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Summary

Natural products can contribute to abiotic stress
tolerance in plants and fungi. We hypothesize that
biosynthetic gene clusters (BGCs), the genomic
elements that underlie natural product biosynthesis,
display structured differences along elevation gradi-
ents. We analysed biosynthetic gene variation in nat-
ural populations of the lichen-forming fungus Umb
ilicaria pustulata. We collected a total of 600 individ-
uals from the Mediterranean and cold-temperate
climates. Population genomic analyses indicate that
U. pustulata contains three clusters that are highly
differentiated between the Mediterranean and cold-
temperate populations. One entire cluster is exclu-
sively present in cold-temperate populations, and a
second cluster is putatively dysfunctional in all cold-
temperate populations. In the third cluster variation
is fixed in all cold-temperate populations due to
hitchhiking. In these two clusters the presence of
consistent allele frequency differences among
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replicate populations/gradients suggests that selec-
tion rather than drift is driving the pattern. We advo-
cate that the landscape of fungal biosynthetic genes
is shaped by both positive and hitchhiking selection.
We demonstrate, for the first time, the presence of
climate-associated BGCs and BGC variations in
lichen-forming fungi. While the associated secondary
metabolites of the candidate clusters are presently
unknown, our study paves the way for targeted dis-
covery of natural products with ecological
significance.

Introduction

Natural products (secondary metabolites) are known to
play an important role in environmental adaptation and
abiotic stress tolerance in vascular plants (Ramakrishna
and Ravishankar, 2011) and fungi (Medina et al., 2015).
For instance, particular flavonoids, phenolic acids and
alkaloids are linked to drought conditions and protection
against excessive light, while certain terpenes may
increase in response to high temperature (Yang
et al., 2018). Xerophilic fungi may respond to abiotic
stress with toxin production (Medina et al., 2015), while
endophytic fungi and bacteria may synthesize bioactive
secondary metabolites that influence the growth and
stress tolerance of their host plants (e.g., Camarena-
Pozos et al., 2019). Lichens, symbiotic associations
consisting of fungal and photosynthetic partners, are par-
ticularly rich in natural products (Huneck, 1999). As long-
lived, sessile organisms, often growing in exposed
habitats, lichens must feature adaptations to abiotic
stressors including heat, cold, desiccation, UV radiation,
or oversaturation with water. Some of the environmental
adaptations in lichens are conferred by secondary metab-
olites. For example, biosynthesis of the orange pigment
parietin has been linked to UV radiation (Solhaug and
Gauslaa, 1996; Gauslaa and Ustvedt, 2003), and water
repellent depsides and depsidones deposited on internal
fungal hyphae have been suggested to facilitate gas
exchange when the lichen thallus is saturated with water
(Huneck, 2003). However, the function of the majority of
lichen compounds, as well as the molecular basis of
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natural product biosynthesis in relation to climatic factors,
is poorly understood.

The genomes of lichenized fungi contain large num-
bers of biosynthetic genes (Calchera et al., 2019). It
would require functional evaluation of each cluster to
detect those clusters involved in environmental stress tol-
erance. A shortcut to finding natural products putatively
important in environmental adaptation is by identifying
climate-specific differences in biosynthetic genes and
their allele frequencies in natural populations. Such
assessments of biosynthetic gene variation at the intra-
specific level can help us to identify clusters responding
to abiotic selection pressures, and to better understand
the genetic underpinnings of climate adaptation mediated
by secondary metabolism in fungi.

In fungi, genes associated with natural product biosyn-
thesis are organized in contiguous genomic regions called
biosynthetic gene clusters (BGCs) (Keller et al., 2005;
Calcott et al., 2018). The clusters include genes encoding
backbone enzymes (that synthesize the core structure of
the compound), tailoring enzymes (that modify the core
structure) and additional proteins, such as transcription fac-
tors and transporters. The most common backbone
enzymes in lichenized fungi are polyketide synthases
(PKSs) and non-ribosomal peptide synthetases (NRPSs)
(Keller et al., 2005). Conserved sequence motifs in the core
genes facilitate efficient genome mining of fungal BGCs.
Recent advances in genomic techniques have facilitated
the characterization of BGCs from filamentous fungi includ-
ing lichen-forming fungi (e.g. Dal Grande et al., 2018a; Cal-
cheraetal., 2019; Pizarro et al., 2020). These studies show
that the number of BGCs far exceeds the number of detect-
able compounds indicating that the biosynthetic potential of
lichenized fungi is vastly underestimated. Furthermore,
although the experimental evidence suggests that the bio-
synthetic potential of species varies under different envi-
ronmental conditions, we do not know how climate shapes
biosynthetic gene variations in natural populations. Com-
paring BGCs across populations of a lichen inhabiting dif-
ferent environmental conditions will facilitate the
identification of candidate clusters of potential ecological
relevance.

In this study we explore the genomic landscape of
BGCs in natural populations of a lichen-forming fungus in
the Mediterranean and cold-temperate climate zones along
replicated elevational gradients. Umbilicaria (‘Lasallia’)
(Davydov et al., 2017) pustulata is a lichen-forming fungus
with a Europe-wide distribution. A previous study by Dal
Grande et al. (2017), based on a detailed sampling of
populations along a mountain gradient, analysed whole-
genome differentiation and demographic processes of U.
pustulata at a regional scale and showed that there is high
genome-wide differentiation and limited gene flow between
cold-temperate and Mediterranean populations in the

fungal host of the symbiosis. Based on the strong
genome-wide differentiation and ecophysiological evi-
dence, the authors showed that the two population clusters
represent distinct ecotypes differentially adapted to the
contrasting environmental conditions of the two climatic
zones (Dal Grande et al., 2017). The species’ broad geo-
graphic distribution and local abundance allow sampling of
replicated populations of both ecotypes from independent
elevational transects (Dal Grande et al., 2017; Rolshausen
et al., 2018). Analysing replicate gradients helps eliminat-
ing potential confounding effects of local population struc-
ture when identifying potential targets of selection.

Specifically, we address the following research ques-
tions: (i) Are there BGCs in U. pustulata, which occur
exclusively in either the Mediterranean or cold-temperate
climate? (ii) Are there climate-specific patterns of biosyn-
thetic gene variation? (iii) Can differences in biosynthetic
genes in the Mediterranean and cold-temperate
populations be linked to measurable chemical differences
of the lichen thalli?

