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Abstract
Lichen-forming fungi (LFF) are prolific producers of functionally and structurally diverse secondary
metabolites, most of which are taxonomically exclusive delivering lineage-specific roles. But are there
evolutionary conserved biosynthetic pathways in lichens? Based on the current evidence it seems there
aren’t any. This notion is derived from polyketide-derivatives as most biochemical investigations on
lichens focused on PKSs whereas the other class of compounds remain mostly unexplored. Here we
present first systematic identification and comparison of lichenized fungal terpene synthases which are
ever-present in the LFF, however, they have never been systematically analyzed. We gathered 111
genomes of LFF representing 60 genera and 23 families and implemented genome mining and gene
clustering approaches to identify and group the clusters into networks of similar biosynthetic clusters.
Our large-scale analysis led to the identification of 733 terpene BGCs with varying degrees of mutual
similarity, most of them were unique. Remarkably, we found two widely distributed and homologous
networks – both squalene/phytoene clusters - putatively involved in sterol/ergosterol biosynthesis. These
clusters contain the same core gene, but different sets of accessory genes. This indicates an early gene
duplication event, followed by gene losses and gains of accessory genes, leading to different architecture
of the two clusters. We show that sequence divergence, gene duplications, losses and rearrangement and
are the major factors driving the evolution of this cluster across LFF. Our study shows lichenized fungi do
have a core biosynthetic cluster, bringing the first indication that a biosynthetic gene may form an
essential gene content in lichens.

Background
Lichen-forming fungi (LFF), a symbiotic association between a fungus and photosynthetic partner/s
(algae/cyanobacteria) are prolific producers of structurally diverse secondary metabolites which play
essential role in organism survival, defense and ecological interactions [1–3]. Although about 1000 lichen
metabolites have been reported, most of the compounds have a narrow taxonomic distribution [4–7] and
no metabolite or secondary metabolite pathway has been shown to be evolutionarily conserved in fungi.
This notion however is mostly based on the study of polyketide-derivatives - the most well-studied lichen
compounds in terms of chemistry and pathway – which indeed are either genus or species-specific
(olivetoric acid, [8], e.g., grayanic acid, [9], usnic acid [10–12], gyrophoric acid [13]. In rare cases the PKS-
derivatives are reported to be secreted by a few taxa or families (atranorin [14], anthraquinones in
Teloschistales, [15]. An evolutionary conserved, cross-kingdom or cross-class presence of a gene would
suggest an important functional role, shedding light on the significance of secondary metabolites in
lichens. An in-depth search for conserved biosynthetic gene hasn’t been done yet, mostly because of the
scarcity of lichen genomic data. The increased taxonomic coverage of genomic databases in lichenized
fungi provides a premise to explore the possibility of an evolutionary conserved BGC in lichens [16, 17].

Terpenes constitute an interesting class of biosynthetic compounds owing to their ecological and
physiological importance in bacteria [18–20], non-lichenized model fungi, as well as in plants [21].
Furthermore, terpene derivatives have a high pharmaceutical and commercial importance [19, 22, 23] with
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menthol and taxol being among the most renowned terpene-derivatives for their use in food
flavorings/aroma [24, 25] and anticancer medication [26, 27], respectively. As for the terpene BGCs, like
other BGC classes, most genes involved in terpene synthesis are also linearly organized [28–31]. A
terpene cluster typically consists of a terpene cyclase (TPC) as the core enzyme which forms the
hydrocarbon backbones of terpenoids, and of a few accessory enzymes which modify the backbone
terpene or are involved in the regulation of terpene synthesis or the transportation of the final product [29,
30, 32]. The most common tailoring enzyme associated with terpene clusters are cytochrome P450
mono-oxygenases (CYP450), NAD(P)+, and flavin-dependent oxidoreductases. A recent study suggests
that about 20% of the biosynthetic genes in LFF are terpenes [33]. Despite this, only little is known about
lichen terpenes (ergosterol and squalene among a few studied [34–36]). To our knowledge all studies so
far focused on terpene detection and its taxonomic significance for species identification [35, 37, 38],
whereas widescale metagenomic investigation of terpene BGCs was never carried out leaving the
diversity and evolution of this BGC class completely unknown.

