 (R Core Team, 2013) using the func-
tions ‘networklevel” and ‘nos’ in the package BIPARTITE (Dormann
et al., 2008; Strona & Veech, 2015).

Variance partitioning analyses

First, we explored the OTU distribution in geographical space
with point-biserial correlation between relative sampling fre-
quency and country of origin. Then, ecological statistical analyses
were used to explain whether and to what extent the photobiont
and the cystobasidiomycete yeast co-occurrences are driven by
abiotic and biotic factors. Only data from the six focal species
evenly distributed across the sampling sites were used for variance
partitioning analyses. The response matrices were defined by the
photobiont or yeast OTU occurrence within each lichen sample.
Two explanatory biotic matrices — the host/mycobiont species
and the secondary symbiont species (either the photobiont or the
yeast, depending which symbiont dataset was investigated) — and
different environmental variables were set for each sample. These
environmental variables included on-site estimated vegetation
properties potentially affecting microclimatic conditions for epi-
phytes: forest type, substrate tree species, and canopy cover, and
macroclimatic parameters. All available climatic variables, average
monthly climatic data from 1970 until 2000, including tempera-
ture- and precipitation-related bioclimatic variables (BIO1-
BIO19), water vapor pressure, wind speed and solar radiation for
the 25 sampling sites were extracted from the WoRLDCLIM v.2
30's resolution datasets (Fick & Hijmans, 2017; http://worldc
lim.org/version2, accessed 14 July 2018). Principal component
analysis (PCA) of the climatic variables of each collection site was
carried out using the ’prcomp’ function in the sTATS core package
in R (Zuur ez al., 2009) and the first and second principal com-
ponents (PC1 and PC2) were used for subsequent variance parti-
tioning analyses (Fig. S3).

Our sampling design described the geographical space with
four different levels of spatial variation — country (7=2; Estonia
and Switzerland), geographic region (7= 3; Valais, Grisons, Esto-
nia), site (z=25) and tree (2=175). We first investigated
whether any of these levels were completely redundant and could
create collinearity issues. We used the OTU occurrence response
matrices in variance partitioning analyses to estimate unique and
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shared explained variance of each spatial level. To account for the
sampling design in variance partitioning analyses we performed a
redundancy analysis (RDA) with OTU occurrences as response
matrices and sites and tree identity variables as predictors (coun-
try and region did not explain any additional variation; Methods
S1). The residuals of each correspondent RDA model were used
as response matrices in the final variance partitioning analyses. As
collinear variables can bias the coefficient and variance partition
estimations, we dropped the redundant factors correlated with
the response matrices with a Pearson correlation > 0.6 and a vari-
ance inflation factor (VIF) >3 (Methods S1; Zuur ez al., 2009;
Dormann ez al., 2013). The partition of variance used was based
on sequential partial RDAs (Legendre & Legendre, 2012), run-
ning with the photobiont and yeast response matrices using the
‘varpart’ function in the R package VEGAN (Oksanen ez al., 2013).
The impact of each (noncollinear) environmental factor was fur-
ther explored by analyzing their marginal effects in a permutation
test for RDA under reduced model (Methods S1). The signifi-
cance of factors was tested using an ANOVA type IIL

In addition, the significance of lichen medullary chemotype
(i.e. composition of consistent secondary metabolites as deter-
mined by TLC analyses) on photobiont and yeast OTU distribu-
tion was tested using the ‘adonis’ function in the package VEGAN.
The presence of cortical substances was not used for analyses as
all of the studied species produce the same substance, atranorin,
in the cortex. Horn—Morista distances were calculated from sym-
biont OTU occurrence matrices and the specific chemotype was
defined for each sample (Table S3), but excluding individuals
where no medullary compounds were detected (some Lecanora

and all Physcia).

Results

Molecular data

Sequencing the three symbionts of 838 lichen specimens resulted
in total of 2117 ITS contigs (786 for mycobiont, 830 for photo-
biont, and 500 for yeast). Acquiring good-quality sequences was
most successful for the photobiont (99% of the samples) and
almost as good for the mycobiont (94%). Sequencing success for
cystobasidiomycete yeast was comparatively lower (60%), usually
as a result of a poor-quality mixed chromatogram signal.
Sequencing of the yeast was most successful for H. physodes
(n=121, 77%), P. furfuracea (n=114, 74%), and H. tubulosa
(n=105, 72%), but less successful for Physcia (n=19, 22%),
Lecanora (n=>59, 44%), and Parmelia (n=83, 52%). Newly gen-
erated ITS sequences are deposited in GenBank under accession

codes MN654478 — MN654900 (Table S4).

