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Abstracts

| Abstracts

Chapter I: Comparative genome-wide analysis of two Caryopteris x
clandonensis cultivars: Insights on the biosynthesis of volatile
terpenoids

In the first chapter, the biosynthetic potential of two Caryopteris x clandonensis cultivars, Dark
Knight and Pink Perfection, is examined using comparative genomics. A principal component analysis
was employed to determine out of four cultivars the selected, representative plants for genomic
evaluation. GC-MS data yielded a divergent synthesis of monoterpenes, regarding limonene. Here,
different limonene derived molecules were discovered. Through functional analysis and comparative
genomics of the long-read data, cultivar-specific terpene synthases and cytochrome p450 enzymes
were identified. This allows the use of biotechnological methods for the development of terpene
production systems for industrial applications such as flavorings, food preservatives or pharmaceutical
formulations. The completeness of the presented genomes was determined to be 96.8% using BUSCO
and an approximate size of 355 Mb was identified. Gene models were generated and their annotation
yielded 52,090 potential genes. Within these, 42 genes were related to terpene biosynthesis.

Furthermore, 1340 models related to cytochrome p450 enzymes were discovered.

Chapter |I: Differential RNA-Seq Analysis Reveals Genes Related to
Terpenoid Tailoring in Caryopteris x clandonensis

The second chapter reveals the terpenoid tailoring mechanisms in Caryopteris x Clandonensis.
The focuslies on cytochrome p450 enzymes, which are able to tailor monoterpenes. In the first section
limonene derived molecules were discovered. The origin and molecular mechanisms in their synthesis
were further elucidated in this part. The published reference genome was further refined and scaled
down with a factor of 14. This refinement was necessary to efficiently map short read sequencing data
on the genome and detect differential expressed genes. 3305 genes were evaluated for further
identification of underlying synthesis mechanisms of above mentioned molecules. 61 enzymes related
to terpene tailoring using cytochrome p450 proteins were observed. Further 23 were upregulated in
plants considered limonene derived molecules positive. This section provides excellent datafor further

functional assays to validate this putative synthesis.
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Il Zusammenfassungen

Kapitel 1: Vergleichende, genomweite Analyse von zwei Caryopteris x
clandonensis Kultivaren: Einblicke in die Biosynthese von fliichtigen
Terpenen

Im ersten Kapitel wird mittels vergleichender Genomik die Biosynthese von zwei Caryopteris x
clandonensis Kultivaren, Dark Knight und Pink Perfection, ndher betrachtet. Ausgangspunkt ist eine
Hauptkomponentenanalyse fliichtiger terpenoider Verbindungen, welche mittels GC-MS analysiert
wurde, so dass zwei reprasentative Pflanzen ausgewahlt werden konnten. Durch diese Daten konnte
bereits eine Abweichung der Terpenbiosynthese hinsichtlich Terpenen mit Limonen-Grundgerist
aufgezeigt werden. Uber funktionelle Analyse und vergleichende Genomik der long-read Daten
konnten kultivar-spezifische Terpensynthasen und Cytochrom p450 Enzyme identifiziert werden. Dies
ermoglicht den Einsatz biotechnologischer Methoden zur Entwicklung von
Terpenproduktionssystemen fir industrielle Applikationen wie beispielsweise Aromastoffe,
Konservierungsstoffe oder pharmazeutische Formulierungen. Die Vollstandigkeit der vorgestellten
Genome wurde mit BUSCO auf 96,8 % bestimmt und eine ungefdhre Gréf3e von 355 Mb ermittelt. Die
Erstellung und Annotation von Genmodellen ergab 52 090 potenzielle Gene. Innerhalb dieser konnten
fir die Terpenbiosynthese 42 Gene identifiziert werden. Des Weiteren wurden 1340 Modelle entdeckt

welche im Zusammenhang mit Cytochrom p450 Enzyme stehen.

Kapitel 2: Eine differenzielle RNA-Seq Analyse deckt Terpen-
modifizierende Gene in Caryopteris x clandonensis auf

Im zweiten Kapitel wird das analysierte Genom des Caryopteris x clandonensis Kultivars Pink
Perfektion als Referenz verwendet und genauer untersucht. Ein weiterer, zuvor durchgefihrter,
Reinigungsschritt konnte die genomische Referenz weiter verbessern. Hier wurde die Anzahl der
Contigs um einen Faktor von 14 reduziert. Auf Grundlage dieses Genoms wurde eine Mapping von
short Reads durchgefiihrt um eine differenzielle Genexpression analysieren zu kénnen. 3305 Gene
wurden ermittelt, welche im Hinblick auf ihre Terpenmodifikationsmoglichkeiten naher betrachtet
wurden. Von diesen konnten 61 den Cyotchrome p450 Enzymen zugeordnet werden. Diese sind dafiir
bekannt Terpen-Grundstrukturen weiter modifizieren zu kénnen. Im ersten Abschnitt konnten auf
Limonen basierende Molekiile (LDM) identifiziert werden, welche als Grundlage fiir eine weitere
Einengung der Sequenzauswahl herangezogen wurde. Pflanzen, welche eine erhohte Menge an LDM
produzieren wurden mit Pflanzen mit geringen Mengen an LDM auf Transkriptebene verglichen. Durch
diese differenzielle Analyse konnten 23 Enzyme identifiziert werden, welche mit der Biosynthese

dieser Molekiile in Verbindung stehen.
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Introduction

1 Introduction

1.1 Origin and importance of Caryopteris x Clandonensis

The kingdom of Viridiplantae consists of three phyla: Chlorophyta, Prasinodermophyta, and
Streptophyta. Latter is divided into four classes: Chlorokybophyceae, Klebsormidiophyceae,
Mesostigmatophyceae, and Streptophytina. Furthermore, the subphylum Streptophytina harbors the
clade Embryophyta. A closer look at this clade reveals the different plants of the earth flora and, in a
detailed differentiation in clades and orders, the family of flowering plants, Lamiaceae [1], [2]. This
family harbors the genus Mentha, including the species Mentha spicata (Spearmint) and Mentha x
piperita (Peppermint), which is the origin of the widely spread term - the mint family. Lamiaceae is a
diverse and large family with around 7,000 species distributed worldwide [3]. One of the characteristic
features of the Lamiaceae family is the presence of glandular hairs, trichomes. These produce volatile
and essential oils and give the plants their characteristic scent and flavor [4], as well as their
herbaceous, aromatic values, which can be exploited for culinary, ornamental, and medicinal purposes
[5], [6]. The oils are a complex mixture of different compounds including terpenes, phenols, and
flavonoids [7], [8] and are known to display a variety of biological activities such as antimicrobial,
antioxidant, and anti-inflammatory properties [9]. Especially the family of terpenes is of great interest
in industrial applications.

In this study, selected cultivars of Caryopteris x clandonensis were investigated in detail. This
species is located in the Lamiaceae family, more specifically within the subfamily Ajugoideae and the
corresponding tribe Ajugeae. Originating from a hybrid of Caryopteris incana and Caryopteris
mongholica, it was subjected to further breeding [10]. These plants are mostly known for their
ornamental values and vast variety of different cultivars, which besides different essential oil
constituents also harbor different compositions in their volatile compound profile [10], [11]. Already
the parental generation C. incana and C. mongholica where known as a source of new glycosides [12]
and new alkaloids [13], respectively. Further molecules were found to be constituents of the resulting
hybrids essential oil, as is the pyrano-juglon derivate a-caryopteron [14], and the keto-glycosides
harpagides and clandonosides [15].

Research into the biological activity of these oils revealed insecticidal activities for C.
clandonensis, as shown for C. incana [16]. Additionally, anti-cancer activity was discovered for
ethanolic stem extracts however, a single molecule responsible for these mode of actions was not yet
determined [10], [17]. Compared to the biological activities discovered in the respective Lamiaceae
family, which range from anti-viral [18], anti-inflammatory [19], immunomodulatory [20] and many

more [21], there is a plethora of hidden possibilities in the investigated species.
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The first chapter focuses on the synthesis of these compounds inside plants. It describes why
these metabolites are produced, how they can be differentiated and how they can be exploited for

biotechnological use.