Materials and methods
Sampling

Umbilicaria pustulata is a foliose, rock-inhabiting lichen,
attached to the substrate with a central holdfast. We col-
lected populations from the Mediterranean and cold-
temperate climate zones from three elevational gradients
(Dal Grande et al., 2017; Dal Grande et al., 2018).
Umbilicaria pustulata is a predominantly asexual species,
only rarely forming apothecia. Two gradients are located
in Spain (Puerto de Pico - ESi and Sierra de Gredos -
ESii, Sistema Central) and one in Italy (Mount Limbara,
Sardinia- IT) (Dal Grande et al., 2017; Dal Grande
et al., 2018b). - Per population, one hundred individuals
were collected, pooled and sequenced on lllumina HiSeq
(Pool-seq) (Dal Grande et al., 2017). In total we analysed
six populations (six libraries), including three Mediterra-
nean and three cold-temperate ones (Fig. 1A).

Ecotypic characterization of the populations

To group the Pool-seq datasets into the Mediterranean
and cold-temperate U. pustulata ecotypes sensu Dal
Grande et al. (2017), we visualized the positional rela-
tions among populations using a three-way generaliza-
tion of classical multidimensional scaling (DISTATIS)
(Fig. 1B). We first calculated pairwise Fgt values using
the script fst-sliding.pl in PoPoolation2 (Kofler
et al., 2011b). For this, we retained SNPs with a minimum
coverage of 30, a maximum coverage below the 2% of
the empirical coverage distribution of each pool and a
minimum count of two reads supporting the minor allele
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Fig. 1. A. Schematic representation of

Whole-genome CDS the three elevational gradients;

(B) compromise distance space
among populations based on Fst qua-
ntile distance matrix for (i) all, genome-
wide polymorphic coding SNPs (top),
(ii) coding SNPs in BGCs (bottom), with
95% tolerance ellipses. ‘M’ and ‘C’
correspond to the Mediterranean and
cold-temperate U. pustulata ecotypes
sensu Dal Grande et al. (2017) respec-
tively. [Color figure can be viewed at
wileyonlinelibrary.com]

I Italy

[] Spain (ESi)

Il Spain(ESii)

M Mediterranean
ecotype

C Cold temperate
ecotype

across populations. These parameters were chosen to
keep variants supported by a large number of reads,
to exclude variants likely resulting from sequencing errors
and to exclude spurious SNPs likely falling within copy
number variations or repetitive regions characterized by
extremely high coverage respectively. We then obtained
a reduced set of pairwise Fst distance matrices based
on sample quantiles (0.975, 0.75, 0.5, 0.25, 0.025) on
two datasets: the full set of distances across all, genome-
wide polymorphic coding SNPs (N = 429,876) and (ii) the
set of distances across all polymorphic coding SNPs pre-
sent in BGC regions (N = 11,008). Finally, we obtained
95% confidence intervals around each population’s posi-
tion in the resulting compromise distance space using
bootstrap resampling (N = 1000). Populations grouping
with ‘ltaly - Mediterranean population’ represent the
warm-adapted fungal ecotype, and those grouping with
‘ltaly — cold-temperate population’ the cold-adapted eco-
type sensu Dal Grande et al. (2017) (Fig. 1B). All ana-
lyses were performed in R (R Core Team 2019) as
described in Dal Grande et al. (2017).

Identification and annotations of biosynthetic gene
clusters

As reference genomes for the Mediterranean- and
cold-temperate ecotypes of U. pustulata we used two

published U. pustulata genomes (ENA accession
no. GCA_000938525 for the Mediterranean ecotype
(Dal Grande et al., 2017) and GenBank accession
no. VXITO0000000 (Greshake-Tzovaras et al., 2020)
for the cold-temperate ecotype). The latter genome
was derived from a PacBio metagenome assembly and
was used as a reference in all subsequent Pool-seq
analyses due to its higher contiguity. BGCs were anno-
tated in both reference genomes using antiSMASH
fungal version (Table 1) (antibiotics & SM Analysis
Shell, v5.0) (Medema et al., 2011; Blin et al., 2019).

Homologous BGCs between warm and cold ecotype

Homologous clusters were identified by performing recip-
rocal BLAST between the BGCs inferred from the refer-
ence genomes of the Mediterranean and cold-temperate
U. pustulata. Homology between candidate clusters was
visualized via synteny plots using Easyfig v2.2.3
(Sullivan et al., 2011). The GBK input files for Easyfig
were generated with seqgkit v0.10.1 (Shen et al., 2016)
and the seqret tool from EMBOSS v6.6.0.0 (Rice
et al., 2000). Easyfig was run with tblastx v2.6.0+, a mini-
mum identity value of 90 and a minimum length of 50 to
draw the blast hits (Kjeerbelling et al., 2018). Clusters
were manually matched for direction and organized to
have the core gene with the same orientation.
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Verification of presence/absence patterns

For the clusters which were predicted only in one refer-
ence genome (six clusters, Table 2), we verified the pres-
ence/absence pattern with the help of the Pool-seq reads
in two ways: (i) we mapped the raw, quality filtered Pool-
seq reads of the six populations along the Italian
elevational gradient (ENA accession nos. ERR1110280
to ERR1110285) against the core gene of the candidate
cluster (Table 2), (ii) for the clusters present only in one
climate group (Mediterranean or cold temperate) in the
above-mentioned analysis (i.e. in the Pool-seq data of
the ltalian elevation gradient) (cluster 22 in Table 2, we
further verified the presence in only one climate group
by blasting (blastN) its core PKS gene against the
mycobiont genomes reconstructed from the Pool-seq
data of the Mediterranean and cold-temperate
populations of U. pustulata from the three elevation

Table 1. Summary of biosynthetic gene clusters predicted by
antiSMASH in the reference genomes of Mediterranean and cold-
temperate ecotypes of U. pustulata.

Mediterranean
ecotype

Cold-temperate

Category ecotype

#clusters (in reference 26 28
genome)

Type | R-PKS

Type | NR-PKS

Type Il PKS

Hybrid PKS-NRPS

NRPS-like

Terpene synthases

Homologous clusters

Unique clusters

Unique clusters confirmed by ~ None
Pool-seq data

o
O BRN= O =

NMDNDNONDN =01 =
~

SN

PKS, Polyketide Synthase; R-PKS, reducing PKS; NR-PKS, non-
reducing PKS.

gradients (Table 3; Pool-seq assemblies are available
at: https://doi.org/10.6084/m9.figshare.14611191.v2.).
Details of the approach are described in Supporting
Information S1.

To further evaluate the presence/absence pattern of
candidate genes we investigated their presence in four
additional Pool-seq datasets representing mid-elevation
populations  (populations 2-5) from Dal Grande
et al. (2017) (Table 4). These were directly linked to
U. pustulata ecotypes which were identified via ecophysi-
ological analyses. Also for these additional populations
we studied raw reads alignments and presence/absence
patterns in reconstructed mycobiont genomes (Supporting
Information 7B) as described above. Pool-seq assem-
blies are available at: https:/doi.org/10.6084/m9.fig-
share.14611191.v2.

