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ABSTRACT
The Lamiaceae is one of the largest plant families incorporating over 7,000 species. It is home to a
variety of ornamental and medicinal plants, but perhaps the most well-known are the culinary herbs,
such as basil, oregano, rosemary, and thyme. The often-fragrant leaves of these plants are in part thanks
to their terpenoid content. Terpenes are a class of natural compounds that are highly prolific in plants,
and specifically the Lamiaceae family. These specialized metabolites can serve a variety of functions in
the plant, including communication and defense. Terpenoids have been co-opted for human
applications, as many can be used as medicines, pesticides, flavors, and fragrances. Occasionally,
specialized metabolism, or specifically terpenoid metabolism, can be physically clustered in the genome.
Biosynthetic gene clusters (BGCs) are a set of genes in the genome that are biochemically associated,
phylogenetically distinct, and are often transcriptionally linked. One piece of the puzzle making the
discovery of BGCs more feasible is the increase in robustness and quality of genome sequencing today.
The following dissertation integrates the ideas of terpenoid metabolism and BGCs in the Lamiaceae
family. Specifically, | explore the genomes of several Lamiaceae species, including Callicarpa americana
and Teucrium chamaedrys, in search of BGCs and to explore terpenoid metabolism. | discovered a
Lamiaceae family-wide gene cluster in C. americana that appears to predate the family at around 65
million years old. Additionally, | sequence and analyze the genome of the medicinally relevant plant T.
chamaedrys, and find not only the same large BGC, but also discover the most putative diTPSs identified
in a single species to date. | also functionally characterize several diTPSs and associated Cytochrome
P450s. My work presented here aims to lay another brick in the larger building of understanding plant

genomes and elucidating plant specialized metabolism.
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CHAPTER 1: AN OVERVIEW OF DITERPENOID METABOLISM AND THE
LAMIACEAE FAMILY

Abigail E. Bryson, Bjorn R. Hamberger



Abstract

This chapter provides an overview of diterpenoid metabolism and genomic structure within the context
of the Lamiaceae family. The Lamiaceae family plays a significant role in both traditional medicine and
genomic research. Recent advancements in sequencing technologies have led to the publication of
genomes for 46 species within this family, enhancing our understanding of their phylogenetic
relationships and evolutionary biology. These genomes allow us to study biosynthetic gene clusters that
can, in some rare cases, facilitate the production of specialized metabolites in plants. Gene clusters are
crucial for efficient co-regulation of metabolic pathways and evolutionary adaptation. This chapter
further delves into the diverse class of terpenoids, highlighting their biosynthesis, functional
diversification, and significance in both plant defense and human applications. The importance of gene
duplication and neofunctionalization in the evolution of terpene synthases is emphasized, particularly in
relation to diterpenoid biosynthesis. Additionally, the role of cytochrome P450 oxygenases and other
enzymes in modifying terpenoid backbones to enhance their bioactivity is explored. The chapter sets the
stage for detailed investigations in subsequent chapters on the genomic landscape and diterpenoid
metabolism in selected Lamiaceae species, underscoring the family's vast potential for yielding novel and

valuable bioactive compounds.



Overview of the Lamiaceae Family and Its Role in Genomic Research

The Lamiaceae family is the sixth largest angiosperm family with around 7,000 species and is estimated
to have diverged around 65-70 million years ago (Yao et al., 2016; Li et al., 2017; Godden et al., 2019).
Some of the most well-known members of this family include peppermint (Mentha x piperita), lavender
(Lavandula angustifolia), basil (Ocimum basilicum), and catnip (Nepeta cataria). Species in this family are
native to nearly every region on earth, and most are naturalized globally. Many species in this family
have been used for thousands of years in traditional medicines, serving as the primary source of health
care in numerous traditions (Pieroni, Quave and Santoro, 2004; di Tizio et al., 2012; Ari et al., 2015; Jari¢,
Mitrovi¢ and Pavlovié, 2020).

The prevalence of the Lamiaceae in ethnobotanical studies underscores the importance they can serve
in medicine and beyond. And, in the last several decades, there has been a burst of genomic data
becoming available in an effort to study these species. This has largely been driven by sequencing
technology advancements as well as more powerful computing resources. The first Lamiaceae species to
have its genome sequenced was pachuli (Pogostemon cablin) in 2016 (He et al., 2016). As of July 2024,
now 46 species in the Lamiaceae have published genomes, most of which have been published by 2018
or later (Figure 1.1). Of these, 27 can be considered chromosome-scale assemblies, although telomere
and centromere sequences remain poorly studied in this family.

The families of Lamiaceae and Verbenaceae were joined until the 1990’s, so genera are still being
reclassified today. Although plastidial loci and genes have been used to classify familial relationships
(zhao et al., 2021), a more direct approach is also used, with single-copy nuclear genes originating
largely from transcriptomes used to separate the major clades of the Lamiaceae (Figure 1.1; Boachon et
al., 2018). These trees originating from plastidial and nuclear genes are mostly congruent, with only a
few topology differences between them. An accurate phylogeny is an important resource for

evolutionary biology, as it provides context for trait evolution. It is also useful for tracking and inferring



whole genome duplication (WGD) events. WGD is a major driver of evolution in plants (Clark and
Donoghue, 2018; Ren et al., 2018), especially in the realm of specialized metabolism where it creates
genetic redundancy with decreased selective pressure that can more easily neofunctionalize (Ohno,

1970; Birchler and Yang, 2022).
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Figure 1.1 Genomes in the Lamiaceae. Cladogram shows evolutionary relationships between the
represented subfamilies (Boachon et al., 2018). The second column denotes the common name, and the
third column denotes assembly level. Species listed are those with genomes published as of July 2024.



Significance of Biosynthetic Gene Clusters

Plants are renowned for their incredible diversity of specialized metabolites, which they use to interact
with and interpret their environment (Xu et al., 2012; Lu et al., 2018). The pathways that produce these
compounds are evolutionarily dynamic, allowing plants to evolve novel compounds. The rising number
of published, high-quality plant genomes in recent years has led to the discovery that some specialized
metabolism in plants form biosynthetic gene clusters (BGCs). A BGC is a group of two or more different
classes of non-homologous, functionally related genes which are physically close and transcriptionally
linked (Postnikova et al., 2011; Boutanaev et al., 2015; Medema et al., 2015; Nitzmann, Huang and
Osbourn, 2016; Niitzmann, Scazzocchio and Osbourn, 2018; Liu et al., 2020). This type of genomic
structure is common in bacteria, where many pathways are organized into operons. BGCs are common in
fungi where a notable examples include the biosynthesis of penicillin (Diez et al., 1990; Fierro et al.,
1993) and aflatoxin (Yu et al., 1995). Some well-known, functionally related, clustered genes found in
eukaryotes arose from tandem duplication and divergence, such as the animal Hox genes which are
responsible for proper embryonic development. However, repeats of paralogous genes are
fundamentally different from BGCs because they do not contain multiple classes of enzymes and thus
were not created in the same way. The discovery of BGCs is uncommon in plants compared to bacteria
and fungi. Yet increased genome quality and availability has led to the discovery of over 30 BGCs in
plants to date (Polturak and Osbourn, 2021) since their first discovery in maize (Frey et al., 1997). The
BGCs found in plants are predominately involved in specialized rather than primary metabolism (Chu,
Wegel and Osbourn, 2011). Examples include noscapine alkaloid synthesis in poppy (Winzer et al., 2012),
cucurbitacin in cucurbits (Dai et al., 2015), and terpenoid phytoalexins and momilactones in Poaceae
and other cereals (Sakamoto et al., 2004; Wilderman et al., 2004; Mylona et al., 2008; Kitaoka et al.,

2021; Liang et al., 2021).



The direct benefit of BGCs in plants remains mostly a mystery. However, genomic colocalization of some
pathways has been hypothesized to offer fitness benefits for a plant. One advantage is the possibility of
efficient co-regulation. In some instances, one inducer can control an entire pathway, providing an
energetically favorable control of the metabolite(s) produced (Field et al., 2011; Yu et al., 2016;
Niitzmann, Scazzocchio and Osbourn, 2018). For example, a pathway can be activated in a tissue-specific
or developmental stage-specific manner (Qi et al., 2004; Mugford et al., 2013). Regulation may also take
place at the chromatin level, with DNA and histone methylation regulating transcription of the entire
cluster (Yu et al., 2016). Thus, an entire section of DNA containing the BGC can be unwound and exposed
to transcription factors and RNA Polymerase all at once, which increases the efficiency of regulation.
Additionally, pathways organized into BGCs are genetically linked and thus have a greater likelihood of
co- inheritance. Therefore, a BGC could promote survival of the metabolic pathway during homologous
recombination, decreasing the chance of disruption of the pathway through loss of a single gene (Takos
and Rook, 2012). Likewise, if homologous recombination occurs near a BGC, it is more likely to occur
with entire BGC at once (Slot and Rokas 2010). Having an intact pathway simultaneously regulated has
been hypothesized to decrease the instances of toxic intermediate products building up and disrupting
normal cellular function (Kristensen et al., 2005; Mylona et al., 2008; Niitzmann, Huang and Osbourn,
2016). When subsequent enzymes in a pathway are immediately available, the amount of time a
compound exists before being acted upon by the next enzyme can be significantly reduced. Thus, a BGC
can both promote the survival of a complete metabolic pathway and provide efficient means of
regulating the pathway.

Perhaps even more mysterious than the fitness advantage of BGCs is how they arise in plants. Fungal and
bacterial BGCs are thought to be shared through horizontal gene transfer (HGT) based on sequence
similarity of clusters across vastly divergent fungal species (Slot and Hibbett, 2007; Slot and Rokas, 2010).

Physical proximity of genes is directly related to the chance of a successful HGT event, making BGCs



especially useful for these organisms. However, plant clusters are likely restricted to vertical
transmission, and thus their BGCs probably arise de novo within the plant instead of coming from a
bacterial donor (Chu, Wegel and Osbourn, 2011; Field et al., 2011; Niitzmann, Scazzocchio and Osbourn,
2018; Kitaoka et al., 2021). It is thought that a single gene or gene pair could serve as the seed for a
plant BGC, encouraging expansion of the cluster through duplication and neofunctionalization or
recruitment of other genes in the pathway (Field and Osbourn, 2008; Itkin et al., 2013; Niitzmann,
Huang and Osbourn, 2016). However, there is little evidence in the literature examining how a target
gene may be recruited to a BGC. Duplication can occur as tandem, local, or whole genome, and provides
genetic redundancy leading to functional evolution through enzymatic mutations or enzyme relocation
(Matsuba et al., 2013; Johnson, Bhat, Sadre, et al., 2019; Schenck and Last, 2020). Changing the catalytic
function of the enzyme can produce novel compounds, as can changing the environment of the enzyme
and thus substrates available to it (Johnson, Bhat, Sadre, et al., 2019). BGC formation and divergence can
be especially plastic in cases of specialized metabolism where enzymes are often noted for their catalytic
promiscuity (Field and Osbourn, 2008; Schenck and Last, 2020).

The Importance of Specialized Diterpenoid Metabolism

The most abundant class of specialized metabolites in plants are the terpenoids. Terpenoids encompass
nearly 95,000 structures (Dictionary of Natural Products 30.2), making them the largest class of known
natural plant products. Terpenoids are natively used by the plant for a variety of responses, such as
microbial defense, signaling, anti-herbivory, and pollinator attraction (Trapp and Croteau, 2001;
Gershenzon and Dudareva, 2007; Chen et al., 2011; Tholl, 2015). As well as their natural role in plant
metabolism, terpenoids can be harnessed for a variety of medicinal applications (Pateraki et al., 2014;
Zager et al., 2019). For example, the study of terpenoids has led to the discovery of a widely used
chemotherapy drug, Taxol (Guenard, Gueritte-Voegelein and Potier, 1993; Croteau et al., 2006), and anti-

malarial drug, artemisinin (Klayman, 1985). Terpenoids are also used in industry as flavors, fragrances,



and perfumes (Daviet and Schalk, 2010; Lange et al., 2011; Philippe et al., 2014; Celedon and Bohlmann,
2016). While terpenes have provided practical uses in humanity's daily life since recorded history, we
have only scratched the surface of terpene discovery and research, with many yet to be discovered and
functionally characterized.

Terpenes are derived from two five-carbon precursor molecules, isopentyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP). Production of terpenes is spatially separated, with isoprene
diphosphate units produced by plants in both the mevalonate pathway (MVA) in the cytosol and the
methylerythritol 4- phosphate (MEP) pathway in the plastids (Figure 1.2). Typically, triterpenes (30C) and
sesquiterpenes (15C) are produced in the cytosol by the MVA pathway, and diterpenes (20C) and
monoterpenes (10C) are produced in the plastid by the MEP pathway (Figure 1.2). Terpene synthases
(TPSs) are classified into clades TPS-a—h based on phylogenetic relationships. Diterpene synthases
(diTPSs), the main TPS focus of this project, are differentiated by their enzymatic function into class | or
class Il. Class Il diTPSs typically act first, with a proton mediated cyclization, followed by cleavage of the
diphosphate by a class | diTPSs (Figure 1.2). In some cases, one enzyme can be bifunctional, performing
both the class Il/l functions (Chen et al., 2011). Nearly all land plants contain two diTPS, as the
ubiquitous plant growth promoting hormone gibberellic acid is a diterpenoid. The bifunctional
Physcomitrium patens (formerly Physcomitrella patens) PpEKS enzyme has been hypothesized to be
most conserved to the first diTPS, with all other diTPSs arising via duplication and neofunctionalization
(Bohlmann, Meyer-Gauen and Croteau, 1998; Trapp and Croteau, 2001; Jiang et al., 2019). Although,
new research suggests a bacterial origin for plant terpene synthases (Chen et al., 2024).