In this study we set out to answer the following questions: 1) What is the diversity of BGCs linked to
terpene biosynthesis in LFF? 2) Are there any evolutionarily conserved BGCs related to terpene
biosynthesis? And 3) What are the major forces shaping the evolution of terpene BGCs in lichens.

Methods

Dataset, genome assembly and annotation
A total of 111 LFF were included in the study, 102 Lecanoromycetes, four Eurotiomycetes and five
Dothidiomycetes (Supplementary material 1). Gene prediction and functional annotation were performed
as according to Singh et al. [39]. Genome completeness was estimated using BUSCO [40] with the
ascomycota dataset. Single copy BUSCOs were quality-filtered and compared to extract those present in
most taxa (maximum one sample missing). The single copy BUSCOs were then concatenated and the
concatenated sequences from all the taxa were aligned using MAFFT L-INS-I [41, 42]. Phylogenetic
relationships were inferred from the alignment using maximum likelihood (ML) analysis as implemented
in IQTree v1.5.5 [43] using standard model selection and 1,000 bootstrap replicates. The resulting tree
was visualized using FigTree 1.3.1 [44] and annotated in iTOL [45].

Hunting for a conserved BGC: BGC identification and
clustering using automated genome mining software
Core biosynthetic genes were predicted and annotated in 112 taxa using the automated genome mining
pipeline AntiSMASH (antibiotics & SM Analysis Shell, v7.0 [46]) which identifies BGCs based on the
sequence similarity of the concerned enzymes/genes. The BGCs identified via antiSMASH (PKSs, NRPSs,
terpenes, RiPPs and hybrid BGCs) comprise varying degrees of core gene and cluster similarity (as
evident from the closest MiBiG hit). To compare cluster sequence and architectural relationships between
the BGCS identified via AntiSMASH and identify the homologous and cross taxa conserved BGC if any,
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we used biosynthetic gene similarity clustering and prospecting engine’ (BiG-SCAPE [47],
https://git.wageningenur.nl/medema-group/BiG-SCAPE) which builds sequence similarity networks and
groups BGCs into gene cluster families (GCFs) potentially coding for the same or a similar metabolite
across a range of organisms. BiG-SCAPE groups similar BGCs into gene cluster families (GCFs) based on
distance metrices was used to classify and group BGCs. We computed the BGC assignment into GCFs
using a conservative approach – the raw distance cut-offs of 0.6. The analysis was done retaining
singletons and with the PFAM database.

BiG-SCAPE clustered the similar BGCs into GCFs. Two or more GCFs potentially coding for structurally
similar compounds are grouped into networks/clans. Of the clans obtained via BiG-SCAPE (PKSs, NRPSs,
RiPPs, hybrids and terpene BGCs, the largest were obtained for terpenes, hereto being the most promising
candidate for a conserved BGC across lichens. We therefore continued with in-depth analyses of the two
terpene clans to hunt for conserved biosynthetic gene. Detailed Materials and methods for this section
can be found in Supplementary material 2.

Core terpene BGCs of lichens – gene sequence
conservation and cluster synteny
To display the synteny and homology of the core genes in the two terpene clans among taxa, we used
Clinker [48]. The collinearity analysis was performed between the members of Clan1 and Clan2 and the
resulting figure was adjusted for presentation using Inkscape. Although the core gene of was identified as
a putative squalene synthase, based on a MiBiG hit, most of the accessory genes could not be identified,
even when using BLAST search individually (all hits resulting in hypothetical proteins). We therefore
performed a conserved domain search on the amino acid sequences of the genes upstream and
downstream of the squalene synthase gene to predict their putative function.

TPS Classification and Motif/Domain Annotation
The core genes of the two clans were deduced based on MiBiG similarity (sequence similarity of
individual genes) and were found to be squalene synthase clusters, involved in the synthesis of
cholesterol/ergosterol. However, as the conserved terpene BGCs in lichens did not cluster with the
Aspergillus squalene synthase cluster in BiG-SCAPE, this suggests lichen squalene synthase cluster may
be evolutionary diverse than that of Aspergillus and non-lichenized fungi in general (MiBiG provides
sequence similarity of individual genes whereas BiG-SCAPE deduces cluster synteny and similarity). We
therefore inferred the sequence conservation, putative structure of the core terpene cluster in lichens and
inferred its physiochemical properties to bring in additional evidence whether it could be a squalene
synthase.