SNP analysis

We used Pool-seq data of the six populations (100 indi-
viduals/pool) to identify significantly differentiated cod-
ing SNPs in BGCs between the Mediterranean and
cold-temperate ecotypes. SNPs were identified using
the PoPoolation2 pipeline (Kofler et al., 2011b). Con-
sidering the comparatively high cost of resequencing
individual samples for populations genomic analyses
in order to obtain a reliable population-wide allele
frequency estimation, the Pool-seq method, i.e. sequenc-
ing pooled DNA samples from populations, represents
a cost-effective means to infer genome-wide patterns
of polymorphism from natural populations (Kofler
et al., 2011b; Raineri et al., 2012; Guirao-Rico and
Gonzalez, 2021).

Details of the approach are described in Supporting
Information S1.

Table 2. Verification of ecotype-specific BGCs present in the reference genome using Pool-seq data. Summary of reciprocal BLAST hits of six
BGCs which were detected by antiSMASH in the reference genome of only one ecotype. Pool 1 to pool 4 represent the Mediterranean ecotype,
pool 5 is an admixed population and contains individuals of both ecotypes and pool 6 represents the cold-temperate ecotype. The only BGC fixed
in cold-temperate populations and absent from Mediterranean populations, cluster 22, is highlighted in bold.

Number of hits

Cluster BGC Length of Pool Pool Pool Pool Pool Pool
number Reference used core gene core gene 1 2 3 4 5 6
Cluster 4 Cold-temperate ecotype Type | R-PKS 6354 1266 1198 1046 1546 4058 4644
Cluster 9 Cold-temperate ecotype NRPS-like 4089 4302 3706 3342 4448 4514 4696
Cluster 12 Cold-temperate ecotype NRPS-like 2409 2885 2554 2393 3470 3131 3032
Cluster 22 Cold-temperate Type | NR- 8100 82 74 125 192 5576 7498
ecotype PKS
Cluster 29 Mediterranean ecotype Type | R-PKS 6597 6828 6344 5224 7969 7363 8020
Cluster 30 Mediterranean ecotype Type | R-PKS 5073 5284 4448 4061 4422 2418 545
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Table 3. Summary of reciprocal BLAST hits of cluster 22 against the Pool-seq raw reads of Mediterranean and cold-temperate populations of
U. pustulata from the three elevation gradients.

Mediterranean ecotype Cold-temperate ecotype

IT1 ESiit ESit IT6 ESii6 ESi3
Accession of Pool- ERR1110280 SRR14573781 SRR14573779 ERR1110285 SRR14573780 SRR14573778
seq data (ENA (SRA (SRA (ENA (SRA (SRA
accession) accession) accession) accession) accession) accession)
Total number of 29,162,770 26,758,269 28,862,057 32,064,853 26,690,508 35,351,050
reads in the pool
# Paired-end reads 1 49 266 3,717 4,235 5990
correctly mapped
% Mapped reads 0.00% 0.02% 0.09% 1.16% 1.59% 1.69%
# Bits score Blastn No hits 2244 7925 13,771 13,771 13,771
metagenome vs.
genes
# Coverage scaffold - 1 1.5 21 69.3 35.1

with highest Bits
score

Table 4. Abundance of the cluster 22 (cluster fixed in cold-temperate populations and absent from Mediterranean populations), in multiple
populations along an elevation gradient in Italy encompassing the Mediterranean to cold-temperate climate (Dal Grande et al., 2017).

IT1 IT2 IT3 IT4 IT5 IT6
# Bits score Blastn metagenome vs. No hits No hits 580 822 13,771 13,771
genes
# coverage scaffold with highest Bits - - 0.6 0.6 15.03 21
score
ENA accession number of Pool-seq raw ERR1110280 ERR1110281 ERR1110282 ERR1110283 ERR1110284 ERR1110285

data

IT1 to IT4 represents Mediterranean populations, IT5 an admixed population and IT6 a cold-temperate population.

Identifying consistent allele frequency differences in
populations: Quasibinomial GLMs

The allele frequency differences between populations
can be used to infer the action of selection. However,
alleles fixed in a population could also result from
genetic drift. To differentiate between allele frequency
differences resulting from selection and genetic drift, we
used Generalized Linear Models (GLMs) with a
quasibinomial error structure, as implemented in the
program poolFreqDiff (-mincnt 6 -minc 30 -maxc
600 (Wiberg et al., 2017). This method rescales all
allele counts to the effective sample size nes (Wiberg
et al., 2017), thus distinguishing between heterogeneity
in allele frequency differences (e.g., arising from genetic
drift) among replicates and main effects. This allows for
a more reliable identification of true positives (i.e., loci
under selection) while keeping the false positives
(i.e., variants with idiosyncratic responses or resulting
from population drift) to a minimum. Only SNPs passing
a Bonferroni correction at @ = 0.0007 were considered

significantly differentiated between the Mediterranean
and cold-temperate populations as they showed consis-
tent variation across replicate populations (Wiberg
etal., 2017).

Identifying functionally deleterious SNPs: PROVEAN

Significantly differentiated, non-synonymous SNPs were
subsequently identified using an in-house python script
(Supporting Information S2). For this, we first
reconstructed CDS sequences of each BGC gene for
each population by inserting the most common allele
found in the population at each variable position using a
custom perl script (Supporting Information S3).

We then used PROVEAN to distinguish non-
synonymous SNPs which were functionally deleterious
from functionally/structurally neutral SNPs (Choi and
Chan, 2015). Details of the approach are described in the
Supporting Information S1.

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
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Filtering ecologically relevant SNPs: frequencies
of SNPs

For each SNP varying consistently across replicate gradi-
ents and having a low PROVEAN score, we calculated
the frequency at the population level, i.e., the combined
frequency of that SNP in three Mediterranean and three
cold-temperate populations. We did this by calculating
the percentage of occurrence of an allele out of the total
number of occurrences.

To finally select the clusters which are significantly dif-
ferentiated between the Mediterranean and cold-
temperate populations, the following criteria were applied:
(i) low PROVEAN score (<—4.0) of the changed amino
acid (PROVEAN score lower than —4.0 suggests highly
significant functionally deleterious variation, whereas a
score >—4.0 is considered neutral variation), (i) >90%
frequency of a SNP in all three populations of an
elevational group (Mediterranean or cold temperate) and
low frequency (<5%) in all three populations of the other
group. This was done to exclude locally differentiated
SNPs, i.e., significantly differentiated SNPs not consis-
tent across all three replicate gradients.

