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| Abstract

Lichens, a paradigm of mutualistic symbioses comprising photobionts (algae or
cyanobacteria) and mycobionts (fungi), exhibit profound biosynthetic capabilities, giving rise
to a myriad of structurally diverse secondary compounds. Exploiting the biotechnological
potential inherent in lichens necessitates an in-depth understanding of their biosynthetic
pathways and corresponding gene clusters. In the first part, an extensive study of
biosynthetic gene clusters across all components of two lichen thalli from Hypogymnia
physodes and Hypogymnia tubulosa, encompassing fungi, green algae, and bacteria is
conducted. Leveraging two high-quality PacBio metagenomes, we identified a total of 460
biosynthetic gene clusters. Remarkably, mycobionts emerged as reservoirs of biosynthetic
gene clusters, encompassing 73-114 clusters. Predominantly, Type | Polyketide Synthases
(T1PKSs), Non-Ribosomal Peptide Synthetases (NRPSs), and terpene synthases prevailed

among mycobiont biosynthetic genes.

Furthermore, an in-depth investigation focused on three prevalent lichen mycobionts was
deployed: H. physodes, H. tubulosa, and Parmelia sulcata. Utilizing a high-quality PacBio
metagenome of P. sulcata, we successfully extracted the mycobiont bin, uncovering 214
biosynthetic gene clusters. Notably, T1PKSs, NRPSs, and terpene synthases constituted the
major gene clusters in this dataset. To investigate cluster synteny between this mycobiont
bin and those from the previously described Hypogymnia species further bioinformatic
processing was conducted. Through meticulous ketosynthase homology analysis, we
unveiled nine highly conserved gene clusters shared among all three mycobiont species,
encompassing both non-reducing and reducing polyketide synthases. Among these, four
clusters exhibited putative involvement in the formation of orsellinic acid-derived lichen
substances, including orcinol depsides, depsidones (e.g., lecanoric acid), methylated forms
of orsellinic acid (e.g., atranorin), and melanins. This thesis represents the first
comprehensive identification and analysis of biosynthetic gene clusters within complete
lichen holobionts, shedding light on the unexplored biosynthetic potential residing within
Hypogymnia species. Furthermore, syntenic comparison of these with P. sulcata render
biosynthetic gene clusters related to natural product formation accessible for further
evaluation. The insights gained from this research significantly contribute to the classification
and dereplication of the extensive polyketide synthase diversity found in lichenized fungi.
Moreover, the high-quality sequences of biosynthetic gene clusters obtained from these
three prevalent lichen species establish a solid foundation for further exploration of
biotechnological applications and deeper investigations into the natural product formation

unique to lichens.



Il Zusammenfassung

Flechten, ein Paradigma mutualistischer Symbiosen aus Photobionten (Algen oder
Cyanobakterien) und Mykobionten (Pilzen), zeigen ein ausgepragtes biosynthetisches
Potential, welches sind in der Vielzahl an strukturell unterschiedlichen Sekundarmetaboliten
widerspiegelt. Um das biotechnologische Potenzial von Flechten nutzen zu kdnnen, ist ein
tiefgehendes Verstandnis ihrer biosynthetischen Synthesewege und der entsprechenden

Gen-Clustern von entscheidender Bedeutung.

Im ersten Teil dieser Arbeit wird eine umfassende Studie der biosynthetischen Gen-Cluster
in allen symbiotischen Organismen von Thalli aus Hypogymnia physodes und Hypogymnia
tubulosa durchgefihrt. Hierunter befinden sich einschlielich Pilze, Grinalgen und Bakterien.
Unter Verwendung von zwei hochwertigen PacBio-Metagenomen wurden insgesamt 460
biosynthetische Gen-Cluster identifiziert. Bemerkenswerterweise erwiesen sich Mykobionten
als Reservoirs biosynthetischer Gen-Cluster mit 73-114 Clustern. Vorherrschend waren
dabei Typ-I-Polyketid-Synthasen (T1PKS), nicht-ribosomale Peptidsynthetasen (NRPS) und

Terpensynthasen unter den biosynthetischen Genen der Mykobionten.

Des Weiteren wurde eine eingehende Untersuchung von drei weit verbreiteten Flechten-
Mykobionten durchgefihrt: H. physodes, H. tubulosa und Parmelia sulcata. Unter
Verwendung eines hochwertigen PacBio-Metagenoms von P. sulcata wurde der
Mykobionten-Bin extrahiert, der 214 biosynthetische Gen-Cluster umfasst. Hierbei stellen in
diesem Datensatz ebenfalls TIPKS, NRPS und Terpensynthasen die Hauptgengruppen dar.
Um die Cluster-Syntenie zwischen diesem Mykobionten-Bin und denen der zuvor
beschriebenen Hypogymnia-Arten weiter zu untersuchen, wurden weitere bioinformatische
Analysen durchgefuhrt. Durch eine sorgfaltige Analyse der Ketosynthase-Homologie wurden
neun hochkonservierte Gen-Cluster identifiziert, die in allen drei Mykobionten-Arten
vorkommen und sowohl nicht-reduzierende als auch reduzierende Polyketid-Synthasen
umfassen. Vier dieser Gruppen weisen eine mdogliche Beteiligung an der Bildung von
Flechteninhaltsstoffen auf, die von Orsellinsdure abgeleitet sind, einschlie3lich Orcinol-
Depside, Depsidonen (z. B. Lecanorsaure), methylierte Formen von Orsellinsdure (z. B.
Atranorin) und Melanine. Diese Arbeit stellt die erste umfassende Identifizierung und Analyse
biosynthetischer Gengruppen in vollstdndigen Flechten-Holobionten dar und wirft Licht auf
das unerforschte biosynthetische Potenzial in Hypogymnia-Arten. Dartber hinaus ermdglicht
der syntenische Vergleich mit P. sulcata eine weitere Untersuchung der mit der
Naturstoffbildung in Verbindung stehenden biosynthetischen Gen-Cluster. Die gewonnenen

Erkenntnisse tragen wesentlich zur Klassifizierung und Dereplikation der umfangreichen

Y



Polyketid-Synthase-Diversitat bei, die bei flechtenbildenden Pilzen gefunden wurde. Dartber
hinaus legen die hochwertigen Sequenzen biosynthetischer Gen-Cluster von diesen drei
verbreiteten Flechten-Arten eine solide Grundlage fur die weitere Erforschung
biotechnologischer Anwendungen und tiefgreifende Untersuchungen der einzigartigen

Naturstoffbildung in Flechten.
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Introduction

1 Introduction

1.1 General Introduction: from Fungi to Lichen

Representing a large share of the genetic diversity on Earth, fungi have had a tremendous
influence on the development of life through their own evolution and diversification [1]-[4]. In
a re-evaluation on fungal diversity, Hawksworth & Licking estimated numbers currently
ranging between 2.2-3.8 million of fungi species, of which only 120,000 have been described
[5]. Through their inherent ability to develop adaptation mechanisms, fungi have optimized
their survival. Among these are coping mechanisms especially in regard to harsh abiotic
stresses, processing of various substrates and the ability to form mutualistic unions between
organisms of different superkingdoms (i.e. plants, animals or bacteria) providing benefits of a
symbiotic relationship [6], [7]. Thus formed symbioses enabled many groups of organisms to

adapt, grow and evolve ecologically, in particular lichens [8]-[10].

In the past, lichens were considered a mutualistic symbiosis consisting of a fungus and
partners capable of photosynthesis, such as algae or cyanobacteria [11]. The mycobiont
(fungus) determines the morphology of the lichen thallus, which is historically distinguished
into three main groups: fruticose (hair-like, strap-shaped or shrubby, protruding from the
substrate surface), crustose (crust-like, tight attachment to substrate) and foliose (leaf-like,
flat and only attached in parts to the substrate) [12]. In their symbiosis, the hosted
photobionts provide oxygen and carbon products through photosynthesis to be harvested by
the fungus and are in return provided with water, mineral nutrients, protection from
environmental conditions and herbivores [13]. Through their high adaptability, lichens are
distributed in most ecosystems on Earth. These are subdivided into their occurrence:
growing on plants or trees (epiphytic); populating on leaves (epiphyllic, mostly in sub-
[tropics); growing on rock surfaces or embedded in the upper layer (epilithic) and being part
of the soil composition (epigeic) [6], [14]. Regarding the composition of the lichen community,
recent research has indicated that lichen individuals may contain not only the primary fungus
responsible for lichen formation and the primary photosynthetic partner, but also additional
fungi from other phyla, and other organisms [15]-[17]. Among these are Basidiomycota [15],
or Ascomycota [18], as well as various types of bacteria and other algae [19], [20]. Today,

lichens are often referred to as ecosystems [21] or holobionts [22].

Lichens are classified based on their mycobiont, of which the majority (98%) belong to
Ascomycetes [23]. The photobiont is typically either a cyanobacterium (e.g. Nostoc) or an

eukaryotic green algae (e.g. Trebouxia) [24]. Notably, of all Ascomycetes nearly half are
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lichenized (approximately 20.000 species) [6], [24]-[26]. As new species are constantly

described, higher numbers are expected.

Particularly of interest are lichens belonging to the Parmeliaceae family, as this is considered
the most widespread family of lichen-forming fungi, comprising over 2726 species (about
10% of total lichen species) and 79 genera [27], [28]. In addition to the temperate, boreal,
sub-alpine, and Mediterranean areas of the Northern Hemisphere, members of the family are
extensively dispersed in the Southern Hemisphere (Australia, South America, and South
Africa) [27], [29]. The allocated species can be subdivided mainly into one of five main
clades, including the, alectorioid, cetrarioid, usneoid, hypogymnioid and parmelioid. This
family is well studied regarding phylogeny and systematics, however evaluations on genome
level are still scarce for most of the allocated species [27]. In this thesis two species from the
clade hypogymnioid and one from parmelioid are evaluated in more detail, namely

Hypogymnia physodes, Hypogymnia tubulosa and Parmelia sulcata.

H. physodes is one of the most ubiquitous and abundant macrolichens throughout Europe,
and also occurs in North America, Africa, and Asia [30]. It is a polymorphic, foliose species,
forming lip-shaped soralia located at the tips of the lobes, and up to 10 cm diameter in size. It
is found on acidic substrata, including the bark of trees, and siliceous rocks. H. tubulosa is
similar to H. physodes, but the lobes are more tubular, and soralia rounded, capitate, not lip-
shaped. It has a similar distribution and grows on similar substrata as H. physodes, but is
less frequent [31], [32]. Both species are associated with green algae of the genus Trebouxia
and often grow together. The upper surface of H. physodes and H. tubulosa is bluish to
whitish grey, due to the presence of atranorin in the cortex. The medullary layer contains
various colorless depsides and depsidones, the lower surface is black, due to the presence

of melanins.

P. sulcata is one of the most common species of lichen-forming fungi worldwide. It is widely
distributed in temperate and cold regions of both hemispheres, and typically grows on the
bark of trees. The lobed thallus has a light grey surface, usually with white ridges and
soredia. P. sulcata belongs to a species complex, characterized by high genetic diversity
[33]-[36].
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1.2 Natural Products in Fungi and Lichen

Fungi are known as a major source for a manifold of natural products, with the majority
exhibiting biological activities [37], [38]. The synthesized metabolites are categorized into two
groups: primary and secondary metabolites. Compounds belonging to the primary
metabolites are crucial for growth, reproduction, and development of the organism, as well as
metabolism. Examples for primary metabolites are high molecular weight polymers like lignin,
cellulose or proteins, as well as sugars (e.g. glucose) or amino acids [39]-[41]. Secondary
metabolites also often referred to as natural products, have an important influence on the
adaptation of biological systems and the organism itself. Among these are environmental
interactions like defence or warfare mechanisms, as well as roles in development [39], [42].
The distinction in unique secondary metabolite composition can also be utilized for their
chemotaxonomic determination [41]. Some of these secondary metabolites are of medical or
industrial importance, such as antibiotics (cyclosporin A) or hypocholesterolemic

pharmaceuticals like lovastatin [40], [43].

The advent of the genomic era equips us with the tools to bypass the need for isolating and
cultivating individual organisms to access the genes responsible for natural product
biosynthesis [44]. Apart from extensively studied and easily accessible organisms, non-
traditional sources are expected to provide a vast array of novel compounds [45]. For
instance, symbiotic organisms, which have remained largely unexplored in a systematic
manner, hold significant potential as a source of natural products [44]. Within the fungal
kingdom, symbiotic lichenized fungi are particularly projected to possess a yet untapped

reservoir of diverse secondary metabolites [39], [46].

Over the past few decades, the distinct secondary metabolite profile of these composite
organisms has attracted growing interest [47]. Lichens have a significant impact on various
community processes, largely due to their diverse and abundant secondary chemistry. These
processes include e.g., decomposition, nutrient accumulation and rock weathering [48]. Over
1,000 secondary metabolites have been identified in lichens, many of which are exclusive to
this symbiotic organism [49]-[52]. The majority of these characteristic lichen secondary
metabolites originate from fungi and are typically deposited outside the cells, such as on the
outer surface of medullary hyphae [49]. Lichen substances are often irregularly distributed
within the thallus, with pigments typically concentrated in the upper cortex and colorless
substances found in the medullary layer [49]. The concentration of lichen substances
generally ranges from 0.1% to 5% of the dry weight of the lichen thallus, although in some
cases, it can reach up to 30% [51], [53]. These secondary metabolites play diverse

ecological roles, including light screening, chemical weathering, allelopathic effects, and
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defence against herbivores [54]-[57]. In addition to benefiting the lichens themselves, these
compounds exhibit various biological activities, some of which are of pharmaceutical interest.
The activities of lichen compounds encompass antiviral, antibiotic, antitumor, allergenic, plant

growth inhibitory, antiherbivore, and enzyme inhibitory effects [47], [50], [58], [59].

Lichen mycobionts are predominantly involved in the synthesis of a plethora of natural
products [59]. Among the latter, the most prominent classes include depsides, depsidones,
dibenzofurans and phenolic compounds, however also aliphatic acids, triterpenes,
anthraquinones, secalonic acids, pulvinic acid derivatives, and xanthones are observed [27],
[49], [60]. These compounds exhibit bioactivities of antimicrobial [47], [61]-[63], antifungal
[64], anti-inflammatory [65], antioxidant [66], [67] and antitumoral [63], [68] nature. Examples
of medically relevant compounds include gyrophoric acid, atranorin and physodic acid [69].
Compounds like physodic acid, evernic acid, atranorin and usnic acid displayed an inhibitory
effect on metabolic enzymes [58], [60]. To visualize the distribution of secondary metabolites

in the lichen Hypogymnia physodes, Hypogymnia tubulosa and Parmelia sulcata,

Table 1 summarizes the respective natural products previously reported. Some of these

exhibit pharmaceutically relevant activities [30], [70]-[72].

Table 1. Lichen products from Hypogymnia tubulosa, Hypogymnia physodes and Parmelia sulcata.
Occurrence of respective metabolites is allocated to lichen region.

Lichen species Natural product Ref
[71], [73]

atranorin, chloroatranorin (cortical depsides);

Z%’L cl)gé/gm/a physodic acid, 3-hydroxyphysodic acid, 4-O-

methyl physodic acid (medullary depsidones)

atranorin, chloroatranorin (cortical depsides), [70], [73]-
Hypogymnia physodic acid, physodalic acid, 3- [75]
physodes hydroxyphysodic acid, protocetraric acid,

fumarprotocetraric acid (medullary
depsidones)

atranorin, chloroatranorin (cortical depsides), [76]-[79]

salazinic acid, consalazinic acid, lobaric acid
(medullary depsidones), lecanoric acid
(medullary depside)

Parmelia sulcata

Considering the exhibited manifold product spectra, lichen natural products are promising

leads in drug discovery for the further development regarding pharmaceutical applications.

Despite the potential of lichen compounds, their widespread utilization is impeded by two
primary factors. Firstly, the slow growth rate exhibited by many lichen species restricts their
large-scale cultivation. Secondly, isolating and in vitro culturing of the symbiotic partners, in
some cases, is challenging or even impossible [80]-[82]. Directly harvesting and isolating
4
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compounds from lichen thalli is typically unsustainable and often unfeasible due to the
substantial biomass requirement [83]. Experimental characterization of the molecular
mechanisms responsible for the biosynthesis of characteristic lichen metabolites faces
particular difficulties in aposymbiotic mycobiont cultivation and the slow growth rates
observed in lichen-forming fungi [51], [84]. Additionally, abiotic factors such as microhabitat,
elevation, hydration response, chemical signals, UV radiation, seasonality, and microclimatic

fluctuations can influence the biosynthesis of natural products [51], [58].

Furthermore, the biosynthesis of substances may be influenced by biological factors,
including interactions with microorganisms within the lichen thallus, predation by insects or
snails, and the presence of competing organisms [52]. Moreover, mycobionts only produce
significant amounts of natural products under specific inducing conditions, resulting in
notable disparities between the secondary metabolite production in axenic cultures and

natural environments [47], [58].

1.3 Sequencing and Assembly
1.3.1 Sequencing

Two different sequencing methods were used in this thesis. To elaborate these, Figure 1
provides a graphical summary of different characteristics of each method. The input DNA

fragment size mainly distinguishes the compared methods.

As reported in previous studies, the choice between these two methods highly depends on
the desired output. To deepen the understanding, the advantages and disadvantages of
each method are elaborated further. The underlying approach for NovaSeq 6000 (lllumina,
San Diego, CA, USA) is the sequencing by synthesis, where nucleotides are fused to the
extended DNA chain by a DNA polymerase [85], [86]. In addition, paired-end sequencing is
feasible, enabling the sequencing high amounts of reads in high-quality and coverage [85].
As the sequenced fragments are 150 base pairs (bp) long, various limitations occur,
regarding de novo assembly, detection of structural variants or transcript isoforms, as well as
regions of high sequencing complexity [85]-[87]. However, most available bioinformatics
tools are tailored to process short-read sequencing data[85], [88], [89]. The deployed long-
read sequencing method on PacBio Sequel lle (Pacific Bioscience, Menlo Park, CA, USA)
overcomes the previously described limitations of short-read sequencing, as it allows for the
accurate resolution of repetitive and complex genome regions such as segmental
duplications [88], [90].
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Figure 1. Overview of sequencing techniques deployed in this thesis. Here PacBio Sequel lle long-
read sequencing is compared to short-read sequencing on Illlumina NovaSeq6000. In addition, metrics
on output, accuracy, errors, and elapsing time are provided. Figure created with Biorender.

Due to the sequencing of up to 10 kilobase pairs (kb) continuous native DNA fragments,
these complex regions can concisely be resolved [91], [92]. The foundation for this method
lies in the SMRT cell harbouring zero-mode waveguides (ZMW), where ideally only one
polymerase is immobilized to allow for the sequencing of a single template DNA fragment is
sequenced. Here nucleotides labelled with fluorophores emitting unique spectra are utilized
in the replication process. Upon binding of the nucleotides, a distinctive light pulse occurs,
this transpires simultaneously across all ZMWs. These emissions are recorded and
allocated, allowing for the interpretation as nucleotide sequences. For each complete strand
replication, the term “pass” is introduced. Through the sample preparation process, the
template DNA is circularized by adapter ligation, rendering it accessible for continuous
replication by the polymerase, yielding multiple passes of the same template. Resulting
Circular Consensus Sequences (CCS) reads (also declared as HiFi-reads) mitigate random
errors in sequencing through correction by the other subreads, yielding accuracies auf up to
99.9% [85], [93]. Genome sequencing was conducted solely on PacBio, whereas RNA

sequencing was performed on both platforms.

1.3.2 Assembly
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By metagenomic sequencing of complete lichen thalli, the mycobiont exhibits the highest
coverages in relation to other present species [94]. The presence of such a composition
poses difficulties for genome assemblers that rely on solid k-mer analysis. High abundance
of certain species can result in their disproportionate representation, while low-abundance
species like the photobiont may face obstacles to form complete assemblies. To overcome
these challenges, the long CCS reads obtained from PacBio Sequel lle were utilized and
assembled using metaFlye. This assembler is specifically tailored to handle read coverages
with significant non-uniformity, making it particularly suitable for this scenario. To gain a
deeper understanding of this assembler, the sequential processing steps are further
elaborated. As common solid k-mer analysis only yields assemblies of the most prominent
species, a different approach is deployed by metaFlye. In this case, a combination of local k-
mer distribution and global k-mer counting is utilized. Additionally, an algorithm is employed
to locate repeat edges in the respective metagenome assembly graph, rendering it robust to
the previously elaborated strongly non-uniform read coverage distribution. This is particularly
important for metagenomes harboring species with high genome similarities. These are
distinguished as strain genomes, which often exhibit conserved sequence regions same as
unique genome sections. A graphical summary how metaFlye functions is provided in Figure
2. Here the distinct genomes are numbered from one to four and their respective sequence
path is depicted. This summary shows a subsection of an assembly graph generated by
metaFlye, highlighting unique and repeat edges in black arrows and colored lines. MetaFlye
allocates overlapping regions as repeat edges as seen in the colored blocks A, B and C.

Following this, contiguous metagenomic assemblies are enabled by metaFlye [95].

Sequence repeats identified by metaFlye

1 Path 1

Path 2 2

.
.

Figure 2. Graphical visualization of a metaFlye subgraph generated by four distinct genomes (1-4) in
an assembly. Coloured lines depict repeat edges, whereas black arrows are unique edges. The edges
A, B and C (coloured blocks) were deemed to be repetitive sequences by metaFlye, based on the
distinct paths overlapping in the respective region. Figure adapted from Kolmogorov et. al [95] and
created with Biorender.
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1.4 Genomics and Metagenomics in Lichen

The genomic sequences of obligatory symbionts can be acquired either by directly accessing
individual symbionts or by extracting the relevant information from metagenomic samples
comprising multiple species [96]. The conventional approach for obtaining genetic
information involves isolating and culturing individual symbionts to gain pure, single-species
DNA. However, in obligate symbioses, this presents a challenge due to the difficulty of
cultivating each symbiont independently. With the advent of high-throughput sequencing
technology, studying slow-growing symbiotic organisms has become feasible without the
need to establish and grow axenic cultures of individual symbionts [81]. Utilizing a
metagenomic shotgun sequencing approach, it is now possible to reconstruct high-quality
genomes from samples containing multiple species. The genome quality was further
enhanced by the introduction of long-read sequencing techniques in comparison to short-
read sequencing [97]. Various methods can be employed to enrich DNA for targeted
organisms, such as removing unwanted tissue or cells prior to or during DNA extraction,
amplifying the targeted cell portion, or utilizing single-cell sequencing. Examples of these
approaches include studies focusing the obligate fungal symbiont of aphids [98], or the
primary fungal symbiont of lichens [99]. An alternative metagenomic approach involves
initially sequencing of the entire symbiotic association as a metagenomic sample and
subsequently assigning the genetic information to the symbiotic partners through
bioinformatic analysis [96]. The approach of reconstructing genome sequences directly from
metagenomic samples offers a means to bypass laborious cultivation or enrichment
procedures, although it can present methodological challenges [100]-[102]. This method can
lead to an uneven distribution of available genetic information within the symbiotic
association, resulting in highly variable sequencing depth and genome coverage for
individual partners, such as the host species or primary symbiont [81], [95], [103].
Assemblers, including those specifically designed for metagenomic samples, may exhibit
sensitivity to low and uneven coverage, underscoring the critical role of assembler selection
in ensuring the quality of genome reconstruction [95], [101], (please refer to the review on
short and long-read assemblers from Xia et al [104]). Moreover, the potential generation of
chimeric contigs, which are assembled from sequences originating from multiple genomes
pose challenges to overcome during bioinformatic analysis [95]. Assembling repetitive DNA
regions within a single genome, homologous regions of closely related strains, or conserved
regions of different species can be particularly problematic, and the failure to resolve these
regions may introduce rearrangement - and intergenomic assembly errors [105]. Additionally,
post-assembly sequence binning procedures involve assigning contigs to taxonomic groups,

typically based on similarity to sequenced genomes, as well as features such as GC content,
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oligonucleotide frequency, and coverage depth [102]. Inaccurate assignments can lead to the
formation of chimeric genome bins, which comprise contigs from multiple species.
Furthermore, the success of similarity-based classification relies on the availability of high-
quality, accurate, and contamination-free reference databases, particularly for whole-genome
analysis [100]. There are more binning methods available such as k-mer based approaches
which are described in the following reviews [104], [106]. However, in this thesis the
taxonomic approach was deemed most suitable, based on sequence homology (see 2.5.2).
Since 2011, publicly available genomes of lichen-forming fungi have been increasing [81],
[96]. However, the maijority of these genomes are derived from cultivated mycobionts [84],
[107]-{109]. Given the challenges associated with axenic cultivation, metagenomic
approaches have emerged as valuable tools for exploring the genomic characteristics of
lichen-forming fungi, particularly for species that are difficult to isolate and grow in vitro [110].
These approaches are based e.g. on taxonomy, phylogeny or functional annotation [111].
Consequently, researchers have started employing metagenomics tools to investigate
ecological, evolutionary, and biotechnological aspects of the lichen symbiosis. Notably, high-
throughput metagenome or metatranscriptome sequencing directly from lichen thalli has
been employed in various studies [112]. In summary, high-throughput metagenome
sequencing plays a crucial role in studying lichen-forming fungi and photobionts that are
difficult to cultivate, offering a valuable solution to overcome these cultivation challenges.
However, to date, only a limited number of studies have utilized approaches to reconstruct

genomes of lichen symbionts directly from whole metagenomic lichen thalli.