The bacterial, fungal, and plant terpene synthases have a pair of characteristic conserved metal-binding
domains consisting – [D/N)DXX(D/E) or DDXXXE] located within 80–120 (bacterial and fungal terpene
synthases). In addition, it is reported that there is a 30 aa region at the C terminus specific to fungi. We
tested the presence of these regions in LFF putative squalene synthases. We aligned the putative
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squalene synthase sequences of LFF (Clan1 – FAM02526, FAM00230, FAM03031, FAM03070, FAM6129
and FAM07143) to that of non-lichenized fungi (Aspergillus flavus, A. niger, and Candida albicans) and a
protozoan squalene synthase from Trypanosoma cruzi to – 1) confirm if the C-terminal region, ~ 30aa
long, previously reported from Aspergillus to be fungal specific is widespread in fungi, i.e. LFF and 2)
identify the characteristic conserved metal-binding domains ( [D/N)DXX(D/E) or DDXXXE] reportedly
located within 80–120 (bacterial and fungal terpene synthases) and 3) to identify characteristic aa of
lichen squalene synthase if any. The alignment comprises 590aa. For LFF squalene synthase we
predicted the motifs and structure from the sequence of the gene using the programs mentioned below.

To test if the biosynthetically identified squalene synthase from LFF is indeed a transmembrane protein
and to predict the transmembrane, intracellular and extracellular regions of the squalene synthase we
implemented two programs Phyre2 [49] and DeepTMHMM. DeepTMHMM (http://heliquest.ipmc.cnrs.fr)
predicts protein structure and membrane topology of both alpha-helical and beta-barrel transmembrane
proteins using deep learning and computes the probability whether if the protein is situated inside or
outside of the cell, and if it is a transmembrane protein (comprising a high percentage of hydrophobic
amino acid residues). Phyre2 on the other hand predicts three-dimensional (3D) structure of the protein
from the given amino acids using the alignment of hidden Markov models via Hhsearch1. We then
checked the physiochemical properties (i.e., hydrophobicity etc.) of the entire sequence as we all as the
region predicted to be transmembrane (22aa) using HeliQuest [50]. This program returns hydrophobicity
⟨H⟩ and hydrophobic moment ⟨µH⟩ values for the input sequences. A positive ⟨H⟩ value (e.g., > 1)
denotes a hydrophobic helix, and a negative value indicates a hydrophilic helix. The transmembrane
proteins have high hydrophobicity.

Results

Biosynthetic gene diversity and clustering
AntiSMASH predicted the presence of 5542 BGCs in 111 genomes (Supplementary material 1). BiG-
SCAPE analyses clustered BGC of each class into networks (GCFs and clans) and those clusters without
any similar biosynthetic gene with the dataset or in MiBiG were obtained as singletons. Although several
networks were generated for each BGC class – PKSs, NRPSs, RiPPs, hybrids and terpenes, the largest
networks were obtained for terpene BGCs, making them the most promising candidate for a conserved
BGC across LFF.

In-depth analysis of the diversity of terpene BGCs
Of the total ~ 5000 BGCs predicted, 733 (13%) were identified as presumptive terpene synthases. Among
these 680 were detected in Lecanoromycetes (6.6 ± 3.2 BGCs/taxon), 24 in Eurotiomycetes (6.75 ± 1.2
BGCS/taxon) and 29 in Dothidiomycetes (7.4 ± 2.07 BGCS/taxon) (Fig. 1A). Physciaceae constitutes
most terpene BGCs rich family (14.5 ± 2.1 BGCs/taxon) (Fig. 1B)). The most terpene BGCs rich taxa were
– Parmelia, Parmeliaceae (12.5 + 3.5 BGCs/taxon), Bulbothrix (13.5 + 0.5BGC/taxon) and Evernia
prunastri (14 BGCs/taxon). None of the terpene BGCs detected in the dataset clustered with a terpene
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BGC annotated in MiBiG (a public database of annotated biosynthetic genes) indicating structural and
putatively functional novelty of the identified terpenes. This could be because MiBiG mostly constitutes
plant terpene BGCs which are diterpenes whereas LFF are known to produce triterpenes and therefore the
BGCs reported here maybe involved in the triterpenes synthesis.