Testing the possibility of selective sweeps: Tajima’s D,
Fsr and nucleotide diversity «

The allele frequency differences between the Mediterra-
nean and cold-temperate populations might result from
selective sweeps driven by positive selection in the sur-
rounding regions. To test if the fixed alleles in BGCs are
a result of selective sweeps affecting neighbouring geno-
mic regions we calculated corrected Tajima’s D (sensu
Kofler et al. (2011a)), nucleotide diversity =, and Fgt
(Supporting Information S4, S5), and evaluated whether
these statistics were significantly different between BGCs
and 5 kb non-overlapping windows in a region of 100 kb
up- and downstream of each BGC across all populations
using non-parametric Wilcoxon rank-sum tests. BGCs
with significantly higher = and lower Fgt than their sur-
rounding regions were considered hitchhiking regions. In
addition, for these regions, we tested whether Tajima’s
D values in their neighbouring 100 kb were significantly
lower than the overall Tajima’s D distribution across
BGCs and surrounding regions combined (Supporting
Information S4).

Calculations were performed on mpileup files -
subsampled to a uniform depths (30x per pool), exclud-
ing positions with a maximum coverage above the 2% of
the empirical coverage distribution of each pool (subsam-
ple-pileup.pl) and filtered for indels (filter-pileup-by-gtf.
pl) - using the scripts variance-at-position.pl (for both
Tajima’s D and nucleotide diversity z; PoPoolation; Kofler
et al., 2011a) and fst-sliding.pl (PoPoolation2; (Kofler

et al., 2011b) (--min-count 2, --min-covered-fraction 0.5).
Further details of the analyses are given in Supporting
Information S1.

Finally, we tested whether the differences in allele fre-
quencies between the Mediterranean and cold-temperate
populations might simply be a result of an increased
accumulation on mutations due to increased UV radiation
at higher elevations. For this, we compared the distribu-
tion of nucleotide diversity = as well as the number of
SNPs in the genomic regions surrounding BGCs between
the Mediterranean and cold-temperate populations using
non-parametric Wilcoxon rank-sum tests.

Another index used to infer positive selection on genes
and proteins is the ratio of substitution rates at non-
synonymous and synonymous sites, i.e., dN/dS. This
method was developed for distantly related taxa/
sequences to infer signatures of selection from fixed
polymorphisms over divergent lineages. However, this
measure is not suitable for inferring selection from popu-
lation data such as the Pool-seq data used in our study,
as the typical signature of positive selection, dN/dS >1, is
violated within a population (Kryazhimskiy and
Plotkin, 2008). For this reason, we refrained from using
the dN/dS ratio to identify positive selection in our study.

HPLC analysis

We used high-performance liquid chromatography
(HPLC) to investigate the chemical profiles of
U. pustulata from the Mediterranean and cold-temperate
populations. For this, we took four samples of
U. pustulata from the Mediterranean and cold-temperate
zones of Mount Limbara (ltaly - IT) and Sierra de Gredos
(Spain - ESii) gradients each (Supporting Information S6)
and performed HPLC analysis using a protocol based on
Feige et al. (1993), described in more detail in Benatti
et al. (2013) and Supporting Information S1.

UPLC-high resolution mass spectrometry analysis and
GNPS network analysis

Ultra-performance liquid chromatography high-resolution
mass spectrometry analyses were performed with an Ulti-
Mate 3000 system (Thermo Fisher) coupled to an Impact
Il gToF mass spectrometer (Bruker) as described previ-
ously (Tobias et al., 2017). Small fragments of the same
16 samples used for HPLC were also screened using UV
HPLC. The raw MS-data acquired was then converted to
.mzXML format using DataAnalysis 4.3 (Bruker).
MS2-based network analysis was performed using the
Molecular Networking workflow of the GNPS platform
(Wang et al., 2016). Details are provided in Supporting
Information S1.

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
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Results
Reference genomes and Pool-seq data

The reference genome of the PacBio-derived cold-
temperate ecotype (GenBank acc. no. VXITO0000000) is
~33Mb in length (N50 = 1.8 Mb, number of scaf-
folds = 43) and has a completeness of ~95% according
to BUSCO (Greshake-Tzovaras et al, 2020). The
lllumina-derived reference genome of the Mediterranean
ecotype (ENA acc. no. GCA_000938525) is ~39 Mb in
length (N50 = 104.3 kb, number of scaffold = 3891) and
has a completeness of ~92% according to BUSCO (Dal
Grande et al., 2017).

The number of reads for each population retained after
quality and length filtering is given in Supporting
Information S7 (A: three cold-temperate and three Medi-
terranean populations; B: four additional populations from
the ltalian gradient, Dal Grande et al. (2017); the Pool-
seq assemblies are available at https://doi.org/10.6084/
m9.figshare.14611191.v2). We detected 11 008 coding
SNPs in all BGC regions, consisting of 335 genes.
The genome-wide DISTATIS analysis of the coding
SNPs clearly shows that the studied populations
represent the two previously determined U. pustulata
ecotype groups sensu Dal Grande et al. (2017),
i.e. Mediterranean = warm-adapted, cold temperate =
cold-adapted ecotype (Fig. 1B). The population
groups resulting from a DISTATIS analysis of the cod-
ing BGC SNPs were remarkably similar to the groups
inferred using the genome-wide set of coding
SNPs (Fig. 1).

Predicted BGCs

The fungal version of antiSMASH (v5.0) predicted 26 and
28 clusters for the Mediterranean and cold-temperate
ecotype reference genome respectively (Table 1). Of
these 24 were homologous (Table 1) and six were
detected only in the reference genome of one ecotype
(Table 2). However, when checked for presence—
absence patterns in the Pool-seq data (by assessing the
number of raw reads aligning to the core gene of
the cluster of interest), only one cluster, cluster 22, was
specific to a climate group, and the other five were pre-
sent in all populations (Table 2—4. Therefore, although
antiSMASH (v5.0) predicted only 26 and 28 clusters in
the Mediterranean and cold-temperate reference
genome, Pool-seq data suggest that the total number of
BGCs present in U. pustulata is 30. Type | PKSs were
the most abundant family of natural product enzymes
identified in both reference genomes (14 and 16 clusters
respectively from the Mediterranean and cold-temperate
ecotypes), followed by terpenes (six clusters) and
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NRPS-like clusters (four) and hybrid type | PKS-NRPS-
like clusters (two).