1.5 Genome Mining for Biosynthetic Gene Clusters — Secondary Metabolites in

Lichen

Despite the abundant array of chemical diversity observed in lichens, the utilization of
biotechnological applications is currently constrained due to the limited availability of
genomes and biosynthetic studies focused on lichen-forming fungi. In the last decade
genome mining was introduced as the key technology to explore and exploit the natural
product richness [113], [114]. Notwithstanding their chemical diversity, the production of all
secondary metabolites is mediated by a limited number of shared biosynthetic pathways
[115]. Lichen substances, known for their remarkable diversity, can be categorized into three
primary groups based on their biosynthesis within the mycobiont. The majority of secondary
metabolites found in lichens originate from the acetyl-polymalonyl pathway, which includes
substance classes such as depsides, depsidones, dibenzofurans, anthraquinones,

chromones, and xanthones [49], [52], [116], [117]. Additionally, metabolite classes derived
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from the shikimic acid pathway, such as terphenylquinones and pulvinic acid derivatives, as
well as metabolite classes derived from the mevalonic acid pathway, such as steroids and
carotenoids, are commonly encountered [49], [66]. Polyketide synthase (PKS) mega-
enzymes utilizing the acetyl-polymanoyl pathway are responsible for synthesizing the most
prevalent classes of lichen secondary metabolites [6], [58]. These enzymes connect
monoaromatic subunits (such as orcinol, B-orcinol type or methylphloroacetophenone)
through ester, ether, or carbon-carbon bonds to form phenolic compounds, dibenzofurans,
depsides, and depsidones [52]. Fungal PKSs are comprised of multidomain systems that
employ a set of active site domains repeatedly in multiple catalytic cycles to elongate
polyketide products [39], [117]-[119]. PKSs are categorized based on the extent of reductive
processing as partially or highly reducing polyketide synthases (R-PKS) and non-reducing
polyketide synthases (NR-PKS) [120], with both types found in lichen-forming fungi.
However, the most common lichen substance classes, such as depsides and depsidones,
are derived from NR-PKSs [49], [116], [121]. Conserved structures in R-PKS from N- to C-
termini consist of ketosynthase (KS); acyl transferase (AT); dehydratase (DH); C-methyl
transferase (cMT); enoylreductase (ER); ketoreductase (KR); and acyl carrier protein (ACP)
domains [117], [122]. In contrast, unique PKS domains comprising starter unit:acyl-carrier
protein transferases (SAT) and a product template (PT) domain are observed in NR-PKS
[120], [123]. SAT domains link the chain-initiating compound to the enzyme, while the PT
domain is responsible for regulating the cyclization reactions that convert highly reactive, fully
elongated intermediates into specific aromatic compounds. [120], [123]-[125]. NR-PKS
domains are mostly organized in the following order SAT-KS-AT-PT-ACP-ACP-TE [126].
Other occurring units comprise AMP-binding sites (A), carrier proteins (CP) and the terminal
domain (TD) [60], [127]. Figure 3 depicts a schematic reaction mechanism for polyketides

and the involved domains in each step.
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Figure 3.Schematic reaction mechanism for the formation of polyketides and fatty acids, highlighting
the potential for flux alteration towards polyketide synthesis. By modifying the reaction cycle, various
polyketide derivatives can be generated with different levels of reduction. The respectively involved
domains are depicted in coloured circles. Figure adapted from Weissman [128], created with
Biorender.

Another category of secondary metabolites includes non-ribosomal peptides produced by
multidomain, multimodular enzymes known as non-ribosomal peptide synthetases (NRPSs).
Operating independently of the ribosomal machinery, NRPSs assemble amino acids into
peptides through amide bonds. Furthermore, the PKS and NRPS pathways can collaborate
to generate hybrid polyketide synthase-non-ribosomal peptide synthetases (PKS-NRPSs),
which produce structurally intricate hybrid molecules by fusing polyketides and amino acids
via an amide bond [129]. Genes responsible for the production of distinct fungal secondary
metabolites are frequently organized in a contiguous cluster [115]. Such gene clusters
typically consist of a chemically defining core synthase or synthetase gene (e.g., PKS,
NRPS, terpene synthase) that forms the backbone of the compound, along with genes
encoding tailoring functions that can chemically modify the carbon backbone. In addition,
these metabolic gene clusters often include transporter genes and pathway-specific
regulatory genes, which play essential roles in the transport and regulation of the metabolic
processes [39], [130]. The co-localization of genes involved in secondary metabolite
biosynthesis within the genome has been effectively leveraged by advanced bioinformatic
mining algorithms [131]. The review of Blin et al [132] summarizes various tools to assess
BGCs, however in this study antiSMASH [133] was deployed to analyse metagenomic data

on BGC level. Short-read sequencing methods can have limitations in accurately
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representing isoforms among different species in a sample. This is due to the fact that short
reads may not span across complex genomic or repetitive regions, as well as capture the full
extent of genomic diversity in mixed microbial communities. As a result, it can be challenging
to confidently assemble the complete genomes of all species present in the sample [134]-
[136]. To overcome these limitations, long-read sequencing techniques are utilized instead.
These technologies have the potential to generate more contiguous genome assemblies and
improve our ability to accurately identify biosynthetic gene clusters (BGCs) and other
functional genetic elements in complex microbial communities, resulting in high-quality data
output [137]. Furthermore, nucleotide variances among symbionts can be detected by long
reads, highlighting e.g. evolutional adaptation of organisms through single nucleotide
polymorphisms [138], [139]. Therefore, next-generation sequencing (NGS) has enabled the
identification of potentially involved genes through deep genome sequencing. If multiple
genes, that are involved in the formation of a specific secondary metabolite, are located in
close proximity and not dispersed throughout the genome, they are referred to as a BGC
[39], [115], [130], [140], [141]. A schematic BGC is provided in Figure 4. These
advancements in genome sequencing techniques have significantly expanded the pool of
available genomes that can be explored using these computational tools, thereby fostering
natural product research. Consequently, genome mining has led to the identification of
numerous BGCs [142], [143]. Recent studies have revealed that BGCs located within
lichenized fungi are responsible for the production of various secondary metabolites, such as
pigments, terpenes, and polyketides. [119], [144]-[147]. However, many of these identified
gene clusters encode metabolites with unknown structures and functions, earning them the
designation of orphan or cryptic gene clusters [39], [40], [133]. Additionally, the abundance of
predicted biosynthetic gene clusters obtained through genome sequencing often does not
correspond to the known expressed metabolic profile of the species, indicating the presence

of a multitude of undiscovered chemical compounds [39], [130].

12



Introduction

Biosynthetic Gene Clusters (BGCs)

l KS | AT KRé KS | AT KR§ KS | AT ) KR IKS:AT:KR“

ACP

o
KS | AT IDH] ER KR%TE \/

Figure 4. Schematic visualization of the genetic structure of a biosynthetic gene cluster (BGC). An
example polyketide synthase (PKS) BGC is shown with the respective domains. Figure in adaption to
Geers et. al [148] and created with Biorender.

To functionally annotate BGCs of composite organisms, sequencing of the entire
metagenome is crucial to provide a comprehensive view of all BGCs present in the lichen
symbiosis. This approach may facilitate uncovering interactions between the multiple species
involved in the symbiosis at the level of BGCs [19]. Therefore, metagenomic tools were
deployed to divide the obtained metagenomes taxonomically into respective bins. This
renders symbiotic partners which are challenging to cultivate, accessible to genetic
interrogation [149]. The genome of the mycobiont often harbors most of these BGCs [141],
which are activated in response to environmental stimuli [150], [151]. In addition, various

structurally similar compounds may be encoded by one BGC [152]-[154].

The functional characterization of fungal PKS gene clusters poses significant challenges.
Unlike modular bacterial PKSs, fungal PKSs operate iteratively, concealing a cryptic
programming within the PKS itself, which renders the polyketide structure unpredictable
[115]. During each extension cycle, fungal PKSs have the ability to catalyse different sets of
reactions by using the same catalytic domains, resulting in the generation of diverse and
complex molecules from simple building blocks [155]. Our understanding of the intrinsic
programming mechanisms that govern starter unit selection, chain length, and the degree of
reduction, dehydration, and methylation in iterative PKSs is still limited [118], [156].
Additionally, the specificity and activity of tailoring enzymes, which play a crucial role in
modifying the polyketide structure, remain mostly unknown, further complicating structure

prediction [118]. To establish connections between genes and metabolite production
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experimental characterization is imperative, such as through heterologous expression or
gene knockout. However, these have been conducted on only a fraction of the numerous

biosynthetic gene clusters predicted in sequenced genomes [157].

Due to their slow growth rates and the difficulties associated with establishing pure cultures
for direct experimental genetic manipulations, the functional characterization of secondary
metabolites in lichen-forming fungi is challenging [158]. Several potential assignments have
been proposed using diverse methodologies. Various methods for proof of expression have
been established to detect PKS genes in lichenized fungi, including the utilization of
degenerate primers for amplifying PKS gene fragments from genomic DNA, the design of
probes for library screening, and the application of complementary DNA (cDNA) templates
generated from reverse-transcribed messenger RNA (mRNA) [159]. With the availability of
transcriptomes and genomes of lichen-forming fungi, valuable insights into biosynthetic
pathways can also be obtained directly from sequencing data of mycobiont cultures or
metagenomic lichen thalli and comparing these based on sequence homology [109], [160].
Predicting the function of PKS genes relies on experimental evidence such as gene knockout
experiments or heterologous expression [158], [161], [162]. In recent years, novel
approaches have emerged to infer the functions of lichen-forming fungal secondary
metabolites. These methods include assessing phylogenetic relatedness to characterized
genes [163], [164], analysing transcriptional profiles [109], [165], and performing comparative
homology mapping of entire gene clusters [118], [131], [160]. To achieve more accurate
results, researchers often employ a combination of these approaches, leveraging the

strengths of each method [109].

Further evaluation of identified PKS genes requires functional analysis which can be
achieved by heterologous expression in adequate host organisms. For PKS genes various
hosts can be considered, most commonly Streptomyces and E. coli are utilized, however

Saccharomyces cerevisiae and Aspergillus nidulans are deployed as well [166].
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2 Material and Methods

In the following paragraph an overview of the most important methods, procedures and tools
used in this thesis is given. More concise information is enclosed in the respective materials
and methods parts and the supplementary data sections of the corresponding publications

included in this thesis.

2.1 Kits & Consumables

Kits utilized within the presented studies were obtained from the respective manufacturers.

Table 2 summarizes deployed consumables.

Table 2. Kits and Consumables deployed in this study.

Kit

Vendor

Quick-DNA Fungal/Bacterial Miniprep Kit
Genomic DNA Clean & Concentrator-10 Kit
DNeasy PowerClean Clean up Kit

Qubit 2.0 Fluorometer

SMRTbell Express Template Prep Kit 2.0
SMRTbell Enzyme Cleanup Kit

AMPure PB Beads

Barcoded Overhang Adapter Kit 8B

Sequel Il Binding Kit 2.0 + Internal Control
SMRT Cell 8M tray

Sequel Il sequencing kit 2.0

Zymo Research, Freiburg, Germany
Zymo Research, Freiburg, Germany
Qiagen, Venlo, The Netherlands

Thermo Scientific, Waltham, MA, USA
Pacific Bioscience, Menlo Park, CA, USA
Pacific Bioscience, Menlo Park, CA, USA
Pacific Bioscience, Menlo Park, CA, USA
Pacific Bioscience, Menlo Park, CA, USA
Pacific Bioscience, Menlo Park, CA, USA
Pacific Bioscience, Menlo Park, CA, USA

Pacific Bioscience, Menlo Park, CA, USA
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2.2 Lichen Sample Collection

To collect lichen species of the genus Parmeliaceae with adequate product spectra, the
phenotypic characteristics were investigated. The chosen species comprise Hypogymnia
physodes (HPH), Hypogymnia tubulosa (HTU) and Parmelia sulcata (PSU). To limit
contamination of the collected samples to a minimum, handling with gloves was mandatory

and only sterile devices were deployed to detach lichen material from the substrate.

Parmeliaceae typically grow on the bark of conifers. All samples were collected in Germany,
Altenschneeberg (August 2022, latitude 49°26'14.3"N and longitude 12°32'50.9"E). A
subsequent BLAST search on ITS sequences ensured correct sample collection and

identified the obtained lichens as the aforementioned species.
Gas chromatography - FID/MS analysis

Furthermore, gas chromatography with mass spectrometry (GC-MS) was utilized to
investigate the secondary metabolite composition of the collected samples. Here, 500 mg of
dry lichen biomass was subjected to maceration in 10 mL of MeOH for 24 hours at 300 rpm.
The obtained extract was then investigated by using a Trace GC-MS Ultra system with DSQII
(Thermo Scientific, Waltham, MA, USA). A volume of 1 pL was injected via a TriPlus
autosampler in split mode onto an SGE BPX5 column (30 m, I.D 0.25 mm, film 0.25 ym). The
injector temperature was set at 280 °C. Initial oven temperature was maintained at 50 °C for
2.5 minutes, followed by a temperature increase at a rate of 10 °C/min until reaching 320 °C,
with a final hold step for 3 minutes. Helium functioned as the carrier gas with a flow rate of
0.8 mL/min and a split ratio of 8. Chromatograms and respective mass spectra were
recorded using electron ionization (El) at 70 eV. Detection of masses was monitored within
the range of 50 m/z to 650 m/z in positive mode [167]. Same procedures were applied with
GC-FID.

To identify obtained compounds, the resulting mass spectra were compared to the
NIST/EPA/NIH MS library version 2.0. Among the identified compounds were secondary
metabolites unique to lichen e.g., resorcylic acid derivatives, olivetolic acid, orsellinic acid

and derivatives.
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2.3 High Molecular Weight DNA Extraction and Evaluation

Prior to DNA extraction obtained lichen thalli were examined by a binocular microscope.
Here, any remaining wood, moss, and other lichen species were eliminated. In addition,
possible contaminants were removed by dissecting visibly infected parts of the thalli. To
prepare the lichen samples for sequencing, a previous high molecular weight genomic DNA
(HMW gDNA) extraction is necessary. Therefore, the HMW gDNA was extracted by using the
Quick-DNA Fungal/Bacterial Miniprep Kit (Zymo Research, Europe GmbH, Freiburg,
Germany). Therefore, liquid nitrogen was deployed to ground dry thallus material from lichen
samples. This was conducted by using the CryoMill (Retsch, Haan, Germany). Parameters
for grinding were adjusted to sample characteristics e.g., thickness or sample volume.
Subsequently, obtained homogenate was transferred to the Bashing Bead Buffer provided in
the kit. Isolation of HMW gDNA was conducted according to manufacturer’s instructions.
With lichens harbouring high contents of pigments, polysaccharides and phenolic
compounds, additional purification steps were necessary. These were performed by utilizing
the Genomic DNA Clean and Concentrator-10 Kit (Zymo Research, Europe GmbH, Freiburg,
Germany) and the DNeasy PowerClean Clean up Kit (Qiagen, Venlo, The Netherlands).

To ensure sufficient quality of the obtained HMW gDNAs, a consecutive assessment
including analyses on Nanophotometer (Implen, Nanophotometer Pearl, Munich, Germany),
Qubit 2.0 Fluorometer (Thermo Scientific, Waltham, MA, USA). Thresholds for this included a
260/280 absorbance ratio of 1.75-1.85 and a 260/230 absorbance ratio of 2.0-2.2. To enable
successful long-read sequencing, the DNA fragment size needed to within 7 to 20 kilobases
(kb). Therefore, TapeStation and FemtoPulse (Agilent Technologies, Santa Clara, CA, USA)
analyses were conducted. Samples passing the quality control were subjected to further
processing. SMRT bell libraries were constructed based on the instructions of the Low DNA
Input Protocol of the SMRT bell Express Prep kit v2. (Pacific Bioscience, Menlo Park, CA,
USA). Total DNA input for library generation was approximately 350-600 ng. Subsequent
ligation with T-overhang SMRT bell adapters was performed at 20 °C for 1 hour, followed by
two clean-up steps with AMPure PB beads. To ensure sufficient size and concentration of
the final library, a consecutive assessment using TapeStation/FemtoPulse and Qubit
Fluorometer 2.0 with Qubit dsDNA HS reagents Assay Kit was performed. Necessary
amounts of components from the SMRTbell Kit were provided by SMRT-Link depending on
input DNA content.
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2.4 Sequencing
2.4.1 Whole Genome Sequencing

Prepared HMW gDNA libraries (SMRTbell libraries) of lichen samples were subjected to
whole genome sequencing on a PacBio Sequel lle device (Pacific Bioscience, Menlo Park,
CA, USA). Pre-extension and adaptive loading (target of p1 + p2 = 0.95) were set to two
hours with an on-plate concentration of 90 pM. The movie time was set to 30 h [168]. After
sequencing, the data were transferred to the SMRT-Link server (v11.0.0.146107) and

processed in order to generate HiFi reads.
2.4.2 RNA Long Read IsoSeq and lllumina Short Read Sequencing

In this study two approaches on RNA sequencing were performed, long read IsoSeq (Pacific
Bioscience, Menlo Park, CA, USA) and short read lllumina (NovaSeq, Illumina, San Diego,
CA, USA). The IsoSeq RNA sequencing method on PacBio Sequel lle (Pacific Bioscience,

Menlo Park, CA, USA) utilizes complete transcripts and enables isoform sequencing [85].
PacBio IsoSeq

To enhance the genome assembly quality, transcripts were sequenced to augment the depth
and precision of the predicted gene models. RNA was extracted from frozen, unthawed
lichen thalli using a CryoMill (Retsch, Haan, Germany) and a RNeasy Plant Mini Kit (Qiagen,
Venlo, The Netherlands). To further clean the obtained RNA, a Turbo DNA free Kit
(Invitrogen) was used. For long read RNA sequencing, an IsoSeq library preparation was
performed on high quality RNA using the Sequel Il Binding Kit 3.2 and SMRTbell prep kit 3.0.
(Pacific Bioscience, Menlo Park, CA, USA). Transcriptome sequencing on Sequel lle was

performed at 24 h of movie time with an on-plate concentration of 80 pM.
Illumina NovaSeq

In case of short read RNA sequencing, samples were processed on a NovaSeq device,
employing a paired-end run mode and 2 x 150 bp read length. Therefore, total RNAs were
extracted with TRI Reagent (Zymo Research, Europe GmbH, Freiburg, Germany) according
to the manufacturer’s instructions. Further purification was obtained by processing the
samples with the RNA Clean and Concentrator-5 Kit (Zymo Research, Europe GmbH,
Freiburg, Germany). This step was repeated until a 260/280 absorbance ratio of 1.9-2.1 and
a 260/230 absorbance ratio of 1.8—2.2 were obtained. Solely RNAs with a RIN value >8.0

(TapeStation) were considered for sequencing.
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2.5 Bioinformatic Analysis

2.5.1 Metagenomic assembly

The assembly was conducted using metaFlye v2.9.1, circumventing the aforementioned
challenges of non-uniform genome compositions in metagenomic samples. Furthermore, the
assembled contigs were concurrently scaffolded using Flye, facilitating additional

bioinformatic analyses [95].
2.5.2 Metagenomic Binning & Quality Assessment— DIAMOND & MEGAN

To distinguish between the obtained datasets, a taxonomic binning strategy was
implemented. This involved conducting blastx using the DIAMOND v2.0.14 algorithm [169]
on a custom database, as well as utilizing the MEGANG6 LR Community Edition v6.21.7 [170].
The DIAMOND database employed in the analysis encompassed protein sequences from
diverse taxonomic groups, such as archaea, chlorophyta, cystobasidium fungi, bacteria,
klebsormidophyceae, tremella, and viruses. To overcome challenges related to insertion and
deletion errors in long read sequencing, the flags --more-sensitive, --frameshift 15, and --
rage-culling were utilized in DIAMOND, allowing for a frame-shift-aware alignment mode
[171]. The generated files underwent additional processing in MEGAN, where taxonomically
classified sequences were associated with their respective bins [172]. Following that, contigs
and scaffolds corresponding to the targeted nodes were extracted for subsequent analysis.
To assess the comprehensiveness and reliability of the resulting bins for further investigation,
multiple tools were employed, including BUSCO v5.3.2 (Benchmarking Universal Single-
Copy Orthologs) [173], QUAST, v5.2.0 (Quality Assessment Tool) [174] and SegKit v2.3.1

[175]. To verify the identities of the mycobiont, an analysis using ITSx v1.1.3 was conducted.
2.5.3 Gene Prediction

Gene prediction was carried out using AUGUSTUS v3.4.0/BRAKER v2.1.6, utilizing both the
metagenomics data and corresponding transcriptomic data as hints [176]-[178]. AUGUSTUS
uses various algorithms and statistical models to identify protein-coding genes within DNA
sequences. Hereby considering factors such as coding sequences, introns, splice sites, and
other structural features typically associated with genes. Furthermore, AUGUSTUS can be
trained on species-specific data to improve its accuracy. This is especially useful when
working with non-model organisms or species without well-annotated genomes [179], [180].
BRAKER is used gene prediction where no reference genome is available. It combines the
predictions of two different gene prediction tools, GeneMark-ET, and AUGUSTUS, along with
evidence from RNA-Seq data. GeneMark-ET is used initially to predict genes, and then
AUGUSTUS further refines these predictions. RNA-Seq data, which provides information on
gene expression, is incorporated to improve accuracy [176]-[178].
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2.5.4 Functional annotation and visualization of biosynthetic gene clusters

This approach enabled the functional annotation of genes in the respective datasets.
Additionally, the identification of biosynthetic gene clusters (BGCs) within the obtained bin
was performed using antiSMASH v6.1.1 [133]. AntiSMASH primarily relies on Hidden Markov
Models and BLAST to identify biosynthetic gene clusters and related sequences, using
predictive algorithms to analyse gene boundaries, promoters, terminators, and chemical
structure predictions [133]. The Gene Ontology (GO) terms were assigned using
InterProScan (v5.59-91.0) for further characterization [181]. To visualize the distribution of
BGCs in all three mycobionts an evaluation with BiG-SCAPE [182] and Cytoscape [183] was
conducted, clustering the respective contigs by similarity networks. In order to gain insights

into the polyketide synthesis in the mycobiont, PKS-related BGCs were investigated further.
2.5.5 Similarity Assessment of PKS genes

To investigate shared genes, at first a Reciprocal Best Hit (RBH) based on BLAST was
performed on the respective primary mycobiont bins of PSU, Hypogymnia physodes (HPH),
and Hypogymnia tubulosa (HTU) [184], [185] in all three combinations. The latter two were
previously published [186]. Reciprocal best BLAST is a valuable technique in comparative
genomics and phylogenetics identifying genes likely to have similar functions in different
species. AntiSMASH, InterProScan, ITSx, SegKit and RBH analyses were performed on the
Galaxy servers [187]. Obtained pairs from RBH were compared for duplicates, highlighting

highly conserved PKS-related genes in the investigated mycobiont genomes.
2.5.6 Phylogenetic Trees of identified PKS

Therefore, the sequences of KS regions were extracted and compared on a phylogenetic
level using the Geneious Tree Builder (Geneious Prime® 2022.0.1) and IQ-TREE [188]. The
tree in Geneious was built with the Neighbor-Joining method with the genetic distance model
Tamura-Nei. With IQ-TREE a maximum likelihood tree was built using 1000 ultrafast
bootstraps and the substitution model defined by ModelFinder [189] (in this case LG+F+G8).

Visualization was conducted with interactive Tree of Life (iTOL) [190] and Inkscape.
2.5.7 Syntenic evaluation of orthologous PKS BGCs

Subsequently, an alignment of related gene clusters was performed on EasyFig (v2.2.5)
[191] to investigate PKS synteny between HPH, HTU and PSU. Additionally, a
progressiveMAUVE [192] alignment of the whole mycobiont bins was deployed to visualize
synteny on the genome level in Geneious (Geneious Prime® 2022.0.1). These analyses are

based on sequence homology, highlighting conserved regions in the investigated BGCs.
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3 Research

3.1 Summaries of included publications

Chapter | Biosynthetic potential of Hypogymnia holobionts - Insights into
Secondary Metabolite Pathways

Lichens represent mutualistic partnerships involving a photosynthetic organism (algae or
cyanobacteria) and a fungal organism. These symbiotic entities are renowned for their
production of distinctive secondary compounds. To exploit this biosynthetic capacity for
biotechnological purposes, it is crucial to gain a deeper understanding of the biosynthetic
pathways and associated gene clusters. This study aims to offer a comprehensive overview
of the biosynthetic gene clusters present in all components of a lichen thallus, including fungi,
green algae, and bacteria. By utilizing two high-quality PacBio metagenomes, we identified a
total of 460 biosynthetic gene clusters. The fungal component of lichens exhibited 73-114
clusters, while other ascomycetes associated with lichens displayed 8—40 clusters. The
green algae of the Trebouxia genus showcased 14-19 clusters, while lichen-associated
bacteria possessed 101-105 clusters. Notably, the mycobionts predominantly contained
T1PKSs, followed by NRPSs and terpenes. In contrast, the Trebouxia reads mainly
contained clusters associated with terpenes, followed by NRPSs and T3PKSs. Other lichen-
associated ascomycetes and bacteria contained diverse combinations of biosynthetic gene
clusters. This study provides the initial identification of biosynthetic gene clusters in complete
lichen holobionts, thereby rendering the unexplored biosynthetic potential in two Hypogymnia

species accessible for further investigation.
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Chapter Il Biosynthetic Gene Cluster Synteny - Orthologous Polyketide
Synthases in Hypogymnia physodes, Hypogymnia tubulosa and Parmelia

sulcata

Lichens form symbiotic partnerships involving a photosynthetic organism (algae or
cyanobacteria) and a fungal organism, which collectively produce a diverse array of
distinctive secondary compounds. To harness this biosynthetic potential for biotechnological
advancements, it is crucial to gain a more comprehensive understanding of the biosynthetic
pathways and corresponding gene clusters. In this study, we present a comparative analysis
of the biosynthetic gene clusters from three lichen mycobionts: Hypogymnia physodes,
Hypogymnia tubulosa, and Parmelia sulcata. Additionally, we provide a high-quality PacBio
metagenome of Parmelia sulcata, from which we extracted the mycobiont bin containing 214
biosynthetic gene clusters. Most of these gene clusters were associated with T1PKSs,
followed by NRPSs and terpenes. Our investigation primarily focused on biosynthetic gene
clusters related to polyketide synthesis. Through ketosynthase homology, we identified nine
highly syntenic clusters present in all three species. Among the four clusters associated with
non-reducing PKSs, two are potentially involved in the synthesis of lichen substances
derived from orsellinic acid (such as orcinol depsides and depsidones, e.g., lecanoric acid,
physodic acid, lobaric acid), one is linked to compounds derived from methylated forms of
orsellinic acid (beta orcinol depsides, e.g., atranorin), and one is associated with melanins.
Furthermore, five clusters with orthologs in all three species are connected to reducing
PKSs. Our study contributes to the classification and dereplication of the extensive
polyketide synthase diversity found in lichenized fungi. The high-quality sequences of
biosynthetic gene clusters obtained from these three common lichen species establish a
foundation for further exploration of biotechnological applications and the molecular evolution

of lichen substances.
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Abstract: Lichens are symbiotic associations consisting of a photobiont (algae or cyanobacteria) and
a mycobiont (fungus). They are known to produce a variety of unique secondary metabolites. To
access this biosynthetic potential for biotechnological applications, deeper insights into the biosyn-
thetic pathways and corresponding gene clusters are necessary. Here we provide a comprehensive
view of the biosynthetic gene clusters of all organisms comprising a lichen thallus: fungi, green
algae, and bacteria. We present two high-quality PacBio metagenomes, in which we identified a
total of 460 biosynthetic gene clusters. Lichen mycobionts yielded 73-114 clusters, other lichen
associated ascomycetes 840, green algae of the genus Trebouxia 14-19, and lichen-associated bacte-
ria 101-105 clusters. The mycobionts contained mainly T1PKSs, followed by NRPSs, and terpenes;
Trebouxia reads harbored mainly clusters linked to terpenes, followed by NRPSs and T3PKSs. Other
lichen-associated ascomycetes and bacteria contained a mix of diverse biosynthetic gene clusters. In
this study, we identified for the first time the biosynthetic gene clusters of entire lichen holobionts.
The yet untapped biosynthetic potential of two species of the genus Hypogymnia is made accessible
for further research.