Gene duplication has been hypothesized to be a major driver of the evolution and expansion of all TPSs
in plants (Chen et al., 2011; Karunanithi and Zerbe, 2019). This is because neo- or subfunctionalization
which may cause one or a few amino acid alterations can completely change the product (Potter et al.,

2016). One interesting type of neofunctionalization seen in terpene evolution is the addition or removal
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Figure 1.2 Terpenoid metabolism in plants. A) The mevalonate pathway is present in the cytosol and
produces sesquiterpenes and triterpenes, while monoterpenes and diterpenes are usually produced by
the methylerythritol 4-phosphate pathway in the plastid. B) Many diterpenes begin from the 20-carbon
precursor geranyl geranyl diphosphate. They are then often acted upon by a class Il and class | enzyme,
respectively, forming a diterpene.

of a plastidial targeting sequence. Since terpene production is spatially separated, a change in an
enzyme’s environment can expose it to new substrates and it may evolve new chemistry. It has been
noted that compartment switching of TPSs can promote or take advantage of enzyme promiscuity,
resulting in the production of novel. It is proposed that there have been at least five independent
evolutions of compartment switching of TPSs in dicots based on phylogenetic evidence terpenoids (Mau
and West, 1994; Ennajdaoui et al., 2010; Vaughan et al., 2013; Johnson, Bhat, Sadre, et al., 2019; Miller
et al., 2020). It is also theorized that some of the TPS-a sesquiTPSs that gained a plastidial targeting
sequence evolved back into diTPSs, which explains the presence of diTPSs in the evolutionarily distinct
lineage of TPS-a (Johnson, Bhat, Sadre, et al., 2019). Additionally, in Tripterygium wilfordii, there is an
instance of a monoterpene TPS-b enzyme which has neofunctionalized into a diTPS (Hansen et al., 2017).
TPSs are often observed catalyzing more than one reaction, with substrate promiscuity being an
opportunity for plant metabolic evolution (Pateraki et al., 2014; Boutanaev et al., 2015; Johnson, Bhat,

Bibik, et al., 2019). Their affinity for diversification via duplication, their spatially separated chemistry,
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and their substrate promiscuity all provide an excellent opportunity for terpenoid metabolism to be
organized into a BGC.

Other enzyme classes further functionalize terpenes to increase bioactivity. Cytochrome P450
oxygenases (CYPs), particularly in the expansive CYP71 clan, frequently oxidize terpene backbones (Bathe
and Tissier, 2019). The CYP71 clan is unique to land plants and includes over half of the CYPs in plants
(Nelson and Werck-Reichhart, 2011; Hamberger and Bak, 2013). Specifically, CYPs in the Lamiaceae
family often belong to the subfamilies CYP71BE, CYP71D, CYP76AH, CYP76AK and CYP76BK (Bathe and
Tissier, 2019). CYPs often have stereo-and regiospecific on the terpene backbone where they are most
likely to act. However, they are also known for their substrate promiscuity, regularly acting on a wide
variety of products both in vivo and in vitro. CYPs can perform a variety of reactions, including oxidation,
dehydration, reduction, ring extensions, C-C cleavage, and more (Bathe and Tissier, 2019). Besides CYPs,
other oxidoreductases that can act on terpene products include 2-oxoglutarate dependent oxygenases
(20GDs) and short chain dehydrogenases. After oxygenation, additional functional groups can then be
added by enzymes such as BAHD acyl transferases and glycosyl transferases. All these modifications
serve to enhance bioavailability of terpenoids as well as increasing the sheer number of terpenoids in
nature.

Project Goals and Significance

In this dissertation, | investigate diterpenoid metabolism and genomic landscape in the Lamiaceae family.
In Chapter 2, | surveyed a representative panel of Lamiaceae species and found a syntenic diterpenoid
BGC relating to miltiradiene synthesis. By homing in on Callicarpa americana, my co-author Emily Lanier
and | elucidated the synthesis of a novel compound, (+)-kaurene. | also date this cluster as originating
before the Lamiaceae by comparing it to the Lamiales outgroup Erythranthe lutea. In Chapter 3, |
sequenced the genome of wall germander, Teucrium chamaedrys. Its large genome (3 Gbp) and

tetraploidy afforded this species evolutionary flexibility, especially reflected in the prevalence of its diTPS
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content. With around 74 putative diTPS sequences present, it is one of the most diTPS-rich species
known. Additionally, | found that most of its diTPS content is present within four copies of a large
biosynthetic gene cluster. Using comparative genomics, genomic sequencing, transcriptomics and
biochemical analysis of diterpenoids, this work demonstrates the importance of the understudied

Lamiaceae family and its wealth of important diterpenoid compounds.
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Abstract

The spatial organization of genes within plant genomes can drive evolution of specialized metabolic
pathways. Terpenoids are important specialized metabolites in plants with diverse adaptive functions
that enable environmental interactions. Here, we report the genome assemblies of Prunella vulgaris,
Plectranthus barbatus, and Leonotis leonurus. \We investigate the origin and subsequent evolution of a
diterpenoid biosynthetic gene cluster (BGC) together with other seven species within the Lamiaceae
(mint) family. Based on core genes found in the BGCs of all species examined across the Lamiaceae, we
predict a simplified version of this cluster evolved in an early Lamiaceae ancestor. The current
composition of the extant BGCs highlights the dynamic nature of its evolution. We elucidate the terpene
backbones generated by the Callicarpa americana BGC enzymes, including miltiradiene and the terpene
(+)-kaurene, and show oxidization activities of BGC cytochrome P450s. Our work reveals the fluid nature

of BGC assembly and the importance of genome structure in contributing to the origin of metabolites.

20



Introduction

Plants are renowned for their incredible diversity of specialized metabolites, which function in
interactions with their environment. These biosynthetic pathways are dynamic, facilitating continual
evolution of novel compounds. The rising number of high-quality plant genomes published in recent
years has led to the discovery that some metabolic pathways are organized into biosynthetic gene
clusters (BGCs). A BGC is a group of two or more different classes of non-homologous genes which are
physically clustered, transcriptionally linked, and functionally related (Postnikova et al., 2011; Boutanaev
et al., 2015a; Medema et al., 2015; Niitzmann, Huang and Osbourn, 2016; Niitzmann, Scazzocchio and
Osbourn, 2018; Liu, Suarez Duran, et al., 2020). Over 30 plant BGCs have been functionally validated to
date (Polturak and Osbourn, 2021) since the discovery of the first BGC in maize (Frey et al., 1997). The
BGCs found in plants are predominately involved in specialized rather than central metabolism (Chu,
Wegel and Osbourn, 2011) and occur in multiple classes of compounds including benzylisoquinoline
alkaloids in poppy (Winzer et al., 2012; Yang et al., 2021), triterpenoid cucurbitacins in Cucurbitaceae
(Shang et al., 2014; Dai et al., 2015), and diterpenoid momilactones in Poaceae and other cereals
(Sakamoto et al., 2004; Wilderman et al., 2004; Schmelz et al., 2014; Kitaoka et al., 2020; Liang et al.,
2021).

How and why BGCs form is still a topic of discussion, although several hypotheses are emerging. In
bacteria and fungi, BGCs are common and aid in transference of the entire pathway during horizontal
gene transfer (Slot and Hibbett, 2007; Slot and Rokas, 2010). While there is no evidence of horizontal
gene transfer of plant BGCs reported thus far, BGCs still offer advantages in vertical inheritance of
biosynthetic pathways (Field et al., 2011; Nitzmann, Scazzocchio and Osbourn, 2018). The genetic
linkage conveyed by BGCs facilitates coinheritance, which can protect the integrity of the entire pathway
(Takos and Rook, 2012; Zhang and Peters, 2020; Ma et al., 2021). In some pathways, such as

momilactone biosynthesis, loss of a single gene would result in a buildup of toxic intermediates (Zhang
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and Peters, 2020). Another fitness benefit of BGCs is the possibility of coregulation, such as by a single
transcription factor or regulatory region. This can provide an energetically favorable control of the
metabolite production in a tissue or developmental stage-specific manner (Hurst, Pal and Lercher, 2004;
Qi et al., 2004; Okada et al., 2009; Field et al., 2011; Mugford et al., 2013; Schmelz et al., 2014;
Niitzmann, Scazzocchio and Osbourn, 2018). Regulation may also take place at the chromatin level, with
DNA and histone methylation regulating transcription of the entire cluster (Hurst, Pal and Lercher, 2004;
Yu et al., 2016; Rokas, Wisecaver and Lind, 2018; Nitzmann et al., 2020).

Since the study of plant BGCs is still in its infancy, their origins and evolution are also not well
understood. So far, evidence supports that plant BGCs have likely arisen from gene or genome
duplication and/or genomic rearrangements (Nitzmann, Scazzocchio and Osbourn, 2018). BGC
formation may be enhanced in highly active regions of the genome, such as the recent work detailing
assembly of the oat avenacin BGC in a sub-telomeric region (Li et al., 2021). The birth of a gene cluster
may begin with a single colocalized gene pair. Subsequent colocalization of additional classes of enzymes
can occur through chromosomal remodeling or transposition (Field et al., 2011; Niitzmann, Scazzocchio
and Osbourn, 2018; Rokas, Wisecaver and Lind, 2018; Liu, Cheema, et al., 2020). Expansion of the cluster
can also continue through tandem, local, or whole genome duplication (Field and Osbourn, 2008; Itkin et
al., 2013; Nitzmann, Huang and Osbourn, 2016; Liu, Cheema, et al., 2020; Liu, Suarez Duran, et al.,
2020). The inherent promiscuity of enzymes involved in specialized metabolism enables rapid
neofunctionalization, promoting functional divergence of BGCs as they evolve through different plant
lineages (Field and Osbourn, 2008; Matsuba et al., 2013; Johnson, Bhat, Sadre, et al., 2019; Schenck and
Last, 2020). Recent work has shown conservation of core genes and diversification into new
functions/pathways when comparing BGCs across different plant families (Fan et al., 2020; Liu, Suarez

Duran, et al., 2020).
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Terpenoids are a class of specialized metabolites that are well represented among the studied BGCs.
Plant terpenoids are incredibly diverse and encompass over 65,000 structures (Dictionary of Natural
Products 30.2), making them the largest known class of plant natural products. Plants rely on terpenoids
for many interactions including pathogen and herbivore defense, signaling, and pollinator attraction
(Gershenzon and Dudareva, 2007; Chen et al., 2011; Tholl, 2015). Terpene synthases (TPSs) catalyze
formation of terpene backbones from diphosphate isoprenoid precursors and are classified into seven
subfamilies (a-h) based on their phylogenetic relationships (Bohlmann, Steele and Croteau, 1997; Chen
et al., 2011; Karunanithi and Zerbe, 2019). The bicyclic labdane-type diterpenes are typically formed by
the sequential activity of a class Il (TPS-c) followed by a class | (TPS-e) diterpene synthase (diTPS). Class Il
diTPSs catalyze a proton mediated cyclization of a 20-carbon isoprenoid diphosphate, usually
geranylgeranyl diphosphate (GGPP), to form the characteristic decalin core. A class | diTPS then cleaves
the diphosphate and may further differentiate the diterpene backbone. Diterpene backbones are
functionalized by other enzyme classes through oxidation and subsequent conjugation to increase
bioactivity. Cytochromes P450 (CYPs), particularly in the expansive CYP71 clan, often oxidize terpenes
and have been found colocalized with TPSs either as pairs or as expanded BGCs (Boutanaev et al., 2015b;
Bathe and Tissier, 2019).

Terpenoid diversity is particularly rich in the Lamiaceae (mint) family (Lange, 2015; Johnson, Bhat, Bibik,
et al., 2019). Genome assemblies for 22 different Lamiaceae species (Supplementary Table 2.1) have
been published to date, revealing BGCs for at least two classes of terpenoids: monoterpene-derived
nepetalactones from catnip (Nepeta sp.; Sherden et al., 2018) and diterpenoid tanshinones in the
Chinese medicinal herb Danshen (Salvia miltiorrhiza; Xu et al., 2016; Song et al., 2020; Ma et al., 2021).
Tanshinones are studied for their potent pharmacological activities, and as a result much of the
biosynthetic pathway has been elucidated (Supplementary Figure 2.1; Gao et al., 2009; Ma et al., 2012,

2021; Guo et al., 2013, 2016; Cui et al., 2015; Xu et al., 2016; Bai et al., 2018; Song et al., 2020, 2022;
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Wang and Peters, 2022). The terpene backbone of the tanshinones is miltiradiene, a labdane diterpene
formed by a class Il (+)-copalyl diphosphate ((+)-CPP) synthase followed by the class | miltiradiene
synthase. The abietane-type diterpenoid miltiradiene is the likely terpene precursor to a wide array of
bioactive diterpenoids that are common throughout the Lamiaceae and beyond (Gonzdlez, 2015). The
antimicrobial effects demonstrated for many of these terpenoids suggest a native role in plant defense
(Smith et al., 2008; Machumi et al., 2010; Gonzalez, 2015; Abdissa, Frese and Sewald, 2017; Gao et al.,
2020). Carnosic acid is another abietane diterpenoid found in several Lamiaceae species with powerful
antioxidant and anticancer properties (Birti¢ et al., 2015). The biosynthesis of carnosic acid and related
diterpenoids has been elucidated in Rosmarinus officinalis, Salvia pomifera and Salvia fruticosa
(rosemary and sages; Ignea et al., 2016; Scheler et al., 2016) and involves many CYPs orthologous to
those involved in tanshinone biosynthesis (Supplementary Figure 2.1).