The cluster 22, specific to cold-temperate populations,
contains a non-reducing type | PKS and shows 67% simi-
larity to the BGC associated with the yellow fungal pig-
ment ankaflavin in Monascus pilosus (Ascomycota)
(Fig. 2A). The absence of cluster 22 was confirmed in all
the populations using both raw and assembled Pool-seq
reads (Tables 2—4). This cluster has 13 genes (Fig. 2A),
of which nine, including the core genes, are entirely
absent in the Mediterranean populations.

Identifying consistent allele frequency differences in
populations: Quasibinomial GLM

We detected 7353 SNPs (in 325 genes) that were then
used in the quasibinomial GLM analysis. Quasibinomial
GLMs recovered 1516 SNPs (in 249 genes) as signifi-
cantly differentiated (at Bonferroni-type « = 0.0007)
between the Mediterranean and cold-temperate climate
populations. These significant allele frequency differ-
ences are likely a result of selection rather than drift. Of
these, 47.6% (721 SNPs in 201 genes, representing
20 BGCs) were non-synonymous SNPs. From these
SNPs we then selected those with potentially functionally
deleterious effect on the synthesized protein using
PROVEAN.

Identifying functionally deleterious SNPs

We identified 109 non-synonymous, functionally deleteri-
ous mutations. Using the conservative approach to filter
out any potential false positives we implemented a stri-
cter threshold (PROVEAN score <—4.0), and selected
SNPs that had a PROVEAN score lower than —4.0.
Finally, we zoomed in on those SNPs that varied consis-
tently in all three Mediterranean—cold-temperate popula-
tion pairs. Twenty-eight SNPs (in eight BGCs) varied
consistently across replicate populations (Table 5).

Differentiated BGCs between the Mediterranean and
cold-temperate populations

Eight BGCs contained highly differentiated, functionally
deleterious, variations between the Mediterranean and
cold-temperate populations (Table 5). The high genetic
variation found in eight homologous BGCs between eco-
types stems from missense and functionally deleterious
SNPs, including four STOP codons (Table 5). As candi-
date SNPs we then considered only those which had an
allele frequency difference of >90% between the two cli-
mate groups.

Out of the eight differentiated BGCs, six clusters had
functionally deleterious SNPs both in the Mediterranean
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short-chain Cold temperate

dehydrogenase/ ecotype
07324 KS-AT-ACP-ACP-cMT-TD reductase SDR 07312
—
FAD linked crotonyl-CoA major facilitator FAD linked 1kb
oxidase domain reductase / alcohol transporter oxidase domain
protein dehydrogenase protein
10453 KS-AT-DH-ER-KR-ACP 10456 Mediterranean

B \ ecotype

A0 VN M

Cold temperate

09123 /S KS-AT- DH

—
09133
ER-KR-ACP \ kb

I
M | ——
I

tBLASTx identity [l core biosynthetic genes
90% I 100% M additional biosynthetic genes

Ml transport related genes % STOP codon
other genes

present M - Mediterranean populations
[l absent  C - cold temperate populations

Fig. 2. Differentiated BGCs between the Mediterranean and cold-temperate U. pustulata populations.

A. Cluster architecture of cluster 22. Rectangular boxes represent genes belonging to the cluster and correspond to gene numbers 07312 to
07324 from right to left. Thick boxes around the genes represent genes lost in all Mediterranean populations.

B. Synteny plot depicting the homology of cluster 27 between the Mediterranean and cold-temperate ecotypes. The figure depicts the core gene
in the PKS cluster in the cold-temperate ecotype interrupted by three STOP codons. Rectangular boxes in the cluster correspond to genes, from
gene number 09123 to 09133 (cold-temperate ecotype) and 10453 to 10456 (Mediterranean ecotype) from left to right. Different domains identi-
fied by antiSMASH within a cluster are highlighted with different colours. STOP codons in the core biosynthetic gene are marked with stars. The
combined frequency of STOP codons in the core biosynthetic gene in three Mediterranean and cold-temperate populations is represented by bar
plots below the synteny plot. The M and C bars correspond to the three Mediterranean and three cold-temperate populations respectively. Fre-
quency of SNPs present in each domain for each population is given in Table 5. [Color figure can be viewed at wileyonlinelibrary.com]

and cold-temperate populations (Table 5). Examples
include three clusters containing a type-l PKS: (i) cluster
19 (53% similarity to the grayanic acid cluster), (ii) cluster
3 (47% similarity to the squalestatin cluster) and
(iii) cluster 11 (47% similarity to the cichorine cluster)
(Table 5). The identity to the most similar compound does
not mean that the cluster is involved in the synthesis of
the same compound.

Two clusters had all deleterious SNPs concentrated in
one climate group (Table 5). Of these, cluster 27 (Table 5;
Fig. 2B) contained 15 non-synonymous, functionally dele-
terious SNPs in the cold-temperate populations. Four of
these SNPs induced a premature stop codon: two stop
codons are in the core biosynthetic gene (PKS), one in a
transporter gene and one in an adjacent, uncharacterized
gene (Fig. 2B). The SNPs are accumulated in the cold-
temperate populations (99%—-93% frequency in the three
gradients, 300 samples, vs. 0%—1.8% frequency in the
Mediterranean populations). This cluster showed 47%
similarity to the cluster associated with the biosynthesis
of 4-epi-15-epi-brefeldin A from Penicillium brefeldianum.

The second highly differentiated cluster, cluster 13, had
one significantly deleterious mutation in an oxidoreduc-
tase gene (PROVEAN score —10.8), which was detected
at 94% frequency in the cold-temperate, and 0% in the
Mediterranean populations (Table 5). This cluster had
66% similarity to the emodin cluster.

Testing the possibility of selective sweeps: Tajima’s D,
Fst and nucleotide diversity =

To exclude the possibility of selective sweeps driving the
fixation of alleles or accumulation of deleterious muta-
tions in BGCs, we compared Tajima’s D, = and Fgr distri-
bution within BGCs and in 100 kb regions surrounding
each BGC using a sliding window approach, for a total
of 525Mb (15.9% of the genome) (Supporting
Information S4, S5). Cluster 13 showed strong evidence
of hitchhiking, i.e. the 100 kb upstream region displayed
on average significantly lower = and higher Fst values
than the corresponding BGC (both p < 0.01) (Supporting
Information S8 and S9). Although the difference in
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Tajima’s D value distribution between BGC and its
upstream region was not statistically significant, the
upstream region had negative mean Tajima’s D (—0.38),
significantly lower than the overall Tajima’s D value distri-
bution (p < 0.01).