Terpene clusters and BiG-SCAPE clustering
The 733 terpene BGCs were grouped into 445 GCFs based on the sequence similarity of core genes and
cluster synteny thus indicating that these terpene synthases are highly structurally diverse (Fig. 1C). We
detected both species-specific as well as highly conserved terpene BGCs. Overall, 377 were singletons,
detected only once and unique to a species whereas others grouped into GCFs with two/more members.
Some GCFs were rare and specific to a few taxa (e.g. 418 GCFs [94%] occur across three or fewer
genomes).

Core terpene BGCs of lichens
We retrieved two big terpene biosynthetic gene networks/clans, each comprising a few GCFs (Fig. 2).
Clan1 consisted of six GCFs and 83 BGCs and Clan2 of three GCFs and 68 BGCs (Fig. 2, 3A). Clan1 was
reported from 94.6% taxa encompassing all families and genera included in the study (missing in six
taxa, Fig. 2) whereas Clan2 was shared across 80% taxa (missing in 23 taxa, Fig. 2). Interestingly, in
Eurotiomycetes and Dothidiomycetes the clans were detected only via local BLAST and not when using
BiG-SCAPE indicating sequence and cluster divergence from that of LFF (, Fig. 2). Seventy five percent of
the LFF contain both Clan1 and Clan2. Each taxon had at least one copy of the squalene synthase.

Evolutionary conservation of clans in related lichenized
fungi and non-lichenized fungi
Although the corresponding cluster in LFF from Dothideomycetes and Eurotiomycetes do not group with
clan2 in the BiG-SCAPE analyses, the member taxa form an independent network and the non-lichenized
taxa from these classes did not group with the LFF. This cluster has the same gene composition but
probably sequence divergence guides clustering of these taxa together rather than with lecanoromycetes.

In clan1, apart from the lichenized fungi from Lecanoromycetes, Eurotiomycetes and Dothideomycetes,
four non-lichenized parasitic fungi belonging to Dothideomycetes grouped within. The non-lichenized
clusters however were phylogenetically most distant, and shared low conservation to that of lichenized
fungi. Based on this evidence we propose that clan2 is restricted to lichenized fungi whereas clan1 is
conserved in LFF but also shared by some closely-related non-lichenized fungi.

Cluster composition of conserved clans
Clan1 consists of two genes conserved across LFF, i.e., a squalene synthase and a J domain-containing
protein, whereas several other genes in Clan 1 are conserved within a family or genus, e.g.,
Abhydrolase/SLC5-6-like and BTB/POZ domain containing protein (Fig. 3A, 3B). The J domain-containing
protein is located upstream of a terpene synthase. These accessory genes are usually involved in protein
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(re)folding, trafficking, remodeling, disaggregation, and degradation. Other protein frequently found in the
conserved clusters of Clan1 have conserved domains typically found in the proteins related to transport
and signaling function, for instance protein kinases (cellular signaling), DNA translocase FtsK and
Abhydrolase/SLC5-6-like (locatization and transport) and transcription regulation (The BTB/POZ domain
containing protein).

Clan2 contains four genes conserved (90%) – squalene synthase, phytoene desaturase, RPE65 and Opsin
(Fig. 3C). RPE65 is most probably involved in regulatory function being located upstream of the squalene
synthase whereas phytoene desaturase and opsin are located downstream of the squalene synthase.
Other genes occasionally present in the clan include protein kinase, abhydrolase, GPI2, helicase etc.

The core gene of both clans is the squalene synthase although that of Clan2 is slightly shorter than Clan1
(Clan1: 1000-1600bp, 330-550aa vs. Clan2: 900 nucleotide, 300 aa long) ((Fig. 3B, C). Interestingly, while
the squalene synthase of a clan displayed high sequence similarity among themselves, both sequence
and cluster composition were different from those of members of Clan2 (Fig. 3B, C).

TPS Classification and Motif/Domain Annotation
As the conserved squalene synthase did not group with its fungal or plant counterpart in MiBIG, we used
the following indices to validate that the terpene synthase in the conserved clans is indeed a squalene
synthase: sequence similarity, cluster synteny, conserved motifs, and other physiochemical features
(hydrophobicity and polarity of the domains).