Symbiont OTU diversity and phylogeny

Photobiont OTU delimitation resulted in a total of 14 clusters,
including one singleton (i.e. PC09), all belonging to the genus
Trebouxia (Clorophyta; Fig. S4). The six targeted lichen species
hosted eight photobiont OTUs: PC02, PC05, PC06, PC07,
PC11, PCl12, PC13, PC14 (Fig. la). The most frequent
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photobiont, PC14 (n=421), together with three smaller clusters
(PC11-PC13) were related to Trebouxia simplex (BP =1). Most
other sequences (forming clusters PC01-PC07) were related to
Trebouxia impressa (BP=0.99). Additionally, 7. decolorans and
T sp. were found from nontargeted Lecanora species; T. decolorans
(PCO08, PC09) was found associated with L. carpinea sensu lato,
and 7. sp. (PC10) with L. argentata and L. chlarotera.

Yeast OTU delimitation detected 27 units (Fig. S5). The six
targeted lichen species hosted 23 yeast OTUs, of which eight had
n>5 (YCOla, YCO1b, YC04, YCO07, YCO08a, YC08b, YCO08c,
YC13), and eight singleton clusters. Basidiomycete yeasts
sequenced in the framework of our study all belonged to the fun-
gal class Cystobasidiomycetes, with the majority within the order
Cyphobasidiales (YC01-YCO08; total »=450; Fig. 1b). Within
the Cyphobasidiales, three major groups were detected: group 1
included YCOla and YCOlb and was closely related to
Cyphobasidium hypogymniicola (BP =1, total n=141); group 2
included YC02-YC04 (BP=0.97, total n=171); group 3
included closely related subgroup of YC08a, YC08b, and YCO08c
(BP=1, total z=107), and more distantly related clades YCO5,
YC06, and YC07 (BP=0.18, total n=29) — all related to
Cyphobasidium usneiicola (see Fig. S4 for details). Other yeast
clusters were at lower frequency, fell outside of Cyphobasidiales
and were related to different Cystobasidiomycetes groups (total
n=58): YC09-YCI13 clustered within Erythrobasidiacea and
were most closely related to Hasegawazyma spp. (BP =0.99, total
n=29); YC14 was closely related to Buckleyzyma aurantiaca
(BP=1, n=6); YC18-YC21 (total »=20) were related to
Microsporomyces spp. The yeast YC18 was closely related to
Microsporomyces pini (BP =1, n=3), while YC21c (#=3) corre-
sponded to the recently described Lichenozyma pisutiana.

Symbiont specialization and distribution among lichen
hosts

The 7. ‘impressa’ group included closely related clusters PC02,
PCO5 and PCOG6 that were all associated with P. adscendens/
tenella. Parmelia sulcata photobiont PC07 was closely related, but
distinct from the 7. impressa’from Physcia. Hypogymnia physodes,
H. tubulosa, P. furfuracea and L. pulicaris hosted photobionts
from the 7. mpressa’group (Fig. 1a). Among the photobionts of
the six lichen species, all OTUs besides PC13 and PC14 were
associated with a single lichen species. PC13 was shared among
L. pulicaris (n=136), H. tubulosa (n=22), H. physodes (n=7) and
P. furfuracea (n=4). PCl4 was shared among P. furfuracea
(n=150), H. physodes (n=135), and H. tubulosa (n=134).

None of the more frequently occurring yeast taxa were
uniquely sequenced from a single lichen species (Fig. 1b). Only
YCO01la, YC07, YCO08b, and YC13 were recovered from two to
three different lichen species, while all other were shared among
five to six lichen species. At the same time, some yeast taxa
showed a higher degree of host preference, with strong associa-
tions of YCOla and YCO1b to Hypogymnia species (100% and
89% of sequences, respectively), YC7, YC8a and YCS8c to
P. furfuracea (96%, 81%, and 53% of sequences, respectively),
and YC13 to P. sulcata (82%).