Conversely, cluster 19 displayed evidence of selection
with significantly lower = and higher Fst values (both
p <0.01) compared to its surrounding 100 kb up- and
downstream regions, as well as negative mean Tajima’s
D (—0.3) (Supporting Information S4, S5, and S8). In this
cluster deleterious mutations were present and almost
fixed in both cold-temperate and Mediterranean
populations; in the PKS (the core gene involved in the
synthesis of the backbone of the compound) in the cold-
temperate populations, and three mutations in ‘other
genes (coding for unknown proteins) in the cluster in the
Mediterranean populations. This cluster was not selected
as a candidate cluster displaying climate-specific SNP
patterns, because it showed an accumulation of deleteri-
ous mutations in both climates (in different genes).

We found no evidence for increased accumulation of
mutations at higher elevation (Wilcoxon Rank Sum Test,
p =0.2), with the Mediterranean and cold-temperate
populations displaying similar levels of nucleotide diver-
sity = in the analysed ~5 Mb of regions surrounding
BGCs (Supporting Information S8). The difference in
terms of number of SNPs between low and high elevation
populations was also not significant (o = 0.963).

HPLC

We found three major compounds present in both,
the Mediterranean and cold-temperate, samples of
U. pustulata: gyrophoric acid, lecanoric acid and hiascic
acid (Supporting Information S10). The relative proportion
of the natural products was similar in all samples, and no
elevation-specific differences were detected. Gyrophoric
acid was the major compound in all samples (about
85%—95%), and there were traces of lecanoric acid (5%—
10%) and hiascic acid (0%-10%) (Supporting
Information S10).

Network analysis

The MS2-based network analysis showed that there are
indeed chemical differences between the Mediterranean
and cold-temperate lineages (Supporting Inform
ation S11). We found that one subnetwork was specific
to the Mediterranean samples. Two natural products from
this subnetwork were identified as the O-methylated fla-
vonols jaceidin (1) and myricetin-3,7,3',4'-tetrameth
ylether (2) respectively, via library search against the
GNPS spectral library. Albeit not being present in all of
the Mediterranean samples, none of the O-methylated

flavonols was present in the cold-temperate samples.
Three compounds of this class were specific to the Italian
samples (jaceidin (1), myricetin-3,7,3',4'-tetramethylether
(2) and m/z 331), while one (m/z 345) also occurred in
samples from Spain. All of the other subnetworks that
seemed to be climate-specific were identified as false
positives.

Discussion

Natural products are suggested to provide cold/desicca-
tion tolerance to species facing a broad range of abiotic
conditions (Ramakrishna and Ravishankar, 2011; Medina
et al., 2015). This tolerance has mainly been demon-
strated on laboratory strains under controlled experimen-
tal conditions and mostly involves temporary changes in
gene expression and metabolite profiles under different
abiotic conditions. For instance, cold acclimation in Ara-
bidopsis involves enhanced expression of biosynthetic
genes involved in flavonoid metabolism which results in
an increase in flavonol and anthocyanin content when
exposed to cold temperature (Schulz et al., 2015). Ours
is the first study showing climate-specific differentiation of
biosynthetic genes in natural populations of a lichenized
fungus. We found that BGCs of U. pustulata vary in pres-
ence/absence or in structure between the Mediterranean
and cold-temperate populations (Tables 1-5). Specifi-
cally, we found two clusters of interest: cluster 22, which
was almost entirely absent from Mediterranean
populations, but always present in cold-temperate
populations (Tables 2—4), and cluster 27 which had sev-
eral deleterious mutations in the cold-temperate
populations (Table 5). The pattern in these clusters
appears to be a direct response to selection rather than
an effect of genetic drift or hitchhiking (Supplementary
Information S4, S5 and S8).

Our results suggest that the proposed candidate BGCs
are linked to natural products that potentially allow the
producer to persist in its respective climatic niche. These
functional traits could be related to the abiotic conditions
directly, e.g., by conferring temperature or UV tolerance,
or they could be related to the interaction with a particular
photosynthetic partner, which only occurs in a specific cli-
mate niche. While we cannot associate a metabolite with
these clusters yet, our results suggest that the natural
products associated with these highly differentiated
BGCs are, among several other differences (Dal Grande
et al., 2017), ecotype-defining traits.

A BGC present only in cold-temperate populations

Intraspecific BGC variation, including the presence or
absence of whole clusters, has been shown in a few fun-
gal species by comparing genomes of different strains
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(e.g. Susca et al., 2016; Lind et al., 2017; Villani
et al., 2019). However, we still have limited knowledge
about the evolution of BGCs in natural populations.
Whether BGC occurrence is associated with particular
ecologies is an open question in fungal evolution. Here
we report a cluster, cluster 22, that is apparently fixed in
cold-temperate populations, while being absent from
Mediterranean populations (Fig. 2A; Tables 2—4). The
abundance of cluster 22 progressively increases with ele-
vation when traced in multiple populations along an
elevation gradient (Tables 2—4). This suggests a strong
positive selection for maintaining the function of the
encoded product in the cold-temperate climate.

The presence or absence of whole clusters associated
with natural product biosynthesis is a genetic driver of
chemical variation among fungal strains (Lackner
et al., 2012; Zeng et al., 2018; Olarte et al., 2019). For
instance, in the filamentous fungus Aspergillus nidulans
nine BGCs vary in presence/absence and this has been
suggested to contribute to isolate-specific virulence (Drott
et al., 2020). Here we show that the presence of an entire
cluster can be restricted to a particular ecological niche.

Based on the strong evidence of climate-related pres-
ence/absence patterns across replicate populations, it is
tempting to speculate that the BGC found exclusively in
cold-temperate populations is involved in temperature-
related or UV-related stress tolerance in U. pustulata.
One major difference between the studied biomes is the
regular occurrence of frost in the cold-temperate biome.
Cold tolerance in fungi often involves the synthesis of
frost-resistance compounds, such as trehalose and other
cryoprotectant sugars, polyols and lipids/fatty acids, and
conidial pigments such as melanin (Robinson, 2001;
Hagiwara et al., 2014). Despite this, the molecular mech-
anisms and the genomic basis of frost resistance in fungi
are not clear. Biosynthetic gene clusters, such as cluster
22, only found in cold-temperate populations that experi-
ence regular frost events are candidates for encoding
functions related to cryoprotection.