Keywords: Hypogymnia physodes; Hypogymnia tubulosa; long read sequencing; polyketide synthesis;
biosynthetic gene cluster; lichen; reference genome

1. Introduction

Lichens were historically regarded as a symbiotic organism comprising a fungus and
photosynthetic partners (algae/cyanobacteria) [1]. However, more recent studies suggested
that lichen individuals host not only the primary lichen-forming fungus (mycobiont) and
primary photosynthetic partner (photobiont), but also additional fungi belonging to the
Basidiomycota [2], or Ascomycota [3], as well as a diverse suite of bacteria and other
algae [4,5]. Lichens have therefore been referred to as ecosystems [6], or holobionts [7].
Due to their unique secondary metabolite spectrum, these composite organisms have
gained increasing attention over the past decades [8]. Lichen mycobionts synthesize a
plethora of natural products [9]. The most prominent classes comprise depsides, depsi-
dones, dibenzofurans, and phenolic compounds [10,11]. Confirmed bioactivities of these
compounds encompass antimicrobial [8,12-14], antifungal [15], anti-inflammatory [16],
antioxidant [17,18], and anticancer [14,19] functions. For the latter, medically relevant
examples are physodic acid, gyrophoric acid, and atranorin [20]. An inhibitory effect
on metabolic enzymes was also detected in evernic acid, physodic acid, usnic acid, and
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atranorin [10,21]. Bacteria associated with lichens have also been shown to possess diverse
compounds with pharmaceutically promising activities [22-24].

To exploit these compounds biotechnologically, it is crucial to elucidate their formation
thoroughly. The above-mentioned compounds belong to the class of polyketides and are
built by multi-enzyme polyketide synthases (PKS) via repetitive catalytic cycles of linking
elongation units to a starter molecule [25,26]. In regard to fungal PKSs, a differentiation
between reducing (R-PKS) and non-reducing PKS (NR-PKS) is made based on extent of
reductive processing and domain composition [27]. For R-PKS, the conserved structure
from N- to C-termini consists of keto synthase (KS), acyl transferase (AT), dehydratase (DH),
C-methyl transferase (C-MeT), enoylreductase (ER), ketoreductase (KR), and acyl carrier
protein (ACP) domains [27,28]. In comparison, NR-PKS contain starter unit:acyl-carrier
protein transferases (SAT) and a product template (PT) domain, which are unique among
the PKS families [26,29]. The former connects the chain initiating compound to the enzyme,
whereas the latter regulates cyclization reactions of the highly reactive and completely
elongated intermediate to specific aromatic compounds [26,29-31]. Organization of most
NR-PKS domains was found to be SAT-KS-AT-PT-ACP-ACP-TE [32].

For further investigation of secondary metabolite production, the underlying mech-
anisms need to be elaborated. Through advancement in the fields of next generation
sequencing (NGS), it became possible to locate potentially involved genes. When several
genes participating in formation of a secondary metabolite are located in close vicinity rather
than spread over the genome, the term biosynthetic gene cluster (BGC) is applied [33-37].
Recent studies have identified BGCs from lichenized fungi responsible for the biosynthesis
of secondary metabolites, including those for pigments, terpenes, and polyketides [38—42].

In order to identify specific BGCs, it is necessary to have access to the molecular
makeup of the symbionts. This can be achieved by simultaneously sequencing the com-
plete metagenome, which provides a comprehensive view of the BGCs of all organisms
involved in the lichen association. By doing so, potential interactions between multi-species
symbioses could be detected at the level of BGCs [4]. In addition, genetic accessibility is
enabled to symbiotic partners which are not or challenging to culture [43]. These clusters
are often located on the genome of the fungal partner of the lichen [34] and are activated in
response to environmental cues [44,45]. However, one BGC may encode for various struc-
turally familiar compounds [46-48]. Sequencing a pool of microorganisms using short read
sequencing methods can be challenging, as nucleotide variances among different species
can be inadequately represented or lost during the metagenomics analysis. This is also
true for complex regions, making it difficult to efficiently assemble the complete genomes
of all species in the sample [49-51]. Long read sequencing techniques instead, are able to
provide a more comprehensive view of the genome of different microorganisms within
the metagenome sample, thus resulting in high quality data output [52]. Furthermore, the
long reads can be used to detect nucleotide variances among symbionts [53]. For the first
time, the BGCs of the complete holobiont-especially algae and bacteria- directly from lichen
thalli were identified.

In this study, we present two new lichen metagenomes of the genus Hypogymnia,
Hypogymnia physodes (HPH) and H. tubulosa (HTU). H. physodes is one of the most ubiquitous
and abundant macrolichens throughout Europe, and also occurs in North America, Africa,
and Asia. It is a foliose, polymorphic species, up to 10 cm diameter in size, and forms
lip-shaped soralia at the tips of the lobes. It is found on acidic substrata, including the
bark of trees, and siliceous rocks. H. tubulosa is similar to H. physodes, but the lobes are
more tubular, and soralia rounded, capitate, not lip-shaped. It has a similar distribution
and grows on similar substrata as H. physodes, but is less frequent [54,55]. Both species
often grow together, and both are associated with green algae of the genus Trebouxia.
Natural products found in Hypogymnia are atranorin, chloroatranorin; physodic acid, 3-
hydroxyphysodic acid, physodalic acid; and occasionally protocetraric, fumarprotocetraric,
and usnic acid, some of which are medicinally relevant [56-58]. Consequently, these
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metagenomes provide an important resource for further research on the biosynthetic
potential of the genus Hypogymnia.

2. Materials and Methods
2.1. Lichen Sample Collection

Samples were collected in Germany, Bavaria, Altenschneeberg (August 2022), from
the bark of conifers, where they grew side by side. Precise locations of sequenced samples
are listed in Table 1. To ensure correct lichen identity, a BLAST search on ITS sequences
was performed. Lichen samples included in this study were identified as HPH and HTU.

Table 1. Geographic coordinates of the lichen sample collection.

Lichen Species Latitude Longitude
Hypogymnia physodes (HPH) 49°26'14.3" N 12°32/50.9" E
Hypogymmnia tubulosa (HTU) 49°26'14.3" N 12°32'50.9" E

2.2. GC-MS Analysis of Lichen Compounds

In addition, parts of the collected samples were analyzed by GC-MS to investigate
the secondary metabolite composition. A measure of 500 mg of dry lichen biomass was
macerated in 10 mL methanol for 24 h at 300 rpm. The obtained extract was analyzed by a
Trace GC-MS Ultra system with DSQII (Thermo Scientific, Waltham, MA, USA). A TriPlus
autosampler was employed to inject 1 uL. of sample volume in split mode onto a SGE BPX5
column (30 m, I.D 0.25 mm, film 0.25 um); injector temperature was set to 280 °C. Initial
oven temperature was kept at 50 °C for 2.5 min. The temperature was increased with a
ramp rate of 10 °C/min to 320 °C with a final hold step for 3 min. The carrier gas in this
study was helium with a flow rate of 0.8 mL/min and a split ratio of 8. The mass spectra
and chromatograms were recorded at 70 eV (EI). Detection of masses took place between
50 m/z and 650 m/z in the positive mode [53]. Compounds were identified by spectral
comparison with a NIST/EPA /NIH MS library version 2.0.

2.3. High Molecular Weight DNA (HMW gDNA) Extraction and Library Preparation

Prior to DNA extraction, the respective lichen thallus was investigated under a binocu-
lar microscope to remove moss, wood, and other lichens from the sample. In addition, parts
of the thallus, which were visibly infected by parasitic fungi were removed to minimize
contaminants in the sample.

HMW gDNA extraction was conducted as follows. Lichen HMW gDNA was extracted
using the Quick-DNA Fungal/Bacterial Miniprep Kit (Zymo Research, Europe GmbH,
Freiburg, Germany). Dry thallus material of Hypogymnia samples was ground to fine
powder in liquid nitrogen. The homogenized material was transferred into Bashing Bead
Buffer of the kit. Genomic HMW DNA was isolated according to the manufacturer’s in-
structions. Due to the high content of polysaccharides, phenolic compounds and pigments
further, purifications were necessary and carried out using the Genomic DNA Clean and
Concentrator-10 Kit (Zymo Research, Europe GmbH, Freiburg, Germany) and the DNeasy
PowerClean Clean up Kit (Qiagen, Venlo, The Netherlands). The quality of obtained HMW
gDNAs was assessed with Nanophotometer (Implen, Munich, Germany), Qubit 2.0 Fluo-
rometer (Thermo Scientific, Waltham, MA, USA) and TapeStation (Agilent Technologies,
Santa Clara, CA, USA). SMRT bell libraries were constructed for samples passing the quality
control (260/280 absorbance ratio of 1.75-1.85 and a 260/230 absorbance ratio of 2.0-2.2)
according to the instructions for the Low DNA Input Protocol of the SMRT bell Express
Prep kit v2. (Pacific Bioscience, Menlo Park, CA, USA).

Total input DNA (size: 10-18 kb) for the library generation was approximately
350-600 ng. The ligation with T-overhang SMRT bell adapters was performed at 20 °C for
1 h. After two clean up steps with AMPure PB beads, the size and concentration of the final
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libraries were assessed using TapeStation and Qubit Fluorometer 2.0 with Qubit dsDNA
HS reagents Assay Kit.

2.4. Genome Sequencing

Whole genome sequencing of prepared lichen HMW gDNA libraries was conducted
with a PacBio Sequel Iie device (Pacific Bioscience, Menlo Park, CA, USA). Pre-extension
and adaptive loading (target of p1 + p2 = 0.95) were set to two hours with an on-plate
concentration of 90 pM. The movie time was set to 30 h [59].

2.5. RNA Long Read Isoseq and Illumina Short Read Sequencing

In this study, long read IsoSeq (Pacific Bioscience, Menlo Park, CA, USA) and short read
INlumina (NovaSeq, Illumina, San Diego, CA, USA) RNA sequencing were performed. To
increase the quality of the genome assembly, transcripts were sequenced to add more depth
and accuracy to the proposed gene models. For RNA extraction, frozen, unthawed lichen
thalli were grinded using a CryoMill (Retsch, Haan, Germany) and a RNeasy Plant Mini Kit
(Qiagen, Venlo, The Netherlands). To further clean the obtained RNA, a Turbo DNA free
Kit (Invitrogen) was used. For long read RNA sequencing, an IsoSeq library preparation
was performed on high quality RNA using the Sequel II Binding Kit 3.2 and SMRTbell prep
kit 3.0. (Pacific Bioscience, Menlo Park, CA, USA). Transcriptome sequencing on Sequel Ile
was performed at 24 h of movie time with an on-plate concentration of 80 pM. In case of
short read RNA sequencing, samples were processed on a NovaSeq device, employing a
paired-end run mode and 2 x 150 bp read length. Therefore, total RNAs were extracted
with TRI Reagent (Zymo Research, Europe GmbH, Freiburg, Germany) according to the
manufacturer’s instructions. Further purification was obtained by processing the samples
with the RNA Clean and Concentrator-5 Kit (Zymo Research, Europe GmbH, Freiburg,
Germany). This step was repeated until a 260/280 absorbance ratio of 1.9-2.1 and a 260/230
absorbance ratio of 1.8-2.2 were obtained. Only RNAs with a RIN value >8.0 (TapeStation)
were used for sequencing.

2.6. Bioinformatic and Statistical Analysis

Metagenomic reads generated from whole lichen thalli predominantly contain fungal
sequences from the mycobiont [60], which may pose problems to genome assemblers
using solid k-mers. In this case, highly prevalent species will be over-represented and
low-abundance species such as the photobiont will fail to assemble. To circumvent these
issues, obtained Sequel Ile CCS long reads were assembled using metaFlye v2.9.1, as it is
suitable to process read coverages of high non-uniformity. In addition, a simultaneous scaf-
folding of the assembled contigs was performed with flye, enabling further bioinformatic
processing [61].

To distinguish obtained datasets, a taxonomical binning was conducted deploying
blastx in the DIAMOND v2.0.14 algorithm [62] on a custom made database and MEGANG6
LR Community Edition v6.21.7 pipeline [63]. The DIAMOND database contained protein
sequences of the following taxonomic groups: fungi, bacteria, archaea, viruses, chloro-
phyta, klebsormidiophyceae, tremella, and cystobasidium. For DIAMOND, the flags—more-
sensitive —frameshift 15 and —rage-culling were employed to account for insertion and deletion
errors in long read sequencing with a frame-shift-aware alignment mode [64]. Resulting
files were further processed in MEGAN by matching taxonomically assigned sequences to
respective bins [65]. Consequently, contigs and scaffolds of desired nodes were extracted
and subjected to consecutive analysis. To assess genome completeness and quality of re-
sulting bins for further investigation, BUSCO, v5.3.2 (Benchmarking Universal Single-Copy
Orthologs) [66], QUAST, v5.2.0 (Quality Assessment Tool) [67] and SeqKit v2.3.1 [68] were
applied. For the validation of mycobiont and photobiont identities and distribution in
investigated bins, an ITSx v1.1.3 analysis was performed [69]. Gene prediction with AU-
GUSTUS v3.4.0/BRAKER v2.1.6 is conducted, based on metagenomics data and respective
transcriptomic data as hints [70-72]. This enables the functional annotation of genes in
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the respective datasets. A consecutive annotation of BGCs present in the obtained bins is
performed by antiSMASH v6.1.1 [73], whereas Cluster of Orthologous Groups (COG) and
Gene Ontology (GO) terms are levied by the EggNOG Mapper (v2.1.5) [74]. AntiSMASH,
EggNOG, ITSx, and SeqKit analyses were performed on the Galaxy servers [75].

3. Results and Discussion
3.1. Volatile Compound Identification

GC-MS was used to identify volatile compounds in the macerated lichen samples. As
shown in literature, lichen contain a plethora of secondary metabolites varying from dep-
sides, depsidones, to dibenzofurans over to resorcylic-like compounds and anthraquinones [17].
In Figure 1, the polyketide-related compounds for both lichen samples are depicted. These
are based on GC-MS data, which can be found in Table S1. Results showed similar com-
pounds for both samples. These complex structures harbor aromatic ring elements as well
as aliphatic elements and different chiral centers. In total chemical synthesis, complex bio-
logical molecules are not produced in high yields due to these centers and also to chemically
reactive substituents as seen for the total synthesis of tetracycline [76]. Thus, a biological
production system would be favorable. In nature, complex molecules are mostly secondary
metabolites as part of multi-enzyme biosynthesis pathways [77]. The connected enzymes
can be found on distinct clusters. Therefore, it is necessary to provide a comprehensive and
high-quality genome to enable accessibility of the production-related genes.

9} OH
HO (e} o}
\O
O
HO OH HO OH

p-resorcylaldehyde Olivetoricacid
\/Iethylhematonunate p-resorcylicacid

Figure 1. Molecule structures of lichen compounds identified by GC-MS.

3.2. Genome Sequencing and Quality Assessment

To present sequencing quality, the sequencing metrics of the two lichen samples HPH
and HTU are listed in Table 2. Obtained metrics are comparable in each sample with only
slight deviations. Due to mean HiFi Read Quality well above Q20, all samples were eligible
for further bioinformatic analyses.

After taxonomic evaluation of both lichen samples, bins on family and genus level
representing the different taxonomic groups of the investigated Hypogymnia holobionts
were selected, in order to provide a sufficient insight on community composition. Table 3
shows the chosen bins for HPH and HTU divided into eukaryotic and bacterial origin.
The identified fungi belonging to Herpotrichiellaceae and Pleosporineae are lichen-associated
Ascomycota which possibly belong to the so-called “black fungi” (Eurotiomycetes and
Dothideomycetes) [78].
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Table 2. Metagenomic PacBio sequencing of Hypogymnia physodes (HPH) and Hypogymnia tubu-
losa (HTU).

Analysis Metrics HPH HTU
Total Bases (Gb) 678.17 656.10
HiFi Reads 3,584,910 3,461,456
HiFi Yield (Gb) 24.65 25.61
HiFi Read Length (mean, bp) 6877 7398
HiFi Read Quality (median) Q42 Q43
HiFi Number of Passes (mean) 18 17

Table 3. Taxonomic binning of the lichen samples HPH and HTU.

Taxonomic Group HPH HTU
Parmeliaceae Parmeliaceae
Fungi Pleosporineae Pleosporineae
Herpotrichiellaceae -
Green Algae Trebouxia Trebouxia
Lichenibacterium Lichenibacterium
Acetobacteraceae Acetobacteraceae
Bacteria Granulicella Granulicella
Beijerinckiaceae Beijerinckiaceae
- Verrucomicrobiota

To evaluate genome completeness and reliability for further data processing, a BUSCO [66]
assessment was performed on the respective bins of the lichen metagenome. In both
samples, the bin “Parmeliaceae” included sequences of the mycobiont and the bin “Trebouxia”
sequences of the photobiont. Unfortunately, the amount of lichen genomes available in
databases is too low to provide a selection on lower taxonomic level. Bin compositions
mainly deviated in regard to Herpotrichiellaceae, which was not prominent in HTU, whereas
the bin of Verrucomicrobiota was not as prevalent in HPH as the other investigated bins.

Subsequently, the metagenomic bins were compared to the respective BUSCO gene
sets of Ascomycota, Chlorophyta and Bacteria. These taxonomic groups were selected to
provide a reliable insight in regard to genome representation of the lichen community.
Obtained BUSCO results are shown in percentages to allow for an accurate comparison
between the investigated bins. Figure 2 depicts the normalized and summarized results for
each lichen sample by respective bin. All columns also include the absolute numbers to
allow for more precise comparison between different bins.

In order to evaluate genome completeness of the mycobiont and other fungal bins, the
orthologous gene sets of the phylum Ascomycota odb10 were chosen. In HPH, the fungal
bins contained predominantly complete and single BUSCOs (66-82.6%) with the highest
values in Parmeliaceae. Duplicated genes were observed in all fungal bins ranging from 0.6 to
14.7%, increasing from Pleosporineae over Herpotrichiellaceae to Parmeliaceae. These findings
are based on fungal diversity in lichen, as the presence of different fungal genomes results
in multiple detections of investigated gene sets by BUSCO [3]. In regard to missing BUSCO
gene sets, approximately 29% were absent in Herpotrichiellaceae and Pleosporineae. As the
primary mycobiont makes up most of the lichen biomass, this genome is predominately
sequenced compared to other fungi included in the metagenome. Fragmentation on BUSCO
gene sets ranged from 0.3 to 1.9%.

The photobiont (Trebouxia) was compared to the gene set of Chlorophyta 0db10, which
yielded mainly complete and duplicated BUSCOs (72.5%), with complete and single BUS-
COs making up the majority of the remaining gene sets (23%). These findings are in line
with the previously elaborated influence of biomass distribution in lichens on sequencing
depth. The share of missing BUSCOs was about 4%, whereas 0.3% were fragmented.
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Figure 2. BUSCO genome completeness assessment of the Hypogymnia physodes (HPH) and Hyp-
ogymmnia tubulosa (HTU) holobiont. Lineage datasets utilized to assess completeness: Ascomycota,
Chlorophyta, and Bacteria.

BUSCO evaluation of the bacterial factions of the investigated lichen community
against the gene set Bacteria yielded high duplication rates in every bin (95-99.2%). As
the investigated bins encased more than one bacterial species, duplication rates were
inevitable [79]. By investigating the genome completeness of the fungal bins present in
HTU, the Parmeliaceae bin exhibits mainly complete and single BUSCOs with only slight
duplication or fragmentation. In contrast, a high rate of missing BUSCOs was seen in the
bin containing Pleosporineae. The node of this bin was smaller in comparison to the one in
HPH (see Table S2). These findings may also be based on the share of primary mycobiont
present in the lichen sample.

Comparable results are observed in the photobiont bin. Here the duplication rate
is considerably lower than in the respective bin of HPH. These findings may suggest a
uniform composition of algal partners in this lichen sample and a more diverse composition
of algal strains in HPH. The bacterial faction of HTU displayed comparable results to
HPH regarding duplication rates, based on the same rationale. The assessment of gene
set completeness showed a similar pattern to that of genome completeness across all
taxonomic groups belonging to eukaryota (Supplementary Figure S1). For bacterial bins,
more complete and singe BUSCOs were observed by analysis of gene set completeness.
However, the rate of missing and fragmented BUSCOs increased.

A second approach to evaluate the contiguity of the assembled metagenomes involves
the utilization of the quality assessment tool for genome assemblies (QUAST). Thus, the
different bins were assessed based on their genome size, number of contigs, and N50
values; a summary of the statistics for each bin are provided in Tables 4 and 5. Notably,
the N50 values for the primary symbionts, Parmeliacea sp. and Trebouxia sp., were around
1 Mb for both lichen samples. These findings, combined with the low L50 value for each,
suggest with a high degree of confidence, that the genomes are assembled contiguously. A
1.4-fold difference in total contig length of Parmeliacea is observed between HPH and HTU,
which could be due to natural variations in genome size. However, both bins align with
the average size of the assembled Parmelia spp. genome reported in the literature (45 Mb,
NCBI BioSample: SAMN17391792). A 1.6-fold difference in genome size can be seen in the
Trebouxia bins; here, it is worth mentioning that in HTU, the missing BUSCOs differ by a
factor of two. This may cause variations in observed total contig length. Deviation from the
69.35 Mb genome size (NCBI BioSample: SAMD00066476 [80]) reported in the literature
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may be explained by the nature of the Trebouxia bin, as it possibly encloses more than one
algal partner in HPH [81].

Table 4. QUAST results of Hypogymnia physodes (HPH) from all investigated bins. From left to
right, bins were abbreviated as follows: Parmeliaceae, Pleosporineae, Herpotrichiellaceae, Trebouxia,
Lichenibacterium, Acetobacteraceae, Granulicella, and Beijerinckiaceae.

Analysis Metrics Parm Pleo Herpo Treb Licheni Aceto Granu Beij
# contigs 697 614 992 497 1215 1807 1551 977
Largest contig 2,288,512 226,469 240,890 2,824,615 1,201,869 5,239,257 4,442,654 1,606,592
Total length 58,447,069 23,701,369 26,591,620 129,019,835 41,345,960 91,111,576 63,381,977 27,344,988
N50 1,017,384 50,386 34,766 1,073,013 80,917 152,096 78,893 51,614
L50 20 156 238 37 75 94 149 115
# N'’s per 100 kbp 0.51 0 0 0.39 0 0.22 0 0.73
Average coverage 251.57 12.12 5.40 4.88 16.89 16.73 24.19 16.24
GC content 51.57 50.69 53.01 55.03 64.51 66.14 60.91 66.93

Table 5. Results from QUAST analysis in regard to selected bins from Hypogymnia tubulosa (HTU).
From left to right, bins were abbreviated as follows: Parmeliaceae, Pleosporineae, Trebouxia, Lichenibac-
terium, Acetobacteraceae, Granulicella, Beijerinckiaceae, and Verrucomicrobiota.

Analysis Metrics Parm Pleo Treb Licheni Aceto Granu Beij Verruco
# contigs 102 385 726 1562 2647 602 685 708
Largest contig 3,149,693 100,164 4,890,443 1,108,507 2,374,220 4,366,399 1,094,751 4,601,209
Total length 39,875,705 10,235,779 76,898,661 56,755,182 107,354,954 35,634,928 20,508,045 33,036,627
N50 1,305,677 32,841 2,503,874 71,728 80,216 225,427 55,316 191,798
L50 11 108 12 149 276 19 69 27
#N’s per 100 kbp 0 0 0.13 0.35 0.28 0.28 0 0.3
Average coverage 284.19 15.85 3.77 32.01 24.34 75.31 15.71 13.92
GC content 51.75 51.35 55.22 64.64 66.60 59.14 66.40 61.18

The bacterial bins in HPH and HTU exhibit a high number of contigs of up to 2647.
However, it should be noted that the reported genome sizes for Lichenibacterium, Aceto-
bacteraceae, and Granulicella are around 6 Mb (NCBI BioSample: SAMNO09781801), 3 Mb
(NCBI BioSample: SAMN29020633), and 6 Mb (NCBI BioSample: SAMN28407668, [82]),
respectively. Usually, bacterial genomes processed by long read sequencers are expected
to be one circular contig only. This suggests that multiple organisms belonging to these
genera may be present in a single bin. Additionally, the high duplication rates observed in
all bacterial bins by the above BUSCO data is consistent with the high number of contigs
and contig lengths found. By investigating the average coverage in both lichen samples, a
strong bias towards the mycobiont is observed, 251- and 284-fold coverage in HPH and
HTU, respectively. These findings are in line with the aforementioned distribution of
mycobiont biomass in lichen. The algal and other fungal partners in both samples are
comparable in coverage. As the bacterial bins of HPH and HTU differed in size, it was also
expected to be observed in regard to coverage.

Comparison of GC content yields similar results throughout all compared taxonomic
groups in both lichen samples.

3.3. Gene Models and Functional Annotation

Annotation of gene models was conducted with AUGUSTUS, utilizing the presented
metagenome assemblies and a long-read IsoSeq database functioning as hints [70-72]. Here
transcriptomic data from each lichen sample was deployed as an individual training set
to ensure correct gene predictions for all factions of the respective metagenome [83]. For
both lichen samples, the predicted genes resembling putative proteins were summed up
from all encased bins investigated in this study. This yielded a total gene count of 133,963
for HPH and 96,257 for HTU. In addition, statistics on average genes length, gene density,
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and introns per gene were evaluated to further validate obtained gene predictions. Exact
numbers for each bin are depicted in Table 6.