Previous studies of the S. miltiorrhiza genome have found two BGCs that together contain the
miltiradiene diTPSs and two CYP76AHs involved in tanshinone biosynthesis (Xu et al., 2016; Song et al.,
2020; Ma et al., 2021). A third locus containing an array of CYP71Ds includes the two enzymes
(CYP71D375 and CYP71D373) responsible for the D-ring heterocycle of the tanshinones. Recent
publication of additional Lamiaceae genomes revealed syntenic BGCs in four other species: Tectona
grandis, Salvia splendens and Scutellaria baicalensis (teak, scarlet sage and Chinese skullcap,
respectively; Zhao et al., 2019; Ma et al., 2021; Wang and Peters, 2022). Additionally, we previously
reported the presence of a large cluster in Callicarpa americana (American beautyberry) which contains
orthologs of the miltiradiene diTPSs as well as multiple CYP76AHs and CYP71Ds (Hamilton et al., 2020).
The divergence of these five species indicates that this BGC may be present ubiquitously throughout the
Lamiaceae.

To explore the prevalence and evolution of the miltiradiene BGC, we survey a representative panel of 10

Lamiaceae genome assemblies (Figure 2.1). We focus on synteny with the BGC in C. americana, which is
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one of the largest yet discovered, spanning approximately 400 Kb and encompassing seven diTPSs and
twelve CYPs. Our syntenic analysis shows conservation of core miltiradiene biosynthetic genes
throughout all species studied while highlighting lineage-specific diversification of the BGC in five
subfamilies. Phylogenetic analysis supports common ancestry of each enzyme class and enabled
reconstruction of a minimal ancestral cluster. We find that the BGC in C. americana has evolved
bifunctionality, providing the scaffold of the previously unidentified diterpene (+)-kaurene in addition to
miltiradiene. This opens new biosynthetic avenues towards novel diterpenes in addition to highlighting
an instance of BGC bifunctionality, which is rarely observed in plants (Swaminathan et al., 2009; Winzer
et al., 2012). We also discover complex miltiradiene BGCs in four additional species, laying the
foundation for the elucidation of new diterpenoid pathways. Comparing the evolutionary trajectory of a
BGC across a plant family illustrates how genomic organization can serve as a basis for expanding

metabolic diversity.

Results

Genome assembly and annotation of L. leonurus, P. barbatus, and P. vulgaris

To increase the diversity of representatives across the Lamiaceae family, we sequenced three new
genomes, Leonotis leonurus, Plectranthus barbatus, and Prunella vulgaris, using the 10x Genomics linked
read approach. High molecular weight DNA was isolated, 10x Genomics libraries constructed and
Supernova was used to assemble the genomes generating pseudohaplotype assemblies;
pseudohaplotype-1 was selected for downstream analyses resulting in 585 Mb (L. leonurus), 1.25 Gb (P.
barbatus), and 820 Mb (P. vulgaris) assemblies (Table 2.1). For P. barbatus and P. vulgaris, the assembled
genome size is consistent with the estimations of genome size from both flow cytometry, 1.53 Gb and
786 Mb, respectively, as well as from a k-mer-based estimation from Supernova, 1.29 Gb and 871 Mb,
respectively (Supplementary Table 2.2). However, for L. leonurus, there was a discrepancy in genome size

estimation between flow cytometry (1042 Mb), k-mers (688 Mb) and genome assembly (585 Mb).
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Coupled with the large distance between heterozygous SNPs in L. leonurus outputted from Supernova
(16.9 Kb), it is most likely that L. leonurus is an autotetraploid and the Supernova assembly is

representative of all homologous chromosomes.

Nepetoideae Genome Size
Lamioideae Species Commormame Subfamily (Tribe) Publication
- (as reported
Scutellarioideae
Tectonoideae L Nepetoideae .
Hyssopus officinalis Hysso R Lichman et.al., 2020 341 Mb
Callicarpoideae yssopus off yss0p (Nepetinae)
Outgroup Common Ne| i
. petoideae .
M Prunella vulgaris self-heal (Prunellinae) This work 820 Mb
Rosmarinus officinalis Rosemary Nepetqdeae Bornowskiet. al., 2020 1.1Gb
61 (Salviinae)
S . Nepetoideae Songet. al., 2020
Salvia miltiorrhiza Danshen (Salviinae) Maet. al, 2021 600 Mb
Plectranthus barbatus Coleus Nepgtmdeae This work 1.25Gb
(Ocimeae)
63
Leonotis leonurus Lion's tail Lamioideae This work 585 Mb (4x)
32
36 Pogostemon cablin Pachouli Lamioideae He et.al.,, 2018 2.1Gb(8%)
65 . ) ) )
Scutellaria baicalensis Chinese skullcap Scutellariodeae Xuet. al., 2020 440 Mb
Tectona grandis Teak Tectonoideae Zhaoet. al.,, 2019 325Mb
104 MYA
Callicarpa americana American Callicarpoideae Hamilton et. al., 2020 538 Mb
beautyberry
Erythranthelutea Monkey flower P‘hrymaceae, Cooley et. al., preprint 600 Mb (4x)
Lamiales outgroup

Figure 2.1 Species and genome assemblies used in this study. The cladogram shows evolutionary
relationships between the species studied. Numbers at the nodes represent estimations of clade age in
millions of years (MYA; Yao et al., 2016; Li et al., 2017; Godden et al., 2019). Ploidy level of species not
assumed to be diploid are shown in parenthesis next to their genome size (Supplementary Table 2.2).

Benchmarking Universal Single-Copy Ortholog (BUSCO; Manni et al., 2021) of pseudohaplotype-1
assemblies revealed >97% complete BUSCOs in the three genomes (Table 2.2) with 18.5% and 13.4%
duplicated BUSCOs present in L. leonurus and P. barbatus, respectively, suggesting of retained haplotigs
in pseudohaplotype-1. Annotation of protein-coding genes with the unmasked genome using Lamiaceae-
trained AUGUSTUS(Stanke et al., 2006) matrices yielded 148,846 (L. leonurus), 413,222 (P. barbatus), and
229,613 (P. vulgaris) genes (Supplementary Table 2.3). Assessment of the completeness of the
annotation using BUSCO with the predicted proteomes revealed 94.4% (L. leonurus), 92.2% (P. barbatus)

and 91.2% (P. vulgaris) complete BUSCO orthologs, suggesting that the annotation provided a robust
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gene set. A total of 57.9% (L. leonurus), 74.4% (P. barbatus), and 68.3% (P. vulgaris) of the genomes were
repetitive with retroelements rather than DNA transposons dominating the genome space

(Supplementary Table 2.4).

Number of Total Size of N50 Scaffold | Number of Ns (z%t:s!tsacc-]uif\fe Largest

Scaffolds Scaffolds (bp) Length (bp) (Percent Ns) Ns) Scaffold (bp)
Leonotis 40,883,810
leonurus 23,651 | 585,264,293 1,094,942 | (7.0%) 15,483 11,593,990
Plectranthus 70,313,430
barbatus 62,959 | 1,249,907,925 258,138 | (5.6%) 30,507 3,093,914
Prunella 38,970,920
vulgaris 46,736 820,275,670 444,240 (4.8%) 20,293 5,268,047

Table 2.1 Assembly statistics for the 10x genomics pseudohaplotype-1 of Leonotis leonurus, Plectranthus
barbatus, and Prunella vulgaris.

Complete Complete Complete Fragmented Missing
Species BUSCOs Single-Copy Duplicate BUgSCOS (F) BUSCOs
(C) BUSCOs (S) | BUSCOs (D) (M)
Leonotis leonurus 98.5% 80.0% 18.5% 0.5% 1.0%
Genome Plectranthus barbatus 97.8% 84.4% 13.4% 1.0% 1.2%
Prunella vulgaris 97.1% 91.8% 5.3% 1.5% 1.4%
Leonotis leonurus 94.4% 79.6% 14.8% 4.2% 1.4%
Predicted ) ) . ) .
proteome Plectranthus barbatus 92.2% 80.7% 11.5% 5.4% 2.4%
Prunella vulgaris 91.2% 86.8% 4.4% 6.1% 2.7%

Table 2.2 Benchmarking universal single copy orthologs for Leonotis leonurus, Plectranthus barbatus,
and Prunella vulgaris pseudohaplotype-1 genomes and predicted proteomes.

Syntenic analysis reveals ubiquity of the miltiradiene biosynthetic gene cluster

C. americana provided a unique opportunity to investigate the evolution of a family-wide diterpenoid

BGC since it is in a sister lineage to the rest of the Lamiaceae and has a large, dense BGC. We analyzed

nine Lamiaceae genomes against our anchor species, C. americana, to determine synteny with its

miltiradiene BGC. We chose our genome panel based on their assembly quality and contiguity as well as

subfamily representation (i.e., phylogenetic placement). We chose three species with previously

reported syntenic BGCs and available genomes (S. miltiorrhiza; Song et al., 2020; Ma et al., 2021), T.

grandis (Zhao et al., 2019), and S. baicalensis (Xu et al., 2020)), the three species we assembled in this
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study (L. leonurus, P. barbatus, and P. vulgaris), and three species with published genomes (Hyssopus
officinalis (Lichman et al., 2020), R. officinalis (Bornowski et al., 2020), and Pogostemon cablin (He et al.,
2018). In total, these ten species represent five of the twelve currently recognized subfamilies with a
most recent common ancestor estimated at 60-70 million years ago (Figure 2.1; Yao et al., 2016; Li et al.,
2017; Godden et al., 2019). As a close Lamiales outgroup, we also analyzed Erythranthe lutea (Monkey

flower; formerly Mimulus luteus; Cooley et al., 2022).
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Figure 2.2 Syntenic relationships of a miltiradiene biosynthetic gene cluster present across the
Lamiaceae. Genes are represented with arrows and pseudogenes are represented with boxes. A core set
of genes are common to many species examined, including a diTPS class Il (+)-CPP synthase, a diTPS class
| miltiradiene synthase, and CYP450s in the 76AH and 71D subfamilies. Notably, there is divergence in
gene number, cluster length, and unique genes, indicating lineage-specific evolution. Synteny between
each species is shown here with colored curves. Species tree adapted from Mint Evolutionary Genomics
Consortium 2018. Figure created using BioRender.com.

28



Out of the 10 Lamiaceae species sampled, all contained diTPSs orthologous to known (+)-CPP and
miltiradiene synthases. In seven species these diTPSs were within syntenic BGCs (Figure 2.2). The
genomes of P. vulgaris, P. barbatus, and R. officinalis were too fragmented to determine whether they
were part of a larger cluster. Four of the BGCs in this analysis have not been previously reported,
showing that this cluster is even more conserved than originally described. All BGCs except that in S.
baicalensis contain multiple CYP76AH genes. Five species, C. americana, T. grandis, S. miltiorrhiza, H.
officinalis, and L. leonurus, also had at least one copy of a CYP71D gene.

Comparison of the BGCs provides insight into the formation and maintenance of this cluster in divergent
lineages (Figure 2.2). The S. baicalensis BGC uniquely contains no CYPs but appears to have tandem
duplications of a class Il diTPS and an additional non-syntenic class | diTPS. Non-syntenic diTPS and CYP
genes are present in most of the BGCs, pointing toward dynamic assembly and independent refinement
in each species. There are also several diTPS and CYP pseudogenes. Interestingly, there are few
interrupting genes in these BGCs. The H. officinalis and C. americana BGCs encompass large genomic
regions with more intergenic space, while others such as P. cablin and L. leonurus are compact and gene
dense. We speculate that the presence of two clusters in L. leonurus is due to its tetraploidy and is not a
true duplication. Similarly, octoploid P. cablin showed some evidence of multiple copies of the BGC
(Supplementary Figure 2.2). It is evident that each BGC, while maintaining the core miltiradiene genes,
has undergone some lineage-specific independent evolution.

Phylogenetic evidence of an ancestral miltiradiene cluster in Lamiaceae

To better understand evolution of genes from each BGC, we estimated phylogenetic relationships for
each enzyme subfamily in the BGCs along with a set of functionally characterized reference genes from

Lamiaceae, except in the CYP71D clade where few characterized Lamiaceae sequences are available
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(Figure 2.3; Supplementary Table 2.5). Consistent with other angiosperm labdane-type diTPSs, those.

diTPSs with class Il function cluster in the TPS-c subfamily while those with class | function cluster in the
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Figure 2.3 Phylogenetic evidence shows the relatedness of each gene class in the clusters. Enzymes
present in each cluster with syntenic support from MCScanX and sequence identity from BLASTp are
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Figure 2.3 (cont’d)

highlighted in red (TPS-e), orange (TPS-c), light blue (CYP76AH), and dark blue (CYP71D). DiTPSs
characterized in previous reports are highlighted in pink and periwinkle ((+)-CPP synthases for TPS-c and
miltiradiene synthases for TPS-e, respectively). Reference enzymes are bolded. Black solid dots at the
base of the nodes represent 80% bootstrap confidence. Gray circles around clade nodes represent
hypothetical expansion points for syntelogs and share approximately 70% or more sequence similarity.
DiTPS trees are rooted to Physcometrium patens ent-kaurene synthase (PpEKS), and CYP trees are rooted
to Arabidopsis thaliana AtCYP701A3.