1.2 Plant metabolites

Molecules which are produced by the plant to maintain their metabolism are called
metabolites. Within each plant this is a diverse group of organic compounds that are synthesized to
perform essential functions such as growth, development, reproduction, and defense against biotic
and abiotic stresses [22], [23]. Biotic stresses include plant damage by herbivores or pest, whereas
abiotic stresses are mostly physical circumstances such as radiation, chemicals or temperature [24]. To
sustain potential damage and maintain a regular metabolism, different types and concentrations of
plant metabolites are synthesized and vary among different species, tissues, and developmental
stages, and are influenced, amongst others, by above mentioned environmental factors such as light,
temperature, soil nutrients, and herbivory [25].

The main types of plant metabolites are: primary and secondary metabolites.

1.2.1 Primary metabolites

These essential compounds are required for the basic metabolic processes of the plant. They
are synthesized through central metabolic pathways like the Calvin cycle citrate cycle, glycolysis or
shikimate pathway and are involved in various processes such as respiration, photosynthesis and
protein synthesis. Some of the most important primary metabolites include carbohydrates, lipids,
nucleic acids and proteins [25], [26].

Carbohydrates, one major source of energy for plants, are synthesized through the process of
photosynthesis. The most common carbohydrate in plants is glucose which is used to further build up
other sugars such as sucrose, fructose and starch. These sugars are used to fuel cellular processes and
provide structural support for the plant cell walls [27].

Lipids are another important primary metabolite in plants and are involved in energy storage,
membrane structure and signaling pathways. Plant lipids include triglycerides, phospholipids, and
sterols. These lipids are stored in lipid droplets and serve the plant as energy source during periods of
low photosynthetic activity [28]. In addition, an important primary metabolite in plants are nucleic
acids which are involved in the storage and transmission of genetic information. Plant nucleic acids
include DNA and RNA which are synthesized from nucleotides consisting of purine or pyrimidine bases
and needed in the process of replication and transcription. These bases are either produced de novo
or via salvage pathways. Nucleic acids are used to code for the synthesis of proteins and enzymes, and

are involved in cellular processes like cell division and differentiation [29]—-[31]. A last example are
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proteins, which are essential for plant development and growth, and are synthesized for a range of
processes, such as enzyme catalysis, transport, and signaling. Plant proteins are synthesized through
the process of translation, which involves the conversion of mRNA into amino acid sequences.
Examples of plant proteins include enzymes such as Rubisco, which is involved in the process of carbon
fixation during photosynthesis [32], and transport proteins such as aquaporins, which regulate the
movement of water and nutrients across the cell membrane [33].

Understanding the role of primary metabolites in plant growth and development is important
for improving agricultural practices and developing new plant-based products. An even more
elaborated use in medicine, aroma and herb production is the case for the more specialized groups of

metabolites.

1.2.2 Secondary metabolites

These compounds are synthesized by plants for specialized functions, such as defense against
herbivores, pathogens, environmental stresses or communication. Examples include alkaloids,
flavonoids, phenolics, and terpenoids. Secondary metabolites are synthesized through different
pathways that branch off from the central metabolic pathways. As mentioned above, these molecules
are not essential for survival of the plant however, plants producing secondary metabolites have a
higher rate of interaction with their surroundings, thus a better exchange in symbionts or attractors.
Furthermore, in case of defense mechanisms against herbivores and pest, plants have a higher
likelihood for propagation [34].

Some of the most important secondary metabolites in plants include alkaloids, phenolics,
flavonoids and terpenoids. Alkaloids are a diverse group of secondary metabolites, that contain
nitrogen and are often bitter-tasting and toxic to herbivores and other pathogens [35]. Examples of
alkaloids in plants include purine alkaloids like caffeine, tropane alkaloids, such as scopolamine and
morphine as an example of a benzylisoquinoline alkaloid. These molecules are synthesized dependent
on their corresponding group from purines, monoterpenoid-indole structures or from amino acids
originating from the primary plant metabolism [36]. Phenolics are synthesized from the shikimic acid
pathway [37] and are also involved in defense against pathogens, protection from UV radiation, and
herbivory. Examples of phenolics in plants include lignin, tannins, and flavonoids. Flavonoids are
synthesized from the phenylpropanoid pathway and originate from phenolic compounds [38].
Examples of flavonoids in plants include anthocyanins, isoflavones, and flavones. Flavonoids are
involved in various processes such as pollination, attraction of pollinators, and defense against
herbivores and pathogens [39], [40]. Terpenoids are synthesized from the five-carbon isoprene unit
and are involved in plant defense, attraction of pollinators, and production of essential oils. Examples
of terpenoids in plants include limonene, menthol, carotenoids, and essential oils such as spearmint

3
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and lavender. The biosynthesis is facilitated in two different pathways, the mevalonic acid (MVA) in
the cytosol, and the methyl-erythritol-phosphate (MEP) respectively, which produces the backbones
used for further tailoring and diversification [41]. In the next chapter a more detailed look into these
pathways as well as this huge compound family in general shall be provided.

In summary, plant metabolites can be divided in essential primary metabolites, which are
necessary for sustaining the metabolism as well as energy production and propagation. In contrast to
primary metabolites, secondary metabolites are synthesized by plants for specialized functions such
as defense against herbivores, pathogens, and environmental stresses. Understanding the role and
function of metabolites in plant growth and development is important for improving agricultural
practices and developing new plant-based products, for example medicines, food additives and

cosmetics.
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Terpenes and terpenoids - biosynthesis and differentiation

Introduction

In the past decades, around 70,000 terpenes and their derivates were characterized and still

are of interest for many researchers worldwide [42]. Precursor biosynthesis for terpene production is

maintained through two pathways, the MVA in the cytosol, and the MEP pathway in plastids [43]. In

Figure 1 are bothillustrated.
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Figure 1. The mevalonate (MVA, left side) and methyl-eryhtritol pathway (MEP, right side) for the
synthesis of terpene structures. DXP: 1-deoxy-d-xylulose 5-phosphate, CDP-ME: 4-diphosphocytidyl-2-C-
methyl-D-erythritol, MEcPP: 2-C-methyl- D-erythritol-2,4-cyclodi-phosphate, HMB-PP: hydroxy-3-
methylbut-2-enyl diphosphate. An isomerase converts IPP (isopentenyl diphosphate) to DMAPP
(dimethylallyl diphosphate). Prenyltransferases build up geranylpyrophosphate (GPP) and yield in
monoterpenes. A further fusion with farnesylpyrophosphate (FPP) results in the synthesis of

sesquiterpenes. The schemeis adapted from [44].

The first is the MVA pathway. It was described earlier and is present in almost all living

organisms [45]. The starting molecules are two acetyl-CoA, which are fused in a condensation reaction

to acetoacetyl-CoA. A second aldol condensation forms S-3-hydroxy-3-methylglutaryl-CoA (HMG-CoA),
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which is reduced to the name-giving mevalonate. Two subsequent phosphorylation steps result in
MVA-P and MVA-PP. In a last step MVA-PP is decarboxylated and yields IPP [46].

The 1-deoxy-d-xylulose 5-phosphate (DXP)-pathway occurs as a seven step pathway in all
plastid-bearing organism such as plants and further bacteria [46]. The starting molecules are pyruvate
and glyceraldehyde, which are fused through a transketolase-like condensation, and form DXP, which
is catalyzed by a DXP synthase. In a second step, a reductoisomerase converts DXP into 2-C-methyl-D-
erythritol 4-phosphate (MEP). Two further steps convert MEP into 4-diphosphocytidyl-2-C-methyl|-D-
erythritol (CDP-ME) and after phosphorylation, into CDP-MEP, and subsequent cyclization and loss of
CMP it results in 2-C-methyl- D-erythritol-2,4-cyclodi-phosphate (MEcPP). The fifth step of the MEP
pathway reduces MECPP into hydroxy-3-methylbut-2-enyl diphosphate (HMBPP). The last reduction
results in isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) in a ratio of about 5:1
[46], [47]. These two building blocks are the basis for the diversity of terpenes and terpenoids in plants.