We found that the conserved, characteristic metal-binding domain of terpene synthases [D/N)DXX(D/E)
was present in the BGCs of both conserved clans across LFF in the same region as in bacterial, fungal,
and plant terpene synthases, i.e., between within 80–120aa. We identify this region to be DTI/VEDD. The
most conserved region between fungi and non-lichenized fungi is about 50-100aa from the N terminus,
whereas the C terminus region specific to fungi including the protein-protein interaction and
transmembrane region is highly variable between the two.

We additionally inferred the presence of highly hydrophobic residues towards the C terminus which form
the transmembrane domain of the protein, another typical feature of squalene synthases. DeepTMHMM
predicted the presence of one transmembrane helix whereas Phyre2 also detected an additional helix
towards the N terminus. However, as this transmembrane helix has slow probability and confidence, we
propose that the LFF squalene synthase has only one transmembrane helix of about 22–25 aa towards
the C terminus. The protein contains intracellular and extracellular regions of about 420–430 bp and 40-
50aa aa before and after the transmembrane helix, respectively (Fig. 3A, B). Furthermore, the putative
squalene synthase has a C-terminal region that is typical of fungal squalene synthases and absent in
plants, fungi and humans. The A. fumigatus squalene synthases contains in fact a conserved hinge
region of 26 aa before the transmembrane domain in LFF. We identified this region in LFF as well and
found it to be highly conserved across the class, except for a few variations (Fig. 3).
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Fungal squalene synthases are transmembrane proteins, having polar, intra and extracellular regions and
a hydrophobic transmembrane helix. The predicted transmembrane region present towards the C-terminal
region of LFF squalene synthase has similar properties ((% polar residues, hydrophobicity, and
hydrophobic moment) to that of C-terminal helical domain of Aspergillus fumigatus squalene epoxidase,
suggesting it to be synthesizing a transmembrane protein as in Aspergillus fumigatus. (Fig. 4A, B). The
membrane spanning portion of the squalene synthase is also highly variable within LFF as was shown
within each kingdom of life and retains only physiochemical properties typical of the region (high
hydrophobicity), not the sequence similarity. The TM domain in LFF SQS is slightly more polar (22%
polarity) than in the fungal and human SQSs (16% polarity) but less than that of Trypanosoma cruzi
(11%, 16% and 33% polarity respectively) and may bind in a somewhat different membrane-associated
manner.

Before the fungal-specific C domain, there is a hinge sequence of 26aa linking the catalytic and
transmembrane domain which is highly conserved within each kingdom of life [51]. In fungi, it is involved
in the assembly of ergosterol multi-enzyme complexes. This region is present and highly conserved also
in LFF as well, expanding the current knowledge beyond the model fungi Saccharomycetes,
Euascomycetes (Candida albicans) and Eurotiomycetes (Aspergillus). The kingdom specificity of this
domain is particularly interesting and can be used to develop targeted antifungal and antiprotozoal
therapeutics as kingdom specific therapeutics mimicking the hinge region would not interfere with the
human sterol synthesis pathway.

Discussion

Diversity of BGCs linked to terpene biosynthesis
We found that the terpene BGCs are taxonomically widespread among LFF, and all lichenized fungi have
at least one BGC (or core gene) for synthesizing terpenes (Fig. 1A). Interestingly, except for the two big
networks, most BGCs were singletons bearing no similarity to other lichen terpenes or to those present in
MiBiG database, indicating the presence of mostly lineage-specific terpene BGCs in LFF (Fig. 1C). This is
not surprising as LFF largely produce structurally diverse and unique triterpenes. For example, the lichen
family Physciaceae is widely known to produce unique and diverse triterpenes [52]. This is also the case
for plant terpene-related BGCs, some of which are widely distributed (e.g., cholesterol synthase) while
others have a more restricted, taxon-specific distribution (e.g., carotenoids, vitamins A and D, steroid
hormones, pheromones, essential oil as camphor and defense-related metabolites; [53, 54]. Presence of
rare, species- or lineage-specific terpenes is known from non-lichenized fungi as well. For instance,
Aspergillus ochraceus produces several sesquiterpenoids which are relatively rare [55]. Similarly, the
marine sediment-derived fungus Eutypella scoparia produces a 7-methyl oxidized 2-carene derivative [56],
and the marine alga-related fungus Cochliobolus lunatus produces two dendryphiellins, both of which are
rare terpenes [57]. The presence of numerous taxon-specific terpenes reflects the breadth of the
functional potential and species-specific function of these genes in LFF. Given the wide ecological niches
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of lichens it is probable that the lineage-specific terpenes play specific role in lichen biology, such as
biotic and abiotic stress responses and defense, among others.