Table 6. Gene prediction statistics on the taxonomic groups of HPH and HTU. The bins are ab-
breviated in decreasing order as follows: Parmeliaceae, Pleosporineae, Herpotrichiellaceae, Trebouxia,
Lichenibacterium, Acetobacteraceae, Granulicella, Beijerinckiaceae, and Verrucomicrobiota. Average was
abbreviated as “Av.”.

HPH HTU
Bin Gene Av. Gene  Gene Density Introns/Gene Gene Av. Gene  Gene Density Introns/Gene
Count Length (Genes/Mb) Count Length (Genes/Mb)
Parm 18,804 1455.3 307.48 2.72 13,242 1440.9 329.77 2.06
Pleo 7318 1575.3 385.67 1.75 3159 1870.8 307.74 2.88
Herpo 9247 1589.5 274.67 1.79 - - - -
Treb 19,421 1641.00 148.22 7.33 13,458 1576.5 172.46 7.18
Licheni 13,225 681.4 319.89 - 11,950 649.9 210.57 -
Granu 19,260 931.8 303.87 - 11,423 861.9 221.00 -
Aceto 34,871 783.1 382.73 - 23,724 740.7 320.39 -
Beij 11,817 763.3 431.85 - 8303 709.7 404.87 -
Verruco - - - - 10,998 782.0 332.90 -

To further elaborate the metagenomes, a functional annotation was conducted based
on the databases of Cluster of Orthologous Groups (COG) and Gene Ontology (GO) terms.
Results were similar in both lichen samples and their respective bins. Annotation rates
differed from ~85% in Parmeliaceae to ~94% in Trebouxia regarding the eukaryotic fraction,
whereas approximately ~93% in the bacterial bins could be annotated. Interestingly, the
bins of Parmeliaceae and Trebouxia harbored ~26% and ~20% of predicted genes with no
assigned function, making further research on these organisms highly interesting.

Visualization of the COG distribution in the investigated lichen samples by each bin is
depicted in Figure 3. From left to right, the bins are sorted by taxonomic group, beginning
with the fungal fraction of the lichen metagenome over the green algae and ending with
the bacterial bins. This overview provides insights into the respective functionalities of
the predicted genes in each bin. Furthermore, strong differences between eukaryotes and
prokaryotes are highlighted by a deep red or blue coloring in e.g., chromatin structure or
cell wall biogenesis. On first sight, both heatmaps display a comparable coloring in the re-
spective bins, thus highlighting the high similarity of the samples HPH and HTU. In regard
to biosynthetic potential of the Hypogymnia holobiont, the row dedicated to “secondary
metabolite biosynthesis” is elaborated further. Intriguingly, both Parmeliaceae bins possess
high amounts of proteins predicted to be involved in secondary metabolite production.
Other fungal bins equally displayed increased values compared to the bacterial faction or
the photobiont in the same category. These findings are coherent with the observation of
enhanced secondary metabolite production in lichen mycobionts and fungi [17,84-87].

3.4. Biosynthetic Gene Clusters

Since the genus Hypogymnia is known to produce a manifold secondary metabolite
spectrum, a deeper investigation into the biosynthetic pathways may yield intriguing
results [8,88,89]. Therefore, the here-presented metagenomes were evaluated for biosyn-
thetic gene clusters (BGCs) by antiSMASH 6.1.1 fungal/bacterial version [73], based on the
previously conducted gene annotation. Furthermore, both Trebouxia bins were annotated
by the fungal version of antiSMASH because plantiSMASH yielded insufficient results as
previously described [90]. With this in silico approach, the biosynthetic enzymes involved
in the formation of unique lichen substances are rendered accessible for wet lab research. To
visualize the biosynthetic potential of the genus Hypogymmnia, each bin’s BGC composition
was categorized by putative function (Figure 4). Bins are grouped according to lichen
sample and subdivided by superkingdom. The pie charts were computed based on total
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numbers of BGCs in the respective bin, including numbers representing the amount of
BGC:s of the various types. Main BGC categories identified by antiSMASH were nonriboso-

T3PKS), and terpenes. All remaining types were grouped as “Other”. The complete list of

mal peptide synthetases (NRPS and NRPS-like), type I and III polyketide synthases (T1PKS,
all identified BGCs is given in Tables S3 and S4.
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Figure 4. Biosynthetic Gene Cluster (BGC) analysis of Hypogymnia physodes (HPH) and Hypogymnia
tubulosa (HTU), results by antiSMASH 6.1.1. Each bin was analyzed separately in order to give an
overview of BGCs in different lichen fractions for both samples. Bins are grouped by the correspond-
ing lichen. The fractions of the pie charts are computed based on the total number of BGCs contained
in that bin. Numbers next to each fraction reflect total numbers of the particular BGC type present.
The different BGC types are depicted by the color code on the top right.

Most BGCs annotated throughout both lichen samples were related to terpene forma-
tion, followed by decreasing numbers of NRPS over T1PKS and ending with T3PKS. To
allow for a direct comparison, the total numbers of BGCs per bin are listed in Table 7. For
the first time, the photobiont and the bacterial factions were investigated directly from a
lichen thallus. This gives information on the BGC composition of the complete holobiont
as found in nature.

Table 7. Total numbers of BGCs per bin divided by sample.
Parm Pleo Herpo Treb Licheni Beij Granu Aceto Verruco
BGCs
HPH 114 20 20 19 21 23 36 25 /-
BGCs
HTU 8 /- 14 11 10 25 11 30

The prokaryotic faction in HPH exhibited an average of 26 BGCs over all four bins.
For HTU, an average of ~17 BGCs was reported. Some of the bacterial bins exhibit BGC
totals in the ranges comparable to Streptomyces strains, which are known for their multitude
of BGCs (25-70) [91]. However, as the bins contain more than one bacterial genome the
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exact numbers of BGCs may differ between individual species. Main BGC class assigned by
antiSMASH was related to terpene formation. Throughout all bacterial bins, only 26 BGCs
were with assigned function. The influence of lichen-associated bacteria on the symbiosis
still remains mostly unclear [92]. Identification of bacterial BGCs may yield insights on
further functions in addition to the already known provision of vitamins and cofactors
used for degradation of phenolic compounds [93]. As most of the BGCs remain without
assigned function, these may be intriguing for further research.

A closer look into the photobiont bins yields a comparable distribution of BGCs in the
respective categories, even if the BUSCO and QUAST results differed strongly (see Figure 2
and Tables 4 and 5). For the algal bins, 19 (HPH) and 14 (HTU) BGCs were annotated which
exceeds the numbers reported in previous studies [90]. This might be due to the nature
of the investigated bins, enclosing more than one species. Therefore, an ITSx analysis
was performed to elucidate the bin composition of Trebouxia and Parmeliaceae. For the
bins in HPH only single ITS sequences were found, which is also true for the mycobiont
bin in HTU. In regard to the photobiont bin in HTU, no ITS sequence was extractable.
However, the absence of ITS sequences does not eliminate the possibility that other parts of
the respective genome are present in the respective bins. This also applies to the findings
of the BUSCO analysis. Results on ITSx are listed in Table S5. As algae from the genus
Trebouxia exhibit slow growth rates or are often not yet amenable for cultivation [43], this
metagenomic approach renders unidentified BGCs and genes accessible for genome mining.
Intriguingly, antiSMASH yielded no assignment to any of the annotated BGCs, making
these clusters interesting for further research. As the main class of photobiont BGCs is
related to terpene production a formation of relevant natural products may be possible.

In comparison, the Parmeliaceae bins harbor the highest number of BGCs (114 in HPH;
73 in HTU) in the respective lichen. The richness in BGCs is in line with findings in
previous studies concerning HTU, as the described BGC content in lichen ranges between
27 and 80 [10]. In the case of HPH, the total number of BGCs exceeded these amounts.
Compared to other organisms harboring high amounts of BGCs such as Streptomyces spp.
(23-80) [94,95], Cyanobacteria spp. (1-42) [96,97] Myxobacteria spp. (30-46) [98,99], and
Nocardia spp. (~36) [100,101], the investigated Parmeliaceae bins showed comparable or
higher totals of BGCs. For both mycobiont bins, the majority of BGCs were putative PKS
followed by terpene related clusters. In regard to annotation by antiSMASH with the
MIBiG database and Pfam, only 27 (HPH) and 16 (HTU) BGCs were with assigned function,
highlighting the yet still untapped potential for further investigation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jof9050546/s1, Figure S1: BUSCO gene set completeness; Table
S1: GC-MS spectra for HPH and HTU; Table S2: Bin comparison of both lichen samples; Table S3:
Summary of antiSMASH HPH results on BGCs; Table S4: Summary of antiSMASH HTU results on
BGCs; Table S5: ITSx analysis results.
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Abstract

Lichens are symbiotic associations consisting of a photobiont (algae or cyanobacter-
ia) and a mycobiont (fungus), which together generate a variety of unique secondary
metabolites. To access this biosynthetic potential for biotechnological applications,
deeper insights into the biosynthetic pathways and corresponding gene clusters are
necessary. Here, we provide a comparative view of the biosynthetic gene clusters of
three lichen mycobionts derived from Hypogymnia physodes, Hypogymnia tubulosa,
and Parmelia sulcata. In addition, we present a high-quality PacBio metagenome of
Parmelia sulcata, from which we extracted the mycobiont bin containing 214
biosynthetic gene clusters. Most biosynthetic gene clusters in these genomes were
associated with T1PKSs, followed by NRPSs and terpenes. This study focused on
biosynthetic gene clusters related to polyketide synthesis. Based on ketosynthase
homology, we identified nine highly syntenic clusters present in all three species.
Among the four clusters belonging to nonreducing PKSs, two are putatively linked to
lichen substances derived from orsellinic acid (orcinol depsides and depsidones, e.g.,
lecanoric acid, physodic acid, lobaric acid), one to compounds derived from
methylated forms of orsellinic acid (beta orcinol depsides, e.g., atranorin), and one
to melanins. Five clusters with orthologs in all three species are linked to reducing
PKSs. Our study contributes to sorting and dereplicating the vast PKS diversity
found in lichenized fungi. High-quality sequences of biosynthetic gene clusters of
these three common species provide a foundation for further exploration into

biotechnological applications and the molecular evolution of lichen substances.
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1 | INTRODUCTION

In the past, lichens were considered a mutualistic symbiosis
consisting of a fungus and partners capable of photosynthesis, such
as algae or cyanobacteria (Plitt, 1919). Recent research has indicated
that lichen individuals may contain not only the primary fungus
responsible for lichen formation (mycobiont) and the primary
photosynthetic partner (photobiont) but also additional fungi from
other phyla and other organisms. Among these are Basidiomycota
(Spribille et al., 2016) or Ascomycota (Muggia & Grube, 2018), as well
as various types of bacteria and other algae (Aschenbrenner
et al,, 2016; Smith et al., 2020). Today, lichens are often referred
to as ecosystems (Hawksworth & Grube, 2020) or holobionts
(Rolshausen et al., 2022). Over the past few decades, the distinct
secondary metabolite profile of these composite organisms has
attracted growing interest (Rankovi¢ & Kosani¢, 2019). A plethora of
natural products are synthesized by lichen mycobionts (Huneck &
Yoshimura, 1996). Among the latter, the most prominent classes
include depsides, depsidones, dibenzofurans, and phenolic com-
pounds (Elix & Stocker-Worgétter, 2008; Calchera et al., 2019).
These compounds exhibit bioactivities of antimicrobial (Kosanic¢
et al., 2013; Rankovi¢ & Kosani¢, 2019; Risti¢ et al., 2016; Sisodia
et al., 2013), antifungal (Karabulut and Ozturk, 2015), anti-
inflammatory (Joshi et al., 2019), antioxidant (Goga et al., 2020;
Kosani¢ & Rankovié¢, 2019), and antitumoral (Kosani¢ et al., 2013;
Solarovd et al., 2020) nature. Examples of medically relevant
compounds include gyrophoric acid, atranorin, and physodic acid
(Cardile et al., 2017). Compounds like physodic acid, evernic acid,
atranorin, and usnic acid displayed an inhibitory effect on metabolic
enzymes (Boustie & Grube, 2005; Calchera et al., 2019).

To utilize these compounds biotechnologically, it is essential to
have a thorough understanding of their biosynthesis. The compounds
mentioned above are classified as polyketides and are created
through multiple catalytic cycles in which elongation units are linked
to a starter molecule by mega-enzyme polyketide synthases (PKS)
(Crawford & Townsend, 2010). In the context of fungal PKS, reducing
PKS (R-PKS) and nonreducing PKS (NR-PKS) are distinguished based
on their domain composition and the extent of reductive processing
involved in their catalytic cycles. R-PKSs contain additional domains
responsible for reducing the intermediate polyketide chain during
synthesis, while NR-PKSs lack these domains and thus do not
perform any reduction steps (Cox, 2023). Conserved structures in
R-PKS from N- to C-termini consist of ketosynthase (KS); acyl
transferase (AT); dehydratase (DH); C-methyl transferase (cMT);
enoylreductase (ER); ketoreductase (KR); and acyl carrier protein
(ACP) domains (Cox, 2023; Dutta et al., 2014). In contrast, unique
PKS domains comprising starter unit:acyl-carrier protein transferases
(SAT) and a product template (PT) domain are observed in NR-PKS
(Crawford & Townsend, 2010; Huitt-Roehl et al., 2015). SAT domains
link the chain-initiating compound to the enzyme, while the PT
domain is responsible for regulating the cyclization reactions that
convert highly reactive, fully elongated intermediates into specific

aromatic compounds (Crawford & Townsend, 2010; Crawford et al.,

2009; Huitt-Roehl et al., 2015; Li et al., 2010). NR-PKS domains are
mostly organized in the following order SAT-KS-AT-PT-ACP-ACP-TE
(Wang et al., 2021). Other occurring units comprise AMP-binding
sites (A), carrier proteins (CP), and the terminal domain (TD); these are
however dedicated to hybrid PKS-NRPS (Meier & Burkart, 2011;
Boettger & Hertweck, 2013; Calchera et al., 2019).

Next-generation sequencing (NGS) has enabled the identification
of potentially involved genes in natural product formation through
deep genome sequencing. If multiple genes that are involved in the
formation of a specific secondary metabolite are coregulated and
located in proximity (not dispersed throughout the genome), they are
referred to as a biosynthetic gene cluster (BGC) (Keller, 2019; Keller
et al., 2005; Medema et al., 2015; Pizarro et al., 2020; Rokas et al.,
2018). Recent studies have revealed that BGCs located within
lichenized fungi are responsible for the production of various
secondary metabolites, such as pigments, terpenes, and polyke-
tides (Kealey et al., 2021; Kim et al., 2021; Llewellyn et al.,
2023; Singh, 2023; Singh et al., 2021b).

To identify particular BGCs, it is essential to gain access to the
genomic composition of the symbiotic partners. This can be
accomplished by sequencing the entire meta-genome, which pro-
vides a comprehensive view of all BGCs present in the organisms
involved in the lichen symbiosis. This approach may facilitate
uncovering interactions between the multiple species involved in
the symbiosis at the level of BGCs (Aschenbrenner et al., 2016).
Therefore, metagenomic tools are deployed to divide the obtained
metagenomes taxonomically into respective bins. This renders
symbiotic partners, which are challenging to cultivate, accessible to
genetic interrogation (Muggia et al., 2010). The genome of the
mycobiont often harbors most of these BGCs (Pizarro et al., 2020),
which are activated in response to environmental stimuli (Chiang
et al., 2011; Zheng et al., 2020). In addition, various structurally
similar compounds may be encoded by one BGC (Martinet et al.,
2019; Singh et al., 2022; Wasil et al., 2013).

Short-read sequencing methods can have limitations in accu-
rately representing isoforms among different species in a sample. This
is because short reads may not span across complex genomic or
repetitive regions, as well as capture the full extent of genomic
diversity in mixed microbial communities. As a result, it can be
challenging to confidently assemble the complete genomes of all
species present in the sample (Bickhart et al., 2022; Cuscé et al.,
2021; Tsai et al., 2016). To overcome these limitations, long-read
sequencing techniques are utilized instead. These technologies have
the potential to generate more contiguous genome assemblies and
improve our ability to accurately identify BGCs and other functional
genetic elements in complex microbial communities, resulting in high-
quality data output (Xie et al., 2020). Furthermore, nucleotide
variances among symbionts can be detected by long reads (Chen
et al,, 2022).

In this study, we present a new lichen metagenome of Parmelia
sulcata (PSU) (BioSample SAMN35345252) and the BGCs of the
mycobiont. P. sulcata is one of the most common species of lichen-

forming fungi worldwide. It is widely distributed in temperate and

9SUQDIT SuowWWwo)) dAnear) sjqeatjdde o) Aq pauIoAoS aIe SI[OIIE V() oSN JO AN 10f AIRIqIT dul[u() AJ[IA\ UO (SUONIPUOI-PUE-SULIN)/ W00 Ad[1MAIRIqI[aUI[UO//:sdNY) suonipuoy) pue suLd [ oy 39S [£207/01/81] uo K1eiqi autjuQ A9fip ‘Aueurion sueiyoo)) £q 98¢ [ €oqui/z00 1 0 1/10p/wod Kajim Kreiqiurjuo,/:sdpy woly papeo[umo( ‘S ‘€70T ‘LT88SH0T



AHMAD ET AL

cold regions of both hemispheres and typically grows on the bark of
trees. The lobed thallus has a light gray surface, usually with white
ridges and soredia. P. sulcata belongs to a species complex,
characterized by high genetic diversity (Crespo et al., 1997, 1999;
Feuerer & Thell, 2002; Molina et al., 2011).

One of the aims of the present study was to better understand
the diversity and distribution of BGCs among lichenized fungi,
categorize and group PKSs, and identify gene clusters linked to
known compounds. We selected three species with overlapping
natural product profiles. The upper surface of P. sulcata, H.
physodes, and H. tubulosa is bluish to whitish gray, due to the
presence of atranorin in the cortex. The medullary layer contains
various colorless depsides and depsidones (Table 1), and the lower
surface is black due to the presence of melanins. We hypothesize
that some of the BCGs found in the three species are highly similar
(orthologous) because they are linked to the same or a structurally
similar compound, as has been shown in other, non-lichenized,
fungi (Theobald et al., 2018).

The identified BGCs of P. sulcata were compared for orthologs
with previously published metagenomes from H. physodes and H.
tubulosa (Ahmad et al, 2023). Table 1 summarizes the natural
products previously reported in the compared lichen. Some of these
exhibit medicinally relevant activities (Rankovi¢ et al, 2014;
Stojanovi¢ et al., 2018; Yilmaz et al., 2005). Consequently, this
syntenic comparison provides further insights into relevant natural
product formation rendering the biosynthetic potential of the three
lichen mycobionts from P. sulcata, H. physodes, and H. tubulosa

accessible for biotechnological exploitation.

2 | MATERIAL AND METHODS
2.1 | Lichen sample collection

Samples were collected in Germany, Altenschneeberg (August 2022),
from the bark of conifers. Precise locations of sequenced samples are
latitude 49°26'14.3“N and longitude 12°32'50.9“E. To ensure correct
lichen identity, a BLAST search on ITS sequences (see Supporting
Information: Table S1: 10.5281/zenodo.8205254) was performed.
The lichen sample included in this study was identified as PSU.

TABLE 1
class are given in parentheses.

Lichen species Natural product
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2.2 | GC-MS analysis of lichen compounds

Furthermore, a part of the collected samples were subjected to GC-MS
analysis to investigate the composition of secondary metabolites. This
method was chosen as it enables the identification of volatile compounds
in lichen, such as orsellinic acid derivatives. Therefore, approximately
500 mg of dry lichen biomass was macerated in 10 mL of methanol for
24 h at 300 rpm. The resulting extract was then analyzed using a Trace
GC-MS Ultra system with DSQII (Thermo Scientific). An autosampler
TriPlus was utilized to inject a sample volume of 1 pL in split mode onto
an SGE BPX5 column (30m, ID 0.25mm, film 0.25 um). The injector
temperature was set at 280°C. The initial oven temperature was
maintained at 50°C for 2.5 min, followed by a temperature increase at
a rate of 10°C/min until reaching 320°C, with a final hold step for 3 min.
Helium was used as the carrier gas with a flow rate of 0.8 mL/min and a
split ratio of 8. Mass spectra and chromatograms were recorded using
electron ionization at 70 eV. Masses were detected within the range of
50m/z to 650m/z in positive mode (Ringel et al., 2020). Identification of
compounds was achieved by comparing their spectra with the NIST/
EPA/NIH MS library version 2.0. Identified compounds in Supporting
Information: Table S2 depict the top 10 hits found in this sample
(Supporting Information: Table S2: 10.5281/zenodo.8205254). Some of
these compounds however depict silylated molecules that do not belong
to this sample, as no silylation was conducted. These are residuals from

previous experiments, which remained on the liner or the column.

2.3 | High molecular weight DNA (HMW gDNA)
extraction and library preparation

Before DNA extraction, the lichen thallus was examined under a
binocular microscope to eliminate any moss, wood, and other lichens
present in the sample. Additionally, visibly infected parts of the
thallus were removed to minimize potential contaminants.

HMW gDNA extraction was conducted as follows. The Quick-DNA
Fungal/Bacterial Miniprep Kit (Zymo Research, Europe GmbH) was used
to extract lichen HMW genomic DNA. Dry thallus material from PSU
samples was ground into a fine powder using liquid nitrogen. The
homogenized material was then transferred to the Bashing Bead Buffer

provided in the kit. Genomic HMW DNA was isolated according to the

Lichen substances found in Parmelia sulcata, Hypogymnia physodes, and Hypogymnia tubulosa. Location in thallus and substance

Reference

Parmelia Atranorin, chloroatranorin (cortical depsides), salazinic acid, consalazinic Brodo et al. (2003), Candan et al. (2007),
sulcata acid, lobaric acid (medullary depsidones), lecanoric acid (medullary Duarte (2022), Galloway (2007)
depside)
Hypogymnia Atranorin, chloroatranorin (cortical depsides), physodic acid, physodalic acid, Molnar and Farkas (2011), Purvis (1992),
physodes 3-hydroxyphysodic acid, protocetraric acid, fumarprotocetraric acid Rankovi¢ et al. (2014), Solhaug et al. (2009)
(medullary depsidones)
Hypogymnia Atranorin, chloroatranorin (cortical depsides), physodic acid, 3- Purvis (1992), Stojanovi¢ et al. (2018)
tubulosa hydroxyphysodic acid, 4-O-methyl physodic acid (medullary depsidones)

9SUQDIT SuowWWwo)) dAnear) sjqeatjdde o) Aq pauIoAoS aIe SI[OIIE V() oSN JO AN 10f AIRIqIT dul[u() AJ[IA\ UO (SUONIPUOI-PUE-SULIN)/ W00 Ad[1MAIRIqI[aUI[UO//:sdNY) suonipuoy) pue suLd [ oy 39S [£207/01/81] uo K1eiqi autjuQ A9fip ‘Aueurion sueiyoo)) £q 98¢ [ €oqui/z00 1 0 1/10p/wod Kajim Kreiqiurjuo,/:sdpy woly papeo[umo( ‘S ‘€70T ‘LT88SH0T



MWI LEy_MicrobiologyOpen

AHMAD ET AL.

Open Access,

manufacturer's instructions. Due to the high content of polysaccharides,
phenolic compounds, and pigments, additional purification steps were
necessary. These purifications were performed using the Genomic DNA
Clean and Concentrator-10 Kit (Zymo Research, Europe GmbH) and the
DNeasy PowerClean Clean-up Kit (Qiagen). The quality of the obtained
HMW genomic DNAs was assessed using a Nanophotometer (Implen,
Nanophotometer Pearl), Qubit 2.0 Fluorometer (Thermo Scientific), and
TapeStation (Agilent Technologies).

SMRT bell libraries were constructed for the samples that passed
the quality control, which included a 260/280 absorbance ratio of
1.75-1.85 and a 260/230 absorbance ratio of 2.0-2.2. The library
was prepared following the instructions for the Low DNA Input
Protocol of the SMRT bell Express Prep kit v2 (Pacific Bioscience).
Total input DNA with a size range of 10-18 kb for library generation
was approximately 350-600 ng. Ligation with T-overhang SMRT bell
adapters was performed at 20°C for 1 h. Following two cleanup steps
with AMPure PB beads, the size and concentration of the final library
were assessed using TapeStation and Qubit Fluorometer 2.0 with
Qubit dsDNA HS reagents Assay Kit.

2.4 | Genome and RNA lllumina short-read
sequencing

The obtained library was subjected to whole-genome sequencing on
a PacBio Sequel lle device (Pacific Bioscience). Pre-extension and
adaptive loading (target of p1 + p2 = 0.95) were set to 2 h with an on-
plate concentration of 90 pM. The movie time was set to 30 h (Ritz
et al,, 2023).

Additionally, RNA sequencing was conducted using short-read
Illumina technology (NovaSeq, lllumina). This transcriptomic data
were generated to provide additional depth and accuracy to the
predicted gene models. For RNA extraction, frozen lichen thalli were
ground using a CryoMill (Retsch), and the RNeasy Plant Mini Kit
(Qiagen) was used. To further purify the extracted RNA, the Turbo
DNA-free Kit (Invitrogen) was employed. For short-read RNA
sequencing, the samples underwent processing on a NovaSeq
instrument using a paired-end run mode and a read length of
2 x150bp. To begin, total RNAs were extracted using TRI Reagent
(Zymo Research, Europe GmbH) following the manufacturer's
instructions. Subsequently, the samples underwent further purifica-
tion using the RNA Clean and Concentrator-5 Kit (Zymo Research,
Europe GmbH). This purification step was repeated until it had a 260/
280 absorbance ratio between 1.9 and 2.1, as well as a 260/230
absorbance ratio between 1.8 and 2.2. Only RNAs with a RIN value
greater than 8.0 (TapeStation) were considered suitable for

sequencing.