An isomerase is able to convert IPP into DMAPP and vice versa resulting in the first isoprene
units for the terpene structures. Starting from the building block IPP and DMAPP terpene structures,
which increase by five C-atoms (one isoprene unit), are built. Mediated by prenyltransferases, prenyl
diphosphates are formed through head-to tail condensation yielding, dependent on the supply of IPP
and DMAPP, in monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20) and higher structures.
Here, it is to mention that higher structures such as triterpenes are formed through tail-to-tail
condensation. These backbones are the basis to form biologically more active terpenes and terpenoids
[48]. There are two main classes of enzymes which are tailoring these backbones: Terpene synthases
(TS) and cytochrome p450 enzymes (CYPs).

Among others, TS belong to an enzyme class, that is responsible for the vast diversification of
the basic carbon backbones into the 70,000 to 80,000 different structures known and characterized so
far [42], [49]. TS catalyzing the cyclization of above mentioned carbon backbones are also known as
terpene cyclases (TC). Generally, there are two main types: Type | and Type Il. The differentiation
depends on the mechanism of carbocation ionization. For Type |, a trinuclear metal-dependent cluster
can be elucidated in the active site. For this enzyme class two conserved sites are known, the highly
conserved motif ‘DDXXD’ and a less conserved ‘NSE/DTE’ motif. For type Il, an acidic environment is
responsible for carbocation protonation with a ‘DXDD’ and EDXXD like motif. A further notable motif
discovered in many TC is a ‘RR(x)8W’-motif [49], [50]. These domains are important for functional
annotation, which will be discussed in another chapter. To differentiate TS, their function, and
occurrence within the kingdom, they are further clustered in eight TS-families (TS-a to TS-h).

Another enzyme class responsible for the diversification of terpene backbones are CYPs. This

enzyme class catalyzes a plethora of activities such as hydroxylation, ether forming activity,
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carboxylation or acetylation [51] resulting in a variety of functionalized molecules. Medicinally
important and well-studied molecules include taxol [52] and artemisinin [53], which are also
biotechnologically produced terpenoids. CYPs are presentin all living organisms, therefore, for an easy
access and differentiation, a classification system was proposed [54]. Plant CYP families are categorized
as CYP71-99, CYP701-999, and in a four-digit format as CYP7001-9999. The classification into these
groups is based on sequence similarity. A minimum of 40% matching amino acids is required within
the same family (represented by an Arabic number), while a minimum of 55% matching amino acids is
required within the subfamily (represented by an Arabic letter) [55], [56]. Consequently, the enzyme
CYP76540 [57] belongs to the CYP76S subfamily and the CYP76 family as the 40th individual enzyme.
As described for TS, CYPs also exhibit conserved domains as an oxygen binding and activation motif,
‘A/G-G-X-E/D-T-T/S’, or the ‘C-X-G’-motif for heme-binding essential for the redox reaction of CYPs
[58], [59]. Both, TC and CYPs, are playing partin the molecular mechanism in producing plant terpenes

and their essential oils. These can further be used in a variety of applications.

1.4 Industrial applications

Since that plant secondary metabolites show various biological effects these substances were
already used during the beginning of mankind. In the early days wounds were treated with plant
extracts, tea was made out of leaves and distinct flowers were planted to attract pollinators to make
sure food plants are pollinated [60]. These methods were discovered either empirically or by accident.
To this day, those applications were investigated and in some cases a single active agents was
elucidated and tested in clinical trials to ensure their safety for distribution [5], [61]. This way, one can
find food preservatives, aromas or even food packaging from plant derived molecules [62], [63].

Terpenes play an important part in the plants interaction with its environment and the
metabolites can be exploited for industrial application. The diverse molecule structures and the
promiscuous catalyzation possibilities of TS and CYPs as well as the regio-specificity open up a plethora
of possibilities to exploit the protein diversity found in nature. One option to mine these treasures lies
within bioinformatics methods. In the next chapters, the tools to discover enzymes, which are
putatively functionally active are described. The identified sequences can then be further used in a

biotechnological application.

1.5 Next Generation Sequencing

The basis for sequencing was set in 1977 through the incorporation of di-deoxynucleosides as
DNA polymerase inhibitors. This led to the basis of Sanger sequencing, which made it possible to
decipher DNA information faster and with more accuracy [64]. However, for plant genomes and larger

sequences in general, this method was not feasible regarding time and costs. The sequencing of the

7
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human genome took 13 years using sanger sequencing and even ten years after finishing the human
genome a conifer genome (e.g. the coast redwood with 26.5 Gb [65]) was still out of reach due to
economic and technological hindrances [66]. The advancement of Sanger sequencing led to new
technologies called next generation sequencing (NGS).

These new methods have revolutionized the field of genomics research by enabling the rapid
and cost-effective analysis of large and complex genomes. NGS techniques involve sequencing millions
of DNA fragments in parallel and assembling the yielded bases to reconstruct the entire genome
sequence. In general, there are two main approaches to NGS: short-read sequencing and long-read
sequencing, whereas short-read sequencing is the most widely used technology for genome
sequencing today. The name results from its up to 300 and 500 base fragments sequenced in one run.
There are different approaches, sequencing by ligation (SBL) sequencing by hybridization (SBH) and
sequencing by synthesis (SBS) [67]. SBL employs labelled sequences (probe and anchor), which bind
complementarily on the template. The probe provides one or two known bases fused to an universal
base fragment to identify the unknown bases on the complementary strand through anchor initiated
ligation. A new anchor with a known offset starts the reaction from the beginning and yields up to 100
bp paired-end reads. SBS can be split in two categories. The first method uses single nucleotide
addition. Here, either the pyrophosphate or the proton is used as a base signal which is released after
incorporation. In an iterative process, one of each single deoxynucleotide is added, detected, washed
from the beads and another nucleotide added. During the second approach, also called lllumina
sequencing, DNA fragments are first amplified and attached to a solid surface, and then fluorescently
labeled nucleotides are added one at a time. The sequence of the DNA fragment is determined by
detecting the color of the fluorescent label as each nucleotide is added. After base identification,
remaining nucleotides are washed from the surface and the fluorophore, which prevents further
elongation, is cleaved and a new set of labelled nucleotides added [67], [68]. Illumina sequencing can
generate up to 2x300 base pair reads per run, which is ideal for sequencing small genomes and
detecting single nucleotide variations or sequence the transcriptome of an organism [69]. In general,
short read sequencing yields small DNA fragments in high coverage with a relatively low error rate
[70].

Long-read sequencing technologies, on the other hand, can sequence much longer DNA
fragments, up to tens of thousands of base pairs, resulting in more contiguous genome assemblies
even spanning over highly repetitive sequences, such as telomere and centromere regions, which are
commonly known to produce high error rates using short read sequencer [71]. One of the uprising
long-read sequencing platforms is provided by Oxford Nanopore Technologies. It involves threading a

single nucleic acid strand through a small pore and measuring the changes in electrical current as the
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nucleotides pass. One drawback of this method are the small distances between each nucleic acid (3.4
Angstrom), which results in low accuracy and a higher error rate as only oligomer changes are
measured rather than single nucleotides changes [67]. This method can generate reads ranging from
a few kilobases to more than 100 kilobases (N50), which is useful for de novo genome assembly and
identifying structural variations.