Are there conserved BGCs in lichens?
Two BGC networks are widely distributed and homologous across LFF (Fig. 2). Both networks contain a
squalene/phytoene synthase as the core gene, putatively involved in sterol biosynthesis (Fig. 3B, C). Each
taxon has at least one copy of squalene synthase, showing 100% conservation in LFF (Fig. 2). In fact,
squalene synthase is conserved across kingdoms and has been reported from fungi, plants and animals
including rats and humans [51, 58]. However, cluster organization differs among them, generating the
diversity of sterols among organisms [51, 58]. For instance, the squalene cluster codes ergosterol in non-
lichenized fungi, ß-carotenoids in plants and cholesterol in mammals/humans [59]. The squalene
synthase is one of the starting enzymes in the sterol pathway (catalyzes the first step in sterol
biosynthesis – condensation of two molecules of farnesyl diphosphate (FPP) to form squalene, the
precursor of all steroids) and consecutive enzymes dictate the final protein produced [60, 61]. Ergosterol,
for instance, differs from the predominant mammalian sterol, cholesterol, by the presence of a methyl
group among other differences and hence requires a methyl transferases. Furthermore, despite being
conserved, the LFF squalene synthase gene shows low sequence similarity to the corresponding gene
from non-lichenized fungi. The gene conservation but high sequence divergence coupled with different
downstream enzymes explains their involvement in the important metabolic pathway
(carotenoids/cholesterol/ergosterol synthesis) but with slightly different, kingdom specific modifications.

Of the two conserved clans, Clan2 comprises LFF from Lecanoromycetes, Dothideomycetes,
Eurotiomycetes as well as from Lichinomycetes whereas Clan1 has mostly LFF, but also a few non-
lichenized, parasitic fungi belonging to Dothideomycetes (Fig. 3A, Supplementary material 2,3,4). Given
the data, we propose that both Clan1 and Clan2 are conserved in LFF and Clan1 is also shared by
parasitic non-lichenized fungi. Presence of an evolutionary conserved BGC indicates functional relevance
of the cluster for the organism [62–64]. Non-lichenized fungi produce ergosterol via a complex process
involving several enzymes as oxidases, methyltransferases, demethylases, desaturases, isomerases etc.
Studies suggest that some lichens do produce ergosterol [36, 65–67] but neither of the conserved
squalene cluster we report has the same cluster composition as reported from Aspergillus [68, 69]
implying either that lichens produce a slightly different variant of ergosterol or that enzymes outside the
cluster may participate in the ergosterol synthesis. Clan2 BGCs do comprise desaturase and oxidases
required for ergosterol synthesis (Fig. 3C) but are not the same as reported from Aspergillus [68, 69].
Ergosterol or sterols in are involved in cell wall maintenance, regulation of membrane fluidity and
structure [70]. Given the symbiotic nature of LFF it is expected that the membrane structural requirements
to sustain fungal-algal cross-talks are different from that of non-lichenized fungi, which may explain the
cluster difference between the two.

Our study overturns the notion that secondary metabolite clusters, unlike primary metabolite clusters,
show narrow taxonomic distribution. The presence of an evolutionary conserved biosynthetic pathway in
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lichens is certainly intriguing, considering that it was so far showed that lichen-fungal BGCs have a
narrow, almost lineage-specific, taxonomic distribution [4, 7–9, 11, 13, 15, 71].