TPS-e subfamily. As expected, syntenic diTPSs in both subfamilies have common ancestry. Recent tandem
duplications in the TPS-c family are evident in C. americana and S. baicalensis and contribute to lineage-
specific BGC expansion (Figure 2.3, Figure 2.4). The phylogenies also highlight the more distant origins of
several non-syntenic diTPSs. The presence of divergent class | and Il sequences points to independent
acquisition as part of the diversification that occurred during speciation. Close inspection of phylogenetic
relationships with characterized diTPSs can offer clues to likely functions. All class Il diTPSs syntenic to
CamTPS6 phylogenetically cluster in clade TPS-c.2.2, which contains all known Lamiaceae (+)-CPP
synthases as well as some diTPSs which yield labdanes in the (+)-configuration. The two divergent class I
enzyme sequences, Sb.71 and Pc.28, cluster in TPS-c.1 which produces compounds in the ent- rather
than (+)-configuration, so it is likely that these two enzymes follow suit.

None of the class | enzymes in the BGCs clustered in clade TPS-e.1, consistent with their expected role in
specialized metabolism. The TPS-e.1 clade primarily contains enzymes that convert ent-CPP to the
gibberellin intermediate ent-kaurene. All BGC class | diTPSs cluster in TPS-e.2, which mostly contains
enzymes that accept (+)-CPP as a substrate. The presence of a presumed (+)-CPP synthase in every BGC
supports the likelihood that these class | diTPSs can all utilize (+)-CPP. Enzymes syntenic with CamTPS9
are grouped in clade TPS-e.2.1, which contains all but one of the Lamiaceae enzymes known to catalyze
formation of miltiradiene. Notably, every BGC contains at least one of these presumed miltiradiene
synthases. Also characteristic of the TPS-e.2.1 clade is the loss of the internal y domain, which is retained

in most diTPSs but lost in mono- and sesqui-TPSs. The three non-syntenic enzyme sequences are split
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between clades TPS-e.2.2 and TPS-e.2.3, which encompass only a few characterized sequences with
unique functions. The functional heterogeneity of these clades makes it difficult to draw conclusions as
to the likely function of these BGC enzymes but does offer intriguing possibilities for discovery of novel
terpene backbones.

While phylogenetic classification is not a perfect predictor of TPS function (Durairaj et al., 2019; Johnson,
Bhat, Sadre, et al., 2019), previous work has demonstrated a high level of clade specific consistency that
allows us to draw tentative conclusions about the function of the BGC diTPSs (Johnson, Bhat, Bibik, et al.,
2019). Phylogenetic evidence supports that these BGCs likely have at minimum a (+)-CPP synthase and a
miltiradiene synthase, enabling production of miltiradiene in each plant (Figure 2.3). Moreover, several
BGCs contain diTPSs from clades that may offer distinctive chemistries.

CYPs in the 76 AH subfamily exhibit close phylogenetic clustering across the species analyzed. Several
functionally characterized CYP76AHs have been found to oxidize miltiradiene in critical steps towards
tanshinone and carnosic acid biosynthesis (Guo et al., 2013, 2016). Although we were unable to identify
a BGCin R. officinalis due to a fragmented assembly, the close relationship between the RoCYP76AH
enzymes and those the other BGCs supports common ancestry. Nearly all CYP76AHs in the BGCs have
paralogs within each cluster, highlighting the role of tandem duplication in expanding this subfamily (Bak
et al., 2011; Bathe and Tissier, 2019). However, there are several BGC CYP76AHs that are highly
divergent from the syntelogs. The C. americana enzymes CYP76AH65, CYP76AH66, and CYP76AH67 are
phylogenetically distinct, showing only 50-60% sequence similarity to other BGC CYP76AHSs. These
enzymes are more related to the clade of CYP76AKs, which have not been found in this BGC but are part
of the tanshinone and carnosic acid oxidation networks.

CYPs in the 71D subfamily similarly show phylogenetic clustering with others in the BGCs. Three CYP71D
enzymes from H. officinalis and L. leonurus are in the same clade as the CYP71D array from S.

miltiorrhiza, which was implicated in furan ring formation for the tanshinones (Ma et al., 2021).
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SmCYP71D410 is a previously unrecognized member of the BGC Sm-b that phylogenetically clusters with
HoCYP71D724 and PbCYP71D381 enzymes. PbCYP71D381 can oxidize the forskolin precursor (13R)
manoyl oxide, a close structural relative of miltiradiene (Pateraki et al., 2017). One enzyme from T.
grandis stands out as much less related than the rest, with only 40-50% sequence similarity to other BGC
CYP71Ds. This enzyme is likely another recent independent acquisition, although it is the only one
observed in the CYP71D subfamily. All BGCs containing CYP71Ds also have at least one duplication, once
again highlighting the importance of duplication in the diversification of these pathways (Kliebenstein,

2008).
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Figure 2.4 Predicted Lamiaceae minimal ancestral BGC and species-specific expansion of each. Based
on maximum parsimony, we suggest that a cluster containing a class Il diTPS, class | diTPS, CYP76AH, and
CYP71D gene was formed in an early Lamiaceae ancestor. Lineage-specific expansion and refinement are
evident from the number and composition of genes in each gene family present in the extant species
studied.

Close phylogenetic clustering of most enzymes in all four subfamilies provides compelling evidence for a

common ancestral origin and subsequent lineage-specific duplications. We analyzed presence/absence
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of syntelogs and proposed a model for a minimal cluster using ancestral state reconstruction (Figure 2.4;
Supplementary Figure 2.3, Supplementary Figure 2.4). High levels of sequence conservation between
syntelogs supports a minimal ancestral cluster that contains a (+)-CPP synthase, a miltiradiene synthase,
a CYP76AH, and a CYP71D. The dynamic nature of this BGC over millions of years of evolution is evident
through the gene loss, presence of pseudogenes, and addition of non-syntenic genes observed in these
extant Lamiaceae. Despite these differences, the high degree of conservation of the ancestral cluster is
notable.

Since the miltiradiene BGC was present in nearly every Lamiaceae species sampled, we also investigated
the synteny in E. lutea, a closely related Lamiales outgroup (Godden et al., 2019; Liu, Tan, et al., 2020;
Cooley et al., 2022). We found a region syntenic to the C. americana BGC which contains class Il and
class | diTPSs but no CYPs (Supplementary Figure 2.5). The class Il enzymes, EI.26g64.91 and E|.26g64.92,
are in clade TPS-c.2, showing some similarity with other (+)-CPP synthases (Figure 2.3). The class |
enzyme, E|.26g64.77, is within TPS-e.2.1, but distinct from the rest of the clade and surprisingly retains
the y domain. This domain loss has occurred multiple times in the evolution of plant TPSs (Hillwig et al.,
2011a), so it is conceivable that the class | enzymes in E. lutea represent the three-domain miltiradiene
synthase shared by the most recent common ancestor in the Lamiales. While the E. lutea partial cluster
may provide a glimpse into an ancestral state of the Lamiaceae BGC, a more widespread examination of
additional Lamiales genomes would be an interesting avenue for future work and could more firmly

establish the timeline of gene acquisition and loss in this cluster.

Functional characterization of the C. americana BGC reveals two metabolic modules and a novel
terpene backbone

Though increasing numbers of computationally predicted BGCs have been identified in plants, only a few

are functionally characterized. So far, coregulation has proven to be a greater predictor of functional

relationship in BGCs than colocalization alone (Wisecaver et al., 2017). Previous analysis of the two BGCs
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in S. miltiorrhiza, Sm-a and Sm-b, found that each had divided expression between root and aerial
tissues. The diTPSs from Sm-a and CYP76AHs from Sm-b were expressed exclusively in root tissues and
found to be vital steps in the root tanshinone biosynthetic pathway (Xu et al., 2016). Additionally, an
array of root-specific CYP71Ds were also integral to tanshinone biosynthesis but located elsewhere in the
genome (Ma et al., 2021). Another example where differentially expressed diTPSs and CYPs were
reported in distinct specialized metabolite pathways despite being colocalized is the bifunctional gene
clusters of phytocassanes/oryzalides found in Oryza sativa (rice; Swaminathan et al., 2009) and the
noscapine/morphinan biosynthesis in Papaver ssp. (poppy; Bai et al., 2018; Yang et al., 2021).
Divergence in expression may be one way in which plants exploit some of the benefits of genomic

organization while creating unique pathways based on regulation.
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Figure 2.5 Tissue specific expression of a miltiradiene BGC in C. americana obtained from RNA
sequencing. Functional characterization of these enzymes refers to this study. This figure represents
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Figure 2.5 (cont’d)

Chr10:21.92-22.33 Mb. Approximate location on the chromosome is indicated. Two differentially
expressed metabolic clusters are boxed to highlight similar expression patterns. Colors indicate diTPS,
CYP, or unrelated gene family, including pseudogenes (unnamed). Data obtained from Hamilton et al.,
2020.

Given the unprecedented size and complexity of the BGC identified in C. americana, we sought to
investigate whether it is a metabolically unified BGC. We first analyzed RNA expression in 8 tissue types
to determine the expression pattern of the BGC (Figure 2.5; Supplementary Table 2.7, Supplementary
Figure 2.6)(Hamilton et al., 2020). This revealed a clear divergence between the first and second halves
of this BGC. The first half is preferentially expressed in fruit and root tissue and contains a (+)-CPP
synthase (CamTPS6; Hamilton et al., 2020), the predicted miltiradiene synthase (CamTPS9), and several
CYP76AHs. The second half is more strongly expressed in flower and young leaf tissues and contains a
non-orthologous class | diTPS (CamTPS10), another predicted (+)-CPP synthase (CamTPS7), and two
CYP71Ds as well as partial fragments of a CYP76AH (Ca.26-27). The presence of a diTPS class Il/class |
pair as well as CYPs in each module suggests that this BGC may have evolved divergent diterpenoid
pathways. Additionally, we looked at expression of each of BGC in the other species with published
transcriptomic data but found no overarching expression trends, unlike in C. americana (Supplementary
Figure 2.6, Supplementary Table 2.7).

We investigated enzyme activity for the following members of the C. americana cluster: CamTPS7,
CamTPS8, CamTPS9, CamTPS10, CamCYP76AH64, CamCYP76AH65, CamCYP76AH67, CamCYP76AH68,
CamCYP76AH69, CamCYP71D716, and CamCYP71D717. Combinations of all genes were transiently
expressed in Nicotiana benthamiana to evaluate enzyme function. DiTPS functions were determined by
comparison of mass spectra and retention time by GC-MS with published diTPS activities or using NMR
for previously unpublished activity (Fig 2.6). CamTPS7 was confirmed to be a (+)-CPP synthase

(Supplementary Figure 2.6). CamTPS9 is a miltiradiene (1) synthase, with some abietatriene
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Figure 2.6 GC-MS analysis of C. americana BGC diTPS products. CamTPS9 was confirmed to be a
miltiradiene synthase by comparison with the retention time and mass spectra of PbTPS3125-128
products when both were expressed with the (+)-CPP synthase CamTPS6%, forming miltiradiene (1) and
abietatriene (2). CamTPS10 was found to make 4 from (+)-CPP but not ent-CPP (CamTPS1)69. This
product has a different retention time but similar mass spectrum to ent-kaurene (3), made by the
combination of CamTPS1 and CamTPS12 (Supplementary Figure 11). All chromatograms shown are total
ion chromatograms. Red and black traces correspond to combinations yielding 1, 2, 3, and 4 respectively,
as indicated in the mass spectra. Each combination includes P. barbatus 1-deoxy-D-xylulose-5-phosphate
synthase (DXS) and GGPP synthase (GGPPS), shown as a control in gray.

(2; ent-abieta-8,11,13-triene) resulting from spontaneous aromatization in plantae consistent with
previous observations (Zi and Peters, 2013). CamTPS10, when paired with a (+)-CPP synthase, forms (+)-
kaurene (4), a previously unknown diTPS activity (Supplementary Figure 2.8). The biological relevance of
this activity is supported by the structure of the diterpenoid calliterpenone, which is derived from the (+)-
kaurene backbone and has been documented in multiple Callicarpa species (Jones and Kinghorn, 2008).
Calliterpenone has been investigated for its potential as a plant growth promoting agent (Bose et al.,
2013), and thus represents an interesting biosynthetic target. Discovery of this (+)-kaurene synthase will
enable biosynthetic access to this group of metabolites as well as to non-natural diterpenoids that may

have useful bioactivities (Andersen-Ranberg et al., 2016). The physical grouping and similar expression

37



patterns of CamTPS10 and CamTPS7 supports that this cluster has diverged into two metabolically distinct
modules through the duplication of a (+)-CPP synthase, the recruitment of an additional class | diTPS, and

a shift in tissue-specific gene expression.
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Figure 2.7 GC-MS chromatograms showing oxidation products of C. americana BGC CYPs. a Oxidation
products of the CamCYP76AHs from 1 and 2, assigned based on analysis of mass spectra (Supplementary
Figure 12). b CamCYP71D717 catalyzes the production of (+)-manool (6), likely from (+)-copalol (5)
(Supplementary Figure 16,) and the addition of CamCYP71D716 results in 3(S)-hydroxy-(+)-manool (7).
Each combination includes P. barbatus 1-deoxy-D-xylulose-5-phosphate synthase (DXS) and GGPP
synthase (GGPPS), shown as a control in gray. CamTPS6 and CamTPS6 + CamTPS9 controls given in red.