A further commercially available and most widely used method is single molecule real-time
(SMRT) sequencing provided by Pacific Biosciences (PacBio). A scheme of the prepared library and the
generation of HiFi reads is depicted in Figure 2. During library preparation the double strand is closed
to a hair-pin like structure with adapter and primer sequences, and a polymerase is added to the
provided primer. Within the flow cells of the instrument, containing zero-mode waveguides (ZMW),
the polymerase is immobilized [72]. Fluorescently labelled nucleotides are used to detect the
incorporation of a new nucleotide during strand synthesis. The small diameter of the ZMW in
combination with the wavelength allows the accurate detection of single molecule reactions within
the cell. The primer and adapter fused to the nucleic acid is in further downstream analysis used to
count passes of polymerase reads and also to differentiate samples during a multiplex setup. During
sequencing, the polymerase is able to read the sequence of nucleic acids without amplification. Due
to the circular structure of the DNA-molecule, the sequencing process allows sequencing the bases of
both the forward and the reverse strand. During elongation of the DNA strand and completing the

second strand errors can occur, which are reduced with the numbers of passes during the run.
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Figure 2. Scheme of the library preparation for long-read sequencing using PacBio. DNA fragments with a
length up to 25 kb are ligated using a hairpin loop to generate circular DNA. A polymerase uses a primer to
replicate the nucleic acid. Due to the circular structure of the prepared template HiFi-Reads can be
generated after a certain amount of passes ensuring a High-Quality long-read with a low error rate.

During base calling, quality scores are measure for each base detected. These scores represent
the probability of a base call being correct. In a logarithmic phred scale, a quality score of 20
corresponds to a probability of an incorrect base of less than 1 %. Thus, a score of 40 represents an
error probability of 1 in 10,000. Along with this quality score, the length of the read and number of
passes, HiFi reads are generated and separated from other reads. Compared to ONT a true single
nucleotide calling is possible, which ensures the low error rates in this sequencing method [73].

The short and long-read sequencing methods are only one part of deciphering the nucleotide
sequences behind an organisms’ genomic make-up. To identify the genomes and their organization,
the detected reads need to be assembled to contigs and scaffolds. In a last step, they can be mapped

into chromosome like structures including centromere and telomere regions.

1.6 Bioinformatic analysis

There are different possibilities to analyze huge amounts of sequencing data. Free software
tools to organize, manipulate or visualize the results are available via platforms such as Bioconductor
or github [74]. A comprehensive and easy to use graphical user interface is provided by the galaxy
project [75]—-[77]. Semi-automated analysis is commercialized by providers like BioBam, Qiagen or
Illumina and full analysis can be provided from companies such as Eurofins Genomics and Twist

Biosciences. In the next chapters a typical bioinformatics workflow is provided.
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We assume having a high-quality long-read whole genome sequencing data set. First, the data
has to undergo a comprehensive quality step to ensure correct downstream analysis. Further steps
involve genome assembly, phasing and polishing. Between these steps further quality checkpoints can
be installed, especially regarding contaminated sequences. This steps ensure a high-quality genome at
the end of this process. A last control needs to be performed before secondary analysis. As presented
later in this thesis, this might involve: gene prediction and functional annotation, the collection of
RNA-Seq data and mapping on the prepared reference genome, structural variant calling, and further

analysis depending on the research question.

1.6.1 Quality steps for sequencing data

After sequencing, the reads still contain low quality reads, adapter sequences, barcodes and
contaminating sequences. During sequencing, each nucleotide emits a signal, which is detected and
scored. Is the signal low or if a different wavelength is interfering, the base gets a low quality score. In
a FASTQ file the sequence including the quality score is stored and provided at the end of each
sequencing run. At this point, reads with overall bad read quality can be discarded. However, in some
cases only the first few bases reach low quality scores and those need to be trimmed. Trimming
parameters can be adjusted according to the severity of low quality reads or a distinct number of bases
in the beginning can be cropped. Adapter sequences are trimmed using the known adapter or a pool
of usually used sequences. The barcode is necessary to ensure the differentiation between barcoded
samples during multiplexing. However, after separation the barcodes need to be removed. The quality

refining yields a basis for genome or transcriptome assembly.

1.6.2 Genome assembly

The cleaned reads can be assembled depending on their origin and available references.
Genomes can be created using a de novo approach or can be mapped on a reference. Both methods
are used with short- and long-read data. The latter is preferred for de novo, whereas short-read
libraries are preferably used for reference mapping however, both can be used for de novo assembly.
The longer the read, the easier is the assembly and more comprehensive the resulting genome. A first
step can be an assembly of the long reads. ONT and SMRT sequencing result in high quality long reads,
which allow a fast and accurate assembly of the species genetic makeup. To achieve this, numerous
tools have been published. To get the best results out of each tool, itis necessary to take the organisms
and the species in consideration. Examples for genome assemblers are flye [78], HGAP [79] or HiCanu
[80]. They are able to produce contigs, which are built from overlapping fragments of raw reads, which
can be further assembled to scaffolds which represent overlapping contigs. This way the reads can be

concatenated over repetitive sequences like centromere and telomere regions building up whole
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chromosomes. With plants such as Lamiaceae, further refinement steps are necessary to check for
haplotypes, categorize each sequence reads in either primary or haplotypic sequences and build the
contigs, scaffolds and chromosomes from this step onwards. Pacific Biosciences developed a software
tool called Improved Phased Assembly. This assembly method allows to first differentiate into primary
contigs and haplotigs. A further refinement step with polishing and the deletion of duplicates finalizes

the steps of assembly.

1.6.3 Gene and genome annotation

Prior to the annotation step, gene models need to be generated. Different approaches are able
to forecast these models. Hybrid approaches encompass the use of genomic and transcriptomic reads
toidentify open reading frames. This method starts with a mapping oftranscribed genes on a reference
genome and the generation of putative gene models starting with a start codon (in most cases
methionine) and ending with a stop codon (typically for plants are: UAG, UGA or UAA [81]).

Using these gene cassettes, distinct algorithms are trained to detect genes abundant in
transcriptomic data, however visible on the genome. This can also be supplemented with proteomic
data to evaluate the translated transcripts of the sample. Another method is the de novo method,
which uses statistical models and can be used if no expression (transcriptomic or proteomic) data is
available. For prokaryotic sequences the prediction of these cassettes is easier as they lack of intron
sequences. In eukaryotic sequences, these algorithms predict the exon — intron structure using either
MRNA sequence data from RNA-Seq experiments or predicted intron/exon boundaries and propose
gene models [82]. Compared to expression data, this methods overestimate the genes within a
genome [83].

After determining putative gene models, their annotation can be assigned via a BLAST or
DIAMOND search [84], [85]. These annotations only provide the potential name of a sequence
compared to the sequence similarity to another characterized gene or protein. A detailed confirmation
about functions of a protein can only be determined during experimental characterizations.

Functional annotation is a further step in the characterization of genes. Databases such as
InterPro [86], Pfam [87], KEGG [88], GO [89] or COG [90] curate conserved regions and domains present
in a set of genes. These patterns show similar activity and function in respective genes which allows a
first glimpse in the genetic makeup and corresponding function of the genes in a new genome
assembly. Putative gene models are annotated using above mentioned methods and a potential
function is assigned. The resulting protein families can be a starting point for the search of promising
candidates in drug discovery. For the identification of TS the InterProScan domain seed file IPRO36965
can be used. Here, typical domains coding for TS activity can be located. Whereas the seed IPR01128
and IPR036396 is used as an indicator for CYPs.

12



Introduction

1.6.4 RNA-seq

To provide an overview of transcribed data and improve the gene prediction, RNA-seq
experiments can be performed. In addition to their sequenced nucleic acid (RNA for transcriptomic
and DNA for genomic analysis), the applied sequencing method differs between transcriptomic and
genomic data is. Whereas in genome sequencing experiments preferably long-read methods are used,
shortreads are still employed for transcriptome analysis out of economic reasons and for experiments
were high coverage is needed. Thus, the quality and accuracy of each base called is higher compared
to long-read datasets. Short-read data is usually used to further increase the quality of long read
genomic data [91].

Common RNA-Seq experiment setups involve the use of single- or paired-end sequencing. The
length of the sequenced RNA is mostly dependend on the method used. lllumina-based methods are
generating short-reads and are overall more cost efficient for quantification experiments as well as de
novo transcriptome assemblies. Long-read transcript sequencing, called IsoSeq (PacBio) has the
potential to generate full length RNA sequences, thus rendering total RNA structures including splicing
variants in a more comprehensive way [92], [93]. Therefore, differential gene expression analysis is a
powerful tool used in molecular biology to compare the expression of genes across different samples
or conditions. This analysis is important because it allows researchers to identify genes that are
upregulated or downregulated in response to a particular stimulus, disease state, or environmental
condition. By comparing gene expression patterns between two or more groups, differential gene
expression analyses can reveal the molecular mechanisms underlying physiological and pathological
processes.