Gene duplication and squalene synthase isoforms
The presence of two isoforms of squalene synthase in lichens suggests a possible gene duplication of
this gene at the base of Lecanoromycete diversification, followed by independent evolutionary pathway
leading to different cluster architecture and most probably, its function. Copy number variation for
squalene BGC is a common phenomenon and is an important factor in the evolution of these genes. For
instance, single copy of this gene has been reported in rice [72], Japanese yew Taxus cuspidate [73] and
petroleum plant Euphorbia tirucalli [74] whereas two copies have been reported from tobacco [75],
Russian dandelion Taraxacum koksaghyz [76], licorice plant Glycyrrhiza glabra [77], barrel medic plant
Medicago truncatula [78] and Arabidopsis thaliana [79]. In rare cases, more than two copies have been
found, for instance three copies in the ginseng plant Panax ginseng [80].

Squalene synthase cluster in LFF
We found that both conserved clans comprise squalene synthase homologs as the core genes even
though the accessory genes are different in these clans as well from the homologous cluster in non-
lichenized fungi (Fig. 3B, C). In Clan2, apart from the squalene synthase, early carotenoid biosynthesis
enzymes - phytoene desaturase, RPE65 and Opsin – are highly conserved among evolutionarily diverse
lichens. Phytoene desaturase is present immediately downstream of squalene synthase. Studies show
that desaturases desaturate squalene to make dehydrosqualene, and subsequently carotenoid pigments.
Opsin, present further downstream of the phytoene desaturase, also constitutes one of the highly
conserved genes of the cluster. Opsins are universal photoreceptors. It is proposed that they are involved
in the production of carotenoid molecules with photoprotective or antioxidant molecules by acquiring
promiscuous desaturases.

The accessory genes in the conserved squalene cluster were different from the homologous cluster in
non-lichenized fungi. For instance, squalene cluster of fungi contains oxidative enzyme of the
Cytochrome P450 monooxygenase (CYP450) family which are involved in functional modification and
hence diversification of the terpenes. Interestingly, we did not find any cytochrome family genes in the
putative squalene synthase clusters in LFF, but RPE65: Retinal which belongs to the carotenoid
oxygenase family protein and may play similar oxidative function in this cluster in LFF. This indicates
that the sterol pathway in LFF involves different genes than what reported from non-lichenized fungi.

Major factors shaping the evolution of conserved terpene
BGCs in LFF
Although the two networks are mostly conserved in LFF, they differ in gene content and organization
across taxa. In general, the gene order in prokaryotic as well as eukaryotic genomes tends to be poorly
conserved through evolution [81–83]. However, certain groups of genes remain adjacent to each other in
the genomes even over long evolutionary distances, which suggests that selection tends to preserve their
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genomic co-localization [84]. Our comparative genomic analyses revealed a general conserved pattern of
gene organization (Rhodanese-like domain containing protein synthase and Squalene/phytoene synthase
next to each in clan 1 and RPE65, squalene synthase, phytoene desaturase and opsin in Clan2, (Fig. 3B,
C)) but also several species- as well as genus-specific structural rearrangements in these conserved BGCs
in LFF.

Certain genes of the cluster are restricted to a genus or even only a few or one species. For instance,
helicase genes in the cluster are present only in two species. Similarly, a putative alpha/beta hydrolases
gene is present only in two taxa and showed location and orientation difference between the species
(Clan2, Fam121, (Fig. 3C)). Another example is the gene coding for protein kinases, present only in some
taxa among the members of Clan2 (Fig. 3C). Interestingly, this gene is found in certain taxa of the
Parmeliaceae between the terpene synthase and the phytoene desaturase gene, disrupting the otherwise
conserved arrangement of these two genes next to each other. The sporadic presence of this gene in
certain taxa indicates gene gain/loss as an essential process for the evolution of this cluster in
Parmeliaceae. Gene duplications, gene losses and functional divergence of genes in the trichothecene
[85] MGCs were linked to the structural diversity of the trichothecene toxins in plant pathogenic fungi.
Similarly, Sterigmatocystin and aflatoxin MGCs are evolutionarily related but differ in gene content, order
and orientation with aflatoxin producers having extra genes which facilitate the downstream steps for
conversion of sterigmatocystin into different types of aflatoxins [86]. The accessory gene family
combinations in the cluster further potentially increase the functional plasticity of these genes tailoring
the product to an organism’s specific needs.