After establishing routes to the formation of the C. americana diterpene backbones, we tested each CYP
against all possible diterpene intermediates found in this plant (Figure 2.7): ent-kaurene (CamTPS12;
Supplementary Figure 2.9) and kolavenol (Hamilton et al., 2020) formed by diTPSs outside the cluster,
and (+)-kaurene and miltiradiene from the BGC. No activity was detected with kolavenol or ent-kaurene.
With miltiradiene, CamCYP76AH67 formed six different oxidation products (1a-d, 2a-b, Figure 2.7a).
Based on m/z of the molecular ions and comparison of mass spectra with each other and the NIST
database, two match oxidations of abietatriene and the other four of miltiradiene (Supplementary Figure
2.10). Most of these products proved difficult to separate by column chromatography, preventing
complete structural elucidation. However, we were able to purify 2a, and NMR experiments support the
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assignment as 15-hydroxy-ent-abieta-8,11,13-triene (Supplementary Figure 2.11). Oxidation in this
position on an abietane diterpene has only been reported twice before: by a 2-oxoglutarate
dehydrogenase in S. miltiorrhiza (Hu et al., 2022) and by CYP81AML1 in Tripterygium wilfordii (Wang et
al., 2021). CamCYP76AH68 also showed activity with miltiradiene, dramatically shifting the product
profile towards abietatriene and affording a small amount of oxidized abietatriene (2c; Supplementary
Figure 2.10). This indicates that CamCYP76AH68 may be hydroxylating the c-ring of miltiradiene, which
then undergoes water loss to form abietatriene more readily than the spontaneous aromatization of
miltiradiene alone (Figure 2.8a). In previous work characterizing enzymes involved in tanshinone and
carnosic acid biosynthesis, the ferruginol synthases showed a preference for abietatriene, but enzymatic
conversion of miltiradiene to abietatriene was not observed. It was suggested that the aromatization is
spontaneous and possibly driven by sunlight (Zi and Peters, 2013). The discovery of CamCYP76AH68
indicates that at least in C. americana an enzyme may assist in the conversion of miltiradiene to
abietatriene. When we expressed each CYP with CamTPS6 and CamTPS10 to evaluate CYP activity with
the (+)-kaurene backbone, we observed a new peak with expression of CamCYP71D717. Upon further
investigation, however, we realized this enzyme apparently catalyzes formation of (+)-manool (6) from
(+)-copalol (5), the dephosphorylation product of (+)-CPP (Figure 2.7b, Supplementary Figure 12). Each
CYP/TPS combination that resulted in observable products was then expressed in combination with all
other CYPs. CamCYP76AH67 combined with CamCYP76AH68 and miltiradiene yielded at least one new
oxidized compound (2d, Figure 2.7a; Supplementary Figure 2.10). The combination of CamTPS6 with
CamCYP71D716 and CamCYP71D717 resulted in full conversion of (+)-manool (6) to 3(S)-hydroxy-(+)-
manool (7), which was confirmed by NMR (Figure 2.7b, Figure 8b; Supplementary Figure 13). No

abietane-type diterpenoids were previously reported in C. americana, which has been primarily studied
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Figure 2.8 Pathway schematic for CYP oxidations in C. americana. a Proposed mechanism for enzyme-
assisted conversion of 1 to 2, followed by an additional oxidation of 2 to form 2c. Mass spectra supports
assignment of the hydroxy group in 2c to the c-ring (Supplementary Figure 2.12). b Proposed conversion
of 5 to 6 by CamCYP71D717, and oxidation of 6 by CamCYP71D716. This occurs in the same position as a
keto group on calliterpenone, which is derived from 4. ¢ Structures of abietane diterpenoids found in
two other species of Callicarpa.

for clerodane diterpenoids produced in leaves (Cantrell et al., 2005; Jones et al., 2007; Dettweiler et al.,
2020). However, other Callicarpa species, including C. bodinieri and C. macrophylla (Wang et al., 2017),
produce a wide variety of medicinally relevant abietane diterpenoids (Figure 2.8c), indicating that the
abietane skeleton is a key intermediate for at least some plants in this genus(Wang et al., 2017; Gao et
al., 2020). We analyzed a whole root extract of C. americana by GC-MS and found compounds with
matching retention time and mass spectra to abietatriene and the oxidized product (2c) produced by
CYP76AHG68. This supports the biological relevance of enzyme activities elucidated in N. benthamiana
(Supplementary Figure 2.14).

C. americana contains over 600 predicted CYPs, and it is likely that the BGC CYPs are part of a larger
metabolic network with peripheral modifying enzymes elsewhere within the genome(Hamilton et al.,
2020). However, the functional activities we report here validate the biological significance of the BGC
and its divergent modules. The CYPs showed a marked preference for the (+)-copalol and miltiradiene
backbones over other diterpenes present in the plant. Within the two modules, the miltiradiene and (+)-

kaurene synthases were differentially expressed along with their respective (+)-CPP synthases. The
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CYP76AHs were more active towards miltiradiene, whereas the CYP71Ds utilized (+)-copalol.
Functionalization of (+)-kaurene may require oxidations catalyzed by non-clustered enzymes.
Discussion

In this study we found that the miltiradiene BGC, previously identified in only a few species, is present
across five divergent Lamiaceae subfamilies. The preserved enzyme sequences and gene order in the
cluster provide strong evidence for an ancestral cluster in an early Lamiaceae ancestor. From this core
cluster, these species have retained the diTPSs necessary to form the signature miltiradiene backbone
but tailored their chemical diversity through gene duplication, sequence divergence, gene acquisition,
and gene loss. We can speculate that the metabolic products from the ancestral cluster have diversified
as the Lamiaceae family diverged and populations adapted to new environments. Gene duplication
appears to be a major driver of the evolution and expansion of the vast diversity of TPSs and CYPs in
plants(Chen et al., 2011; Hillwig et al., 2011b; Boutanaev et al., 2015a; Jiang et al., 2019), and the
Lamiaceae miltiradiene cluster exemplifies this. This is notable in the C. americana cluster where tandem
duplication has generated five sequential, highly similar CYP76AH genes. However, every species
examined had at least one apparent duplication event, supplying the material for evolution toward
metabolic diversification. There is also a striking example of cluster expansion through the apparent
recruitment of CamTPS10 in C. americana. The discovery of the (+)-kaurene synthase showcases another
example of a bifunctional BGC with divergent transcription patterns. The presence of phylogenetically
distinct diTPSs in other newly discovered miltiradiene BGCs similarly suggests multifunctionality.
Conservation of the miltiradiene backbone suggests strong selective pressures for retention in the
Lamiaceae and beyond, as illustrated by the recently discovered clustered pair of diTPSs forming the
same backbone in Tripterygium wilfordii in the distant Celastraceae(Tu et al., 2020). Surprisingly little is
known about how plants use abietane diterpenoids, but they are mostly thought to be involved in

pathogen responses due to their antibacterial activities(Chaturvedi et al., 2012; Gonzalez, 2015).
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However, abietanes have been extensively studied for their importance to human health. They exhibit a
range of bioactivities from anti-tumor to antimicrobial to anti-inflammatory, among others(Smith et al.,
2008; Machumi et al., 2010; Gonzalez, 2015; Abdissa, Frese and Sewald, 2017; Smirnova et al., 2021).
Nearly 500 abietane diterpenoids have been reported to date in Lamiaceae species(Zeng et al., 2020;
Dictionary of Natural Products 30.2, no date). Earlier investigations of these diterpenoids in Lamiaceae
have taken a metabolite-guided approach, which has yielded much progress towards the biosynthesis of
tanshinones, carnosic acid, and related compounds. The findings of this study establish a framework for
a genomics-guided investigation of additional abietane diterpenoids throughout the Lamiaceae. The
functional characterization of part of the C. americana BGC as well as the root metabolite data
supportthe presence of a miltiradiene diterpenoid network in this plant despite the lack of previously
documented abietanes. Further characterization of the other newly identified miltiradiene BGCs in H.
officinalis, P. cablin, and L. leonurus could similarly lead to the discovery of new chemistries.

A deeper understanding of the enzymatic activities encompassed by BGC genes will also help to
elucidate how BGCs drive expansion of metabolic diversity. It is clear from the conservation of the
miltiradiene BGC in at least five extant Lamiaceae subfamilies that gene colocalization is an important
contributor to plant specialized metabolism. Genomic organization is also of special interest in synthetic
biology, as understanding natural BGCs can provide a blueprint for the construction and control of
synthetic clusters in heterologous systems(NUtzmann and Osbourn, 2014). This study presents one of the
first examples of a BGC present throughout an entire family. With the increasing quality and quantity of
plant genomes available, future large-scale BGC investigations may find that plants frequently rely on

BGCs as a toolbox for adaptability through metabolic diversity.
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Material and Methods

Collinearity analysis

The BLAST function makeblastdb (E-value of 1e2°, 5 alignments; Camacho et al., 2009) was used to
create protein databases between C. americana and each other species examined. Peptide sequences
and genome annotation files were obtained through respective data repositories. Syntenic analysis
between C. americana and every other species discussed was performed using the standard MCScanX
pipeline (Match score = 50; Match size = 5; Gap penalty = -1; Overlap window = 5; E-value = 1e’; Max
gaps = 25; Wang et al., 2012). Results were visualized using SynVisio (Bandi and Gutwin, 2020).
Orthologs and syntenic lines were manually curated using 70% sequence identity cutoff determined by
the BLASTp alignment function (Threshold = 0.05, Word Size = 3, Matrix = BLOSUM®62, Gap Costs =
Existence:11 Extension:1).

Ancestral state reconstruction

Extant character states were collected into a single document coded as 1 for presence and 0 for absence
of each gene. Ancestral state analysis was performed using the phytools R package (version 0.7-80;
Revell, 2012). Evolutionary models were selected using information from the “fitMK()" function. Ancestral
states were determined with the “ace()” function.

Phylogenetic trees

Sequences used in all protein phylogenies were obtained from annotated peptide sequences from their
respective species. A list of reference sequences used can be found in Supplementary Table 2.5. CYP
annotation was kindly provided by David Nelson (University of Tennessee). Full-length protein coding
sequences were used, however plastidial targeting sequences present in diTPSs were removed from
alignments. Multiple sequence alignments were generated using ClustalOmega (version 1.2.4; default
parameters; Sievers et al., 2011) and phylogenetic trees were generated by RAXML (version 8.2.12;
Model = protgammaauto; Algorithm = a; Stamatakis, 2014) with support from 1000 bootstrap replicates.
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All alignments are available in our dryad repository (https://doi.org/10.5061/dryad.w9ghx3frg).The tree
graphic was rendered using the Interactive Tree of Life (version 6.5.2; Letunic and Bork, 2021).

Genome sequencing, assembly, and annotation of three Lamiaceae species

High molecular weight DNA was isolated from mature leaves from L. leonurus, P. barbatus, and P.
vulgaris and used to construct a 10x Genomics library using the Genome and Gel Bead Kit v2 (10x
Genomics, Pleasanton, CA). Libraries were sequenced on an lllumina NovaSeq 6000 (lllumina, San Diego,
CA) in paired end mode, 150 nt. Libraries were made and sequenced by the Roy J. Carver Biotechnology
Center at the University of lllinois at Urbana-Champaign. The genomes were assembled using 10x
Supernova (version 2.1.1; Weisenfeld et al., 2017). The script ‘supernova run’ was run with default
settings except --maxreads was set to 360000000 (P. vulgaris), 531000000 (P. barbatus) or 297550000 (L.
leonurus), which yielded the best results for genome contiguity and percent of estimated genome size
after testing multiple coverage levels. To obtain fasta files, ‘supernova mkoutput’ was run with the
parameters, ‘--style=pseudohap2’ and ‘--headers=full’. Genes were predicted on the non-repeat-masked
pseudohaplotype-1 assemblies using AUGUSTUS (version 3.3; Stanke et al., 2006) with the parameter, ‘--
UTR=off’, and the ‘--species’ and ‘c--extrinsicCfgFile’ parameters to use training results from closely
related species, H. officinalis (P. barbatus, P. vulgaris) or T. grandis (L. leonurus). Assembly statistics were
calculated using the tool assembly-stats (version 1.0.1; ‘Assembly-stats’, 2022). The AUGUSTUS default
gene annotations were converted to GFF3 format using the gtf2gff.pl in the AUGUSTUS repository
(version 3.4.0) and gene annotation metrics were generated using GAG (version 2.0.1; Geib et al., 2018).
BUSCO (version 5.2.2; Manni et al., 2021) was run in genome mode using the lineage dataset
'embryophyta_odb10.' To identify repetitive sequences in the three de novo assembled genomes, a
custom repeat library (CRL) for each assembly was created with RepeatModeler (version 2.0.3; Flynn et
al., 2020). Protein-coding genes were removed from each CRL using ProtExcluder (version 1.2; Campbell

et al., 2014) and RepBase Viridiplantae repeats from RepBase (version 20150807; Jurka et al., 2005)
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were added to create a final CRL. Each assembly was repeat masked with its corresponding CRL using
RepeatMasker (version 4.1.2-p1; Chen, 2004) using the parameters -e ncbi -s -nolow -no_is -gff.
Transcriptomic analysis

All transcriptomic datasets used in Figure 2.5 and Supplementary Figure 2.6 were downloaded from the
SRA database (Supplementary Table 7). Raw reads were trimmed using fastp (version 0.23.2; Chen et al.,
2018), mapped to respective coding sequence files using Salmon ‘index’ (version 1.8.0; Patro et al.,
2017), and quantified using Salmon ‘quant’ (libtype=A, validate mappings). Genes specific to each
respective cluster were parsed out to compare expression levels between tissues. Data was transformed
by a factor of log2(X+1), where the quantified expression, X, had a value of 1 added to all genes in an
unbiased fashion to account for occurrences of 0 expression and to remove negative log values due to
lowly expressed genes, which would exaggerate differences between genes. The caveat to this
transformation is lower expressed genes appear to have expression closer to 0 while more highly
expressed genes are comparatively unaffected. Genes were clustered based on order of appearance
within the genome, while tissues were clustered based on similarity between tissue groups. Heatmaps
were generated using ggplot2 (version 3.1.1; Wickham, 2016).