Transcriptomic data is essential for differential gene expression analysis. Transcriptomics
refers to the study of all RNA transcripts produced by a cell or tissue at a particular point of time.
Transcriptomic data is obtained using high-throughput sequencing technologies, such as RNA-
sequencing (RNA-seq), which allowsthe measurement of the abundance of each transcript in a sample.
This information can then be used to identify genes that are differentially expressed between two or
more groups. Transcriptomic data canalso provide information about alternative splicing, RNA editing,
and non-coding RNA expression, which are important regulators of gene expression.

Differential gene expression analysis has been used in many important scientific discoveries.
For example, in the field of cancer research, differential gene expression analysis has been used to
identify genes that are differentially expressed in cancer cells compared to normal cells. This has led
to the identification of new targets for cancer therapy and the development of new diagnostic tools
[94], [95]. In the field of developmental biology, differential gene expression analysis has been used to

identify genes that are differentially expressed during embryonic development, leading to a better
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understanding of the molecular mechanisms underlying development. Differential gene expression
analysis has also been used in the study of infectious diseases, neurodegenerative diseases, and
several other areas of research [96]—[99].

In conclusion, differential gene expression analysis is a powerful tool for understanding gene
regulation in health and disease. Transcriptomic data is essential for this analysis, and advances in
sequencing technologies have greatly facilitated its use. Differential gene expression analysis has
played a critical role in many important scientific discoveries and will continue to be an essential tool

in biomedical research.
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2 Methods

Methods used in this thesis are summarized. A detailed overview and description can be found within

the material and methods part of each submitted manuscript

2.1 Chemicals and reagents

The chemicals utilized in the summarized projects were sourced from reputable suppliers and were of
the highest available purity grade. Sequencing kits used for long-read sequencing were purchased from
Pacific Biosciences (Menlo Park, CA, USA) and kits for short-read sequencing from lllumina (San Diego,
CA, USA). TH Geyer (Renningen, Germany) or Roth Chemicals (Darmstadt, Germany) provided solvents,

which were used in the extraction methods.

Table 1. Consumables for PacBio Sequencing

Consumables for sequencing Vendor

SMRTbell Express Template Prep Kit 2.0 Pacific Bioscience, Menlo Park, CA, USA
SMRTbell Enzyme Cleanup Kit Pacific Bioscience, Menlo Park, CA, USA
AMPure PB Beads Pacific Bioscience, Menlo Park, CA, USA
Barcoded Overhang Adapter Kit 8B Pacific Bioscience, Menlo Park, CA, USA
Sequel Il Binding Kit 2.0 + Internal Control Pacific Bioscience, Menlo Park, CA, USA
SMRT Cell 8M tray Pacific Bioscience, Menlo Park, CA, USA
Sequel Il sequencing kit 2.0 Pacific Bioscience, Menlo Park, CA, USA

2.2 Extraction methods

2.2.1 Extraction of volatile compounds

Two ways were used to extract compounds out of plant samples. The first approach was to macerate
the samples with liquid solvents such as hexane, methanol or ethyl acetate. These extracts can be used
for regular GC-MS measurements. With the second approach, all volatile compounds in the plant
sample are directly measured without the need of further extraction using GC-MS Headspace. For the

projects in this thesis, only the latter approach was used.

2.2.2 Volatile compound analysis via GC-MS Headspace

“Fresh mature leaves were weighed in GC headspace vials and analyzed using a Trace GC-MS Ultra
system with DSQII (Thermo Scientific, USA). Vials were incubated for 10 min at 100 °C and a TriPlus
autosampler was used to inject 1 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. Initial oven temperature was kept
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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 3 min. Helium was used as carrier gas with a flow rate of 0.8 ml/min and a split ratio of
8. The MS chromatograms and spectra were recorded at 70 eV (El). Masses were detected be-tween
50 m/z and 650 m/z in the positive mode [53]. Samples were measured in biological triplicates and the
area average used to compare peaks. Compounds were identified by spectral comparison with a
NIST/EPA/NIH MS library version 2.0. To provide insight in the differentiation between plant samples

a PCA was conducted” [11].

2.2.3 High molecular genomic DNA extraction

To vyield high-quality and pure high molecular weight genomic DNA for long-read sequencing, an
extraction protocol was optimized according to the needs of plants [100]-[102]. The protocol can be
used for other organisms too, however shows the best results when used with plants. Starting material
is ground plant samples. This can be achieved either with mortar and pestle (under liquid nitrogen) or
using technical applications such as the CryoMill (Retsch, Haan, Germany). In Table 2, the grinding

parameters are listed.

Table 2. Summary of CryoMill parameters

Function Frequency in Hz Duration in min
Pre-cooling 5 6
Disruption 25 2:30

Cooling between cycles 5 0:30
Number of Cycles 2to 3
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2X

3x
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Methods

Extraction of gDNA for PacBio long-read sequencing

(CTAB / PCl method)
Extraction of the DNA
5 ml CTAB buffer is mixed with approximately 2% PVP and solved at 60 °C > cooldown to 50 °C.
0,5 g plant sample is ground with liquid N, (Cryomill or using cooled mortar and pestle)
The ground sample is mixedin 5 ml CTAB
Clumps are homogenized with 5x short pulse vortexing
200 pl Proteinase K (Qiagen) is added
30 min incubation at 50 °C, invert by time to time > cool down to RT
During incubation, the centrifuge is cooled down to 10 °C
100 pl RNAse A is added (10 mg/ml > 1000 pg), 10 min incubation at RT
5 ml Phenol — Chloroform — Isoamylalkohol 125:24:1 (PCl) is added and Falcon inverted
Spin down at 10,000 xg for 5 min at 10 °C. Upper, aqueous phase is transferred in a new falcon
5 ml Chloroform is added and falcon inverted
Spin down at 10,000 xg for 5 minat 10 °C, upper, aqueous phase is transferred in a new falcon
Precipitation of the DNA
1 mI30% PEG (6000) is added to 4 ml Probe (1:4)
30 min incubation at 4 °C
Spin down at 12,000 xg for 30 min, carefully discard the supernatant
Cleaning and Solving of the DNA
500 pl 70% Ethanol is added
Spin down at 5000 xg for 5 min at 10 °C, carefully discard the supernatant
Dry the pellet at 40 °C until ethanol is evaporated.
100 pl elution buffer is used to resolve the pellet
No flicking or vortexing. DNA resolves overnight
Quality Control:
Nanodrop: concentration and purity ratios

Qubit: concentration of intact high molecular weight DNA

Further cleaning can be performed with magnetic beads. Nanodrop and Qubit concentrations

should not show deviations greater than 30 %.
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Additional information

PVP (polyvinylpyrrolidone)

RT (room temperature)

Do not vortex to mix different phases

When working with PCl, precaution is necessary

Precipitation with isopropanol/ethanol NaCl is also possible. However PEG yields cleaner DNA.
After Precipitation, the DNA pellet is clear, taking of the supernatant needs to be performed
in a very careful manner. After first cleaning step, pellet will be whiteish.

Use freshly prepared 70% ethanol (made from 100% ethanol p.a.)