© 2020 The Authors
New Phytologist © 2020 New Phytologist Trust

85U8017 SUOWILLIOD @A 181D 3|cedl|dde 8y Aq pauenob afe sajoe VO ‘88N JO S8|nJ o Akeid178U1UO /8|1 UO (SUORIPUOD-PUR-SLLIBIALIO A 1M ARIq | BU1UO//SdNL) SUORIPUOD PUe SWid | 8U18eS *[£202/TT/#T] Uo ARiqiTauluo A8 |im ‘D1jandey 4oezo aueiyood Aq 69T udu/TTTT 0T/I0p/woo A8 imArelqijuljuo yduy/:sdiy woly pepeojumoq ‘G ‘0202 ‘LET869FT



Research” 1367

0!869713

Trebouxia ‘simplex’ group

New
Phytologist
(a) s ,
Trebouxia ‘impressa’ group
~— - T T - \
( PCO2 |
\
\
\
\
| \
| PCOS |
\
\
‘ |
| \
\
\
\
\
\
\
\
\
\
\
\
\
Ly |
X )

. Lecanora pulicaris
O Parmelia sulcata

. Hypogymnia physodes
. Hypogymnia tubulosa

® i

-
f
\
\
\
Microsp\%romycetaceae !

vc20® |
“ /
9 |
S |
3
w
S |
n 1
O | Yola @
1] | N
> ol o
U I voorb
S

. Physcia adscendens/tenella
. Pseudevernia furfuracea

Erythrobasidiales

\
\
YC11 |
\
\

ffffff / Buckleyzymaceae

N\

YC14
TN
“/ ® YC15 ‘
| \
\ \
N

Cystobasidiaceae

Fig. 1 Photobiont (a) and yeast (b) operational taxonomic unit (OTU) phylogenetic networks constructed in SpLitsTree v.5 (Huson, 1998; Huson & Bryant,
2005). The Hamming distances method (Hamming, 1950) was used to obtain distance matrices, and weighted splits networks were constructed using the
'EqualAngleConvexHull’ algorithm (Dress & Huson, 2004). Owing to computational constraints, only a single internal transcribed spacer sequence per
OTU was used in the alignments. Node edges represent OTUs and are sized using a natural logarithmic scale in proportion to sample size (n; node
diameter =2 logen). Pie charts reflect proportions of different lichen hosts for symbiont OTUs. N values for each proportion are given within or next to the

node. Bar indicates genetic distances between nodes.

On average, the photobionts were significantly more specialized
on the mycobiont than were the cystobasidiomycete yeast taxa
(P=0.003; Table 1). Yeast specialization to photobiont was the
lowest of the interaction combinations. Network-level specialization

© 2020 The Authors
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was also higher for the photobiont than for the yeast network
(P<0.001, Fig. 2f). With an average of 0.95 across the sites, photo-
biont interactions with lichen host were almost entirely specialized,
while in yeast, interaction specialization was significantly lower,
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with an among-site average of 0.64. Interaction web analyses fur-
ther revealed that mycobiont—photobiont interactions had lower
web connectance, a lower number of links per species, and were
segregated into more compartments compared with the myco-
biont—yeast webs (all P<0.001; Fig. 2; Table S5).

Symbiont distribution between sampling sites and in
climatic space

The photobionts PC14 (from P. furfiracea H. physodes and
H. tubulosa) and PCO7 (from P. sulcata) were evenly distributed
across all sites. Lecanora pulicaris and Physcia photobionts showed
some degree of spatial/climatic differentiation (Fig. 3a; also see
later).

Cystobasidiomycetes yeast taxa were generally more unevenly
distributed between the sampling sites (Fig. 3b). Switzerland and
Estonia showed distinct yeast communities with different domi-
nant OTUs across their respective sites — YCO1b in Estonia and
YC04 in Switzerland (r=—0.934 and r=0.892, respectively,
with both £<0.0001). YC08c occurred at high frequency in
Swiss mountain sites, was less common in valley bottom sites,
and sequenced only once from Estonia (r=0.626, P=0.001).
YCO08b was only found in Switzerland, in Valais mountain sites 2
and 7 (»=0.236, P=ns). On the other hand, YC13 and YC07
were only common in Estonia (YC13, r=—0.580, P=0.002;
YC07, r=—0.560, P=0.004). YC08a occurred at approximately
equal frequencies in both countries (»=0.030, P=0.887).