2.5 | Bioinformatic and statistical analysis

Metagenomic reads derived from entire lichen thalli primarily consist

of fungal sequences originating from the mycobiont (Greshake

Tzovaras et al, 2020). This composition presents challenges for
genome assemblers that rely on solid k-mers. The abundance of
certain species can lead to their over-representation, while low-
abundance species like the photobiont may fail to assemble. To
address these challenges, the obtained long CCS reads from PacBio
Sequel lle were therefore assembled using metaFlye v2.9.1. This
assembler is specifically designed to manage read coverages with
high nonuniformity, making it well-suited for this case. Additionally,
the assembled contigs were simultaneously scaffolded using flye,
enabling further bioinformatic processing (Kolmogorov et al., 2020).

To differentiate the acquired data sets, a taxonomic binning
approach was employed. This involved performing blastx using the
DIAMOND v2.0.14 algorithm (Buchfink et al., 2015) on a custom-
made database, as well as utilizing the MEGAN6 LR Community
Edition v6.21.7 (Huson et al., 2018). The DIAMOND database used in
the analysis encompassed protein sequences from various taxonomic
groups, including fungi, bacteria, archaea, viruses, chlorophyta,
klebsormidophyceae, tremella, and cystobasidium. To circumvent
obstacles like insertion and deletion errors in long-read sequencing,
the flags --more-sensitive --frameshift 15 and --rage-culling were
employed in DIAMOND to allow for a frame-shift-aware alignment
mode (Bagcl et al., 2021). The resulting files were subjected to further
processing in MEGAN, where taxonomically assigned sequences
were matched to their respective bins (Bagci et al., 2019). Subse-
quently, contigs and scaffolds corresponding to the desired nodes
were extracted for subsequent analysis. To evaluate the complete-
ness and quality of the resulting bins for further investigation, several
tools were utilized, including BUSCO v5.3.2 (Benchmarking Universal
Single-Copy Orthologs) (Simao et al., 2015), QUAST, v5.2.0 (Quality
Assessment Tool) (Gurevich et al., 2013), and SegKit v2.3.1 (Shen
et al., 2016). To validate the identities of the mycobiont, an ITSx
v1.1.3 analysis was performed (Bengtsson-Palme et al., 2013). Gene
prediction was carried out using AUGUSTUS v3.4.0/BRAKER v2.1.6,
leveraging both the metagenomics data and corresponding transcrip-
tomic data as hints (Brdna et al., 2021; Hoff et al., 2016, 2019). This
facilitated the functional annotation of genes in the respective data
sets. Furthermore, the identification of BGCs present in the obtained
bin was performed using antiSMASH v6.1.1 (Blin et al., 2021). The
Gene Ontology (GO) terms were levied by InterProScan (v5.59-91.0)
(Jones et al., 2014).

To visualize the distribution of BGCs in all three mycobionts, an
evaluation with BiG-SCAPE (Navarro-Mufoz et al., 2019) and
Cytoscape (Shannon et al., 2003) was conducted, clustering the
respective contigs by shared name. To gain insights into the
polyketide synthesis in the mycobiont, PKS-related BGCs were
investigated further. At first, a Reciprocal Best Hit (RBH) based on
BLAST was performed on the respective primary mycobiont bins of
PSU, Hypogymnia physodes (HPH), and Hypogymnia tubulosa (HTU)
(Camacho et al., 2009; Cock et al., 2015) in all three combinations.
The latter two were previously published (Ahmad et al., 2023).
AntiSMASH, InterProScan, ITSx, SegKit, and RBH analyses were
performed on the Galaxy servers (Afgan et al., 2022). Obtained pairs
from RBH were compared for duplicates, highlighting highly
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conserved PKS-related genes in the investigated mycobiont
genomes. Therefore, the sequences of KS regions were extracted
and compared on a phylogenetic level to already published data sets
(Gerasimova et al., 2022; Mosunova et al., 2022; Singh et al., 2022)
and sequences from the MIBIG database (Terlouw et al., 2023).
Therefore, a midpoint rooted maximum likelihood phylogenetic tree
(IQ-TREE v2.1.2; Nguyen et al., 2015), levied with 1000 ultrafast
bootstraps (Minh et al., 2013) and the elaborated substitution model
(ModelFinder; Kalyaanamoorthy et al., 2017) LG+ F + G8 was built
based on an alignment with MAFFT v7.508 (Katoh & Standley, 2013).
The included sequences were grouped in the vicinity of the KS
sequences from HPH, HTU, and PSU to highlight the validity of the
obtained results. It yielded the following metrics, based on Input data
of 76 sequences with 3742 amino-acid sites, exhibiting 917 constant
and invariant sites, 2142 parsimony informative sites, and 3009
distinct site patterns. This tree was visualized with iTOL v5 (Letunic &
Bork, 2021) and Inkscape. The according fasta and alignment file is
provided in Supporting Information: Tables S3 and S4: 10.5281/
zenodo.8205254. Subsequently, an alignment of related gene
clusters was performed on EasyFig (v2.2.5) (Sullivan et al., 2011) to
investigate PKS synteny between HPH, HTU, and PSU. Additionally,
a progressiveMAUVE (Darling et al., 2004) alignment of the whole
mycobiont bins was deployed to visualize synteny on the genome

level in Geneious (Geneious Prime® 2022.0.1).

3 | RESULTS AND DISCUSSION
3.1 | Genome sequencing and quality assessment

The same lichen-related substances were observed in the GC-MS
analysis (see Supporting Information: Figure S1 and Table S2: 10.
5281/zenodo.8205254) of PSU as in the previously described
species HPH and HTU (Ahmad et al., 2023). Therefore, this lichen
was deemed to harbor familiar BGCs. To present sequencing quality,
the metrics of PSU are listed in Table 2. As the mean HiFi Read
Quality exhibited a value well above Q20, further bioinformatic
analyses were conducted.

After taxonomic analysis, the mycobiont (Parmeliaceae) bin was
further investigated. Evaluating the contiguity of the assembled
metagenome involved the utilization of the quality assessment tool
for genome assemblies (QUAST). The metagenome was assessed
based on the genome size, number of contigs, and N50 values. A
summary of the statistics is provided in the upper part of Table 3.
Notably, the N50 value was beneath the recommended threshold of
1 Mb from PacBio, indicating poor contiguity. To address this issue,
ITS analysis was performed vyielding two ITS sequences, which were
both identified as PSU in the NCBI BLAST search against the nr
database using megablast. This may be due to the intertwined growth
of two closely related subspecies of PSU or the lack of data to align
the respective ITS sequences to. Subsequent binning clustered all the
related contigs together, which may have impacted the QUAST
results regarding, for example, N50. Nevertheless, the low L50 value

Open Access,
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TABLE 2 Metagenomic PacBio sequencing of Parmelia

sulcata (PSU).

Analysis metrics PSU

Total bases (Gb) 683.00
HiFi reads 3,799,596
HiFi yield (Gb) 26.01
HiFi read length (mean, bp) 6845

HiFi read quality (median) Q43

HiFi number of passes (mean) 18

TABLE 3 QUAST and gene prediction results of Parmeliaceae
bin, including the mycobiont sequences.

Analysis metrics

Parmeliaceae

QUAST Number of contigs 328
Largest contig 2,191,686
Total length 82,929,871
N50 698,771
L50 41
Number of Ns per 100 kbp 0
Average coverage 107.9
GC content 47.62

Gene prediction Gene count 24,437
Average gene length 1547.1
Gene density (genes/Mb) 294.67
Introns/gene 2.29

suggests sufficient contiguity of the obtained genome. The possible
presence of two closely related lichen species in the mycobiont bin is
further supported by a comparison of the obtained genome size to
that of Parmelia spp. reported in the literature (45Mb, NCBI
BioSample: SAMN17391792). Average coverage of 107x was
deemed to be highly sufficient for further processing. Comparison
of GC content with the genome from literature yields equivalent
results. For further assessment, a gene prediction was conducted
with Augustus-BRAKER based on short-read RNA sequencing data.
The resulting statistics are depicted in the lower part of Table 3. The
observed gene count was 24,437, which exceeded the median value
of 11,000 (Stajich, 2017), further hinting at the presence of two
mycobionts in the investigated bin.

Genome completeness and reliability for further data processing
were evaluated with a BUSCO (Sim3o et al., 2015) assessment. The
results were normalized and summarized in Figure 1. Ascomycota
odb10 was utilized as the orthologous gene set. Obtained BUSCO
results are depicted in percentages to allow for an accurate

comparison between the investigated bins. Additionally, absolute
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Parmelia sulcata

Hypogymnia tubulosa

Hypogymnia physodes

0 25

C:1635 [S:148, D:1487], F:7, M:64, n:1706

C:1650 [S:1611, D:39], F:4, M:52, n:1706

C:1660 [S:1409, D:251], F:5, M:41, n:1706

75 100

% BUSCO
.Complete and single-copy BUSCOs (S) . Complete and duplicated BUSCOs (D) D Fragmented BUSCOs (F) . Missing BUSCOs (M)

FIGURE 1 BUSCO genome completeness assessment of the mycobiont subsets of Parmelia sulcata, Hypogymnia tubulosa, and Hypogymnia
physodes; the latter two were previously described (Ahmad et al., 2023). The subset checked for completeness was Ascomycota with the

orthologous gene set ascomycota_odb10.

numbers were included in all columns to allow for more precise
comparison between different bins.

At first sight, PSU exhibits a high number of complete and
duplicated BUSCOs supporting the statement of two closely related
PSU species. The remaining bins harbored more complete and single
BUSCOs. The fragmentation rate was low throughout all investigated
mycobionts. The sum of missing BUSCOs was comparable in the

three bins.

3.2 | BGC annotation and phylogeny

The genus Parmelia produces a plethora of secondary metabolites,
rendering further evaluation of inherent pathways highly interesting
(Candan et al., 2007; Ele¢ko et al., 2022; Gandhi et al., 2022;
Rankovi¢ & Kosani¢, 2019; Rankovi¢ et al., 2007). Therefore, the
obtained metagenome of P. sulcata was investigated for BGCs by
antiSMASH 6.1.1 fungal/bacterial version (Blin et al., 2021), lever-
aging the prior conducted gene annotation. This yielded the following
amount of BGCs for the three mycobiont bins: HTU 73, HPH 114,
and PSU 214. These findings are coherent with the observation of
enhanced secondary metabolite production in lichen mycobionts and
fungi (Bills & Gloer, 2017; Devi et al., 2020; Goga et al., 2020; Ola
et al., 2013; Shwab & Keller, 2008). The number of BGCs present in
HPH and HTU from previous studies (Ahmad et al., 2023) was in line
with the literature, as the described BGC content in lichen ranges
between 27 and 80 (Calchera et al., 2019). Regarding PSU, the total
number of BGCs exceeded others potentially due to the bin
containing two closely related mycobionts. As P. sulcata is a widely

distributed lichen species and known for its high variability, the
possibility of collecting two closely related, intricately growing
species is high (Brodo et al., 2003). These are referred to as “cryptic”
and are described as different species with similar morphology
(Bickford et al, 2007; Brodo et al., 2003; Hawksworth &
Rossman, 2007; Molina et al,, 2011). The phenomenon of cryptic
species is often observed in P. sulcata (Molina et al., 2011). This
renders the physical isolation of only one specimen from an
environmental sample challenging or even not feasible. The same
applies to separation on a metagenomic level, as most currently
available genomes were assembled de novo and the overall amount is
still limited, making binning on a species level challenging. However, if
the amount of BGCs was divided by two, more comparable results
may be obtained. By comparison to different organisms, which also
exhibit a high richness in BGCs like Nocardia spp. (~36) (Doroghazi &
Metcalf, 2013; Mannle et al., 2020), Myxobacteria spp. (30-46) (Amiri
Moghaddam et al., 2018; Gregory et al., 2019), Streptomyces spp.
(23-80) (Caicedo-Montoya et al., 2021; Liu et al., 2021), and
Cyanobacteria spp. (1-42) (Dittmann et al., 2015; Popin et al., 2021),
the presented mycobiont genome shows comparable or higher totals
of BGCs when the nature of the deployed bin is considered. For the
new genome of PSU, antiSMASH assigned 10 out of 214 BGCs with a
specific function (100% similarity to MIBIG clusters), leaving the
majority of the BGCs with unknown or uncharacterized functions.
Among the annotated “most similar cluster” were, for example,
6-hydroxymellein,1,3,6,8-tetrahydroxynaphthalene, and clavaric acid.
Please refer to Supporting Information: Table S5 for further
information: 10.5281/zenodo.8205254. A visual representation of
all BGCs from the three investigated mycobionts is depicted in
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Figure 2. The analysis with BiG-SCAPE yielded a similarity network
which was visualized with Cytoscape. Investigated BGCs were color-
coded based on their respective mycobiont. This visualization
highlights the connection of various BGCs between the investigated
mycobionts. It comes to attention that only one cluster contains
solely one BGC belonging to PSU; all others contain two BGCs from
PSU if this mycobiont is involved. By focusing on the middle segment
of Figure 2, it becomes evident that PSU exhibits a high amount of
paired BGCs (45) and also triples (two, located at the lower part of
the upper segment), which is not observed in the other two
mycobionts. Due to the high duplicates but also the presence of
singletons grouped in the lower part of the figure, the assumption on
two closely related P. sulcata species is fortified, as singletons exhibit
no sufficient sequence similarity to other BGCs present in the
investigated data set. These unique or highly divergent BGCs do not
share common biosynthetic gene homology with other clusters in the
data set. This renders them highly interesting for further investigation
as these may provide insights into the potential production of novel
or uncharacterized secondary metabolites (Sanchez-Navarro
et al., 2022). Since the most abundant group of BGCs is related to

polyketide formation, these were further investigated.
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Subsequently, BGCs related to PKS formation were subjected to
RBH with BLAST (Camacho et al., 2009), where all three mycobiont
data sets were compared and paired. The resulting orthologous pairs
yielded highly conserved regions accessible for further analysis
(Supporting Information: Table S6: 10.5281/zenodo.8205254).

As the ketosynthase (KS) region of PKS represents their most
conserved domain (Amnuaykanjanasin et al., 2009), a phylogenetic
tree was constructed based on these sequences (Figure 3). Depicted
clades were numbered from one to nine and additionally included
gene names tagged with the lichen mycobiont they are derived from.
In every clade, three KS regions belonging to the different
mycobionts aligned with reference sequences. These findings
strongly highlight the degree of similarity between the compared
PKS throughout all examined samples. In addition, both Hypogymnia
species clade more closely than the PSU sample, which reflects the
phylogenetic relationships (Divakar et al., 2015). Furthermore,
elaborated KS regions were compared phylogenetically to previous
studies to elucidate putative function and natural product formation
(Gerasimova et al., 2022; Mosunova et al., 2022; Singh et al., 2022).
This tree depicts the KS regions of the lichen compared in this study

with reference sequences from previous studies (Gerasimova
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FIGURE 2 BiG-SCAPE analysis and visualization of biosynthetic gene clusters (BGCs). Here, BGCs of all three lichen mycobionts were
analyzed in BiG-SCAPE and clustered in Cytoscape. The upper segment represents the similarity network between the contigs of the
investigated three lichen mycobionts. In the left middle segment, contig pairs of Parmelia sulcata (PSU) are grouped, whereas on the right side,
the pairs of Hypogymnia physodes and PSU are located. The singletons of each mycobiont are depicted in the lower section. These represent

contigs with no significant sequence similarity to others in the pool.
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FIGURE 3 Phylogenetic tree of orthologous KS regions compared to reference sequences. Phylogenetic relationships of nine biosynthetic
gene clusters (Clades 1-9), which had an ortholog in each of the three studied species. The phylogeny is based on the ketosynthase domain of
the PKS. Gene names were tagged with the abbreviation of the respective lichen mycobiont. Obtained KS sequences were compared on a
phylogenetic level with the data sets from previous studies, including sequences from the MIBIG database, and the groups were named

accordingly (Gerasimova et al., 2022; Mosunova et al., 2022; Singh et al.,

2022). All clades were allocated to the respective group with the

corresponding putatively produced chemical compound. AT4HN, 2-acetyl-1,3,6,8-tetrahydroxynaphthalene.

et al., 2022; Mosunova et al., 2022; Singh et al., 2022) and the MIBIG
database. The upper part of Figure 3 depicts PKS belonging to the
group of nonreducing PKS (NR-PKS), comprising Clades 1-4. The
other part of the figure shows Clades 6-9 representing reducing PKS
(R-PKS), whereas Clade 5 contains a partially reducing PKS (PR-PKS).
The position of the latter is in line with the nature of the described
reductive functions, being in the middle of the two types. Clade
names are based on previous PKS phylogenies (Gerasimova
et al.,, 2022; Mosunova et al., 2022; Singh et al., 2022). Clade 1 is
putatively linked to naphthalene-like compounds, which is also in line
with annotations by antiSMASH. This BGC may be associated with
melanin biosynthesis in the three studied lichenized fungi. All of the
species are characterized by a black (melanized) lower surface of
the thallus (Elvebakk, 2011). Clades 2 and 3 belong to Group | and are
linked to orsellinic acid and its derivatives, such as the di-depside
lecanoric acid (Schroeckh et al., 2009) and the tri-depside gyrophoric
acid (Singh et al., 2022). We observed orsellinic acid in the GC-MS
analysis. Orcinol-type depsidones may also be linked to these clusters
(Singh et al., 2021a). Interestingly, the BGCs in Clade 2 contain a
second, reducing PKS (Figure 3). Alternatively, a FAS comprising
HexA and HexB subunits could be responsible for the synthesis of
the acyl chains, as seen in the biosynthesis of norsolorinic acid in the

aflatoxin pathway (Brown et al., 1996; Watanabe & Townsend, 2002).
Homologs of HexA and HexB genes have been found in the
lichenized fungi Pseudevernia furfuracea and Cladonia grayi (Singh
et al,, 2021a). Clade 4 contains a PKS with a cMet domain and is
linked to methylated orsellinic acid and its derivatives, for example,
the beta orcinol-type depside atranorin. This BGC has been
functionally characterized and was found in the genomes of several
atranorin-producing lichens (Kim et al., 2021). Regarding Clade 5 (PR-
PKS), a possible product is mellein or 6-methyl salicylic acid (6-MSA),
resembling other polyketides produced by lichen. For the R-PKS,
Clades 6, 7, and 8 were assigned to R-I and R-Il, allegedly producing
lovastatin-like compounds. Interestingly, Clade 9 was putatively
assigned to the novel R-PKS group X being located at the very edge
of this group, estimating product formation challenging. It is to be
mentioned that biosynthetic core genes of Clades 8 and 9 were
annotated as hybrid PKS-NRPS. To further validate the obtained
results, the whole PKS sequences of HPH, HTU, and PSU allocated to
the respective clades were compared with some of the reference
sequences grouping in the vicinity of these via blastp and another
phylogenetic tree (Supporting Information: Figure S4: 10.5281/
zenodo.8205254). The phylogenetic tree only slightly differs from
Figure 3 in the position of Clade 8 and the similarity of Clade 8 to
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Clades 6 and 7. Deviations in the tree are due to differences in
sequence homology resulting in a light disposition of the clades. The
blast results (Supporting Information: Table S7: 10.5281/zenodo.
8205254) yielded percent identities of an average of 65%, excluding
alignments with the lovastatin PKS lovF in Clades 6 to 8 (average
32%) and the reference sequences in Clade 9 (average 40%). This also
explains the position of the identified genes of HPH, HTU, and PSU in
Clade 9 in relation to the reference sequences. With the nevertheless
high homology in KS domains, an investigation on the synteny level

may permit a deeper insight into the homology of PKS-related BGCs.

3.3 | Synteny of investigated mycobiont BGCs

As the distribution of presented BGCs in Figure 2 slightly differs, an
investigation of synteny on the genomic level may yield more insights
into conserved regions throughout the evaluated mycobionts. In
Supporting Information: Figures S2 and S3 (10.5281/zenodo.
8205254), the bin alignments of HPH/HTU and HTU/PSU with
progressiveMAUVE (Darling et al., 2004) were pictured. The red bars
in the alignments indicate regions of large-scale rearrangements or
inversions, which were predominantly observed between HPH and
HTU. By comparing the number of lines connecting the synteny
blocks of the respective lichen mycobiont pair, the close relation of
HPH and HTU becomes more prominent while a lower amount
connects the blocks of HTU and PSU. As HPH and HTU share a high
synteny, only a comparison of HTU and PSU was attached as an
additional comparison with HPH was considered redundant.

To gain deeper insights into the conserved PKS of the
investigated mycobionts, a synteny evaluation of the BGCs derived
from the phylogenetic tree (Figure 3) was conducted. The resulting
synteny plots were constructed using EasyFig and comprise each of
three of the phylogenetic clades. All plots include gene names with
correlating sequences, which can be found in the Supporting
Information of the respective mycobiont (please refer to Supporting
Information: Table S8 and Folder S1: 10.5281/zenodo.8205254).
Additionally, the domain composition of the homologous core gene
was included, highlighting the phylogenetically allocated core gene
in bold font for BGCs with more core genes. A high cluster
homology can be observed between HPH and HTU throughout all
computed synteny plots. In Figure 4, the core biosynthetic genes are
conserved in all three clades, which also applies to additional
biosynthetic genes. The cluster homology between HTU and PSU is
mostly confined to the annotated genes. However, several HPH
coding regions in Clade 1, for example, exhibit high homology to
noncoding regions in HTU. These may be artifacts from gene
prediction, indicating genes missed by annotation (Calchera
et al., 2019). For Clade 1 and Clade 2, an inversion is observed
while comparing HTU to PSU. The domain composition of
orthologous core genes in Clade 1, Clade 3, and the first core gene
(bold) of Clade 2 indicates that the PKS is nonreducing. On the other
hand, the remaining Clade 2 core gene suggests reducing the

activity of the corresponding PKS.

Regarding cluster homology in Figure 5, similar results are
observed as in Figure 4, with HPH and HTU depicting high sequence
homology. PSU exhibits the highest cluster homology in Clade 5
when compared to the remaining two clades. In addition to the core
genes, accessory genes show high homology to HPH and HTU. The
PKSs in the investigated clades represent partially reducing activities
in Clade 5 and reducing PKS in Clade 6, whereas Clade 4 exhibits a
nonreducing PKS based on the sequence of domains. The distribution
and composition of genes (core and accessory) differ between PSU
and the remaining mycobionts, in particular Clades 4 and 6.

The last group of clades is visualized in Figure 6. Notably, Clades
2 and 7 include the same genes from HPH and HTU but different
genes from PSU. Homology between HPH and HTU is comparable to
the previously described figures while PSU differs. The BGC of PSU
in Clade 8 is small when compared to those of HPH and HTU;
however, the orthologous core genes express high homologies,
including some accessory genes. Clade 9 exhibits high similarities in
gene composition throughout all compared. In Clades 8 and 9, only
regulatory genes were annotated throughout all investigated clades.
The absence of regulatory genes in the other BGCs may have several
reasons. Possibly these genes were incompletely annotated or
artifacts in gene prediction persisted. Other potential causes involve
a distributed regulation from external regulatory genes (Sun
et al., 2022) or an alternative, non-gene-based regulatory mechanism
(Wang et al., 2021). Another conceivable reason may be a novel or
yet uncharacterized regulatory gene (Keller, 2019).

By combining phylogenetic analyses with subsequent synteny
evaluation of the KS regions, we were able to demonstrate that gene
cluster similarity strongly correlates with the underlying KS topology
(Calchera et al., 2019; Jenke-Kodama et al., 2005; Kroken et al., 2003;
Ziemert & Jensen, 2012). Compared BGCs pose an intriguing
opportunity for further investigation of polyketide synthesis. As
these derive from lichen with comparable secondary metabolite
production according to GC-MS, the underlying genes for these
natural products should be highly conserved, rendering them
accessible for experimental exploitation.

4 | CONCLUSIONS

In this study, we provide a new genome of PSU, which was extracted
from a metagenomic sample. Additionally, inherent PKS genes were
compared with sequences from Hypogymnia physodes and Hypogym-
nia tubulosa from a previous study (Ahmad et al., 2023). Thus,
orthologous PKS genes were evaluated on a phylogenetic level with
reference sequences from Gerasimova et al., 2022; Mosunova
et al, 2022; Singh et al, 2022; and the MIBIG database. The
obtained phylogenetic tree provides information about the allocated
putatively produced compounds of each clade. While most of the
investigated clades show high sequence homology when compared
to the respective reference sequences (Gerasimova et al., 2022;
Mosunova et al., 2022; Singh et al., 2022), Clades 8 and 9 exhibit low
homologies and need further investigation. A syntenic evaluation of
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the nine orthologous BGC triplets from the three lichen samples
compared in this study highlights the similarity of the biosynthetic
core genes and renders them ready for wet lab experiments. This
genome mining approach identified the sequences involved in the
putative formation of various polyketides, which need to be further
investigated by expression in suitable organisms in wet-lab experi-
ments. As lichen secondary metabolites are still yet an untapped pool
of compounds with pharmaceutical relevance, this study gives access
to a new high-quality genome ready for genome mining.

Based on these findings, further experiments can be conducted
to shed light on the biosynthetic machinery of lichen PKS and their
intriguing product spectra. The obtained results can be used to verify
the predicted function and help to dereplicate PKS for future studies.
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4 Discussion and Outlook

Lichen Natural Products in Drug Discovery

In a pharmaceutical context, natural products are chemical compounds that arise from
metabolic processes within living organisms. These products can be broadly categorized as
either primary or secondary metabolites, although the latter term is commonly used to refer
to natural products [39]-[41]. Primary metabolites play essential roles in the fundamental
growth and development of an organism [66], whereas secondary metabolites are not
directly involved in its basic survival or reproductive processes [193], [194]. Instead,
secondary metabolites are often produced in response to environmental stresses, such as
defence against predators, protection against harmful ultraviolet radiation, sequestration of
limited mineral ions, or attraction of insects for pollination. Additionally, secondary
metabolites can arise as byproducts of primary metabolism without a clearly defined purpose
or function [39], [42], [195].

Natural products provide numerous advantages. Firstly, they exhibit unparalleled structural
and chemical diversity, often characterized by a higher number of chiral centres, entropically
favourable rigid structures with greater abundance of ring structures compared to synthetic
compounds. The latter tend to be flat in general and lack stereocentres. Additionally, natural
products occupy a significantly larger molecular space in terms of chemical properties
compared to compounds generated through combinatorial chemistry [196]. Interestingly,
many natural products defy the conventional Lipinski's rule of five for drug-like properties, yet
still possess potent oral activity as drugs [197]. Secondly, the majority of secondary
metabolites have evolved to fulfil specific biological functions. Each bond and stereochemical
arrangement within their structures is meticulously crafted by the organism to facilitate
optimal binding to their intended targets and trigger a desired biological response. Moreover,
due to the adaptable nature of these compounds, they may also exhibit activity against
alternative biological targets, as they possess the essential pharmacophore required for
interaction. Lastly, secondary metabolites are shaped by evolutionary processes to suit the
lichens needs in response to changing climates and ecological conditions. This implies the
existence of novel molecular scaffolds that can effectively address the challenges posed by

evolving conditions [198].