Adjust the volume of elution buffer according to the size of the pellet

Alternative grinding method: Cryomill (Precool 6 min, 5 Hz, Grind 2min 30sec, 25 Hz,

Zwischenkihlen 30 sec, 5 Hz

CTAB buffer recipe:

2 % CTAB (cetyl trimethyl ammonium bromide)
100 mM Tris pH 8.0

20 mM EDTA

1.4 M Nadl
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2.2.4 RNA extraction and quality check

To add more depth and accuracy to the proposed gene models, as well as to identify transcript
abundancies, mRNA was sequenced. For RNA extraction, frozen, unthawed leaves were ground using
a CryoMill and an RNeasy Plant Mini Kit (Qiagen, Venlo, The Netherlands). A Turbo DNA free Kit
(Invitrogen, Waltham, USA) was used to further clean the RNA. Both kits were used according to
manufacturer’s recommendations. To ensure the integrity of RNA, for short-read sequencing the
Bioanalyzer RNA 6000 assay kit (Agilent, Santa Clara, United States) was employed, whereas for long-
read IsoSeq the Qubit RNA 1Q kit was used to yield an average RNA Integrity Number of greater than
7. The high-quality RNA was used to perform an IsoSeq library prep using SMRTbell prep kit 3.0 and
Sequel Il Binding Kit 3.2. (Pacific Biosciences, Menlo Park, USA) for long-read transcript sequencing and
for short-read sequencing, the library was prepared using the lllumina stranded mRNA prep kit with
IDT for lllumina UD Indexes, Plate A. Corresponding adapter was the Illumina Nextera Adapter
(CTGTCTCTTATACACATCT). Both library preparations were performed according to the manufacturer’s
protocol. For short-read sequencing a shortened fragmentation time from 8 min to 2 min was

employed.

2.3 Quality check and preparation of DNA for sequencing

After the extraction of the DNA the quality and size of the gDNA has to be assessed. For the quality,
two parameters were assessed: Absorbance ratios (260 /280 and 260 / 230) and the concentration. A
Nanodrop photometer (Implen, Munich, Germany) was used to check the absorbance at respective
wavelengths. DNA is acceptable with a 260 nm / 280 nm ratio of about 1.8. A lower ratio may be due
to contaminations such as proteins, phenols or contaminations which absorb around 280 nm. The
second ratio should be around 2.0. Here, a lower ratio indicates contamination with reagents
absorbing at 230 nm such as typical salts such as EDTA, Guanidine HCI, or TRIzol, which are commonly
used in DNA extractions kits [103]. The concentration can be also checked with the Nanodrop
photometer however the Qubit dsDNA HS Kit (Thermo Scientific, Waltham, USA) specifically
intercalates in double stranded DNA which can be used as control mechanism. Both concentrations
should not differ greater than 50%. For further cleaning, an AMPure PB bead clean up or an
electrophoretic clean up using a BluePippin system (Sage Science, Beverly, USA) can be performed. A
last quality control step is employed with a Femto Pulse system (Agilent, Santa Clara, USA). The DNA
is differentiated by its size and should contain a single peak at a high molecular weight (around 160
kb).

Ensuring a pure and well-sized DNA sample preparation can be performed. In a gTube (Covaris,
Woburn, USA; 1,700x g), 5 ug HMW gDNA were sheared and used for whole genome library

preparation using SMRTbell prep kit 3.0 (Pacific Biosciences, Menlo Park, USA) according to the
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manufacturers’ protocols. AMPure PB beads were used to determine a size cut-off and cleaner
assemblies after sequencing. Libraries were stored at —20 °C. In a last step before sequencing, primer
and polymerase were bound using the Sequel Il Binding Kit 3.2 (Pacific Biosciences, Menlo Park, USA)

as recommended by the manufacturer.

2.4 Nucleic acid sequencing
Long-read sequencing was performed on a PacBio Sequel lle (Pacific Biosciences, Menlo Park, CA, USA)
with two hours of pre-extension, two hours of adaptive loading (target p1 + p2 = 0.95) yielding an on-

plate concentration of 85 pM and 30-hour movie time. Short-read sequencing was performed at the

Helmholtz Munich (HMGU) with the Genomics Core Facility on a NovaSeq6000 SP (2x150bp).

2.5 Bioinformatic analyses

After internal refinement of the reads and de-multiplexing of barcoded samples, the sequences can be
further analyzed. A vast pool of free and online-available tools can be employed. In the projects in this
thesis tools from Galaxy project [75] were used in combination with self-developed python scripts and

linux-based software. Statistical analysis was carried out using R.

2.5.1 Genome assembly

For genome assembly different methods can be taken in consideration. Two main methods are assisted
/ reference-based assembly or de novo assembly. As mentioned before, long-read data is suitable for
de novo assembly due to the possibility to span over repetitive and GC-rich sequences [71]. The initial
de novo genome assembly was performed with SMRT Link (v11.0.0+, Pacific Biosciences) which uses
Improved Phased Assembly [104]. After polishing, the contigs were divided in primary and haplotype
associated contigs using purge_dups [105]. This way polyploid genomes can be differentiated[106]. In
a second refinement step, repetitive sequences were masked and contaminating sequences discarded
using MetaBAT2 [107]. This assembler is usually used for metagenome analysis and divides the
assembled reads into bins according to their taxonomy. To check the efficacy of the assembly and
completeness of the genomes BUSCO can be used [108]-[111]. Here, gene sets which are specific for
a taxonomy are searched in the assembly and according to their appearance, such as duplicated,
single-copy, fragmented or missing, a completeness score is calculated. This score represents how
comprehensive the assembly was. To estimate the correct genome size, jellyfish [112] and
GenomeScope [113], [114] are employed. The depicted size is compared with the assembly size and

BUSCO score to assess overall genome quality and completeness.
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2.5.2 Gene model prediction and annotation

After genome assembly, the genes are predicted through AUGUSTUS [115]-[118]. Putative genes are
detected regarding their sequence structure and can be further confirmed with hints from short or
long-read transcriptomic data. After assessing the total count of models, their function can be analysed
either by sequence homology with tools such as BLAST [84], [119] or DIAMOND [85] or using conserved
functional domains using InterProScan [86], [120]. Here, for TPS activity the seed file IPR0O36965 and
for cytochrome p450 enzymes IPR01128 are used. EggNOG [121], [122] is a combined functional
annotation tool, which provides the annotation from COG , GO, KEGG, KEGG Pathways, InterPro, a

BLAST description and further protein characteristics.
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3 Research
3.1 Summaries of included publications

Chapter I: Comparative Genome-Wide Analysis of Two Caryopteris x
Clandonensis Cultivars: Insights on the Biosynthesis of Volatile
Terpenoids

The article “Comparative Genome-Wide Analysis of Two Caryopteris x Clandonensis Cultivars:
Insights on the Biosynthesis of Volatile Terpenoids” has been published in Plants in February 2023 (doi:
https://doi.org/10.3390/plants12030632). The author of this thesis, Manfred J. Ritzand Nadim Ahmad
contributed equally to the work and writing of this manuscript. Manfred J. Ritz identified the volatile
compounds, developed the HMW gDNA extraction protocol for consecutive long-read sequencing and
established the pipeline used for bioinformatics analysis.

Terpenoids represent the structurally most diverse natural product family encompassing over
80,000 characterized compounds with established antioxidant, anti-inflammatory, antiviral,
antimalarial, antibiotic, or antitumor activities. These secondary metabolites are abundant throughout
all domains of life. Especially flowering plants of the Angiospermae class display a vast diversity in
terpenoids. Members of this class are Caryopteris x Clandonensis, which are so far only used as
decorative plants. In these terpenoids are, among others, used as a defence mechanism against biotic
(e.g. herbivores or pest) and abiotic influences (e.g. radiation or climate stress). Additionally, they
function as attractors for pollinators or as a possibility for energy storage.

In this study, the genomes of two Caryopteris x Clandonensis cultivars are investigated by long
read sequencing and comparative genomics to access their yet untapped potential in terpenoid
biosynthesis. The focus is on genome assembly with subsequent identification of terpene synthases
and cytochrome p450 enzymes. Therefore, various cultivars were investigated regarding their volatile
compound composition to identify candidates with intriguing terpene spectra. Consequently, the two
cultivars Dark Knight and Pink Perfection were selected for deep genome sequencing on a PacBio
Sequell lle, as these differentiate substantially in terpenoid composition based on a principle
component analysis. For a comparative genomic approach, the prediction of gene models and a
consecutive functional annotation using COG was conducted. Furthermore, a synteny analysis of the
two genomes and a phylogenetic assessment of obtained terpene synthases was employed to highlight
differences of the compared cultivars. In Dark Knight and Pink Perfection, 45 and 43 putative terpene
synthases as well as 1316 and 1363 cytochrome p450 enzymes, were identified, respectively.