PCR and cloning

Synthetic oligonucleotides, GenBank accession numbers, and sequences of all enzymes characterized or
discussed in this study are listed in Supplementary Table 2.5. Candidate enzymes were PCR-amplified
from root, fruit, leaf, and flower cDNA, and coding sequences were cloned and sequence-verified with
respective gene models (Supplementary Table 2.6). Constructs were then cloned into the plant
expression vector pEAQ-HT (Sainsbury, Thuenemann and Lomonossoff, 2009) and used in transient

expression assays in N. benthamiana.
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Transient expression in N. benthamiana

Transient expression assays in N. benthamiana were carried out as previously described (Johnson, Bhat,
Bibik, et al., 2019). N. benthamiana plants were grown for 5 weeks in a controlled growth room under 16
H light (24 °C) and 8 H dark (17 °C) cycle before infiltration. Constructs for co-expression were separately
transformed into Agrobacterium tumefaciens strain LBA4404. Cultures were grown overnight at 30 °Cin
LB with 50 pg/mL kanamycin and 50 pug/mL rifampicin. Cultures were collected by centrifugation and
washed twice with 10 mL water. Cells were resuspended and diluted to an ODggo of 1.0 in water with 200
UM acetosyringone and incubated at 30 °C for 1-2 H. Separate cultures were mixed in a 1:1 ratio for each
combination of enzymes, and 4-5 week old plants were infiltrated with a 1 mL syringe into the underside
(abaxial side) of N. benthamiana leaves. All gene constructs were co-infiltrated with two genes encoding
rate-limiting steps in the upstream 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway: P. barbatus 1-
deoxy-D-xylulose-5-phosphate synthase (PbDXS) and GGPP synthase (PbGGPPS) to boost production of
the diterpene precursor GGPP(Englund et al., 2015; Andersen-Ranberg et al., 2016). Plants were
returned to the controlled growth room (76 °C, 12 H diurnal cycle) for 5 days. Approximately 200 mg
fresh weight from infiltrated leaves was extracted with 1 mL hexane (diTPS products) or ethyl acetate
(CYP products) overnight at 18 °C. Plant material was collected by centrifugation, and the organic phase
was removed for GC-MS analysis. Each experiment was performed in triplicate. Data shown are from
single experiments representative of the replicates.

Root metabolite extraction

The entire root system of a healthy 3 year old C. americana plant grown under greenhouse conditions
was collected, washed, and blended with water to break down the tissue. The mixture was then
combined with 500 mL ethyl acetate and allowed to extract for 24 H. The organic layer was then
separated from the aqueous layer, filtered, concentrated via rotary evaporator, and stored at -20 °C. This

extract was diluted 1:500 in ethyl acetate and analyzed by GC-MS. All GC-MS analyses were performed in
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Michigan State University’s Mass Spectrometry and Metabolomics Core Facility on an Agilent 7890A GC
with an Agilent VF-5ms column (30 m x 250 um x 0.25 um, with 10 m EZ-Guard) and an Agilent 5975C
detector. The inlet was set to 250 °C splitless injection of 1 uL and He carrier gas (1 mL/min), and the
detector was activated following a 3 min solvent delay. All assays and tissue analysis used the following
method: temperature ramp start 40 °C, hold 1 min, 40 °C/min to 200 °C, hold 4.5 min, 20 °C/min to 240
°C, 10 °C/min to 280 °C, 40 °C/min to 320 °C, and hold 5 min. MS scan range was set to 40-400.

Product scale-up and NMR

For NMR analysis, production in the N. benthamiana system was scaled up to 1 L. A vacuum-infiltration
system was used to infiltrate A. tumefaciens strains in bulk. N. benthamiana leaves. Approximately 80 g
of leaf tissue was extracted overnight in 600 mL hexane at 4 °C and 150 rpm. The extract was dried down
on a rotary evaporator. Each product was purified by silica gel flash column chromatography with a
mobile phase of 100% hexane for (+)-kaurene and successive column washes from 100% hexane to 95/5
hexane/ethyl acetate for 3(S)-hydroxy-(+)-manool. NMR spectra were measured in Michigan State
University’s Max T. Rogers NMR Facility on a Bruker 800 MHz or 600 MHz spectrometer equipped with a
TCl cryoprobe using CDCls as the solvent. CDCl; peaks were referenced to 7.26 and 77.00 ppm for *H and

13C spectra, respectively.
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Abstract

Teucrium chamaedrys, also called wall germander, is a small woody shrub native to the Mediterranean
region. Its name is derived from the Greek words meaning ‘ground oak’, since its tiny leaves resemble
those of an oak tree. Teucrium species are proliferative producers of diterpenes, which afford them
valuable properties widely co-opted in traditional and western medicines. Sequence and assembly of the
3 Gbp tetraploid T. chamaedrys revealed 74 diterpene synthase genes, with the vast representation of
these diterpene synthases clustered along four genomic loci. Comparative genomics revealed that this
cluster is mirrored in the closely related species, Teucrium marum. Along with the presence of several
cytochrome p450 sequences, this region is the largest biosynthetic gene cluster identified. Teucrium is
well known for making clerodane-type diterpenoids which are produced from a kolavanyl diphosphate
precursor. To elucidate the complex biosynthetic pathways of these medicinal compounds, we identified
and functionally characterized several kolavanyl diphosphate synthases from T. chamaedrys. Its
remarkable chemistry and tetraploidy make T. chamaedrys an interesting and unique model for studying

genomic evolution and adaptation in plants.
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Introduction

The Lamiaceae (mint) family includes culturally and economically important plants such as peppermint,
lavender, sage, rosemary, and teak. It is the third largest family of flowering plants with an estimated
7,000 species. However, representative genomes are limited, with only around 0.66% (46) being
published to date. Sampling understudied clades in the Lamiaceae can reveal the underlying bases of
specialized metabolism, as it is home to nearly 7,500 unique plant natural products with utility and
application relevant to human interests (Dictionary of Natural Products 30.2). The subfamily Ajugoideae
(syn. Teucrioideae) is one such understudied clade, with around 770 species and only three published
genomes (Ritz et al., 2023; Smit et al., 2024). Within the Ajugoideae, the polyphyletic Teucrium is one of
the largest genera with around 300 species. The genus Teucrium has been used for millennia, with
notable historical applications such as treating asthma in ancient Greece (Menichini et al., 2009).
Teucrium species are also well known for their insect antifeedant activity, allelopathic growth inhibition
of cosmopolitan weeds, anti-microbial, anti-viral, anti-inflammatory, hepatotoxic effects, and potential as
a selective anti-cancer agent for colorectal cancer (Klein Gebbinck, Jansen and de Groot, 2002;
Milutinovic¢ et al., 2019; Candela et al., 2020). Teucrium chamaedrys, or wall germander, is a woody
shrub native to the Mediterranean area and is one of the most cited Teucrium species in folk medicine
(Jari¢, Mitrovi¢ and Pavlovi¢, 2020). It is specifically recognized in ethnobotanical studies for treating a
wide variety of health issues, including digestive problems, hypertension, and malaria (Pieroni, Quave
and Santoro, 2004; di Tizio et al., 2012; Ari et al., 2015; Jari¢, Mitrovi¢ and Pavlovi¢, 2020).

Medicinal properties of the plant are typically consequences of its specialized metabolite profiles.
Ajugoideae, and Teucrium specifically, is especially well known for its abundance of diterpenoids
(Dictionary of Natural Products 30.2). Generally, diterpenoids are formed by the sequential activity of
two diterpene synthases (diTPSs): first a class Il diTPS (TPS-c) catalyzes a proton mediated cyclization of a

20-carbon isoprenoid diphosphate, usually geranylgeranyl diphosphate (GGDP); then a class | (often a
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TPS-e) diTPS cleaves the diphosphate, further differentiating the diterpene structure. Teucrium is
especially rich in clerodane-type diterpenoids (Li, Morris-Natschke and Lee, 2016; Schlecht et al., 2024).
Clerodane synthases usually form a class Il product, either (-)-kolavenyl diphosphate ((-)-KDP), iso-KDP, or
rarely, cis-trans-clerodienyl diphosphate. Characterized iso-KDP synthases so far have been limited to
species in the Lamiaceae: Ajuga reptans, Scutellaria barbata and Scutellaria baicalensis (Johnson et al.,
2019; Qiu et al., 2023). (-)-KDP synthases have been characterized in Salvia divinorum, Salvia splendens,
Vitex agnus-castus, Callicarpa americana, Scutellaria barbata, Scutellaria baicalensis, and Tripterygium
wilfordii (Andersen-Ranberg et al., 2016; Hansen et al., 2017; Pelot et al., 2017; Heskes et al., 2018;
Hamilton et al., 2020). Iso-KDP differs from (-)-KDP by the final deprotonation, with the double bond
placed along the 4,18 bond rather than the 3,4 bond (Figure 3.1). The third and most uncommon
structure has exclusively been found in the monocot species Panicum virgatum, and is a cis-trans-
clerodienyl diphosphate, which while having the same final quenching as (-)-KDP, is a different
stereoisomer (Pelot et al., 2018). A variety of clerodane-derived products have been characterized
specifically from T. chamaedrys, including various neo-clerodanes, chamaedryosides A—C, Teucrin, and
more (Figure 3.1; Bedir, Manyam and Khan, 2003; Fiorentino et al., 2009; Sadeghi et al., 2022; Dictionary
of Natural Products 30.2).

Diversity of plant natural products can be driven in part by duplication of genes via several mechanisms.
When duplications occur, it can significantly increase the number of novel genes by dispersing selective
pressure, which in turn can allow an explosion of metabolic diversity (Ren et al., 2018). A duplication can
occur via tandem or segmental duplication, both of which copy a region locally and can be the result of
unequal DNA crossover events (Achaz et al., 2000). Repeats can also be introduced via
retrotransposition, which is evident by their lack of introns and presence of nearby inverted repeats
(Hughes et al., 2003; Field et al., 2011). But perhaps the most radical duplication method is whole

genome duplication (WGD). It is estimated that around 35% of all extant angiosperm species are
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polyploids, having a history of WGDs (Wood et al., 2009; Landis et al., 2018; Godden et al., 2019).
Similarly, nearly one third (65%) of annotated plant genes are duplicated, with most derived from WGD

events (Panchy, Lehti-Shiu and Shiu, 2016).

OH

oy HO
HO' OH

Syspirensin B

HO
OH

Teucroxide

Figure 3.1 Clerodane skeleton and select clerodanes from T. chamaedrys. Teucrium, and specifically T.
chamaedrys, is rich in clerodane-type diterpenoids. Middle box shows numbered carbons on a typical
clerodane skeleton.

To better understand how polyploidy affects diTPSs and clerodane diversity in Teucrium, we determined
the large (3 Gbp) tetraploid genome of T. chamaedrys. A recent whole genome duplication has afforded
this species a rich diversity of diTPSs, including a massive clustering of most of the reported diTPSs. This
clustering is also present in the closely related species, Teucrium marum (Smit et al., 2024). The physical
clustering of most of these diTPSs creates the largest biosynthetic gene cluster to date. Since Teucrium
species are well known for their clerodane-derived products, we functionally characterized all four
putative clerodane synthases present in T. chamaedrys, as well as a single representative from Teucrium
canadense. Using comparative genomic and biochemical methods, we present the genetic underpinning

of diterpenoid diversity within this species.
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Results and Discussion

T. chamaedrys genome reveals evidence for tetraploidy

To create a high-quality genome assembly for T. chamaedrys, we generated 265 Gbp of Oxford Nanopore
Technology (ONT) long reads and 95 Gbp of lllumina short reads. GenomeScope estimated the T.
chamaedrys genome size at approximately 1.7 Gbp with low heterozygosity of 0.14% (Supplemental
Figure 3.1). Assembling, polishing, and removing contigs less than 10 Kbp in length produced 3,162
contigs (Supplemental Table 3.1) with a final assembly size of 2.9 Gbp (Supplemental Figure 3.2).
Benchmarking Universal Single-Copy Orthologs (BUSCO; Manni et al., 2021) analysis with 2,326 total
BUSCO genes (eudicots_odb10) revealed 2,274 (97.8%) complete orthologs, of which 60 (2.6%) were
single-copy, 2,214 (95.2%) were duplicated, 8 (0.3%) were fragmented, and 44 (1.9%) were missing.
Annotation of protein-coding genes revealed 128,111 high confidence genes. BUSCO analysis of the
annotation revealed a similar set of statistics, with 2,210 (95.0%) complete orthologs, 88 (3.8%) single-
copy, 2,122 (91.2%) duplicated, 21 (0.9%) fragmented, and 95 (4.1%) missing. Overall, this demonstrates
a high-quality assembly and annotation of the T. chamaedrys genome.