Lichen cells harbour a plethora of diverse natural metabolites and bioactive compounds,
which have garnered heightened interest owing to their potential applications in various
industries, including pharmaceuticals, biotechnology, medicine, cosmetics, and other related

fields [199]. The predominant categories consist of depsides, depsidones, dibenzofurans,
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and phenolic compounds. Additionally, there are observations of aliphatic acids, triterpenes,
anthraquinones, secalonic acids, pulvinic acid derivatives, and xanthones [27], [49], [60].
Numerous investigations have provided evidence for the capacity of distinct lichen species to
synthesize diverse natural compounds exhibiting various physicochemical and biological
properties [200]. In this regard, the investigated lichens Hypogymnia physodes (HPH),
Hypogymnia tubulosa (HTU) and Parmelia sulcata (PSU) harbour compounds e.g. atranorin,
physodic acid and lecanoric acid which have proven biological activities [70], [71], [78]. For
atranorin and lecanoric acid orthologous BGCs were identified in Ahmad et al [201]
throughout all evaluated lichen metagenomes. Other putatively produced compounds are
orsellinic acid derivatives, lovastatin-like structures, melanins and mellein, for which also

orthologous BGCs were assigned.

Regarding drug discovery, the natural product spectrum of lichens remains an intriguing pool
of mostly yet untapped compounds. However, many promising drug candidates have been
derived from and influenced by natural sources [193], [194], [202]-[204]. In general, a mere
24.6% of all recently approved drugs (1981-2019) have been entirely synthesized [205].
Natural products serve as a valuable reservoir of compounds and form the foundation of the
majority of the existing drugs [44], [45]. Moreover, natural products provide a broader

coverage of the biologically relevant chemical space compared to synthetic compounds [45].

The findings in the included publications by Ahmad et al entitled “Biosynthetic potential of
Hypogymnia holobionts - Insights into Secondary Metabolite Pathways” [186] and
“Biosynthetic Gene Cluster Synteny - Orthologous Polyketide Synthases in Hypogymnia
physodes, Hypogymnia tubulosa and Parmelia sulcata” [201] highlight, that the majority of
annotated BGCs of the mycobionts were not or only poorly assigned with any function by
antiSMASH. Table 3 summarizes these results by their annotation score into three
categories. All BGCs with similarities above 90% are deemed to exhibit the inferred function.
In this comparison it becomes apparent that only a small fraction of these lichen BGCs is
truly connectable to already known clusters, rendering the vast majority cryptic. The poorly
annotated clusters exhibit partial similarities to reference sequences, however no certain
function may be derived from these, even if an assigned function is allocated.

Table 3: BGCs present in investigated lichen samples. Percentage shows annotation score based on

similarity by antiSMASH. Annotation values above 90% are deemed to be valid. After each lichen
sample the total of present BGCs is mentioned to allow for direct comparison.

Lichen species > 90% < 90% 0%
HTU (n=73) 5 11 57
HPH (n=114) 3 24 87
PSU (n=214) 10 46 158
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With the rise of multidrug-resistant pathogens and the growing resistance to conventional
antibiotics, there is a pressing demand for the exploration of new compounds that exhibit
efficacy against these challenges [206], [207]. Other fields of application are e.g. agriculture
[208], food industry [209] and cosmetics [210]. Due to their inherent complexity, natural
products and their derivatives often demonstrate enhanced effectiveness in combating the
elevating antibiotic resistance [211], [212]. Given that less than 10% of the Earth's
biodiversity has undergone investigation for biological activity, natural sources continue to
hold immense promise for the discovery of new lead compounds [213]-[216]. In the future,
the emergence of novel natural product frameworks suitable for pharmaceutical development
is anticipated to arise from genomic sources [205]. As mentioned before, lichens do harbour
compounds with e.g., antimicrobial or antifungal activity, rendering these as intriguing targets
for experimental investigation. In regard to flavour compounds, several BGCs related to
terpene production were identified by Ahmad et al [186], which may be of interest.
Subsequently, heterologous expression of promising candidates will give evidence on
product formation and further enzyme engineering approaches may yield new compounds

with yet unknown function.

In the presented studies by Ahmad et al [186], [201] various BGCs were made accessible by
genome mining, not exclusively from the mycobiont but also from the remaining lichen
community, allowing for the investigation of new compounds yet uncharacterized in their
function. Among these are the orthologous PKS related BGCs with various inferred functions
across the three investigated lichen samples. In light of the BigPharm Project, olivetolic acid
(OA) was the compound of interest produced by all three lichens. Derived from this, a closer
look into the identified PKS clades pinpoints the putative BGCs to produce OA as clades 2
and 3. Here, orsellinic acid derivatives are inferred as putatively produced compounds.
Subsequently, PKS genes or entire BGCs from these clades should be utilized in

heterologous expressions to investigate the respective product spectra.

Genome Reconstruction of Lichen

The rich and biologically active secondary metabolites found in lichens offer promising
prospects for the discovery of new natural product leads, particularly in the face of increasing
drug resistance [58], [204], [211], [217]-[219]. However, the utilization of lichens in
biotechnological applications is currently limited due to three main challenges: a) the intricate
symbiotic nature of lichens makes experimental strategies difficult or unfeasible, b) the slow
growth rates and c) the scarcity of genetic information pertaining to the mycobiont

responsible for synthesizing the desired lichen compounds [52], [81], [96]. The advent of
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high-throughput sequencing of metagenomic samples presents a promising approach for
reconstructing genomes of symbionts that are challenging to cultivate or cannot be cultivated
at all [149], [160]. However, metagenomic approaches pose significant analytical challenges,
primarily revolving around two key aspects: a) assembly strategy, which involves finding a
suitable approach to handle extreme coverage biases or uneven genome distributions, and
b) taxonomic binning, which necessitates the application of an appropriate assignment
method to extract the relevant genetic information of interest accurately and without
contamination from other co-occurring organisms in the DNA mixture [95], [101], [102].
Through long-read sequencing approaches the previously described limitations of short-read
sequencing can be overcome, as it allows for the accurate resolution of repetitive and
complex genome regions such as segmental duplications [88], [90]. Also the sequencing of
entire lichen thalli is feasible, without the need for axenic cultivation of separated symbionts
[112]. Obtained HiFi reads were consecutively assembled in this thesis by metaFlye,
addressing the aforementioned challenges of assembling metagenomes from a lichen
community. With the resulting high-quality metagenomes improved binning confidence may
be achieved, as more contiguous DNA fragments were sequenced, circumventing loss of
information crucial to the taxonomic binning approach [137]. Subsequent functional
annotation was achieved by deploying antiSMASH, rendering predicted BGCs accessible for
further investigation. In both presented studies by Ahmad et.al entitled “Biosynthetic potential
of Hypogymnia holobionts - Insights into Secondary Metabolite Pathways” [186] and
“Biosynthetic Gene Cluster Synteny - Orthologous Polyketide Synthases in Hypogymnia
physodes, Hypogymnia tubulosa and Parmelia sulcata” [201] the genomes of the complete
holobionts and in more detail the mycobionts are elaborated. All genomes were
reconstructed from metagenomic sequenced lichen thalli using bioinformatic tools for
assembly of highly non-uniform metagenomes and taxonomic binning. Obtained genomes
were assessed thoroughly and deemed valid, allowing for genome mining of the harboured
BGCs. The most prominent class of BGCs were those related to polyketide formation, which
were further elaborated on phylogenetic and syntenic level in Ahmad et al entitled
“Biosynthetic Gene Cluster Synteny - Orthologous Polyketide Synthases in Hypogymnia

physodes, Hypogymnia tubulosa and Parmelia sulcata” [201].
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Outlook - Regulation and Activation of Silent Biosynthetic Gene Clusters

The primary objective of this thesis is to gain a comprehensive understanding of the
biosynthetic gene repertoire within lichen and especially their mycobiont, with the prospective
of establishing connections between genes and secondary metabolites. This research aims
to lay the groundwork for future biotechnological approaches that leverage the potential of
lichen secondary metabolism. Additionally, exploring the biosynthetic genes present in
lichenized fungi can provide valuable insights into the evolution of these crucial gene
families. The existence of a substantial number of cryptic or silent gene clusters, in
comparison to the known repertoire of metabolites, suggests the existence of numerous
undiscovered compounds that have yet to be identified [160]. These unknown metabolites
may play vital roles in maintaining the lichen symbiosis or facilitating communication between
symbiotic partners. They may also be specifically relevant during certain life stages, such as
the search for compatible symbiont partners in the environment or during thallus formation
[52]. However, accessing and comprehending the functions of these lichen-derived

metabolites remains a challenge at present.

To decipher the secondary metabolite formation in lichen, the underlying regulatory
mechanisms need to be understood. Especially if the identified BGCs of this thesis shall be
used for heterologous expression experiments in the future. In the following possible targets
and hints are provided to allow for more focused approaches in investigating the product
spectra of lichen BGCs. In Ahmad et al “Biosynthetic Gene Cluster Synteny - Orthologous
Polyketide Synthases in Hypogymnia physodes, Hypogymnia tubulosa and Parmelia sulcata”
[201] various BGCs were identified as orthologous throughout all investigated lichens.
Additionally, the BGCs were assigned with putatively produced compounds, which in case of

e.g., orsellinic acid or olivetolic acid were observed in the GC analysis.

The regulation of secondary metabolism is well-established in certain organisms, particularly
filamentous fungi belonging to the Ascomycota phylum [220]. Within BGCs, the genes are
co-regulated, meaning, that they are either simultaneously activated or repressed. Many
BGCs contain a specific transcription factor gene that is crucial for the expression of the
entire cluster. Common types of transcription factors found in BGCs include zinc binuclear
proteins and Cys2His2 zinc finger proteins [220]. However, alternative types of transcription
factors, such as bANK transcription factors characterized by a bZIP basic region and ankyrin

repeats, may also be present in some cases [221]-[225].

Aside from pathway-specific regulators, some BGCs are globally regulated in response to
environmental cues. Global regulators of secondary metabolism can upregulate certain

clusters, while downregulating others. Examples of such regulators include AreA, which
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responds to nitrogen sources, PacC [226], which modulates BGC expression in response to
pH fluctuations, and CreA, which responds to different carbon sources [227]. Furthermore,
the regulation of secondary metabolism is interconnected with fungal development. For
instance, filamentous fungi synthesize mycotoxins at the commencement of sporulation,
which exhibit toxic effects on vertebrates. In certain cases, secondary metabolites serve as
pigments, that protect spores [228]. By assessing the antiSMASH results, it becomes
apparent, that there are indeed BGCs present related to e.g., melanin or toxin production
(please refer to Ahmad et al [201]). The deletion or disruption of key regulatory genes leads
to the simultaneous suppression of secondary metabolite production and fungal
development. Examples of this include the impairment of asexual sporulation and mycotoxin
production [229], as well as conidiation and melanin expression [230]. In ascomycetes,
certain global regulators that modulate secondary metabolism through chromatin-remodelling
mechanisms have been characterized. One notable regulator is LaeA, initially discovered in
Aspergillus nidulans but subsequently identified in other Aspergillus species as well. Deletion
of LaeA leads to a reduction in secondary metabolite production through transcriptional
repression, while its overexpression enhances the biosynthesis of specific natural products
like penicillin and lovastatin [231]. The coordination of secondary metabolism with fungal
development is exemplified by the VelB/VelA/LaeA complex, also known as the velvet
complex. This complex plays a crucial role in integrating environmental cues, particularly light
signals, to regulate secondary metabolism in fungi [227], [232]-[235]. In Ahmad et al [201]
BGCs putatively related to production of lovastatin-like compounds were identified (clades 6-

8), making these findings intriguing for future wet-lab experiments.

Engaging the activation of silent BGCs, various methods have been developed, such as
OSMAC (one strain, many compounds) and co-cultivation. This is especially of interest in

regard to experiments with separated lichen mycobionts for whole cell biocatalysis.

In order to enhance the production of a broader spectrum of natural products from
microorganisms, various culturing conditions are typically employed. It has been observed
that a single strain possesses the ability to synthesize a diverse repertoire of structurally
distinct compounds under specific growth conditions, although the complete synthesis of all
these compounds simultaneously is hindered by the energetic and metabolic trade-offs [194]
Remarkably, minute alterations in cultivation parameters, such as the composition of the
culture medium, pH, temperature, salinity, aeration, and shape of the culture vessel, have the
potential to entirely modify, induce, or optimize the physiological behaviour of a
microorganism, thereby exerting a significant impact on the biosynthesis of these metabolites
[236]. OSMAC has opened up new avenues for industrial-scale production of desired

compounds and was firstly applied by Fuchser and Zeeck in 1997 [237].
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The utilization of the OSMAC approach in the exploration of lichen natural products has
garnered considerable attention. Lichenologists worldwide have shown increasing interest in
studying not only the physiology but also the biosynthesis of metabolites [238].
Consequently, they have sought ways to culture the mycelium from lichen thalli
independently, without the presence of algal or cyanobacterial partners, in the hope of
producing lichen compounds. The development of the tissue culture method by Yoshimura et
al., enabling the separation and individual cultivation of the lichen-forming fungus from the

lichen thallus, has significantly advanced the realization of this goal [239].

However, there exists an inverse relationship between the growth rate of the mycobiont and
the yield of metabolites [240]. Culturing conditions, such as the type and availability of carbon
and nitrogen sources, exert a notable influence on the growth and metabolite production of
the mycobiont [241]-[243]. For instance, Usnea ghattensis cultures exhibited high growth
rates and the production of usnic acid, when simple sugars (e.g., glucose and sucrose) or
polyethylene glycol were used as sole carbon sources. In contrast, nitrogen sources such as
amino acids (glycine, asparagine, alanine, or vitamins), particularly glycine, support
mycobiont growth but impaired efficient usnic acid production [242]. Another example for the
influence of changes in culture conditions was observed with a mycobiont isolated from a
Parmotrema reticulatum thallus. Here robust colonies were developed when grown on solid
LB medium, however atranorin, the primary cortical lichen depside, was only detected after 5
to 10 months of growth. On the other hand, colonies grown on MEYE and MY10 media with
a gradual desiccation treatment did not synthesize any lichen polyketides but rather
produced primary triacylglyceride and fatty acid as the major metabolites [244]. The BGC for
the putative production of atranorin was found throughout all investigated lichen datasets, so
this finding may be applicable to separated mycobionts from HPH, HTU and PSU gained
from future experiments. However, the main issue of the OSMAC approach is still the lack of
stimuli or cues sent by the symbiotic partners of the mycobiont, inducing secondary

metabolite expression.

Under standard laboratory conditions, microorganisms are typically grown in axenic cultures,
which can result in the suppression of BGCs [245]. However, co-cultivation approaches can
be employed to mimic interactions, such as quorum sensing and siderophore-mediated
communication, that naturally occur between microorganisms [245]-[250]. This co-cultivation
strategy has the potential to induce both quantitative and qualitative changes in secondary
metabolite production, including the generation of novel natural products that may remain
undetectable under axenic laboratory conditions. Thus, co-cultivation serves as a means to
mimic microbial competition, which is a common phenomenon in natural environments [245],
[247].
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Concluding Remarks

Through this thesis, the comprehension of the genetic makeup associated with secondary
metabolism in lichen and in detail their mycobionts has significantly expanded, paving the
way for novel research avenues to establish connections between genes and secondary
metabolites. Furthermore, it aimed to unlock the untapped potential of these organisms for
various biotechnological applications. In the first part of this study, an extensive assessment
of the accuracy and reliability of metagenomically assembled genomes in lichen was
conducted, thereby validating the effectiveness of this approach in accessing the biosynthetic
capabilities within complex symbiotic systems that are challenging to cultivate. Herby, the
BGC composition of entire holobionts from H. physodes and H. tubulosa were presented for

the first time.

In the second part, the focus lay on investigating the specific biosynthetic gene content of the
lichen-forming fungi from the metabolite rich lichens Hypogymnia physodes, Hypogymnia
tubulosa and Parmelia sulcata. The syntenic comparison of highly orthologous BGCs from
the polyketide family can be utilized for heterologous expression experiments, to investigate

polyketide product spectra.

In summary, the feasibility of metagenomic reconstruction to obtain genome sequences from
complex mixed-species samples, thereby eliminating the laborious step of axenic cultivation
was demonstrated. This approach is particularly valuable for investigating unculturable
organisms or intricate ecological communities. By employing whole-genome mining,
comparative mapping, and phylogenetic analyses, a comprehensive understanding of the
metabolic potential of a species can be achieved. Additionally, the newly established
reference genomes of H. physodes, H. tubulosa and P. sulcata serve as invaluable
resources for various applications, including genome mining, comparative (phylo)genomics,
the development of high-resolution genetic markers, and population genetics. Specifically,
these findings will significantly contribute to advancing our knowledge of lichen biosynthetic
pathways and provide valuable tools for the development of heterologous expression
systems. Ultimately, these advancements will enable harnessing the vast repertoire of
secondary metabolites found in lichens for various biotechnological applications. The
identified BGCs provide direct routes for the production of compounds like e.g., olivetolic acid

or atranorin in expression experiments.
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7. Figures & Tables

Figure 1. Overview of sequencing techniques deployed in this thesis. Here PacBio Sequel lle
long-read sequencing is compared to short-read sequencing on lllumina NovaSeq6000. In
addition, metrics on output, accuracy, errors, and elapsing time are provided. Figure created
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Figure 2. Graphical visualization of a metaFlye subgraph generated by four distinct genomes
(1-4) in an assembly. Coloured lines depict repeat edges, whereas black arrows are unique
edges. The edges A, B and C (coloured blocks) were deemed to be repetitive sequences by
metaFlye, based on the distinct paths overlapping in the respective region. Figure adapted

from Kolmogorov et. al [95] and created with Biorender. ...........cccccceeiiiiiiiiiiiiii e, 7

Figure 3.Schematic reaction mechanism for the formation of polyketides and fatty acids,
highlighting the potential for flux alteration towards polyketide synthesis. By modifying the
reaction cycle, various polyketide derivatives can be generated with different levels of
reduction. The respectively involved domains are depicted in coloured circles. Figure

adapted from Weissman [128], created with Biorender.............c..cooooiiiiiiiiniiiiiiiccee e, 11

Figure 2. Schematic visualization of the genetic structure of a biosynthetic gene cluster
(BGC). An example polyketide synthase (PKS) BGC is shown with the respective domains.

Figure in adaption to Geers et. al [148] and created with Biorender..............cccoovveeeviiiinnnnnnn.. 13

Table 1. Lichen products from Hypogymnia tubulosa, Hypogymnia physodes and Parmelia

sulcata. Occurrence of respective metabolites is allocated to lichen region. .......................... 4
Table 2. Kits and Consumables deployed in this study. ...........cooovviiiiiiiiiiiiiiiieeeeeee 15

Table 3: BGCs present in investigated lichen samples. Percentage shows annotation score
based on similarity by antiSMASH. Annotation values above 90% are deemed to be valid.
After each lichen sample the total of present BGCs is mentioned to allow for direct
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Abstract: Caryopteris x Clandonensis, also known as bluebeard, is an ornamental plant containing a
large variety of terpenes and terpene-like compounds. Four different cultivars were subjected to a
principal component analysis to elucidate variations in terpenoid-biosynthesis and consequently, two
representative cultivars were sequenced on a genomic level. Functional annotation of genes as well
as comparative genome analysis on long read datasets enabled the identification of cultivar-specific
terpene synthase and cytochrome p450 enzyme sequences. This enables new insights, especially
since terpenoids in research and industry are gaining increasing interest due to their importance in
areas such as food preservation, fragrances, or as active ingredients in pharmaceutical formulations.
According to BUSCO assessments, the presented genomes have an average size of 355 Mb and about
96.8% completeness. An average of 52,090 genes could be annotated as putative proteins, whereas
about 42 were associated with terpene synthases and about 1340 with cytochrome p450 enzymes.

Keywords: reference genome; terpene synthases; Caryopteris x clandonensis; plant volatiles; long read
sequencing; TPS subfamilies

1. Introduction

Throughout the last decades, terpenes and terpenoids became more and more impor-
tant in industrial applications. In the food industry terpenes are used, e.g., as flavoring com-
pounds [1] or preservatives [2]. Due to its plant origin, the acceptance as a food additive is
higher compared to chemical synthesis. In a pharmaceutical context the research and use of
essential oils—with terpenes as their main components—range from anti-inflammatory [3],
and immunomodulatory [4] to antiviral [5] and further indications [6-11]. The anti-cancer
drug Taxol consists of a diterpenoid backbone [12] and is employed in different cancer
treatments [13]. The success of this terpenoid surely is one of the reasons to further research
terpenoids for pharmaceutical applications. Along with these applications, this class of
molecules can be found throughout most organisms. Flowering plants show a vast diversity
of terpenoids, which is a unique characteristic of the class Angiospermae [14]. In plants,
they are used as a defense mechanism against biotic (e.g., herbivores or pests) and abiotic
influences (e.g., radiation or climate stress) [15]. An example of a defense mechanism
against biotic stress is the insect repellent activity of volatiles, such as p-menthane-3,8-diol
from Corymbia citriodora [16,17]. This compound shows activity against the yellow fever
mosquito Aedes aegypti [18]. Caryopteris x clandonensis essential oils also harbor a biological
activity against these insects [19]. However, for these plants, the active agent is not yet
identified. Additionally, terpenoids function as attractors for pollinators or as a possibility
for energy storage [14].

The extensive diversity of natural terpenes derives from the conserved evolution
of terpene synthases (TPS) and terpene-modifying enzymes, such as cytochrome p450
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enzymes [20,21]. Terpenes are divided into different classes defined by their backbone. The
basis is two building blocks, isopentenylpyrophosphate (IPP) and dimethylallyl diphos-
phate (DMAPP) which are synthesized in plants via the mevalonate pathway. IPP is the
activated form of an isoprene unit consisting of five C-atoms (C5), also called hemiterpene.
These are connected to larger units forming monoterpenes (C10), sesquiterpenes (C15),
diterepenes (C20) and higher terpene structures [22]. Further steps of increasing terpenoid
diversity involve the promiscuity of TPS as well as the subsequent modification by cy-
tochrome p450 enzymes, which may encompass hydroxylation, carboxylation, acetylation
or peroxide linkage. Examples include the biosynthesis of p-menthane-3,8-diol [17], gib-
berellin [23], taxol [24], and artemisinin [25], respectively. This results in a vast pool of
natural compounds which account for a multitude of possible applications [14,26].

In general, plant TPS are divided into eight subfamilies which are grouped into classes
I, IT and III. This separation is based on functional assessment, sequence likelihood and
architecture of genes. Class I is comprised of copalyl diphosphate synthases (TPS-c),
ent-kaurene synthases (TPS-e), other diterpene synthases (TPS-f) and lycopod specific
(TPS-h). TPS-d is only included in class II, which is specific for Gymnosperms. Lastly, class
III consists of TPS-a, cyclic monoterpene synthases and hemi-TPS (TPS-b) and acyclic
mono-TPS (TPS-g), which are Angiosperm specific [27].

With the advent of state-of-the-art bioinformatic technologies, deciphering the molecu-
lar mechanisms involved in the formation of terpenoids has become significantly easier [28].
Furthermore, the possibility to produce terpenes recombinantly by means of biotechno-
logical production systems, rather than chemical synthesis, makes it an ecological and
cost-effective technology for the increasing demand for terpenes in industrial applications,
despite open challenges [29].

The combination of cutting-edge bioinformatics and next-generation sequencing tech-
nologies provided by Pacific Biosciences, Oxford Nanopore and Illumina allows for the
rapid generation of draft genomes as well as the annotation of valid gene models. In
this context, long-read sequencing technologies will be highlighted, as they exhibit no
amplification biases. Consequently, these technologies provide a reliable basis for de novo
whole-genome assemblies. Openly accessible bioinformatic tools enable cost-efficient as-
semblies, annotations and secondary downstream analyses for a broad range of scientists,
and are publicly available via www.github.com (accessed on 11 December 2022) [30]. Two
of these are the Quality Assessment Tool for Genome Assemblies (QUAST) [31] and Bench-
marking Universal Single-Copy Orthologs (BUSCO). The latter is employed to assess the
completeness of the obtained genome assemblies. Here, conserved and species-specific
gene sequences are curated in databases and detected via a match-making algorithm to
check for the gene set completeness of the evaluated taxonomic group [32]. An investi-
gated genome is classified as complete if respective single-copy orthologs are present in
the assembly.

In this work, we present the genomes of two Caryopteris x clandonensis cultivars (Dark
Knight and Pink Perfection) from the Lamiaceae family in high quality employing long-
read sequencing. These plants display a wide range of different metabolic pathways
in regard to terpenoid biosynthesis, as also seen in other plants of the order Lamiales,
e.g., in Jasminum sambac [33]. To elucidate variations between these multivariate datasets a
principal component analysis (PCA) was conducted. Based on evident differences in volatile
compound composition the two cultivars, Dark Knight and Pink Perfection were compared
on a genomic level. This submission will be the 12th whole genome sequence within
Lamiaceae, consisting of about 4788 further species, making it a source for gene sequences
and further experimental basis in plant and natural product focused biosynthesis research.

2. Results and Discussion
2.1. PCA Analysis of Volatile Compounds

Differences between the volatile compounds of four cultivars were investigated using
a GC-MS Headspace analysis. Ten main volatile components visible between the cultivars



Plants 2023, 12, 632

30f17

were selected, predominantly monoterpenoids and sesquiterpenoids, which are listed in
Table 1. It has already been shown that there is a variety of monoterpene synthases that
are able to catalyze ionization and isomerization starting from geranyl diphosphate [34].
Furthermore, the analysis of the cultivars revealed that a switch between pinene and
limonene-derived compounds took place, which was sparsely synthesized in the other
plants. In Table 1, these compounds are marked with an asterisk, one (*) represents
limonene-related terpenoids, and two (**) represents pinene-related terpenoids. This
especially is visible in the C4-C6 shift compared to the limonene backbone as seen in pinene
(C4 to C6, see Figure S1). Similar substances could be identified as investigated previously
for this plant species [19].