The presented results highlight Caryopteris x Clandonensis as a new and previously

unexploited source of terpene synthases as well as cytochrome p450 enzymes for further studies on
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terpenoid biosynthesis. Through genome mining, various other aspects of the endogenous

biosynthesis pathways are made accessible for consecutive research in the field of natural products.

Chapter II: Differential RNA-Seq Analysis Predicts Genes Related to
Terpenoid Tailoring in Caryopteris x Clandonensis

The article “Differential RNA-Seq Analysis Predicts Genes Related to Terpenoid Tailoring in
Caryopteris x Clandonensis” has been published in Plants in May 2023 (doi:
https://doi.org/10.3390/plants12122305). Manfred J. Ritz and Nadim Ahmad contributed equally to
the work of this manuscript. The author of this thesis, Manfred J. Ritz conceived this manuscript and
conducted respective short-read sequencing preparations, established the pipeline for analysis and
identification of terpene modifying enzymes within the differentially expressed genes of Caryopteris x
clandonensis.

Inthis study, the transcripts of six Caryopteris x Clandonensis cultivars are investigated by short
read sequencing and mapped to our previously published genome. The used reference was subjected
to a cleaning step and the assembly was refined. The 782 previously described scaffolds were
decreased to 53 with keeping the completeness and contiguity at a high level using a binning method
usually used for metagenomic data. Subsequent assignment of short reads revealed a high quality of
sequencing and a mapping efficiency of about 88%. The identified transcripts indicated moderate
variations in their functional patterns compared to the corresponding genome. Interestingly,
differences in expression of terpenoid tailoring enzymes from the cytochrome p450 class were
discovered which might address the cause for metabolic variations between these cultivars, especially
those who modify limonene derived molecules.

The presented results highlight Caryopteris x Clandonensis as a new and previously
unexploited source of cytochrome p450 enzymes for further studies on terpenoid tailoring. Through
differential expression analysis, various aspects of the enzymatic variation between plant metabolites

and their genes are made accessible for consecutive research in the field of natural products.
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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 (DM APP) 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, I 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 Gymmnosperms. 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 Cé, 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)-o-farnesene Caryophyllene oxide trans-p-mentha-1(7),8-dien-2-ol * cis-p-mentha-2,8-dien-1-ol *
a-campholenal x-copaene cis-p-mentha-1(7),8-dien-2-ol * Carvone
x-copaene -pinene ** cis-p-mentha-2,8-dien-1-ol * a-pinene **
Caryophyllene cis-p-mentha-2,8-dien-1-ol * x-copaene -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 S2 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.
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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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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 S4 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, Angiosperms
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.

3/3 l\ | TPS-a
/ 16/14
/ /
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7/7 | 2
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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 pL of the
sample in split mode onto a SGE BPX5 column (30 m, 1.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 m/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 (10,000 x 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
12,000 g, 10 °C. The resulting shallow and colorless pellet was washed three times with
70% ethanol (5000 x g, 5 min, 10 °C) and consequently, air dried at 40 °C and resuspended
with 100 pL 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 ug 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 p1 + 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 SMRTbell 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 /51, 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., x-copaene, limonene, or d-cadinene [1], terpene derivates, e.g., keto-glycosides, clan-
donosides, and harpagides [2], as well as the pyrano-juglon derivate x-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 x-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 % Q20in % Q30in % Mapped Mapped
Cultivar Unique Duplicate Unique Duplicate in % in %
Dark Knight Rl 24501785 19,238,555 99.95 94.76 13,072,273 29,945,355 99.99 95.08 8 203
R2 26380719 17,359,621 99.25 87.90 16204470 26,813,158 99.46 88.25 ' :
Rl 17917215 51971129 99.85 93.75 11,552,426 57,659,626 99.98 94.21
Grand Bleu R2 18808258 51,080,086 99.51 92.12 13,260,446  55951,606 99.68 92.42 858 768
Rl 22797.327  27.074,692 99.60 94.52 13160322 31,359,084 99.95 95.08
GoodasGold gy 557140438 24729581 99.35 89.41 16,112,061 28,407,345 99.54 89.76 86.7 754
, Rl 20547.645 20953229 99.89 94.67 15165071 33,935,373 99.98 95.06
Hint of Gold R2 23044700 18456174 99.38 88.40 18,084,814 31,015,630 99.56 88.81 864 e
Sunny Blue Rl 20535582  25022,034 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 12,295,625 26,046,846 99.99 94.60
Pink Perfection 1y 59512685 24849485 99.40 90.42 14,649,539 23,692,932 99.58 90.70 87.7 82.0

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? [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
t0 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, CLANS6,
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



Plants 2023, 12, 2305

60f13

as saponins, characterized within plant defensive mechanisms against biotic stressors such
as herbivores or microbes [38,62].

36.CYP8L
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24216.CYP81
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£16683.CYP8ID
£16687.CYPSID
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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 Blosumé62 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, 24257, 20804,
£3860, 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 (motif 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 CYPs, 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
IMumina 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
10bases 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 DESeq2 (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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5 Discussion

5.1 Use-cases of genome data and proposed gene models

The yielded gene models can further be investigated using wet-lab techniques or in silico
modelling. To characterize the distinct function of each possible enzyme, each gene needs to be
extracted from a mRNA library of the plant. This way one can ensure the correct sequence and also
measure detailed transcript abundancies using gPCR. After successful extraction and reverse
transcription of the cDNA, suitable vector systems for both cloning and expression need to be
identified. In Figure 4, a typical workflow is depicted schematically. A first start begins with literature
research, to determine the different values and metabolites of a plant. Already in ancient texts, plant
extracts are known to have medicinal and psychoactive properties to treat different ailments [123]-
[125]. Residues of this knowledge are still used, as seen in traditional Chinese medicine [126]. However,
as seen in the big genome databases, only little is known about the exact genes behind the mode of
action or even the active agent of plant extracts [127]-[129]. Therefore, the next step is the extraction
of high-molecular genomic information out of the plant of interest and consecutive long-read
sequencing. The yielded reads are preferably de novo assembled to a reference genome of the plant.
The genome can now be used for the elucidation of gene structures and assign putative functions. As
the first interest was the active agent and its mode of action seen in a medicinal plant, the next step
is, as depicted, either the expression of a desired protein or whole-cell bio catalysis of a desired
product. Using this workflow, a high-throughput platform can be established to provide a
comprehensive and fast screening method for genes to elucidate the best candidate for further
mutagenesis and improvement of product formation, as already seen in the literature [130], [131].
Here, the potential of still unknown active agents of medicinal plants bares a huge possibility in further

plant genome research to exploit the natural compounds for human health.
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Figure 4. Schematic overview on the elucidation of a plants genetic make-up. The plants DNA is extracted and
subjected a long-read sequencing analysis. A Zero-mode waveguide depicts the sequencing mechanism behind a
PacBio flow cell. Assembly of the reads yields a reference genome which harbors the gene structures necessary
for cloning and further expression and product biosynthesis.

5.2 Challenges in biotechnological synthesis of plant metabolites

In general, the recombinant production of proteins and metabolites can result in a few
challenges during biotechnological production. Especially for molecules originating from plants, as
seen for known compounds such as taxol, derived from Taxus brevifolia, and Artemisinin, derived from
Artemisia annua. Among others, the precursor supply, the biochemistry of desired products and the
expression system itself needs to be optimized for high yields. In the next chapters, these challenges

are investigated in a closer detail.