The presence of a highly duplicated BUSCO score suggests a recent WGD event, which is additionally
corroborated by Smudgeplot k-mer analysis of genome duplication (Figure 3.2C; Ranallo-Benavidez,
Jaron and Schatz, 2020). Polyploids frequently have highly divergent subgenomes, which can lead to
underestimation of shared k-mers (Supplemental Figure 3.3; Ranallo-Benavidez, Jaron and Schatz, 2020).
The presence of a smudge at the ‘AAAB’ position, coupled with the trace presence of ‘AABB’ resulted in a
relatively strong signal at 4n coverage, indicating T. chamaedrys is a tetraploid. This is consistent with
OrthoFinder (Emms and Kelly, 2019) analysis comparing T. chamaedrys to Arabidopsis thaliana which
revealed a majority of 4:1 ratio of orthologs, with lesser evidence for 2:1 and 3:1 ratios (Figure 3.2D).

Furthermore, a chromosome count in dividing root tip cells and comparison to the closely related diploid
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Figure 3.2 The tetraploid genome of T. chamaedrys. A) Image of mature T. chamaedrys shrub. B)
Representative chromosome squash; a root tip in meiosis. C) Smudgeplot analysis showing evidence for
genome duplication, with evidence at 4n ‘AAAB’ and ‘AABB’. D) Orthogroup proportions between T.
chamaedrys and A. thaliana. Approximately 3,000 orthogroups have four times as many orthologs of T.
chamaedrys compared to A. thaliana.

relative T. marum (2n = 34; Smit et al., 2024), reveals that most metaphase cells contained 2n = 60 for T.
chamaedrys (Figure 3.2B), which is also in line with a recent WGD event leading to tetraploidy. Previous
chromosome counting efforts have shown this species to be diverse in the base chromosome number
(2n = 32-96; Ranjbar, Mahmoudi and Nazari, 2018); the genome k-mer analysis, orthology, and

cytogenetic evidence supports tetraploidy.
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The evolutionary split between T. marum and T. chamaedrys is estimated at approximately 4 million
years ago (Salmaki et al., 2016), meaning the WGD event in the T. chamaedrys lineage is relatively
recent. Meiotic abnormalities, cell architecture changes, and genetic instability are a few of the
detrimental side effects to WGD (Osborn et al., 2003; De Storme and Mason, 2014; Wang et al., 2021;
Blasio et al., 2022), and many polyploids re-diploidized to mitigate them (Li et al., 2021; Wang et al.,
2021). Therefore, this recent tetraploid genome may be a fleeting snapshot representative of the many
polyploidization events that are ubiquitously present in plant lineages. Therefore, the data we provide
may fuel further studies of the effects of polyploidization.

Phylogenetic evidence shows clustering and expansion of diterpene synthases in Teucrium

We estimated phylogenetic relationships of the 90 putative diTPS sequences in three Teucrium species (T.
chamaedrys, T. marum, and T. canadense) alongside a set of functionally characterized diTPSs from
species in the Lamiaceae family and A. thaliana (Supplemental Table 3.2). One locus in T. marum
(Teum.10G004340.2—Teum.10G004860.4) accounts for 11 of the 15 predicted diTPSs. Mirroring that,
four loci within T. chamaedrys (Tcha40759—Tcha40827, Tcha129821—Tcha129881, Tcha25933—
Tcha25972, and Tcha102085—Tcha102138) account for 53 of the 74 predicted diTPSs, and they cluster
across the phylogeny with the orthologs in T. marum (Figure 3.3A).

There is clear synteny between the four genomic regions harboring these diTPSs in T. chamaedrys as
compared to the region in T. marum (Figure 3B), where Tcha40759—Tcha40827 are on contig Tc20548,
Tcha129821—Tchal129881 are on contig Tc17783, Tcha25933—Tcha25972 are on contig Tc11061, and
Tchal02085—Tcha102138 are on contig Tc19693. This syntenic region contains predicted enzymes that
include both class Il and class | mechanisms, which is evidence for a large biosynthetic gene cluster
(BGC). Interestingly, these clustered genes appear to be a part of a Lamiaceae-wide miltiradiene-

producing BGC (Bryson et al., 2023), as the clustered Teucrium genes are in the same phylogenetic clade.
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Figure 3. 3 Phylogenetic analysis of the diterpene gene content in three Teucrium species. A) This tree
is rooted by the class ll/class | bifunctional ent-kaurene synthase from Physcometrium patens. Genes
from T. chamaedrys are in gold, T. marum in blue, and T. canadense in green. Those without highlights
are previously characterized diTPSs from other Lamiaceae species and A. thaliana. Those bolded were
functionally characterized in this work. Dots at the base of nodes denote 80% bootstrap confidence.
Clades are labeled according to Johnson et al., 2019. Figure was made using iTOL and BioRender.com. B)
Syntenic analysis between closely related T. marum (blue) and T. chamaedrys (gold) show a 1:4 ratio in a
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Figure 3.3 (cont’d)
specific region containing the vast majority of diTPSs in these species. Figure was made using SynVisio
and BioRender.com.

Additionally, this BGC also contains around 15 predicted CYPs from the CYP71 clan which are often
involved in diterpenoid metabolism and are also present in the Lamiaceae-wide BGC. This . marum
cluster appears to form what is now the largest diTPS BGC to date, spanning around 500 Kbp (Bryson et
al., 2023).

Introducing genetic redundancy can lead to diversity in specialized metabolic pathways since selective
pressure is dispersed (Ohno, 1970; Birchler and Yang, 2022). It is evident by the high number of diTPS
sequences presented here that there has been an explosion of specialized metabolism in . chamaedrys
and T. marum (Figure 3.1A). Teucrium is in the top five Lamiaceae producers of unique diterpene
skeletons and compounds (Johnson et al., 2019), and the sheer number of predicted diTPSs in T.
chamaedrys is in alignment with this. Phylogenetic blooms in a species can be attributed to tandem
duplication and neofunctionalization which appears to be the case here, with the large majority of diTPS
diversity appearing to predate the speciation of T. chamaedrys and T. marum. The number of diTPS
sequences in Teucrium illustrates the vast diversity of diterpenoids harbored in these species, especially
T. chamaedrys. The sequences from T. canadense were derived from transcriptomic rather than genomic
data, and therefore may not show a complete picture of diTPS diversity in this species. A higher
proportion of diTPSs present in T. chamaedrys further suggests WGD, and syntenic analysis corroborates
this.

Most plant species have two diTPSs which biosynthesize the initial pathway toward gibberellic acid; one
in the phylogenetic clade TPS-e.1 and one in TPS-c.1, corresponding with the class | and class Il enzymes,
respectively. The same 1:4 ratio present in the BGC is evident in the genes involved in gibberellic acid
synthesis as well (Figure 3.3A; TPS-c.1.1 and TPS-e.1). Where we usually see one TPS-e.1, there are four

present in . chamaedrys; and the same is true for TPS-c.1 (Figure 3A). Understanding that the T. marum
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genome assembly is haploid (Smit et al., 2024), this 1:4 ratio would be consistent with a WGD event
present specifically in the lineage of T. chamaedrys.

Biochemical analysis reveals basis of clerodane metabolism in T. chamaedrys

In order to better understand clerodane representation in Teucrium, we investigated enzyme activity of
four predicted clerodane synthase homologs in . chamaedrys and one in T. canadense: TchaTPS1,
TchaTPS2, TchaTPS3, and TcanTPS1. The fourth predicted clerodane synthase gene from T. chamaedrys
was found to be inactive, which is also suggested by its low expression in the plant (Tcha144292;
Supplemental Figure 3.4). We also combined each enzyme with sclareol synthase (SsSS), a promiscuous
class | diTPS that in this case produces exclusively iso-kolavelool from iso-KDP (Caniard et al., 2012),
enabling us to determine the product at 11.5 minutes (1) to be iso-kolavelool (neo-cleroda-4(18),14-
dien-13-ol), and the other major product at 13.5 minutes (2) was identified as iso-kolavenol, by
comparison with the reference class Il enzyme ArTPS2 (Figure 3.4; Supplemental Figure 3.5; Johnson et
al., 2019). The mixture of products in runs without SsSS occurs as a result of a dephosphorylation,
catalyzed by non-specific endogenous enzymes in Nicotiana benthamiana (Supplemental Figure 3.6).
SsSS specifically creates iso-kolavalool as opposed to promiscuous cleavage by the endogenous N.
benthamiana enzymes. Therefore, all active enzymes were found to produce iso-KDP, and none of the
enzymes yielded conclusive evidence of (-)-KDP.

The presence of iso-KDP synthases in . chamaedrys is not surprising given an evolutionarily close
relative, A. reptans, has an ortholog, ArTPS2. Additionally, there are various Teucrium furanoclerodanes
reported with a 4,18 double bond, 4,18 epoxides, and C18 esters lacking a C3-C4 double bond, all which
presumably come from an iso-KDP precursor. All reported T. chamaedrys clerodanes are heavily modified
and lack either double bond, but do have various C18 ester linkages (Dictionary of Natural Products

30.2), suggesting they are likely formed by an iso-KDP precursor.
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Figure 3.4 Extracted ion chromatogram (191 m/z) demonstrating iso-kolavenyl diphosphate synthase
activity. Each extracted ion chromatogram was stacked and shifted to compare their products. Tested
enzymes TchaTPS1, TchaTPS2, TchaTPS3, and TcanTPS1 were compared to the known iso-KDP producer,
ArTPS2, and the negative control, DXS+GGDPS. DXS+GGDPS is present in all samples. Peak at ~11.5 min
corresponds to iso-kolavalool (1) and the peak at ~13.5 min corresponds to iso-kolavanol (2).
Representative mass spectra of ArTPS2 for iso-kolavalool (1) and iso-kolavenol (2) peaks. Mass spectra of
all relevant peaks can be found in Supplemental Figure 3.6.

While we found no evidence for a dedicated (-)-KDP synthase in T. chamaedrys, some Lamiaceae species
contain (-)-KDP synthases and accumulate furanoclerodanes, including Teucrium species with a 3,4
double bond (Dictionary of Natural Products 30.2). Given the presence of iso-KDP derived chemistries in
T. chamaedrys, either there is a loss of the (-)-KDP enzyme in some species, or specific amino acid
changes in the enzyme alter the products. Deprotonation of C3, as opposed to C18, likely only requires a
shift of the base-acting residue by a few angstroms to alter which proton is being abstracted. It has been
shown that blocking the deprotonation site of an ent-copalyl diphosphate (ent-CDP) synthase with a
single amino acid shift can swap the ent-CDP synthase into a (-)-KDP synthase (Potter et al., 2016). A
third possibility is another unrelated TPS-c which may have convergently evolved (-)-KDP synthase
activity.

This study represents the first functional characterization of diTPSs in Teucrium. This opens the avenue

for characterization of enzymes in subsequent steps of diterpenoid metabolism, such as clerodane-
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derived compounds like Teucrin, chamaedrosides, and neo-clerodanes. Understanding the natural
pathways of these medicinally relevant compounds provides an important first step to biotechnological

production and utilization of these terpenes in medicine and beyond.

Material and Methods

Plant growth conditions, tissue collection, and storage

The T. chamaedrys plant was purchased from Mountain Valley Growers (California, USA) and grown in a
greenhouse. For DNA extraction, the plant was dark-adapted for 72 hours prior to harvesting. Healthy,
mature leaves were collected, flash frozen in liquid Nitrogen, and stored at -80°C. For RNA extraction,
healthy, mature leaves and rinsed roots were collected, flash frozen in liquid Nitrogen, and stored at -
80°C.

Nucleotide isolation

High molecular weight (HMW) genomic DNA was extracted from T. chamaedrys leaves using a modified
CTAB-based protocol (Li, Parris and Saski, 2020; Longley et al., 2023). Briefly, frozen tissue was ground
into a fine powder with a mortar and pestle in liquid Nitrogen and resuspended in nuclear isolation
buffer. After nuclei were isolated, CTAB was added, HMW nucleic acids were extracted with chloroform
and isoamyl alcohol, washed with isopropanol, and RNAse treated (Thermo Fisher Scientific, MA, USA).
Short read DNA was extracted using DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany).

Library preparation and sequencing

DNA libraries for long-read sequencing with Nanopore (Oxford Nanopore Technologies Ltd, USA) were
prepared using the Oxford Nanopore SQK-LSK114 Ligation Sequencing Kit V14, and the library was
loaded onto a PromethlON FLO-PRO114M (R10.4.1) flow cell. Prior to long-read sequencing, the DNA
was processed with the Standard Short Read Eliminator Kit (Circulomics Inc., MD, USA). The MinKNOW

(v22.10.07) and base calling was performed using Guppy (v6.3.9) with the High Accuracy (HAC) model.
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For short read-sequencing, library preparation was done using Roche Kapa HyperPrep DNA Library Kit
with Unique Dual Index adapters (Sigma-Aldrich, MO, USA). The completed library was quality assessed
and quantified using Qubit dsDNA HS, Agilent 4200 TapeStation HS DNA1000, and the Invitrogen Collibri
[llumina Library Quantification gPCR assays. Sample was loaded onto one lane of an Illlumina v1.5 S4 flow
cell using the Xp Workflow. Sequencing was performed in a 2x150 bp paired end format using a NovaSeq
6000 (v1.5) 300 cycle reagent cartridge (lllumina Inc., CA, USA). Base calling was done by Illlumina Real
Time Analysis (RTA; v3.4.4) and output from the RTA software was demultiplexed and converted to
FASTQ format with lllumina’s Bcl2fastq (v2.20.0).

Genome size and heterozygosity estimation

Jellyfish (v.2.3.0; Marcais and Kingsford, 2011) was used to estimate the size and heterozygosity of the
genome via k-mer analysis. 31-mers from the [llumina DNA libraries were used after trimming and
filtering.