Table 1. Ten main volatile compounds of four Caryopteris x clandonensis cultivars, visible between
the cultivars were selected and are hierarchically listed (top: higher concentration, bottom: lower
concentration). GC-MS Headspace was performed and an identification with a NIST/EPA /NIH
MS library version 2.0 was conducted. * represents limonene-related terpenoids. ** represents
pinene-related terpenoids.

Dark Knight Good as Gold Hint of Gold Pink Perfection
a-pinene ** D-limonene * D-limonene * D-limonene *
trans-pinocarveol ** Cubebol Cubebol cis-p-mentha-1(7),8-dien-2-ol *
Pinocarvone ** Carvone * trans-carveol * trans-p-mentha-2,8-dien-1-ol *
Caryophyllene oxide trans-carveol * Carvone * Caryophyllene oxide
-pinene ** cis-p-mentha-1(7),8-dien-2-ol * Caryophyllene oxide trans-carveol *
(E,E)-a-farnesene Caryophyllene oxide trans-p-mentha-1(7),8-dien-2-0l*  cis-p-mentha-2,8-dien-1-ol *
«-campholenal x-copaene cis-p-mentha-1(7),8-dien-2-ol * Carvone
x-copaene -pinene ** cis-p-mentha-2,8-dien-1-ol * x-pinene **
Caryophyllene cis-p-mentha-2,8-dien-1-ol * x-copaene B-pinene **
D-limonene * trans-p-mentha-2,8-dien-1-ol * trans-p-mentha-2,8-dien-1-ol * Caryophyllene

As the plants are cultivars from Caryopteris x clandonensis a common base profile
(e.g., caryophyllene, perillyl alcohol, sabinene, farnesene or campholenal) of volatiles was
expected, see Table S1, as has been shown for other plants and their cultivars [35,36]. In
this study, distinct differences between Dark Knight, Good as Gold, Hint of Gold, as well
as Pink Perfection, can be shown.

To further investigate the variations in the compound profile found during the analysis,
a principal component analysis (PCA) was performed (Figure 1). Good as Gold and Hint
of Gold express high morphological and metabolic similarity (see Figure 52 and Table S1).
This is also evident in Figure 1, as both cultivars are located close to each other. On the
other hand, Dark Knight and Pink Perfection showed the highest deviation in volatile
compound composition. Moreover, the switch between C1 and C6 as mentioned above
results in an intriguing product spectrum. These data underline the variations between the
cultivars and demonstrate a need for further investigations into the molecular makeup of
underlying TPS and cytochrome p450 enzymes, which are key for generating the molecular
diversity of plant-based terpenoid structures in plants [20]. Therefore, due to their distinct
differences revealed in the PCA, the two cultivars, Dark Knight and Pink Perfection, were
sequenced to elucidate genomic differences and identify unique and yet unknown genes.

2.2. Genome Sequencing and Quality Assessment

In Table 2, the sequencing metrics of the respective Sequel Ile runs are depicted. Details
regarding sequencing quality reports can be found in Figure S3. Total bases were nearly
twofold higher in Dark Knight than in Pink Perfection, the same as obtained HiFi reads and
yield. However, the HiFi read length, read quality and number of passes are comparable in
both sequencing runs. Deviations in sequencing parameters are closely related to utilized
libraries and input DNA quality. As the read quality is well above Q20 both runs were
subjected to further analyses.



Plants 2023, 12, 632 40f17

Hint of Gold
2 4
Good as Gold
°
I~
S
0
|
N .
4 Dark Knight
_2 <4
Pink Perfection
44 1 1 1 1 1
-6 -4 2 0 2

PC1-58.5 %

Figure 1. A principal component analysis of four different Caryopteris x clandonensis cultivars, Dark
Knight, Good as Gold, Hint of Gold and Pink Perfection regarding the area of their volatile compounds
analyzed by GC-MS Headspace.

Table 2. Sequencing parameters of the PacBio Sequel Ile runs of Caryopteris x clandonensis cultivars
Dark Knight and Pink Perfection.

Analysis Metric Dark Knight Pink Perfection
Total Bases (Gb) 44413 229.43
HiFi Reads 1,823,939 843,632
HiFi Yield (Gb) 27.28 12.92
HiFi Read Length (mean, bp) 14,954 15,312
HiFi Read Quality (median) Q35 Q34
HiFi Number of Passes (mean) 12 13

In this study, both genomes of Dark Knight and Pink Perfection were assembled using
the IPA assembler with a consecutive duplicate purging and phasing step. A QUAST
analysis was conducted to assess assembly contiguity (see Table 3).

Table 3. Genome contiguity assessment based on statistics generated by using QUAST.

Assembly Dark Knight Pink Perfection
# contigs 1183 782
Largest contig 29,672,976 31,977,049
Total length 366,625,098 344,117,456
Estimated reference length 300,000,000 300,000,000
GC (%) 31.50 31.77
N50 8,177,750 7,086,741
L50 13 14

# N’s per 100 kbp 0.41 0.44
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The number of assembled contigs diverged in both candidates (see Table 3). However,
respective L50 values were small (13 for Dark Knight and 14 for Pink Perfection) compared
to obtained N50 (8.2 Mb and 7.1 Mb respectively), which assures gene integrity with only
low or no fragmentation. The total contig length of complete genomes corresponds to their
size, which is comparable (3.44 to 3.66 x 108 bp), and the same as seen for GC content
(31.5% and 31.77%). Furthermore, genome size was calculated using a k-mer-based analysis,
with a k-mer size of 20. Results support the haploid genome size of ~355 Mb and estimated
a diploid genome, see Figures 54 and S5. Based on the calculated genome size the coverage
of Dark Knight and Pink Perfection resembles 74 and 38, respectively.

To assess the genome completeness and reliability of both genome sequences, a Bench-
marking Universal Single-Copy Orthologs (BUSCO) analysis was performed (see Figure 2).
Both genomes were compared to the kingdom Viridiplantae and the clades Embrophyta and
Eudicotidae, respectively. The selection of these lineages was based on the increasing grade
of affiliation and the different accompanying BUSCO gene sets (in former order). For closer
clades, more concise sequences are necessary in order to be identified as complete. In our
case, even more affiliated clades show less deviation of completeness than expected in
comparison to Viridiplantae. As the genomes were compared to different BUSCO datasets,
the obtained results were depicted after normalization in Figure 2 to enable a concise
comparison. Assessed genome completeness from the closest related clade (Eudicotidae)
was 96.6% for Dark Knight and 96.8% for Pink Perfection, which were also compared to
reference genomes of Salvia splendens (92.1%) [37] and Sesamum indicum (95.1%) [38]. The
latter were only compared with the Viridiplantae database with BUSCO v2.0.1 and v3.0,
whereas our data were analyzed by BUSCO v5.3.2. This may have caused the difference
between 425 and 1440 BUSCO datasets, as frequent updates of the gene sets are neces-
sary to improve BUSCO analysis [39]. The reference genomes were chosen due to the
high prevalence in BLAST searches [40,41] using Caryopteris x clandonensis sequences. S.
splendens appears to harbor mostly complete and duplicated BUSCOs, whereas S. indicum
shows comparable results to the new genomes of Pink Perfection and Dark Knight with a
majority of complete and single-copy BUSCOs. To interpret BUSCO results, it is necessary
to understand duplicated BUSCOs and their nature, as these can be of biological or tech-
nical origin. In eukaryotic genomes, divergences in haplotypes often lead assemblers to
form duplicates of high heterozygosity regions, resulting in contiguity issues and obstacles
in further evaluation steps, such as gene annotation [42,43]. To circumvent these issues,
tools such as “purge_dups” are utilized to remove duplicate regions (haplotigs) from the
assembly to assure genome contiguity [42]. A consecutive polishing of obtained contigs
and haplotigs using phasing results in increased genome quality. Of the newly assembled
genomes only 0.24-0.69%/0.71-2.67% are fragmented or missing, respectively. The absence
of some BUSCO genes may be due to a loss of true genes or these may be existing as true
gene duplications [43].

2.3. Evaluation of Structural Differences between Genome Assemblies

To concisely compare genomes, the collinear gene order also known as synteny or
syntheny blocks needs to be assessed [44]. It plays an important role in visualizing matches
between organisms [45].

Investigating the synteny between cultivar genomes shows their close relation. Here,
factors such as low contiguity and fragmentation have an effect on the analysis and lead to
high error rates [46]. In our case, previously performed evaluations assured high contiguity
and low fragmentation. Mauve was used to perform a multiple sequence alignment and
applied to generate synteny blocks (Figure S6) [47]. Connections between these blocks
reveal the high similarity within both genomes. This is typical for plant breeding, as
specific traits are inherited from previous generations leading to inversions, duplications,
or truncations in gene sets [48]. Furthermore, marker synteny can be used for phylogenetic
analyses of cultivar evolution [49]. Thus, the plant samples seem to be closely related to the
species Caryopteris x clandonensis.
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2.4. Gene Models and Functional Annotation

Gene models were computed using the presented genome assembly and a long-read
IsoSeq database as hints via AUGUSTUS [50-53]. As a training set Solanum lycopersicum
was chosen due to its ancestral relation to Lamiaceae. For the cultivars, a total of 52,865 (Dark
Knight), and 51,315 (Pink Perfection) genes were predicted and resemble putative proteins.
The Cluster of Orthologous Groups (COG) and Gene Ontology (GO) terms were evaluated
for all cultivars. It is to mention that only ~81% of the predicted genes were annotated using
COG and GO databases. Out of these ~30% are poorly characterized (Figure 3E) and only a
fraction (30%) of those can be assigned with GO terms. In regard to the complete genomes,
nearly 20% of the proposed gene models remain without an assigned function. Figure 3
shows the COG counts for the following categories: (3B) cellular processes and signaling
(3C) information storage and processing (3D) metabolism and (3E) poorly characterized.
Figure 3A combines all the aforementioned categories. The obtained results emphasize
a strong similarity in the compared cultivars. Further data in regard to the exact amount
of COG per category can be found in Tables S2 and S3. This finding is a further indicator
of the completeness of the presented genomes, as different cultivars have a similar set of
genes, only varying in small nucleotide polymorphisms or other structural variants, which
distinguish them [54,55].
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Figure 2. Comparison of BUSCO completeness of different cultivars of Caryopteris x clandonensis
as well as Salvia splendens [37] and Sesamum indicum [38]. As the genomes were compared to other
Benchmarking Universal Single-Copy Orthologs (BUSCO) datasets a normalization was performed
to enable a comparison in genome completeness. Pink Perfection and Dark Knight were compared to
the BUSCO datasets of Viridiplantae, Embryophyta and Eudicotidae, whereas S. splendens and S. indicum
were compared to Viridiplantae only. Reference genomes were obtained from [37,38].
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Figure 3. Annotation of gene sets for Cluster of Orthologous Groups (COG) for both cultivars, Dark
Knight and Pink Perfection. (A) COG of two different cultivars of Caryopteris x clandonensis, Pink
Perfection (outer ring) and Dark Knight (inner ring). Groups are divided in cellular processes and

signaling, information storage and processing, metabolism, and a category for poorly characterized
gene sets. (B) COG of cellular processes and signaling associated genes, total counts. (C) COG of
metabolism-associated genes, total counts. (D) COG of information storage and processing associated
genes, total counts. (E) COG of poorly characterized genes, total counts.
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A closer look into the different groups reveals characteristic functions in the cultivars.
Most genes identified and functionally annotated are associated with replication, recombi-
nation and repair, which make up about 20.5% of total annotated genes Figure 3D) followed
by signal transduction mechanism (~8%) (Figure 3A). Plants are exposed to endogenous
and exogenous stresses such as chemicals or UV-radiation which can significantly alter
DNA, thus there is high importance for repair mechanisms [56]. High redundancy of those
ensures the safe replication of DNA with almost no errors [57].

In Figure 3C, proteins related to the COG category secondary metabolites biosynthesis,
transport and catabolism, rank in second place within metabolism (2.8%). This category
harbors TPS and cytochrome p450 enzymes. However, proteins associated with carbohy-
drate transport and metabolism are most abundant in this group as they are important for
general metabolism and backbone synthesis.

Compared to about 29,458 with COG functionally annotated genes, 11,118 unique GO
terms were assigned to 14,280 different genes (27% of total gene models). COG terms are
ancestrally conserved regions, GO terminology in contrast proposes functional annotation
of each hypothetical gene. A gene-set enrichment analysis was conducted with GO terms as
a source for gene sets [58]. The following figures show the GO term clustering regarding the
three main categories in plants: biological process (Figure 4), molecular function (Figure 5)
and cellular components (Figure 6). For all three an analysis was conducted based on GO
terms identified in Pink Perfection. Detailed data for Dark Knight and Pink Perfection
can be found in Tables 54 and S5. The GO analysis was visualized using REVIGO [59].
Respective cluster position within the semantic space is irrelevant, as similar semantic
terms are located in vicinity of each other in the plot [58].

In Figure 4, GO terms related to biological processes are depicted with their respective
prevalence (dot size). In addition, some clusters with similar functions were grouped by
circles into the main function of these GO terms, as can be seen, e.g., with “translation” in
the bottom right corner. Incorporated into this cluster are the terms: protein modification
process, DNA metabolic process, nucleobase-containing compound metabolic process,
and protein metabolic process. The cluster organelle organization includes cytoskeleton
organization, cytoplasm organization, and mitochondrion organization. Clustered with
transport: ion transport, protein transport. The last cluster response to stress contains the
GO terms response to a biotic stimulus, response to an abiotic stimulus, response to an
external stimulus, and response to an endogenous stimulus. GO terms without clustering
but still strongly prevalent in the PCA are biological, metabolic and biosynthetic processes.

For the GO analysis of the category molecular function, only one larger cluster was
formed, which is nucleic acid binding. It incorporates the functions of DNA binding, RNA
binding, and nucleotide binding. The two main components in this category are molecular
function and catalytic activity.

GO analysis in the category of cellular components yielded as the main results, in-
tracellular anatomical structure and cellular components, as well as genes related to the
cytoplasm. However, no semantic clustering was feasible based on the annotated GO terms.

2.5. Identification of Terpenoid Biosynthesis Enzymes

InterProScan predicts distinct protein domains and classifies them into families [60,61].
The seed files PF01397, PF03936 and IPR036965 are associated with TPS activity. In the
annotated protein database, these seeds were used as homology motifs. For Dark Knight 43
and Pink Perfection 41 TPS were identified. The seed file IPR001128 is related to cytochrome
p450 enzymes. Here, we were able to identify Dark Knight and Pink Perfection 1316 and
1363 sequences. Compared to other plants these findings are comparable, both for TPS and
cytochrome p450 enzymes [62-65].

To investigate the similarity and the affiliation into TPS subfamilies regarding identi-
fied TPS, a phylogenetic tree was constructed. Analysis was based on multiple sequence
alignment by Clustal Omega using default parameters (see Figure 7). To differentiate
between TPS families, 55 selected sequences of representative plant species were utilized
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as anchor sequences along with putative TPS from Dark Knight and Pink Perfection; the
root was Physcomitrella patens (adapted from [66]). The multicolored clades belong to the
different TPS subfamilies and are used as references, for a more detailed overview see the
supplemental lamiaceae reference. Concise numbers of TPS subfamily distribution in both
cultivars are shown in Table 4. The most prominent subfamilies are TPS-a (green), TPS-b
(black) and TPS-c (purple), which is in line with the distribution in Eudicots, Angiosperims
and land plants [67]. The subfamilies TPS-d and TPS-h are not present in the investigated
cultivars. These findings are supported by the literature, as TPS-d clusters are derived from
Gymnosperm species [63,68] and TPS-h are specific for Selaginella moellendorffii [67].
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Figure 4. Gene Ontology term classification within biological processes of Pink Perfection. Clustered
with response to stress: response to biotic stimulus, response to abiotic stimulus, response to external
stimulus, response to endogenous stimulus. Clustered with translation: protein modification process,
DNA metabolic process, nucleobase-containing compound metabolic process, protein metabolic
process. Clustered with organelle organization: cytoskeleton organization, cytoplasm organization,
mitochondrion organization. Clustered with transport: ion transport, protein transport. Figure was
drafted employing REVIGO [59] and customized with R. Value and log size represents the counted
GO terms across annotated gene models.
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Figure 5. Gene Ontology term classification within molecular functions of Pink Perfection, clustered
with nucleic acid binding: DNA binding, RNA binding, Nucleotide binding. Figure was drafted
employing REVIGO [59] and customized with R. Value and log size represents the counted GO terms
across annotated gene models.

Table 4. Terpene synthase (TPS) subfamilies and their distribution in the Caryopteris x clandonen-
sis cultivars Dark Knight and Pink Perfection. TPS-a, -b and -c show the highest prevalence in
both cultivars.

TPS Subfamily Dark Knight Pink Perfection

a (green) 16 14

b (black) 7 7

¢ (purple) 10 10

d (blue) - -

e (turquoise) 2 2
f (petrol) 5 5

g (red) 3 3

h (pink) - -
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Figure 6. Gene Ontology term classification within cellular components of Pink Perfection. Figure
was drafted employing REVIGO [59] and customized with R. Value and log size represent the counted
GO terms across annotated gene models.

TPS-subfamily 0/0

Dark Knight / Pink Perfection
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Figure 7. Phylogenetic tree of putative terpene synthases (TPS) within Caryopteris x clandonensis
cultivars Dark Knight (DK) and Pink Perfection (PP). TPS-a (green), TPS-b (black), TPS-c (purple),
TPS-d (blue), TPS-e (turquoise), TPS-f (petrol), TPS-g (red), TPS-h (pink). For phylogenetic tree
construction, TPS a-h of selected plant species were included to assure correct classification of
identified TPS. Numbers below the respective TPS subfamily indicate the count of predicted TPS in

the genomes of the cultivars.
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3. Materials and Methods
3.1. Plant Material

Four cultivars of Caryopteris x clandonensis were acquired from a local nursery (Foerst-
ner Pflanzen GmbH, Bietigheim-Bissingen, Germany) and grown to maturity in the open in
a warm, moderate climate zone. After maturity, healthy leaves and blossoms were sampled
and snap frozen in liquid nitrogen and stored at —80 °C until preparation for transcriptome
and genome sequencing. Fresh mature leaves were used for GC-MS headspace analysis of
volatile compounds.

3.2. GC-MS Analysis of Volatile Compounds

Fresh mature leaves were weighed in GC headspace vials and analyzed using a Trace
GC-MS Ultra system with DSQII (Thermo Scientific, Waltham, MA, USA). Vials were
incubated for 30 min at 100 °C and a TriPlus autosampler was used to inject 500 uL of the
sample in split mode onto a SGE BPX5 column (30 m, I.D 0.25 mm, film 0.25 um); an injector
temperature of 280 °C was used. The initial oven temperature was kept at 50 °C for 2.5 min.
The temperature was increased with a ramp rate of 10 °C/min to 320 °C with a final hold
for 5 min. Helium was used as a carrier gas with a flow rate of 1.2 mL/min and a split
ratio of 8. The MS chromatograms and spectra were recorded at 70 eV (EI). Masses were
detected between 50 m1/z and 650 m/z in the positive mode [69]. Samples were measured
in biological triplicates and the area average was used to compare peaks. Compounds
were identified by spectral comparison with a NIST/EPA /NIH MS library version 2.0. To
provide insight into the differentiation between plant samples a PCA was conducted.

3.3. High Molecular Weight DNA Extraction and Library Preparation

High molecular weight genomic DNA (HMW gDNA) suitable for long-read sequenc-
ing was achieved using a plant-optimized CTAB—PCI extraction method based on different
protocols [70-72]; 1 g of frozen, unthawed plant leaves were ground using a CryoMill
(Retsch, Haan, Germany; three cycles, 6 min precool at 5 Hz, disruption 2:30 min 25 Hz,
cooling between cycles 0:30 min at 5 Hz). A CTAB extraction buffer (2% CTAB, 100 mM
Tris pH 8.0, 20 mM EDTA, 1.4 M NaCl) was supplemented with 2% PVP prior to usage and
solved at 60 °C. The unthawed fine powder was mixed with 5 ml buffer and incubated
with 200 pL Proteinase K (Qiagen, Venlo, The Netherlands) for 30 min at 50 °C and oc-
casionally inverted. At room temperature, 1 mg RNAse A (Thermo Scientific, Waltham,
MA, USA) was added and incubated for 10 min. The mixture was washed twice, saving
and reusing the aqueous upper phase, with one volume PCI (25:24:1) and three times with
chloroform (10,000x g, 5 min, 10 °C). To pellet the HMW gDNA, 30% PEG was added
to the aqueous phase (1:4), inverted, incubated for 30 min on ice and spun for 30 min at
12,000x g, 10 °C. The resulting shallow and colorless pellet was washed three times with
70% ethanol (5000 g, 5 min, 10 °C) and consequently, air dried at 40 °C and resuspended
with 100 uL elution buffer (Qiagen, Venlo, The Netherlands). Quality and size of the gDNA
were assessed using a Qubit dsDNA HS Kit (Thermo Scientific, Waltham, MA, USA), a
Nanodrop photometer (Implen, Munich, Germany) and a Femto Pulse system (Agilent,
Santa Clara, CA, USA), respectively. If variations in DNA concentration between Qubit
and Nanodrop were > 50% an AMPure PB bead clean up or an electrophoretic clean up
using a BluePippin system (Sage Science, Beverly, MA, USA) was performed; 5 ng HMW
gDNA were sheared in a gTube (Covaris, Woburn, MA, USA; 1700 g) and used for whole
genome library preparation using SMRTbell prep kit 3.0 (Pacific Biosciences, Menlo Park,
CA, USA) according to the manufacturer’s recommendations. Size selection of the resulting
library was performed using AMPure PB beads. Libraries were stored at —20 °C. Prior
sequencing, primer and polymerase were bound using a Sequel II Binding Kit 3.2 (Pacific
Biosciences, Menlo Park, CA, USA) according to the manufacturer’s recommendations.
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3.4. Genome Sequencing and Assembly

Sequencing was performed on a Sequel Ile (Pacific Biosciences, Menlo Park, CA,
USA) with two hours pre-extension, two hours adaptive loading (target pl + p2 = 0.95)
to an on-plate concentration of 85 pM, and 30 h movie time. The initial de novo genome
assembly was performed using SMRT Link (v11.0.0+, Pacific Biosciences, Menlo Park, CA,
USA) which uses Improved Phased Assembly (IPA) [73]. After polishing, the contigs were
divided into primary and haplotype-associated contigs using purge_dups [74].

The assembled sequences can be found within the National Center for Biotechnology
Information (NCBI). BioSample accession number: Dark Knight SAMN32308289, Pink
Perfection SAMN32308290.

3.5. RNA Long Read IsoSeq

To increase the quality of the genome assembly, long-read transcripts were sequenced
to add more depth and accuracy to the proposed gene models. For RNA extraction, frozen,
unthawed leaves were ground using a CryoMill and an RNeasy Plant Mini Kit (Qiagen,
Venlo, Niederlande). A Turbo DNA free Kit (Invitrogen) was used to further clean the RNA.
The high-quality RNA was used to perform an IsoSeq library prep using SMRTDbell prep kit
3.0 and Sequel II Binding Kit 3.2. (Pacific Biosciences, Menlo Park, CA, USA).

3.6. Bioinformatic and Statistical Analysis

Gene models were prepared through AUGUSTUS [50-53] using genomic data and
long-read transcriptomic data as hints. Quality and completeness of the genome were
estimated with QUAST (v5.2.0) [31] and BUSCO (v5.3.2) [39,43,75,76]. NCBI BLAST
(v2.12.0+) [40,41] and InterProScan (v5.54-87) [60,61] were computed on a local computa-
tional unit. This analysis provided an annotation that was the basis for the determination
of distinct protein families, in this case, terpene synthases and cytochrome p450 enzymes.
EggNOG Mapper (v2.1.5) was used to determine COG and GO terms. Statistical analysis
and figures were conducted using R (v4.2.1, revigo [59] and cateGOrizer [77]. Synteny
analysis was performed using Mauve [47] (v2.4.0) and Geneious Prime (Geneious). For
k-mer analysis jellyfish (v2.3.0) [78] was used (k-mer size: 20). GenomeScope [79,80] was
used for the visualization of k-mer frequencies. The following analyses were conducted
using galaxy project [81]: BUSCO, QUAST, EggNOG, Jellyfish, and GenomeScope. If not
further specified default parameters were used for analysis.

3.7. Identification of TPS and Cytochrome p450 Enzymes

Genes associated with these protein classes were found using InterProScan and the
domain seed files IPR036965 (TPS activity) and IPR01128 (cytochrome p450 enzymes). The
phylogenetic tree was constructed using a global alignment with Blosum62. As a genetic
distance model, Jukes—Cantor was chosen along with Neighbor-Joining as the Tree building
method. The outlier was Physcomitrella patens, XP_024380398. Software used: Geneious
Prime (Geneious).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants12030632/s1, Figure S1: Chemical structure of D-limonene
backbone and difference to C6-C4 shift in x-pinene, Figure S2: Cultivars of Caryopteris x clandonensis
used in this manuscript, Figure S3: PacBio sequencing quality reports of different Caryopteris x
clandonensis cultivars, Figure S4: GenomeScope profile of k-mer analysis of Dark Knight, Figure S4:
GenomeScope profile of k-mer analysis of Pink Perfection, Figure S6: Synteny evaluation between the
Caryopteris x clandonensis cultivars, Table S1: GC-MS Headspace data of TOP30 identified compounds
via NIST database Table S2: Data Pink Perfection COG, Table S3: Data Dark Knight COG, Table S4:
Data Pink Perfection GO cluster, Table S5: Data Dark Knight GO cluster, Supplemental Lamiaceae
Reference: Phylogenetic tree references in FASTA format.
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Abstract: Enzymatic terpene functionalization is an essential part of plant secondary metabolite diver-
sity. Within this, multiple terpene-modifying enzymes are required to enable the chemical diversity
of volatile compounds essential in plant communication and defense. This work sheds light on the
differentially transcribed genes within Caryopteris x clandonensis that are capable of functionalizing
cyclic terpene scaffolds, which are the product of terpene cyclase action. The available genomic refer-
ence was subjected to further improvements to provide a comprehensive basis, where the number
of contigs was minimized. RNA-Seq data of six cultivars, Dark Knight, Grand Bleu, Good as Gold,
Hint of Gold, Pink Perfection, and Sunny Blue, were mapped on the reference, and their distinct
transcription profile investigated. Within this data resource, we detected interesting variations and
additionally genes with high and low transcript abundancies in leaves of Caryopteris x clandonensis
related to terpene functionalization. As previously described, different cultivars vary in their mod-
ification of monoterpenes, especially limonene, resulting in different limonene-derived molecules.
This study focuses on predicting the cytochrome p450 enzymes underlying this varied transcription
pattern between investigated samples. Thus, making them a reasonable explanation for terpenoid
differences between these plants. Furthermore, these data provide the basis for functional assays and
the verification of putative enzyme activities.