The study sites grouped into five bioclimatic groups (Fig. 4),
separating Estonia (sites 16-25), Valais valley bottom (sites 1, 3,
6), Valais mountain (sites 2, 4, 5, 7, 8, 9), Grisons valley bottom
(sites 12 and 15), and Grisons mountain (sites 10, 11, 13, 14).
PC1 and PC2 accounted for 60.1% and 23.8% of the variability
of the climatic data, and were most highly correlated with annual
precipitation (BIO12, #*=0.97) and mean temperature of cold-
est quarter (BIO11, #=0.97), respectively.

Of the Physcia photobionts, PC02 was positioned at the drier
end of the precipitation gradient with most samples in Valais val-
ley bottom and Estonia, while PCO05 occurred more frequently in
Swiss mountain sites with higher precipitation (Fig. 4a). Of the
L. pulicaris photobionts, PC11 had a preference for drier sites
(predominantly found in Estonia), while PC13 and PCI2

occurred at greater frequency in Swiss mountain forests.

New
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Cyphobasidiales YCO1 (including YCOla, predominantly
from Swiss valley bottom sites 6, 12 and 15, and YCO1b, pre-
dominantly from Estonia) was distributed at the drier end of the
precipitation gradient (Fig. 4b). YC08b and YC8c had distribu-
tion centers towards wetter climates in Swiss mountain sites (i.e.
infrequent or not present in Swiss valley bottom sites or Estonia).

Multivariate analyses

Variance partitioning analyses confirmed the photobiont’s strong
dependency on the mycobiont, while the host species did not
play as important a role for the cystobasidiomycete yeast
(Table 2). The role of environment (i.e. vegetation parameters
and microclimate) was very low in both photobiont and yeast,
yet still made a minor but significant contribution to photobiont
data explanation. The yeast data showed a weak relationship with
all the studied variables; the host species and photobiont taxa
were significant but also with very low explanatory power. The
effect of chemotype on structuring symbiont communities was
significant for photobiont (*=0.80 at P=0.028) when permu-
tations were calculated within lichen species, while there was no
such evidence for the yeast data (#=0.13 at P=0.196).

Discussion

Symbiont association and distribution analyses revealed contrast-
ing patterns between the trebouxioid photobiont and cystobasid-
iomycete yeast in common co-occurring lichen species. The
photobiont from the genus 7rebouxia was found to be highly
specific towards the mycobiont and its distribution was mainly
determined by the fungal host species. By contrast, the cystoba-
sidiomycete yeast was significantly less specialized towards the
lichen host. Some degree of geographical and/or climatic effect
on yeast community structure could be noted as contrasting com-
munities were found between Estonia and Switzerland.

It is expected that highly dependent (including mutualistic)
symbiotic relationships are more specialized with the network
structured into compartments while neutral interactions show
lower amounts of biotic specialization (Guimaraes et al., 2007).
Contrasting interaction patterns, as seen from bipartite network
analyses where photobiont interaction with the mycobiont was
found to be significantly more segregated and specialized

Table 1 Photobiont and cystobasidiomycete yeast operational taxonomic unit (OTU) specialization (d’) towards host lichen species (mycobiont) and the

alternate symbiont (either yeast or photobiont).

Mycobiont Yeast Mycobiont Photobiont
Photobiont OTU d d Yeast OTU d d
PCO2 0.75 0.44 YCO1a 0.24 0.07
PCO5 0.52 0.38 YCO01b 0.31 0.14
PCO6 0.70 0.33 YC04 0.17 0.14
pPC07 1.00 0.34 YCO07 0.43 0.13
PC11 0.72 0.58 YCO08a 0.32 0.07
PC12 0.53 0.49 YC08b 0.01 0.08
PC13 0.35 0.10 YCO08c 0.12 0.05
PC14 0.88 0.29 YC13 0.43 0.45
Average + SD 0.68 £21 0.37+0.15 0.26 £0.13 0.14+0.13