Cluster 22 is similar to the cluster associated with the
conidial pigment ankaflavin (Monascus pilosus). The role
of ankaflavin has not been ascertained in nature, but
conidial pigments have been shown to play a role in cold-
and UV-related stress resistance (Cordero and
Casadevall, 2017; Blachowicz et al., 2020; van den Brule
et al., 2020). For instance, intraspecific variations in
oxidative- and heat-resistance properties have been
attributed to differences in conidial pigment compounds
in Aspergillus fumigatus and A. terreus (Low et al., 2011;
Geib et al., 2016; Hagiwara et al., 2017). Similarity to a
cluster does not necessarily indicate synthesis of the
same compound. However, the observed similarity to
several clusters producing compounds with similar
absorption spectra suggests that the cluster might be
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involved in the synthesis of a compound with similar func-
tion or properties. Therefore, we speculate that cluster
22 might be involved in UV-related stress tolerance.

A BGC with deleterious mutations only in cold-temperate
populations

We identify deleterious mutations as the second genetic
driver that leads to environment-specific variation in
BGCs. Specifically, we found multiple, functionally delete-
rious SNPs in core genes of cluster 27 that nearly reach
fixation in all cold-temperate populations (Fig. 2B;
Table 5). The occurrence of these SNPs in similar envi-
ronments but at geographically distant sites potentially
indicates the presence of strong selection pressures —
and a functional role of the related compounds — rather
than random heterogeneity or drift. The associated com-
pounds might therefore provide beneficial functions to the
Mediterranean ecotype or alternatively be detrimental to
the cold-temperate ecotype.

One environmental stressor that organisms encounter
in the Mediterranean climate is extended drought. In
lichens, the exact mechanism of drought resistance is not
known, however, it is suggested that it involves activation
of three major stress-response pathways in the fungal
partner: osmoregulation, DNA and protein damage repair
and antioxidation (Wang et al., 2015). In fact, lichens
such as Umbilicaria antarctica, Ramalina terebrata
and Stereocaulon alpinum, which thrive under
extreme drought and temperature conditions, contain
high amounts of antioxidant substances (Bhattarai
et al., 2008; Paudel et al., 2008). Similarity searches of
cluster 27 yielded high similarity with the cluster responsi-
ble for the synthesis of the protein transport inhibitor epi-
brefeldin A in Penicillium brefeldianum which has potent
antifungal, antiviral and antitumor properties in cell cul-
tures (Seehafer et al., 2013). Although the role of epi-
brefeldin A in nature is not well understood, cluster 27 is
an interesting candidate for future investigations.

A climate-specific BGC showing evidence of hitchhiking
selection

Apart from positive selection, we identified hitchhiking
selection as an additional driver for environment-specific
accumulation of variations in BGCs. Under the
hitchhiking effect an allele under positive selection may
increase the fixation probability in surrounding linked loci
(Smith and Haigh, 1974; Hedrick, 1982). Natural genetic
variation is shaped via a variety of evolutionary forces,
such as background, balancing and purifying selection,
directional selection, genetic drift and genetic hitchhiking
(Buskirk et al., 2017; Collevatti et al., 2019). In our study,
cluster 13 (the BGC with the highest similarity to the
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emodin cluster) has one deleterious mutation in the trans-
porter gene which is almost fixed in the cold-temperate
populations. We found, however, evidence of a selective
sweep in the surrounding regions of this cluster
(Supporting Information S8 and S9), suggesting that the
fixed mutations in the cluster might be the result of an
indirect response to selection or hitchhiking selection.

The precursor of emodin, trypacidin, serves important
ecological functions related to interactions between
organisms and environmental factors, such as light inten-
sity and osmotic stress (drought and salinity) (Inderjit and
Nishimura, 1999; Izhaki, 2002). Interestingly, Blachowicz
et al. (2020) showed that the loss of the emodin precur-
sor enhances UV-C resistance in Aspergillus fumigatus.
The loss of function of this cluster could thus provide a
selective advantage to cold-temperate populations which
occur at higher altitude and might experience higher
levels of UV radiation. Although emodin has not been
reported from U. pustulata, it has been reported from U.
papulosa - a congeneric species with North American
distribution  preferentially at high altitudes (Boh
man, 1969; Cohen, 2002). The fixation of deleterious
mutations specific to cold-temperate populations likely
resulting from selective sweeps shows that genetic
hitchhiking is another powerful force driving the evolution
of the biosynthetic landscape in fungi.

Natural products and fungal-algal interactions

To understand potential links between genotype and phe-
notype we analysed chemical differences between sam-
ples from the Mediterranean and cold-temperate
populations (Legaz et al., 1986; Molnar and
Farkas, 2010; Gauslaa et al., 2013; Shrestha and St
Clair, 2014; Paukov et al., 2019). Natural products in
lichenized fungi have been implicated in environmental
stress tolerance (Legaz et al., 1986; Gauslaa et al., 2013;
Paukov et al., 2019). Consequently, the chemical profile
of an organism may show seasonal variations and vary
under different environmental conditions (Legaz
et al., 1986; McEvoy et al., 2006; Solhaug et al., 2009;
Shrestha and St Clair, 2014). Hence when sampling
across gradients and from different geographic locations
it is quite likely that samples have different chemical pro-
files. However, in our study typical lichen compounds,
such as the depside gyrophoric acid, did not differ in con-
tent and quantity between the two climate groups
(Supporting Information S10). This is in accordance with
our genome-wide BGC analyses, which showed that the
five clusters putatively associated with depside and
depsidone biosynthesis, i.e. BGCs containing non-
reducing PKSs (Armaleo et al., 2011), do not show fea-
tures specific for either climate zone. The three

environment-associated clusters identified here carry
reducing PKSs and show no similarity to the PKSs linked
to depside biosynthesis.

Using HPLC-MS we detected slight chemical differ-
ences between the samples from the Mediterranean and
cold-temperate regions, for example a 3-O-methylated
flavonol, myricetin, which occurs only in samples from
Mediterranean populations (Supporting Information S11).
Flavonols can most likely be attributed to the algal part-
ner in the symbiosis, because they are well known from
the green plant lineage, including green algal lichen
photobionts  (Jorgensen, 1993; Falcone Ferreyra
et al., 2012). While this substance is not linked to our
findings of BGC differences in the fungal partner, its
detection solely in Mediterranean samples (Supporting
Information S11) is nonetheless interesting from an eco-
logical point of view. First, flavonol concentration in
lichens varies seasonally, suggesting that flavonol bio-
synthesis may be directly affected by environmental cues
(Aoussar et al., 2018), and second, myricetin is an antiox-
idant that reduces UV-induced cell damage (Ruhland
et al., 2005; Falcone Ferreyra et al., 2012). It is thus pos-
sible that the specific lineages of Trebouxia algae associ-
ated with Mediterranean U. pustulata samples provide a
chemical trait that contributes to environmental stress tol-
erance of the lichen. This is in line with a study showing
that the presence of photobionts alleviates desiccation-
related stress in mycobionts (Kranner et al., 2005).