Ploidy analysis

KMC (Kokot, Dtugosz and Deorowicz, 2017) was also used to count k-mers in the genome using k-mer
length of 31, yielding 4,876,867,453 unique k-mers. K-mer analysis was visualized using GenomeScope
(v.1.0; Supplemental Figure 3.1; Vurture et al., 2017). Subsequently, ploidy was measured using
Smudgeplot analysis (Ranallo-Benavidez, Jaron and Schatz, 2020). The lower cutoff for coverage
threshold was 12 and the upper cutoff was 2,800, estimated using ‘cutoff’ from the Smudgeplot suite.
The Smudgeplot analysis output was hand annotated according to Ranallo-Benavidez, Jaron and Schatz,
2020, as the original output did not include the ‘AAAB’ annotation (Figure 3.2; Supplemental Figure 3.3).
Genome assembly

Raw Nanopore DNA reads with mean Q-scores greater than 7 were used and processed with Porechop
(v.0.2.4) to remove adapters, Chopper (v.0.8.0-0; De Coster et al., 2018) to filter reads less than 10 Kb,

and Filtlong (v.0.2.0) to filter the out the worst 10% of reads based on quality. Sequences were then
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assembled using Flye (v.2.9; Kolmogorov et al., 2019) with minimum overlap of 5 Kbp, two iterations of
polishing, and retaining the haplotypes. The draft assembly was polished once using Medaka (v.1.4.3)
and the model ‘'r1041_e82_400bps_hac_g632’. BWA-MEM2 (v.2.0; Vasimuddin et al., 2019) was used to
align the lllumina paired-end reads to the draft assembly for error correction. The resulting draft
assembly was polished with one round of Pilon (v.1.24; Walker et al., 2014) using the diploid option.
Contigs smaller than 100 Kbp were then removed from the assembly. In order to eliminate potential
contamination present, Kraken2 (v. 2.1.3; Wood, Lu and Langmead, 2019) was used with the database
‘PlusPFP’ (https://benlangmead.github.io/aws-indexes/k2). Approximately 0.44% of the assembly was
determined to be human and was subsequently removed. No further contamination was detected.
Genome annotation

The draft genome was first mined for de novo repeats using Repeat Modeler (v.2.0.2a; Flynn et al., 2020).
These de novo repeats along with Viridiplantae repeats from RepBase were used by Repeat Masker
(v.4.1.1; Chen, 2004) to mask the draft genome. Next RNA-seq data from T. chamaedrys (PRINA1124528)
mature leaf and root tissues were aligned to the draft genome using HISAT2 (v.2.1.0; Kim et al., 2019). In
addition to this transcript evidence, protein evidence from the closely related species . marum (Smit et
al., 2024) was used as an input for BRAKER (v.2.1.6; Altschul et al., 1990; Stanke et al., 2006, 2008;
Camacho et al., 2009; Quinlan, 2014; Kovaka et al., 2019; Pertea and Pertea, 2020; Gabriel et al., 2021;
Bruna, Lomsadze and Borodovsky, 2023) with the flag ‘ --etpmode’ to create initial gene models.
Generated gene models were then fed into MAKER (Law et al., 2015), along with RNA-seq evidence and
protein evidence from A. thaliana (TAIR v.11; Cheng et al., 2017) and T. marum (Smit et al., 2024) to
create a working gene model set (Supplemental Table 3.3).

This yielded 217,373 working gene models, which were later filtered down to 128,111 high confidence
gene models. Of the original 217,373 gene models, 153,810 had an annotation edit distance (AED) score

less than one and/or contained a protein domain, meaning there was evidence for transcripts or protein
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homology (Yandell and Ence, 2012). Of those, we kept one gene model per locus, which generated
144,380 gene models. Although a repeat-masked genome was used initially, we found additional TE-
related genes, which when removed, yielded 134,486 gene models. All genes less than 300 bp were then
removed leaving 128,264 gene models. Finally, we removed non-plant contamination according to
Kraken2 (Wood, Lu and Langmead, 2019) for a final high confidence gene model count of 128,111.
Chromosome counting

Root tips were harvested from greenhouse-grown rooted cuttings and pretreated with nitrous oxide at a
pressure of 160 psi (approximately 10.9 atm) for 40 min. Subsequently, the root tips were fixed in a
solution of three parts ethanol to one part acetic acid and maintained at 22°C until ready for enzymatic
treatment. An enzymatic solution containing 4% cellulase (Yakult Pharmaceutical, Tokyo, Japan), 2%
pectinase (Plant Media, Dublin, OH, USA), and 2% pectolyase (Sigma Chemical, St. Louis, MO, USA) was
used to digest the root tips for 50 min at 37°C. Chromosomes were prepared using a stirring method as
described by Xin et al., 2020 and counterstained with 4',6-diamidino-2-phenylindole (DAPI) in
VectaShield antifade solution (Vector Laboratories, Burlingame, CA, USA). Images were captured with a
Qlmaging Retiga EXi Fast 1394 CCD camera (Teledyne Photometrics, Tucson, AZ, USA) attached to an
Olympus BX51 epifluorescence microscope. Image processing was performed using Meta Imaging Series
7.5 software, and the final image contrast was adjusted using Adobe Photoshop (Adobe, San Jose, CA,
USA). Chromosome counting was conducted on at least 10 metaphase spreads.

Phylogeny

T. canadense reads were downloaded from NCBI SRA database (SRR5150734) and split files were
assembled into a de novo transcriptome using Trinity (v.2.9.1; Grabherr et al., 2011). The resulting mRNA
were filtered for the longest open reading frame and translated into protein sequences using
TransDecoder (v. 2.1.0; Haas, BJ. https://github.com/TransDecoder/TransDecoder) T. marum gene

models were downloaded from Figshare
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(https://figshare.com/articles/dataset/Teucrium_marum_genome_assembly/25109411). The
representative gene models from each of the three Teucrium species were blasted (BLAST+ v. 2.13.0, e-
value = 1e-20; Camacho et al., 2009) against a bait set of 34 functionally characterized diTPS
(Supplemental Table 3.2). Resulting protein matches were identified and combined with the bait set.
Multiple sequence alignments were generated using ClustalOmega (v. 1.2.4; Sievers et al., 2011) and
phylogenetic trees were generated using RAXML using the model ‘protgammaauto’, algorithm ‘a’, and
100 bootstrap replicates (v.8.2.12; Stamatakis, 2014).

Synteny

The BLAST function makeblastdb (E-value of 1e-10, 5 alighments) was used to create protein databases
between T. chamaedrys and T. marum (Smit et al 2024). Syntenic analysis was performed using the
standard MCScanX pipeline (Match score = 50; Match size = 5; Gap penalty = -1; Overlap window = 5; E-
value = 1e-5; Max gaps = 25; Wang et al., 2012). Results were visualized using SynVisio (Bandi and
Gutwin, 2020).

Cloning and transient expression

Candidate enzymes from T. chamaedrys were synthesized (Twist Bioscience, CA, USA) and cloned into
the plant expression vector pEAQ-HT (Sainsbury, Thuenemann and Lomonossoff, 2009) for use in
transient expression in N. benthamiana. Sequences were validated via Sanger sequencing. N.
benthamiana plants were grown for 4-5 weeks in a controlled growth room under 12 H light and 12 H
dark (22°C) cycle before infiltration. Coexpression constructs were transformed separately into
Agrobacterium tumefaciens strain LBA4404. Cultures were grown overnight at 30°C in LB with 50 pg/mL
kanamycin and 50 ug/mL rifampicin. Cultures were collected by centrifugation and washed twice with
approximately 10 mL water before being resuspended and diluted to an OD600 of 1.0 in water with 200
UM acetosyringone. Cultures were incubated at 30°C for 1-2 hours, then separate cultures were mixed in

an equal ratio for each combination of enzymes. N. benthamiana leaves were infiltrated into the
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underside (abaxial side) with a 1 mL syringe. All gene constructs were co-infiltrated with two genes
encoding rate-limiting steps in the upstream 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway:
Plectranthus barbatus 1-deoxy-D-xylulose-5-phosphate synthase (PbDXS) and GGDP synthase
(PbGGDPS), in order to boost production of the diterpene precursor GGDP (Andersen-Ranberg et al.,
2016). Plants were returned to the controlled growth room for 5 days. Approximately 200 mg fresh
weight from three separate infiltrated leaves was extracted with 1.5 mL hexane overnight at room
temperature. Plant material was collected by centrifugation, and the organic phase was removed for GC-
MS analysis.

GC-MS analysis

All GC-MS analyses were performed on an Agilent 7890 A GC with an Agilent VF-5ms column (30 m x
250 um x 0.25 um, with 10 m EZ-Guard) and an Agilent 5975 C detector. The inlet was set to 250 °C
splitless injection of 1 pL with a He carrier gas (1 mL/min). The detector was activated following a 4 min
solvent delay. All assays and tissue analysis used the following method: temperature ramp start 40 °C,
hold 1 min, 40 °C/min to 200 °C, hold 4.5 min, 20 °C/min to 240 °C, 10 °C/min to 280 °C, 40 °C/min to

320 °C, and hold 5 min. MS scan range was set to 40—400.
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Presence of the miltiradiene-containing biosynthetic gene cluster in the Lamiales

In chapter 2, | searched the genome of a single Lamiales representative, E. lutea, looking for the
presence of the miltiradiene-containing BGC present in the Lamiaceae. My finding of a diTPS gene pair
implicated the ancestral cluster to be older than the Lamiaceae; however, the lack of relevant CYPs in the
corresponding genomic area, paired with the larger evolutionary distance (approx. 104 MY; Godden et
al., 2019) between the species being compared made determining the presence/absence of this cluster
beyond the Lamiaceae inconclusive. A similar setup, using a panel of species with highly contiguous
genomes in sister families, could be used to determine this BGC’s full phylogenetic presence/absence
beyond the Lamiaceae. | hypothesize that there may be a core set of genes, such as the predicted
ancestral cluster, which are common across the higher core Lamiales (Lamiaceae, Phrymaceae,
Mazaceae, Paulownaceae, Orbanchaceae). But, the overall function of the cluster and associated genes
may have evolved in different ways, leading to alternative metabolites and phenotypes. If identified,
instances of independent evolution and neofunctionalization from this cluster could also be associated
with speciation and adaptation. In planta, it is believed that miltiradiene plays a role in plant defense
(Machumi et al., 2010; Gonzalez, 2015), so species without this enzyme may have to compensate in
other ways, such as deriving alternative metabolites with similar function.

Another feature that could affect the way in which miltiradiene is used in planta is the regulation of this
BGC. Although not previously reported, there appears to be a regulatory element that is common
amongst the miltiradiene BGCs throughout the Lamiaceae. Further investigation must be done to
determine if it truly is part of the regulation of this cluster, but its conservation in the cluster across this

family indicates that it may be critical for regulation by the plant.
The number and position of diTPSs in Teucrium species

In chapter 3, | found the majority (11/15) of diTPSs present in Teucrium marum were physically clustered

on chromosome 10, suggesting that the diTPSs in this area may have been formed from tandem
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duplication and subsequent neofunctionalization. This is not an uncommon phenomenon: we see large
groupings of similar genes via tandem duplication or transposable elements in Vitis vinifera (Martin et
al., 2010) and Triticum species (Liu et al., 2024). However, this is a stark example of concentrated
tandem duplication and warrants a closer look.

In plants, it is apparent that one prevalent mechanism of BGC formation involves tandem duplication
and subsequent neofunctionalization (Niitzmann, Scazzocchio and Osbourn, 2018). Since Teucrium
species studied here have clearly undergone this, it may be a unique place to study birth, or at least
evolution, of clusters. Additionally, the availability of the genomes of the two closely related species, T.
marum and T. chamaedrys, uniquely allows for an in-depth study of the last 4 MY (Salmaki et al., 2016).
In addition to the diTPSs being physically clustered, there are also many more in total than expected; for
example, tomato has 6 diTPSs (Zhou and Pichersky, 2020) and Arabidopsis has 3 (Tholl and Lee, 2011).
The 15 diTPSs in T. marum and 76 in T. chamaedrys stand out starkly as diTPS-rich species. RNA-seq could
provide insight into whether these enzymatic products influence defense, tissue-specific and/or
development-specific expression. Additionally, there is a chromosome-level assembly for Ajuga
chamaepitys (Mian et al., 2024) and A. decumbens (Gao et al., 2024), more members of the Ajugoideae.
Comparative genomics, such as syntenic analysis, transcriptomics and phylogenetics, could provide more

context for the evolution of the enzymes in this BGC.
Polyphyletic origins of clerodane synthases in Lamiaceae

In chapter 3, | functionally characterized all the putative clerodane synthases found in T. chamaedrys and
T. canadense. Clerodanes are widespread in biology, being present in plants, fungi, and bacteria. Within
the Lamiaceae family, there appears to be polyphyletic origins of clerodane synthases, with those in
Salvia forming one clade and those in the Scutellarioideae forming a second (Li et al., 2023). Based on
species-level phylogeny (Godden et al., 2019), | hypothesize that the clerodane synthases present in

Teucrium species are among the second clade, as Scutellarioideae and Ajugoideae are closely related sub
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families. However, molecular analysis such as K,/Ks and syntenic analysis could more firmly substantiate

these claims.
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APPENDIX

Supplemental documentation referenced in the text in Chapter 2 and Chapter 3 can be found on the
Dryad Data Repository, available here: https://doi.org/10.5061/dryad.8w9ghx3wm.
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