5.2.1 Precursor supply

To produce in high yields, the host flux needs to be optimized to provide the necessary
precursors for a balanced biosynthesis. Especially for plant metabolites, a complex metabolic pathway
needs to be engineered in production organisms, which require a variety of precursors, co-factors, and
enzymes [132]-[134]. These are often found in low concentrations in plants, as high concentration can
alter the productivity or lead to cell toxicity [135], [136]. Furthermore, a possible external feed is often

not feasible as these molecules are not readily available in pure form.
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To overcome these challenges, researchers have developed various strategies for precursor
supply in whole-cell biocatalysis. One approach is to use alternative precursors, that are structurally
similar to the natural precursors, but are more readily available or easier to synthesize. Another
approach is to optimize the expression of genes involved in precursor biosynthesis in the host cell, or
to engineer the metabolic pathway to increase precursor flux [137], [138]. The balance in expression
is important as mentioned above.

Overall, the availability of precursors for plant metabolite synthesis remains a significant
challenge in whole-cell biosynthesis. Addressing this challenge will require a combination of innovative

strategies, metabolic engineering approaches, and advances in precursor synthesis and purification.

5.2.2 Product biosynthesis

Within this paragraph, one challenge to produce the compound is highlighted in more detail.
The product formation often occurs in specialized compartments inside the plant, such as the
periplasm, vacuoles or different organelles. Missing these compartments in a heterologous host can
result in a bioprocess with low yield or even toxicity for the host [136]. To overcome this issue, one
promising approach is the encapsulation of a specific process. A pathway step with specific needs to
its environment or a potential toxic side product can be encapsulated using naturally membrane or
protein based systems [139]. A further way to tackle this issue is to reduce the necessity of this
pathway itself by means of synthetic biology pathway engineering. This way, a substitute can be putin
place to overcome the challenge of specialized compartments [140], [141]. Both approaches need to
be evaluated depending on the desired molecule and its natural biosynthesis pathway.

Plant in vitro cultures are another possibility to overcome this challenge [136]. The plant can
be transformed with the desired pathway genes using Agrobacterium tumefaciens or direct DNA
transformation methods [142], [143]. However, both tools have limitation towards efficacy and limit

the scalability and sustainability of product biosynthesis.

5.2.3 Production hosts

One example of a microorganism used for whole-cell biocatalysis of plant metabolites is
Escherichia coli. 1t has already been used to produce a variety of plant metabolites, including
flavonoids, alkaloids, and terpenoids [144]-[146]. The wealth of molecular biology techniques to
modify and transform E. coli makes it an easy host for first proof-of-concept experiments. However,
the expression of plant enzymes in E. coli can be challenging due to differences in post-translational
modifications, redox balances and compartment specializations, as described above. This is also true
for other host organisms such as Saccharomyces cerevisiae, commonly known as baker's yeast. It has

also been used for the synthesis of plant metabolites. For example, it has been engineered to produce
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artemisinic acid, a precursor to the antimalarial drug artemisinin [53], [147] or the precursor taxadiene
for the anti-cancer drug taxol [148], [149].

No matter of the system of choice, in vitro plant cell culture or a microorganism as expression
host, there is always a need for pathway engineering, host engineering or enzyme engineering to

achieve a high yielding expression system for plant natural products.

5.3 Artificial intelligence based investigation of genome databases

Alast outlook shall be depicted towards the possibilities of artificial intelligence in combination
with genome sequencing. In the past decades, more and more sequencing projects have been
launched to allow a comprehensive overview on different genomes of the worlds’ flora and fauna. The
pan genome project of the human genome wants to bridge the gap between population and ethnicity
gaps andyield a more diverse and accurate genome which spans over multiple individuals. This can be
used for further bioinformatics investigations especially for gene — disease association studies[150]. A
further project is the 100K Pathogen Genome Project with its goal to strengthen the knowledge and
broaden the research in host pathogen interaction to secure food supplies and global health. Already
a plethora of important pathogen genomes were made available through this project such as Shigella,
Salmonella, Helicobacter and many more [151]. Further sequencing projects are the 1k and 10k plant
genome project [152] and the vertebrate genomes project which aims to completely sequence and
provide more than 70,000 fully annotated reference genomes [153].

Advancements in the identification of functional gene structures and the possibility of
simulating splicing variants as well as in silico protein structure modelling enable researcher to identify
biomarkers without the necessity of wet-lab experiments [154]. In context with artificial intelligence
systems, this means the possibility to use the provided datasets to investigate interactions between
different organisms. As depicted in Figure 5, there are plenty of interactions between different
organisms which influence each other. Metabolites produced by bacteria can influence the
metabolism of plants [155]. For a few toxins the mode of action is already elucidated however a
multifold of interactions between virus compounds and human cells is not known. This is also true for
protein and metabolite interaction between humans and animal compounds as well as for plants and
animals and so on. With the availability of computational centers and bioinformatics tools, possible
interactions can be investigated and functional biomarkers identified through extensive structural
modelling and ligand docking [156]-[158]. This way, new technologies, such as the emerging use of
artificial intelligence can support research and leap the understanding of protein-protein and protein-
ligand interaction to the next level. However, without a comprehensive genome database this will not

be possible.
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Figure 5. Schematic overview on the interaction between different organisms. Each synthesized protein and
metabolite is able to influence their surrounding and also close organisms. Structural modelling and ligand
docking allows the prediction of possible interaction and therefore possible biomarker identification without wet-
lab experiments
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6 Conclusion

This thesis, including their two genome and transcriptome projects is building a basis for
further research on Caryopteris x Clandonensis and their valuable profile in limonene-derived
molecules. Economical value can be drawn from the various possibilities in further exploitation of
putative enzymes synthesizing secondary metabolites. In addition to the project goals, we were able
to establish a long-read sequencing platform employing the PacBio Sequell lle to foster a new pillar of
expertise for further projects. From the extraction protocol, yielding suitable amounts of high-
molecular genomic DNA, to internal library preparation optimization over to the bioinformatics
analysis pipeline. In addition, the investigated genomes are made publicly available, thus making it
accessibly for a manifold of interested researcher in the field of Lamiaceae genomes and a focus on

terpenoid research.
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9.1 List of Figures

Figure 1. The mevalonate (MVA, left side) and methyl-eryhtritol pathway (MEP, right side) for the
synthesis of terpene structures. DXP: 1-deoxy-d-xylulose 5-phosphate, CDP-ME: 4-diphosphocytidyl-
2-C-methyl-D-erythritol, MEcPP: 2-C-methyl- D-erythritol-2,4-cyclodi-phosphate, HMB-PP: hydroxy-3-
methylbut-2-enyl diphosphate. An isomerase converts IPP (isopentenyl diphosphate) to DMAPP
(dimethylallyl diphosphate). Prenyltransferases build up geranylpyrophosphate (GPP) and yield in
monoterpenes. A further fusion with farnesylpyrophosphate (FPP) results in the synthesis of
sesquiterpenes. The scheme is adapted from [44]. ... e 5

Figure 2. Structural diversity of terpene backbones. Terpenes consist of fused isoprene units.
Depending on their size terpenes contain n*5 C-atoms and are named accordingly. ........ccccveeeveenneee. 7

Figure 3. Scheme of the library preparation for long-read sequencing using PacBio. DNA fragments
with a length up to 25 kb are ligated using a hairpin loop to generate circular DNA. A polymerase uses
a primer to replicate the nucleic acid. Due to the circular structure of the prepared template HiFi-
Reads can be generated after a certain amount of passes ensuring a High-Quality long-read with a
[OW BITOF FALE. 1utiiiiiee ettt ettt sttt r e st e e et e e s abe e e bt eesabeesabaeesabeesbaeesateesabaeesabeesabeeeseeesnsaesnaseesnseeans 11

Figure 4. Schematic overview on the elucidation of a plants genetic make-up. The plants DNA is
extracted and subjected a long-read sequencing analysis. A Zero-mode waveguide depicts the
sequencing mechanism behind a PacBio flow cell. Assembly of the reads yields a reference genome
which harbors the gene structures necessary for cloning and further expression and product
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Figure 5. Schematic overview on the interaction between different organisms. Each synthesized
protein and metabolite is able to influence their surrounding and also close organisms. Structural
modelling and ligand docking allows the prediction of possible interaction and therefore possible
biomarker identification without wet-lab experiments............ccovciiieeie i 63
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