Keywords: terpene biosynthesis; cytochrome p450; Caryopteris x clandonensis; long read sequencing;
transcriptomics; chemical diversity; volatile compound

1. Introduction

Caryopteris x clandonensis is an ornamental plant, also known as “Bluebeard”, which
is phylogenetically classified in the Lamiaceae family. It is easily cultivated and rich in
volatile compounds. These, and other molecules detected and described, are terpenes,
e.g., a-copaene, limonene, or d-cadinene [1], terpene derivates, e.g., keto-glycosides, clan-
donosides, and harpagides [2], as well as the pyrano-juglon derivate c-caryopteron [3]. The
species’ essential oil was found to display mosquito-repellent activity; however, the active
agent for this mode of action was not yet detected [4]. The Lamiaceae family is known to
harbor an interesting and valuable profile in secondary metabolites, including terpenoids,
flavonoids, and phenylpropanoids [5-7]. These compounds play important roles in the
plant’s interaction with its environment [8,9] as for the defense against abiotic and biotic
stresses [10]. They also harbor potential in pharmaceutical or industrial applications, as
seen for taxol [11], menthol [12], malvidin [13], isoliquiritigenin [14] or umbelliferone [15].
In general, terpenes and terpenoids are a molecule class, which is produced in vast varieties
by flowering plants [16] and is involved in a wide range of biological activities. Essential
oils and their monoterpenes, such as a-pinene and limonene, were investigated in terms of
their anti-inflammatory and virucidal activity in recent studies [17-19]. Moreover, other
terpenoids employ antibacterial properties [20] while others act as insecticides [4], are used
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as allelochemicals [21], or as attractants for pollinators [22]. The backbone of plant-derived
terpenes is produced via the mevalonate pathway. For this, the precursors dimethylallyl
diphosphate (DMAPP) and the functional isomer isopentenyl pyrophosphate (IPP) can be
connected via isoprenyl diphosphate synthases (IDS) to form larger units of terpenes. IPP
consists of five C-atoms (hemiterpene) whereas, through condensation of IPP and DMAPP
via IDS monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), and higher terpene
structures are built [23]. Further tailoring of these basic terpenes is conducted by terpene
synthases (TPS) and cytochrome p450 enzymes (CYPs). Plant TPS mediate complex carbo-
cation reactions, resulting in various cyclic structures of higher terpenes [24,25]. These can
be divided into eight subfamilies (TPSa-h) which can be clade- or even species-specific [26].
The first step in tailoring monoterpenes is hydroxylation. Subsequently, CYPs are mediating
a plethora of further reactions to enhance the functionalization (carboxylation, acetylation
or forming peroxides) [27,28]. Due to their promiscuity towards substrates, only a few
enzymes are necessary to yield various terpenoid structures and, therefore, differences in
their functions and modality [29]. Multiple sequences of different source organisms are
available in curated databases [30,31]. These allow easy access to the genetic information
on these enzymes. With CYPs occurring in all living organisms [30], the enzymes, similarly
to TPS, are divided for better identification, whereas specific CYP families are reserved
for each type of organism. Plant CYP families can be found in CYP71-99 and CYP701-999,
and in a four-digit scheme from CYP7001-9999 [32]. The categorization into these classes is
dependent on sequence similarity. The same family (Arabic number) needs matching amino
acids >40% and the subfamily (Arabic letter) >55% [33]. Therefore, the CYP76540 [34] is
the 40th individual enzyme from the CYP76S subfamily and the CYP76 family. This way,
after annotation, contaminating sequences can be discarded solely due to their classification
in a non-plant CYP family.

One approach to elucidate variations in the enzymatic makeup and investigate the
sequences underlying terpene diversity is to compare differentially expressed gene (DEG)
products at a quantitative level using modern bioinformatics tools. Differences in the
metabolite profile exist during different stages of plant growth [35]. Different genes are
regulated from seedlings to mature plants to translate their genomic information into
proteins and interact in plant differentiation, protection or communication, depending on
their developmental state [36]. During plant breeding, deletion, duplications, mutations or
fragmentations can occur. Therefore, a distinct set of genes varies in its nucleotide code
and their transcription or translation rate, resulting in different phenotypes in the mature
plant [37]. The data can be levied and evaluated regarding efficacy to investigate these
differences. The number of transcripts does not solely result in higher protein outcome, but
also in, respectively, higher concentrations of secondary metabolites. Therefore, differential
expression analysis can identify genes or gene products responsible for either the stress
response mechanisms observed for abiotic stressors, such as drought or radiation, or as
has been shown for biotic stressors, such as pests and plant reactions to herbivores [38].
Typical DEG experiments harness the up- and down-regulation of genes after induction
or shock, e.g., during exposure to chemicals [39] or different environments [40]. Another
possibility is the investigation of specific traits of plant cultivars due to their variations
between hybrid plants [41]. Previously, the variations in Caryopteris x clandonensis” volatile
compound setup was investigated, and a difference in the synthesis of limonene-derived
molecules (LDM) was observed [1]. The cultivar Dark Knight was detected to harbor a
low amount, whereas Pink Perfection shows high amounts of LDM. These variations were
discovered without a distinct change in their TPS or CYP makeup.

To that end, we show that the identification of terpene variety between different plant
cultivars can be pursued on a molecular level using a quantitative bioinformatics method
such as RNA-Seq analysis. Furthermore, we focus on terpene functionalization enzymes,
especially cytochrome p450 enzymes, to elucidate the mechanisms behind the variations in
monoterpene modifications as seen for limonene [1].
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2. Results and Discussion
2.1. RNA Sequencing and Mapping Quality

Samples subjected to short-read sequencing were taken from leaves of six Caryopteris
X clandonensis cultivars known to show differences in their LDM profile, Dark Knight
(DK), Grand Bleu (GB), Good as Gold (GG), Hint of Gold (HG), Sunny Blue (SB), and Pink
Perfection (PP). Sequencing was performed using an Illumina NovaSeq platform, which
generated about 20 million raw reads in bases for each sample. The reads were processed to
remove low-quality reads, bases, and adapter sequences, resulting in the clean reads used
for downstream analysis. After this purification step, a loss of 5.0 to 14.9 million bases was
seen between the samples. In Table 1, the run as well as cleaning and mapping statistics are
summarized. The Q20 and Q30 scores indicate the sequencing quality, with Q30 indicating
a lower error rate than Q20. This experiment’s high Q20 and Q30 scores suggest that the
sequencing quality was highly sufficient, with only a few sequencing errors. Moreover, the
clean reads exhibit a slight increase in quality scores, persistent throughout all samples.

Table 1. Statistics of short Illumina reads used for mapping on the reference genome (NCBI
SAMN32308290 (Pink Perfection, PP)). A paired-end run was employed on a NovaSeq6000 SP
(2 x 150 bp) for sequencing.

Caryopteris Raw Reads in Bases Clean Reads in Bases Totally Uniquely
x clandonensis Q20in % Q30in % Q20 in % Q30in % Mapped Mapped
Cultivar Unique Duplicate Unique Duplicate in % in %
Dark Knight RI  24501,785 19,238,555 99.95 94.76 13,072,273 29,945,355 99.99 95.08 s 793

R2 26380719 17,359,621 99.25 87.90 16204470 26,813,158 99.46 88.25 g :
Rl 17917215 51971129 99.85 93.75 11,552,426 57,659,626 99.98 9421
Grand Bleu R2 18808258 51,080,086 99.51 92.12 13,260,446 55,951,606 99.68 92.42 858 768
RL 22797327  27,074.692 99.60 94.52 13160322 31,359,084 99.95 95.08
GoodasGold Ry 957142438 24729581 99.35 89.41 16,112,061 28,407,345 99.54 89.76 86.7 754
, Rl 20547645 20,953,229 99.89 94.67 15165071 33,935,373 99.98 95.06
Hint of Gold R2 23044700 18,456,174 99.38 88.40 18,084,814 31,015,630 99.56 88.81 864 772
Sunny Blue Rl 20535582 25,022,034 99.96 94.96 13,908,152 27,181,140 99.99 95.35 570 505
R2 22771085 22786531 99.39 88.30 16,573,745 24,515,547 99.56 88.60 : :
, , Rl 25751312 28,610,858 99.96 94.23 12295625 26,046,846 99.99 94.60
Pink Perfection  po 29512685 24849485 99.40 90.42 14649,539 23,692,932 99.58 90.70 87.7 820

The available genome sequences from Caryopteris X clandonensis PP [1] were subjected to
further cleaning and improvement steps to curb the influence of contamination. A binning
algorithm, MetaBAT?2 [42], usually used for metagenomic data, was used on the long-read
assembly of the genome and differentiated into 40 bins. The completeness and contiguity
were checked and, in summary, the 782 scaffolds/848 contigs, which add up to 344 Mb with a
genome completeness score of 96.8%, were reduced to 53 scaffolds/88 contigs, which add up
to 298 Mb and a BUSCO score of 96.5%. The utilized BUSCO gene sets belonged to the closest
affiliate Eudicotidae. Detailed information can be found in Table S1. This refined genome was
used as a reference for mapping the short-read sequences. A preliminary mapping of DK
transcripts on the respective long-read genomic data, compared to mapping the transcripts on
the PP genomic data, revealed an increased assignment of unique reads. Thus, the genome of
Caryopteris x clandonensis PP was chosen as a mapping reference for both cultivars, DK and
PP, resulting in a more comprehensive downstream analysis. The exact mapping counts for
the different methods can be found in Table S2.

The percentages of reads mapped to the reference genome, as seen in Table 1, indicate
the data accuracy and low presence of contaminating DNA. The amount of uniquely
mapped reads is also an important metric, as it indicates the proportion of reads that map
to a unique location in the reference genome. A high percentage of uniquely mapped reads
(greater than 70%) is desirable, reducing the possibility of mapping errors or ambiguous
mapping locations [43]. In our setting, we were able to accurately map between 85.8% and
87.8% of the sequences, indicating that a large proportion of the reads were successfully
located on the provided genome. Furthermore, the percentage of uniquely mapped reads
ranged from 75.4% to 82.0%, which is reasonably high and suggests that the quality of the
sequencing reads was sufficient to allow for exact mapping and is suited for downstream
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analysis. The observed duplication rates varied between 5.7% and 11.3%, and are well-
known in plant transcript mapping due to transcript isoforms [44].

2.2. Identification of DEG

To identify the mechanism behind the modification of LDM, we wanted to focus on
the DEGs between the cultivars of Caryopteris x clandonensis. Therefore, the mapping data
were subset and pooled into highly LDM-positive (SB, PP) and highly LDM-negative (DK,
GB) cultivars. The cultivars GG and HG were neither highly LDM-positive nor highly
LDM-negative, therefore both were disregarded during the initial DEG analysis. From
the 29,210 predicted genes in the mapping reference, 23,477 were observed to map in
all investigated sets. The DEGs were filtered using a log2 fold-change cutoff of absolute
values greater than 1, and an adjusted p-value of a minimum of 0.05, thereby the values
for each cultivar were transcribed at least two-fold. The values fitting these parameters
are highlighted in green; those which were disregarded during further analysis, because
of not fitting the parameters, are shown in red. Compared to the genes close to the
middle, there are a few genes with high fold-changes in LDM-positive plants, compared to
LDM-negative and those with significantly higher or lower transcript abundance. After
filtering the DEGs between LDM-positive and LDM-negative cultivars, 3305 genes were
identified, as seen in Figure 1A. For 100 genes, no Pfam class [45] and, for a further 168, no
EggNOG [46] description, could be assigned. Regarding the DEGs, a closer look reveals
the 20 most diverged genes, which can be seen in Figure 1B,C. Half of the annotated genes
are still uncharacterized, or their distinct function is unknown, according to the cluster of
orthologous groups. Interestingly, the genes associated with metal transport and metal
binding are differentially transcribed, as seen for g4372, 29694, and g8497. These functions
are known to be responsible for catalyzing redox reactions in plants [47,48]. Examining
DEGs further, g14432 is associated with the protein argonaute family and g1887 is a zinc
finger-like protein, whereas g3464 is a thioredoxin/disulfide isomerase. These proteins
regulate biological processes [49], as well as responses to abiotic stresses such as drought
stress [50,51]. In general, these DEGs describe the effects on the primary metabolism and
stress response of plants; however, they do not show any direct participation in tailoring
secondary metabolites within the plants. CYPs, in particular, are iron-binding; however, a
connection between the upregulation of metal-transporting proteins and CYPs cannot be
drawn from this data. The biosynthesis of LDM is not artificially induced in one cultivar
or silenced in the other. Thus, a specific and significant transcription of related terpene-
tailoring genes cannot be observed. To elucidate these mechanisms, it is necessary to take a
closer look into the DEGs of CYPs [28,52].

2.3. Terpene Tailoring through CYPs between Plant Cultivars

The identified 3305 DEGs can be further filtered into genes related to CYPs due to
conserved domains and the corresponding CYP Pfam class. Here, the domain PF00067 was
integrated into IPR001128. Both domains are indicators for sequences associated with the
cytochrome p450 superfamily (IPR036396) [53]. This homology-based search allowed the
identification of 70 putative sequences with different total lengths. Assuming a minimum
size of 29 kDa for a CYP, 61 genes remain. From a statistical point of view, the average size
of this pool amounts to a median of 1485 nucleotides, corresponding to the average size
of a translated protein of 54.5 kDa. This is also reported in the literature, with an average
plant CYP molecular mass between 45 and 62 kDa [54,55]. In regards to the identification
of LDM-modifying enzymes, this subset is necessary to obtain a detailed overview into
CYPs. These enzymes are known to play a huge part in terpene diversity in plants [56].
They are able to catalyze the hydroxylation of different backbones due to their substrate
promiscuity [29,57]. Therefore, the transcript abundance of specific CYPs may reveal the
mechanism behind LDM variances in this plant.
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Figure 1. Differential expressed genes (DEGs) of Caryopteris x clandonensis cultivars highly producing
limonene-derived molecules (LDM-positive) and cultivars which produce lower amounts of LDM
(LDM-negative). Cultivars used for LDM-positive subset: Sunny Blue and Pink Perfection, and for
LDM-negative subset Dark Knight and Grand Bleu. (A) The volcano plot of DEG was identified between
the LDM-positive vs. LDM-negative plant cultivar subsets. Absolute log2 fold-change cutoff was set
to 1 and an adjusted p-value of 0.05 was used to assign the DEGs; values fitting these parameters
are highlighted in green and those which were disregarded during further analysis are shown in red.
(B) Top 20 most significantly transcribed genes and their respective description, including BLAST search
percentage identity and determined accession for the putative assignment. (C) log10 normalized counts
of the top 20 significant DEG in this setup. Genes from LDM-positive samples are displayed in green,
those corresponding to LDM-negative samples are highlighted in red.

Out of all the 23,477 mapped genes, 221 CYPs were detected, whereas 61 showed differ-
ences in transcript abundance. In Figure 2, all identified CYPs are visualized in an unrooted
phylogenetic tree. CYPs with high transcript abundance in LDM-positive cultivars are high-
lighted in green, whereas CYPs with low transcript abundance are represented in red.

To allocate the putative CYPs to their distinct family or subfamily, the Pfam-classified
CYP sequences were subjected to a BLAST search using a custom CYP database [54]. The
sequences were assigned to the same subfamily if the percent identity was above 55%,
and to the same family if greater than 40%. Eight CYP clans were highlighted within the
found enzymes, CLAN51, CLAN71, CLAN72, CLAN74, CLAN710, CLANS85, CLANS®,
and CLAN 97. This highlights that the major classes 71 and 72 are found to be involved,
primarily, in the terpene tailoring of different terpene classes [28]. For CYP71, a variety
of monoterpene modifications are described [34,58—61]. In our setting, most DEGs were
observed in this clan. The enzymes related to CYP72 are described as tailoring triterpenoids
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as saponins, characterized within plant defensive mechanisms against biotic stressors such
as herbivores or microbes [38,62].
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Figure 2. Phylogenetic tree of all transcribed cytochrome p450 (CYP) enzymes within the six in-
vestigated cultivars. Clan localization is highlighted on the outer ring. Differentially expressed
genes (DEGs) were marked in green for a high transcript abundance in limonene-derived-molecules-
positive cultivars and red for low transcript abundance, as seen in their fold-change differences. The
tree was constructed using the following parameters: Global alignment with a Blosum62 cost matrix,
Genetic distance model Jukes-Cantor, Neighbor-Joining and no outgroup was used, gap open penalty
was set to 12, and gap extension penalty to 3 during pairwise alignments.

DEGs with high transcript abundance in LDM-positive samples were used to compare
the genes between all sequenced cultivars. PP and SB were considered highly LDM-positive,
whereas DK and GB were LDM-negative. GG and HG were in between and, therefore,
were excluded in the initial DEG analysis. For the comparison of CYPs between the four
previously mentioned samples and the two latter samples, the CYPs found in LDM-positive
and LDM-negative samples were searched in GG and HG, and the normalized counts of all
samples were compared. PP was chosen, due to its LDM profile, as a setpoint to compare
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the transcript abundance between all samples. In, the results of a comparative approach
are visualized. The phylogenetic distance between the identified CYPs is shown in 3A.
Three clusters can be differentiated, with the first seen in the upper part consisting of
4 genes (g25953, g25443, g578, g8489), the second in the middle (g3273, g10380, g27034,
827468, g27861), and the third cluster with 14 genes (g24222, g2313, g27787, g24257, 20804,
g3860, g10700, g16684, g24219, g9390, g14070, g28342, g8554, g2205) at the bottom. In
Section 3B, the fold-change between the cultivars is visualized; boxes marked with X
were transcripts with no mapping results in the respective cultivar. The clusters do not
share a similar transcript abundance pattern, nor do the genes that are closely related.
However, investigating the recurring, fixed-length patterns inside the sequences led to the
discovery of five motifs shared among all sequences. Figure 3C visualizes the motifs and
their distribution in the sequence. The exact motif sequences are presented in Table S3.
A closer look also reveals distinct recurring, CYP-specific domains [63]. The conserved
regions were reviewed extensively [38] and can be confirmed in this dataset. Starting with
the proline-rich membrane hinge (motif 8), which is part of the membrane anchor, another
conserved motif, which is important for the correct function of CYPs, is the site for oxygen
binding and activation, A/G-G-X-E/D-T-T/S (motif 3). This is followed by the E-R-R triad
and P(E)R(F) domain. Furthermore, the heme-binding site, with cysteine as the main ligand
to the heme, C-X-G (muotif 2), which is necessary for the typical redox reaction of CYPs [64],
as well as the ERR triad (motif 6) and the (P(E)R(F)) sequence (motif 6), can be differentiated
among the discovered 10 motifs.
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Figure 3. Analysis of differentially expressed cytochrome p450 enzymes (CYP) in different plant
cultivars of Caryopteris x clandonensis, Dark Knight (DK), Grand Bleu (GB), Good as Gold (GG), Hint
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of Gold (HG), Sunny Blue (SB), and Pink Perfection (PP). (A) Phylogenetic analysis of CYP sequences
with highly abundant transcripts regarding limonene-derived molecules (LDM) within the cultivars,
using Neighbor-joining method. (B) Heatmap of normalized transcript counts between distinct
cultivars. X represents enzymes with no transcripts in respective cultivars. The color palette displays
genes with high transcripts abundance in red to light-yellow colors, high transcript abundance is
depicted in light-green to blue (C) Identification of recurring, fixed-length patterns (motifs) identified
in LDM-positive transcripts. Motifs 1 to 10 are illustrated as colored boxes, to distinguish the motifs
between the different genes. Sequences can be found in Table S3.

Regarding the production of LDM, the genes g8554, g27861, g10700, and g24222 show
an interesting pattern compared to the highly LDM-positive cultivar PP, which makes them
candidates for further functional characterization to prove their LDM-producing potential.

The candidate genes were further investigated in terms of their putative function. The
initial estimates, using sequence and structural homology, consider g2422 and g8554 to
be involved in the hydroxylation of cinnamic acid, whereas g27861 and g10700 display
unknown activity towards flavonoids, sterols, and ferruginol. This substrate promiscuity is
known for CYDPs, as they are able to catalyze different ligands [57,65], thus making func-
tional characterization using prokaryotic, yeast, or plant expression systems indispensable
to support claims on putative functions.

3. Materials and Methods
3.1. Plant Material

Cultivars of Caryopteris x clandonensis, DK, GB, GG, HG, SB, and PP, were acquired
from a local nursery (Foerstner Pflanzen GmbH, Bietigheim-Bissingen). DK and GB were
investigated to show a highly LDM-negative profile, whereas SB and PP show a highly LDM-
positive profile. GG and HG showed a non-conclusive profile in between. After growing to
maturity in the open in a warm, moderate climate zone, healthy leaves were sampled and
snap-frozen in liquid nitrogen and stored at —80 °C until RNA preparation for RNA-Seq.

3.2. Genomic Resource

The reference genome of Caryopteris x clandonensis used in this study was obtained
from NCBI SAMN32308290 (PP). The raw data were assembled as previously described [1]
and subjected to further refinements. For further processing, the reference was cleared from
possible contaminations, and scaled down from 783 contigs to 53 contigs using Metabat2
(v2.15) [42], keeping the genome completeness with 96.5% at a high level according to
BUSCO (v5.3.2) [66] analysis (2326 BUSCO groups, lineage dataset: Eudicotidae). Gene
model prediction was conducted using AUGUSTUS [67-70]. To detect repetitive sequences,
such as tandem repeats or transposable elements, soft masking was employed using Red
(v2018.09.10) [71].

3.3. RNA Preparation and Short Read Sequencing

High-quality RNA was extracted using the RNeasy Plant Mini Kit (Qiagen, Venlo,
The Netherlands) according to the manufacturer’s protocol. To ensure RNA integrity, the
Bioanalyzer RNA 6000 assay kit (Agilent, Santa Clara, CA, USA) was employed to yield an
average RNA Integrity Number of 7.7. The library preparation was performed using the
INlumina stranded mRNA prep kit with IDT for Illumina UD Indexes, Plate A. Correspond-
ing adapter was the Illumina Nextera Adapter (CTGTCTCTTATACACATCT). Library
preparation was performed according to the manufacturer’s protocol with a shortened
fragmentation time from 8 min (protocol) to 2 min (this study). Sequencing was performed
at the Helmholtz Munich (HMGU) by the Genomics Core Facility on a NovaSeq6000 SP
(2 x 150 bp). For each sample, two lanes were loaded and an average of 22 Mio fragments
were yielded. The corresponding lanes of each sample were concatenated tail-to-head
(v8.25) [72]. The combined short reads were subjected to comprehensive quality control
steps. Every step was analyzed with FastQC (v0.11.9) [73] and the necessity of another
trimming step was evaluated. Sequences shorter than 20 bp minimum length and with a
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quality phred score beneath 20 were extracted from the paired-end read data. The Illumina
Nextera Adapter was used to trim each read pair using Cutadapt (v.4.0) [74]. The first
10 bases were cut from the sequences, due to their sequence GC content, using Trimmomatic
(v0.38) and headcrop parameter [75].

3.4. Mapping and Annotation of Aligned Reads

Refined short reads were mapped on the clean reference genome using STAR (v2.7.10b) [76],
140 bases were chosen as the length of the genomic sequence around annotated junctions.
EggNOG (v2.1.5) [46,77] was employed to evaluate the function of the differentially expressed
genes using Pfam, GO, and COG databases. MEME suite (v5.5.1) [78] was used for identification
of motifs within sequences of interest. Visualizations were built in R. Except for STAR; all
sequencing analyses were conducted using galaxy project [79]. Analysis was based on reference-
based RNA-Seq data analysis [80,81]. The detection of CYPs was performed using a homology-
based search, using the conserved domain PF00067, which was integrated to IPR001128. Both
domains are indicators for a sequence association with the cytochrome p450 superfamily
(IPR036396) [53]. CYP-family classification was performed using a BLAST search [82] and a
custom database [83].

3.5. Evaluation of Differential Gene Expression between Aerial Plant Parts

Aligned transcripts were counted using FeatureCounts (v3.16) [84], normalized, and
differentially investigated with DESeq?2 (v1.34.0) [85-87]. An adjusted p-value below 0.05,
and a fold-change greater than 2 and below 0.5, was used to determine the most differen-
tially expressed genes in this dataset.

4. Conclusions

This study provides a basis for further CYP research in Caryopteris x clandonensis,
especially regarding LDM. Furthermore, the reference genome was subjected to a cleaning
step, resulting in a decrease from 782 scaffolds to 53 scaffolds. Six cultivars were subjected
to an RNA analysis, which gradually neared the prediction of 4 possible LDM tailoring
CYPs out of 24, which were differentially expressed, and showed high transcript abundance,
compared to the other cultivars. Furthermore, the classification and phylogenetic analysis
of all mapped CYPs were conducted and they showed a distinct clustering in CYP CLAN71
and 72. All essential and conserved motifs could be recognized within these sequences.
However, experimentally focused research for functional characterization needs to be
conducted in order to identify the exact predicted function of these enzymes. A further
in silico step can include the prediction of docking and catalysis sites within a three-
dimensional structural model, as well as through molecular dynamic techniques and free
energy calculations [88,89].

In general, this approach can be used to detect further mechanisms and pathways
in plants, which show valuable medicinal effects. The biotechnological production of
artemisinin [90] and taxol [11] is a popular example of the possibilities in medicinal plant
research. There are already several approaches used, which combine omics approaches to
identify substances of interest [91-93].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12122305/s1, Table S1: BUSCO assessment and assembly
statistics, Table S2: Mapping statistics on the genomic reference of Pink Perfection, Table S3: Motif
sequences of identified reoccurring patterns.
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