New Phytologist (2020) 227: 1362-1375
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Fig. 2 Bar plots of the six studied interaction web parameters — (a) connectance, (b) links per species, (c) number of compartments, (d) nestedness/
segregation (NOS), (e) modularity (Mod), and (f) specialization (H2) — indicating the averages and variation of calculated metrics between sites (n = 25).
Box plot elements are defined as follows: centerline, median; box limits, upper and lower quartiles; whiskers, 1.5 x interquartile range; points, outliers. The
bold black line marks the parameter value for the overall web, including interactions from all sites. Differences between the photobiont-host (P) and yeast—
host (Y) webs were tested with Wilcoxon rank-sum test and significant differences in the means are indicated at the top of the chart: ****, P<0.0001;

*** P<0.001; ns (not significant), P> 0.05.

compared with the yeast network, could indicate that the interac-
tion with yeast is less intimate and not as obligate at the fine phy-
logenetic scale.

The general mycobiont—photobiont associations revealed in
this study are in accordance with previous findings (Beck ez 4/,
1998; Dahlkild ez al., 2001; Hauck et a/., 2007). The majority of
detected photobiont taxa were highly specific (phylogenetic range
of association) towards their host and only two taxa were found
associated with more than one mycobiont. The mycobionts (with
the exception of P. sulcata) were associated with two or three phy-
logenetically closely related photobiont lineages. This, however,
does not necessarily conflict with strong specificity and intimacy

© 2020 The Authors
New Phytologist © 2020 New Phytologist Trust

at the physiological scale as it is likely that closely related photo-
biont lineages also portray similar physiological activities and
thus there should not be a clear difference in lichen phenotype
and fitness when switching to a phylogenetically close symbiont.
Among the studied lichen species that coinhabit the same tree
trunks, P. furfuracea, H. physodes and H. tubulosa shared a photo-
biont pool (partially also with L. pulicaris) and were never associ-
ated with 7. impressa lineages from the nearby growing Parmelia
or Physcia, while P. sulcata and P. adscendens/tenella were never
found hosting the 7. simplex photobionts. These results demon-
strate that a strong phylogenetic specificity in lichen mutualistic
symbiosis is already effective at a very fine microhabitat scale but

New Phytologist (2020) 227: 1362-1375
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Fig. 3 (a, b) Proportional frequencies of most common (sampling frequency n >5) operational taxonomic units (OTUs) of photobiont (a) and
cystobasidiomycete yeast (b) across 25 sampling sites in Switzerland and Estonia. Sites are divided into bioclimatic groups according to Fig. 4. Color-
referenced OTUs are given at the top of the bar plot and their phylogenetic relationships are indicated with the dendrogram inferred from Beast internal
transcribed spacer gene tree. Pie charts at the dendrogram tips refer to host associations as defined in Fig. 1.

the same patterns were found to extend over the sampling area to
wider geographic scales.

Lecanora pulicaris showed the highest genetic and distributional
differences between the photobionts — PC11 was the most fre-
quently occurring photobiont for L. pulicaris in Estonia, while
PC12 was only found in the Swiss Alps, whereas PC13 was found
in both countries but occurred at greater frequency in Switzerland.

New Phytologist (2020) 227: 1362-1375
www.newphytologist.com

It is possible that the mycobiont-driven selection for symbiont is
determined by photobiont ecological specialization in combination
with symbiont interaction efficiency (i.e. the fraction of carbon that
the photobiont can deliver; Peksa & Skaloud, 2011; Werth &
Sork, 2014; Rolshausen ez al., 2018). Lecanora pulicaris is also the
only species studied here that is assumed to reproduce only sexually
via aposymbiotic propagules (ascospores) and its horizontal
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Table 2 Results of variance partitioning (based on redundancy analysis
(RDA) and partial RDAs) showing the individual and combined
contributions of explanatory variables for the photobiont and
cystobasidiomycete yeast operational taxonomic unit distribution.

Photobiont  Yeast

Factor df Adji.? df Adj.r?