Conclusions
This study dwells into the diversity and evolution of terpene biosynthetic gene clusters in lichens and
delivers new perspectives on conservation of these pathways. First, we show that lichenized fungi have
the potential to synthesize many different, species-specific terpenes, which could be explored for their
unique bioactivity. Second, while terpene BGCs are predominantly taxon-specific, two clusters are highly
conserved. Interestingly, both clusters had a squalene synthase as the core gene, but different sets of
accessory genes indicating gene duplication, losses and gains are the major factors driving the evolution
of this cluster. As opposed to the previous view of taxa-restricted distribution of lichen metabolites, for the
first time we unveil the presence of biosynthetic gene clusters shared by most lichenized fungi. Third, we
provide the putative structure of the various domains in the squalene synthase gene, which is particularly
interesting as a target for cholesterol drug development.
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Figure 1

Distribution of terpene biosynthetic genes. A) The ML phylogenomic tree based on single copy BUSCOs
of 112 taxa with black circles representing the >70% bootstrap support. Brown bars depict the number of
terpene clusters present in each taxon. Although the number of terpenes varies across taxa, all lichens
have terpene BGCs in their genomes. B) A violin plot showing the number of terpenes BGCs in each
family. The numbers on the plot are the number of taxa of the family included in the study. Physiaceae
are the most BGC rich family. C) BiG-SCAPE clustering (threshold 0.6) showing the clustering of BGCs
into gene cluster families based on gene homology and cluster synteny. Each dot in the cluster represents
a terpene BGC from a taxon and lines indicate the presence of a similar cluster in another taxa. Most
terpene clusters ended up as individual dots with no connections, indicating that they are lineage specific
and have a restricted taxonomic distribution. Two big terpene clans were detected, represented by the
clustered dots connected by lines, suggesting the widespread and conserved presence of two terpene
clans in LFF. These are hereafter referred as Clan1 and Clan2.
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Figure 2

Phylogenetic distribution of conserved terpene BGC clans. A phylogenomic tree depicting the distribution
of conserved terpene BGC clans in lichens as seen in figure 1C as well as in the outgroup taxa. Colored
empty circles represent the taxa where the BGC/core gene was not detected by BiG-SCAPE but only by the
local sequence similarity search using the sequence of the core gene. 75.67% (84 taxa) taxa contain both
conserved clans. The core gene of both clans is a squalene synthase homolog, but different accessory
genes, indicating a gene duplication of squalene synthase in lichens.
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Figure 3

Clinker plot showing the cluster synteny among squalene/phytoene cluster A) Table giving the overview
of the gene cluster families of the two terpene clans. A clan has a few gene cluster families, each
containing several homologous terpene clusters. Gene cluster families represent homologous clusters
grouped together based on their cluster homology and synteny as according to BiG-SCAPE (threshold
0.6). Clan1 has six cluster families whereas Clan 2 has three; B) Clinker plot showing the synteny among
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squalene/phytoene clusters of the six families belonging to Clan1 among taxa. Notably while the position
of accessory gene is not conserved among taxa and certain genes as DNAJ protein maybe present
immediately upstream of the squalene synthase or after a few genes. Similarly, Keinesin motor domain
(represented by florescent green arrow in FAM02526) can be present upstream or downstream of the
squalene synthase. C) Clinker plot showing the synteny among squalene/phytoene clusters of the three
families belonging to Clan2. As in clan1 gene organization and location is variable among taxa. Four
genes – RPE65, squalene synthase (core gene of the cluster), phytoene desaturase and Opsin – are
common among the three families of the Clan2. While gene arrangement in most cases follows the
above-mentioned order, there are some interesting exceptions. For instance, in some cases protein Kinase
is present between squalene synthase and phytoene desaturase. Similarly, although DEAD helicase is
conserved and present in most taxa, its position of variable among taxa. In rare cases genes as protein
kinase are sporadically present between the squalene synthase and phytoene desaturase. This indicates
gene loss/gene gains are common in the evolution of this gene cluster family.
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Figure 4

A) The domains and motifs of LFF squalene synthase derived from consensus sequence as predicted by
DeepTMHMM. The program detected a signal peptide, extracellular and cytoplasmic regions at the N
terminus and a transmembrane region at the C terminus. B) The high hydrophobicity of the predicted
transmembrane region further supports the region to be transmembrane. C) Conservation of fungal-
specific region of the squalene synthase across Lecanoromycetes.
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