The variation in the distribution of BGCs and natural
products along elevation might be related to environmen-
tal factors directly (as discussed above), or it could be
related to environmentally driven changes in mycobiont—
photobiont interactions. Photobiont communities associ-
ated with lichens may change along climatic gradients
across fungal host species (Vargas Castillo and
Beck, 2012; Singh et al., 2017), and within fungal host
species (Dal Grande et al., 2018b; Rolshausen
et al., 2020). Some lineages of symbiotic algae have
explicit climatic preferences (Rolshausen et al., 2018). In
U. pustulata a turnover of algal communities takes place
at the transition between the Mediterranean and the cold-
temperate climate zone (Dal Grande et al., 2018b;
Rolshausen et al., 2020). Therefore, it is possible that the
natural product portfolio of the fungal partner is directly
related to the interaction with a specific lineage of
Trebouxia photobiont. Mycobionts confer stress tolerance
(against, e.g., desiccation, high light) to photobionts, as
shown in physiological comparisons of intact lichen thalli
with isolated and cultured strains of lichen photobionts
(Kranner et al., 2005). The mechanism behind this is at
least partially mediated by natural products, such as the
fungal phytohormone indole-3-acetic acid, which has
been shown to increase the photobiont's water content
(Pichler et al., 2020). It is an area of further investigation
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to assess whether Mediterranean fungal ecotypes syn-
thesize compounds specifically tailored to the needs of
Mediterranean algae.

Conclusions

Our study contributes to the understanding of the mecha-
nisms of environmental adaptation and the discovery of
fungal metabolites with potentially valuable biological
activities. We demonstrated that natural populations of U.
pustulata from the Mediterranean and cold-temperate
environments are equipped with the genetic potential to
produce different, environment-specific metabolites. We
identified whole cluster loss and deleterious point muta-
tions as genetic drivers of ecotype-specific variation in
BGCs. Evolutionary mechanisms that drive the observed
patterns of point mutations are intra-cluster (positive)
selection, and - in one case - a selective sweep
(hitchhiking selection). We advocate that the biosynthetic
landscape of organisms is shaped by positive and
hitchhiking selection and that both play an important role
in the ecology and evolution of BGCs in U. pustulata.
The population genomic approach presented here consti-
tutes a way forward in pinpointing BGCs putatively linked
to important biological functions.
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Appendix S3. Scripts used to extract the coding (CDS)
sequence for SNP from the co-ordinates files.

Appendix S4. Corrected Tajima’s D (Kofler et al., 2011a) and
nucleotide diversity = values in a region of 100 Kb up- and down-
stream of each BGC (highlighted in grey) and their mean across
all populations. SNPs were identified based on a minimum count
of 2, and a minimum covered fraction of 0.5 from pileup files
subsampled to a uniform coverage of 30 (per population), exclud-
ing positions with a maximum coverage above the 2% of the
empirical coverage distribution of each pool and filtered for indels,
using the PoPoolation pipeline (Kofler, et al., 2011a).

Appendix S5. Fst in sliding windows within BGCs and
100 Kb upstream and downstream. Pairwise Fst in 5 Kb
non-overlapping windows in a region of 100 Kb up- and
downstream of each BGC (highlighted in grey) between all
pairs of populations and their mean across all populations.
SNPs were identified based on a minimum count of 2 from
mpileup files subsampled to a uniform coverage of 30 (per
population), excluding positions with a maximum coverage
above the 2% of the empirical coverage distribution of each
pool and filtered for indels, using the PoPoolation2 pipeline
(Kofler, et al., 2011b).

Appendix S6. Voucher information of the samples used for
HPLC and UV-HPLC

Appendix S7. Summary of Pool-seq assemblies. A) Sum-
mary of Pool-seq assemblies representing the Mediterra-
nean and cold-temperate ecotype of U. pustulata from three
elevational gradients. Each pool is derived from 100 individ-
uals. IT1 = pool 1, ltaly (Mediterranean ecotype), pool 6, Italy
(cold temperate ecotype), ESii1 = Spain 2 (Gredos, Spain;
Mediterranean ecotype), ESii6 = Spain 2 (Gredos, Spain;
cold temperate ecotype), ESi1 = Spain 1 (Puerto de Pico.
Spain; Mediterranean ecotype), ESi6 = Spain 1 (Talavera,

Spain; cold temperate ecotype). B) Summary of Pool-seq
assemblies representing the Mediterranean and cold temper-
ate populations of U. pustulata from elevational gradient
from ltaly. Each pool is derived from 100 individuals.
IT2 = pool 1, ltaly (Mediterranean ecotype), IT3 = pool
3, ltaly (Mediterranean ecotype), IT4 = pool 4, ltaly
(Mediterranean ecotype), pool 5, Italy (admixed population,
individuals of both cold temperate and Mediterranean
ecotype).

Appendix S8. Results of non-parametric Wilcoxon rank-sum
tests comparing the distribution of corrected Tajima’s D,
nucleotide diversity =, and pairwise Fst values in 5 Kb non-
overlapping windows between BGCs and their
corresponding 100 Kb surrounding regions. Significant P
values (*p <0.01, **p < 0.001) are highlighted in red if the
comparison suggests hitchhiking effect on the genetic varia-
tion observed in the BGC (i.e. lower Tajima’s D, lower =,
higher Fst in the surrounding regions), and in green if the
comparison suggests intra-cluster selection.

Appendix S9. General pattern of polymorphism in 5 Kb
non-overlapping windows in a region of 100 Kb up- and
downstream of the cluster 13 (highlighted in grey; core bio-
synthetic PKS highlighted in green) based on mean Fsr
among all pairs of populations (top), mean nucleotide diver-
sity = across all populations (centre), and mean Tajima’s D
across all populations (bottom). Missing values: windows
with insufficient coverage to compute the given index. The
plot was generated using the Visualize-output.pl script from
the PoPoolation pipeline (Kofler, et al., 2011a).

Appendix S10. HPLC results demonstrating the relative pro-
portions of the natural compounds in U. pustulata. Yellow,
green and blue colours represent gyrophoric acid, hiascic
acid and lecanoric acid respectively.

Appendix S11. MS?-based network analysis of selected
samples of warm- and cold-adapted U. pustulata strains. A)
Complete MSZ-based network analysis. Red diamonds:
cold-adapted. Green circles: warm-adapted. Yellow squares:
both. B) subnetwork containing O-methylated flavonols
including jaceidin (1) and myricetin-3,7,3 ,4’-tetramethylether (2).
C) chemical structures of compounds (1) and (2).
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