Mycobiont species 5 0.409 2 0.088
Environment 22 0.010 19 -0.027
Photobiont/yeast 24 0.041 7  0.092
Host and environment 0 -0.006 0 —0.005
Environment and photobiont/yeast 0 -0.007 0 -0.006
Host and photobiont/yeast 0 0140 0 -0.016
Host and environment and photobiont/ 0 —-0.040 0 -0.001

yeast
Residuals 0.452 0.874

Adjusted square-r values in bold indicate for significant contribution. See
text for a detailed explanation of variables.

symbiont transmission should favor an increase in the taxonomic
range of compatible photobiont partners (Smith & Douglas, 1987;
Steinova et al., 2019). Geographical variation was also observed for
P. adscendens/tenella photobionts. Here, the genetically more distant

© 2020 The Authors
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clade PCO2 was predominantly found in Estonia and the Swiss
Valais valley bottom. Whether such regional and/or climatic spe-
cialization of Physcia photobionts reflects the ecological preferences
of a photobiont or the host phylogenetic or distributional con-
straints needs further investigation by first resolving the
P. adscendens species complex.

None of the more frequently occurring (i.e. 7>5) cystobasid-
iomycete taxon was exclusive to one lichen species, indicating that
there might not be a strict vertical transmission of the yeast. Accord-
ing to current knowledge, the photobiont and Cyphobasidiales
yeast are described as living inside the lichen body mainly in a vege-
tative state (Nash III, 2010; Spribille ez 4/, 2016). In that case, both
types of bionts within the lichen host are expected to be transmitted
similarly with similar dispersal vectors. In asexually reproducing
lichens, vertical transmission with lichen asexual propagules (isidia
or soredia) should concurrently disperse all partners of the holo-
biont to a new location (Aschenbrenner et 4/, 2014). The differ-
ences between symbiont distributions for vegetatively reproducing
lichens should then result from any disparity in either the environ-
mental factors or the biotic interactions. Although the dispersal
mode is presumably the same (co-dispersion in asexual, symbiotic
lichen propagule), the two symbionts showed different distribution
patterns. Contrasting cystobasidiomycete yeast communities were

New Phytologist (2020) 227: 1362-1375
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found between Estonia and Switzerland, with some taxa being com-
mon in Estonia and others in Switzerland, while the host specificity
was maintained low in both countries. This does not correspond
with Spribille ez al. (2016), who reported a high degree of specificity
over an even larger geographic distance (285 Letharia vulpina and
52 Bryoria fremontii samples from North America and Europe)
than what was analyzed in our study. This could imply potential
selectivity at the regional scale and would assume lower phyloge-
netic constraints compared with the photobiont.

Cernajovi & Skaloud (2019) speculated that cystobasid-
iomycete lineages might have a certain degree of specificity at
higher taxonomic ranks and that Microsporomycetaceae could be
specific to the genus Cladonia and Cyphobasidiales specific to
Parmeliaceae. Based on our data, such conclusions cannot be
unequivocally drawn, as Cyphobasidiales taxa (YC01-YCO08) as
well as yeasts from Microsporomycetaceae (YC18-YC21) were
found to be associated with Parmeliaceae, Physciaceae and
Lecanoraceae. It should, however, be noted that the cystobasid-
iomycete yeast taxa showed a variable degree of host specificity (e.g.
the YC04 being associated almost equally with all six host species
and YCOla and YCO1b being predominantly associated with only
Hypogymnia species) and also some preferences towards macrocli-
matic conditions. For example, YCO1 was almost exclusively found
at sites with lower precipitation, but climatic factors remained
insignificant in variance partitioning analysis for both photobiont
and yeast. As the current dataset is limited at the macroclimatic
scale, strong conclusions about the role of climatic conditions on
the distribution of cystobasidiomycete yeast cannot be made.

Spribille ez al. (2016) found the yeast frequency to be corre-
lated with concentrations of vulpinic acid, a specific lichen sec-
ondary metabolite. Our data included lichens with different
medullary compounds (physodic and physodalic acids in
Hypogymnia species, salazinic acid in P. sulcata, and olivetoric or
physodic acid in P. furfuracea) but no variation in cortical sub-
stances (all species produce atranorin). We found no effect of
medullary chemotype in structuring yeast community and thus
direct production of these metabolites by the yeasts seems
unlikely. The effect on photobiont in our data was minor but sig-
nificant. With the exception of P. furfuracea, with its two distinct
chemotypes, the majority of the studied species do not portray
intraspecific chemical variation and thus the separation of
metabolite effect from species or phylogenetic effect is not possi-
ble here. Whether yeast partial host specialization, as can be seen
with YCO1 and its preferential association with the two
Hypogymnia species, implies an adaptation to lichen microhabitat
conditions (e.g. adaptation to specific secondary metabolites or
thallus cortex structure) or to a stronger degree of facilitation in
the interaction remains an open question.

Partial specialization could also be the result of passive vertical
codispersion with no facilitative effect between the partners. The
generally lower host specificity compared with several known
lichen mycoparasites (e.g. Tremellomycetes species; Lawrey &
Diederich, 2003; Werth e al., 2013; Millanes et al., 2014) and
with obligate photosynthetic partners (as shown in this paper)
does indeed imply a lower interaction dependency, if not passive
codispersion. The relationships between the partners do not
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necessarily need to stay constant during the life cycle. Indeed, as
pointed out by Oberwinkler (2017), many mycoparasites are in
their initial stage haploid and can form yeast colonies, while in
the later state they can produce hyphae in special mycoparasite-
initiated galls where ultimately sexual spores are produced. These
galls have also been documented for Cyphobasidiales taxa (Mil-
lanes et al., 2016), and thus the dimorphic life cycle of this fun-
gus must be possible; however, none of these structures were
observed in the studied samples.

Lichen-inhabiting basidiomycetes were previously mostly
known from Tremellomycetes and Agaricomycetes (Diederich,
1996; Millanes et al., 2011; Diederich et al, 2018). Lichen-in-
habiting Pucciniomycotina have been less studied and, until
recently, only two taxa were known (i.e. Cyphobasidium usneiicola
and Cyphobasidium hypogymniicola; Millanes et al., 2016). The
lichen-specific range of taxa in Pucciniomycotina was signifi-
cantly expanded by Spribille ez a/. (2016), who introduced nine
lichen-associated Cystobasidiomycetes clades, with seven clades
within the order Cyphobasidiales. While the majority of the
detected taxa within this study belong to Cyphobasidiales, we
also found several clades with relatively high frequency outside of
this potentially lichen-specific order. This indicates that lichen-
associated cystobasidiomycetes (in either neutral or facilitative
interaction) could be more diverse than previously considered, as
also pointed out by Cernajova & Skaloud (2019). As the general
biology and wider distribution of these fungi is still poorly
known, a more in-depth search from different hosts and their
basidia-forming galls could help to better characterize their life
cycle. It is possible that similar studies on other fungi (e.g.
Abrothallales) could yield comparative results; however, many
groups of lichenicolous fungi are highly specialized and each
group would need to be separately studied.

At the same time, 100% PCR success confirms the presence of
the Cyphobasidiales and/or related Cystobasidiomycetes fungal
lineages within the studied lichens and implies that these fungi are
potentdially a highly diverse group of lichen-associated fungi,
although perhaps not present or as dominantly present in all lichen
species (as shown by Lendemer ez al, 2019). The comparatively
low sequencing success of the yeast (60% vs 99% in photobiont),
resulting from a mixed signal in Sanger sequencing chro-
matograms, contrasts with the results of photobionts, where in
almost all samples only a single photobiont lineage was detected
using the same DNA extraction. This could indicate the presence
of multiple Cyphobasidiales (and related) fungal lineages within a
lichen thallus. The presence of multiple yeast taxa within a lichen
cortex was shown by Tuovinen ez a/. (2019). Sharing a habitat can
be another indicator of a lower degree of functional specialization,
as it is unlikely that they could fulfill the same symbiotic function.

In conclusion, Cyphobasidiales fungi have so far only been
detected in lichens or some groups of lichens (as discussed in Spri-
bille ez al, 2016; Cernajové & Skaloud, 2019; Lendemer et 4l,
2019, and also here). This could indicate their strong preference
for lichens as a habitat, yet other organisms as hosts have not been
specifically screened. At the same time, our results do not confirm
their strong specialization to host species over wide geographical
areas, as reported by Spribille ez a/ (2016). Rather, even at a
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relatively limited geographic scale within Europe, we found dis-
tinct contrasting yeast communities and these yeasts were signifi-
cantly less specialized to host species compared with the known
obligate symbiont, the photobiont. This correlates with previously
detected low specificity of lichen microbiomes (Fernandez-Men-
doza et al., 2017). Further studies are needed to clarify the wider
distribution of this fungal group and dependence on abiotic factors
as well as the interaction specifics within lichen.
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