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ABSTRACT

Terpenoids are the largest and most diverse group of plant specialized metabolites. Within
the plant, these metabolites often function as tools for biological interactions, such as pollinator
attraction, herbivore repellants, mediation of the microbial community, and plant-plant
communication. Additionally, recent work has uncovered evidence that terpenoids may also be
important in how plants handle abiotic stresses such as drought. Humans have recognized the
extensive bioactivities of plant-derived terpenoids for thousands of years and have put them to
use as fragrances, flavorings, medicines, insect repellants, and psychoactives. With modern
genetic sequencing tools, the past two decades have ushered in a large-scale effort to unravel the
biosynthetic pathways towards terpenoids, especially those with industrially relevant
bioactivities. Since specialized terpenoid biosynthesis is often lineage-specific, this typically
involves non-model plant species. In addition to contributing to our basic understanding of plant
specialized metabolism, biosynthetic pathway studies can also identify enzymes which are prime
candidates for biotechnological production of useful terpenoids. The numerous chiral centers and
oxidations of these compounds often prevent facile access via traditional organic synthesis
methods. In this dissertation, | investigate diterpenoid biosynthesis in the mint (Lamiaceae) family
plant Callicarpa americana (American Beautyberry), which has several reported bioactive
diterpenoids. Many of the findings in this plant become a starting point for further elucidation of
diterpenoid biosynthesis in related species across the mint family. First, | elucidate the gateway
enzymes in diterpenoid biosynthesis based on the generation of a high-quality genome for C.
americana. This laid the foundation for further study of diterpenoid biosynthesis as well as leading

to the discovery of a large diterpenoid biosynthetic gene cluster (BGC) in the genome. Next, |



investigate this BGC along with my coauthor Abby Bryson and we find that a version of this BGC is
present in at least six additional Lamiaceae species genomes. Based on the evolutionary distance
of these species, we conclude that this BGC has been conserved from an early Lamiaceae ancestor
and has played an important role in the evolution of diterpene biosynthesis in this plant family.
Functional characterization of the BGC genes in C. americana reveals the pathway to a previously
inaccessible terpene backbone, (+)-kaurene, in addition to diterpene synthases and cytochrome
P450s which catalyze formation of abietane diterpenoids. In the last two chapters, | search for
enzymes involved in the clerodane-type diterpene pathways in C. americana. | discover along with
coauthor Nick Schlecht that a set of orthologous P450s classified as CYP76BK1s are key to
formation of furanoclerodanes in all but one Lamiaceae subfamily, including C. americana.
Second, | generate additional transcriptomic resources for two additional Callicarpa species as
well as a trichome-specific dataset for C. americana. This enables discovery of three short-chain
dehydrogenases which also play a key role in furanoclerodane biosynthesis in C. americana.
Together, this work represents an important advance in understanding diterpenoid biosynthesis

in C. americana as well as the wider Lamiaceae family.
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Abstract

From the perspectives of pathway evolution, discovery, and engineering of plant specialized
metabolism, the nature of the biosynthetic routes represents a critical aspect. Classical models
depict biosynthesis typically from an end-point angle and as linear, e.g., connecting central and
specialized metabolism. As the number of functionally elucidated routes increased, the
enzymatic foundation of complex plant chemistries became increasingly well understood. The
perception of linear pathway models has been severely challenged. With a focus on plant
terpenoid specialized metabolism, we review here illustrative examples supporting that plants
have evolved complex networks driving chemical diversification. The completion of several
diterpene, sesquiterpene and monoterpene routes shows complex formation of scaffolds and
their subsequent functionalization. These networks show that branch points, including multiple
sub-routes, mean that metabolic grids are the rule rather than the exception. This concept
presents significant implications for biotechnological production.

Key words: Terpene synthase, cytochrome P450, metabolic network, terpene specialized
metabolism, UDP dependent glycosyl-transferases, biosynthetic gene cluster, enzyme
promiscuity.

Significance statement: Traditionally plant specialized metabolism was regarded as a series of
linear routes. Here we investigated the emerging theme of complex networks through
representative examples across the major classes of terpenoids. All pathways covered in this
review show branch points diversifying their chemistries. Consequently, pathway discovery
should consider enzyme promiscuity, alternative routes, and how family expansion and enzyme

repurposing can drive the evolution of new phytochemistries.



Introduction

Reasoning and scope of this review

In the wider metabolic network that contains the entirety of plant metabolism, specialized
metabolism has generally been viewed as a separate branch of enzymatic reactions producing

I”

metabolites which are not critical for the “central” functions needed for plant survival. The main
roles of specialized metabolites appear to be adaptation to the environment, i.e., biotic, and
abiotic interactions. These include on the one side plant defense against herbivores and
pathogens or attraction of pollinators, natural predators of herbivores, seed dispersers, and
microbial symbionts. On the other side they also play critical roles in abiotic interactions such as
drought stress and protection from UV light 1. The importance and nature of these traits was
already recognized in the second half of the 19*" century, long before the beginning of what we
now know as plant chemical ecology 2. In modern times the boundaries between specialized
metabolites and hormones, signaling molecules required for regulation and lastly metabolites
vital for growth and development are becoming increasingly hazy. Specialized metabolites are
emerging as multifunctional, i.e., playing roles in regulation of growth (flavonoids), or defense
(callose deposition, glucosinolates, benzoxazinoids) or have examples of catabolism and re-
integration into central metabolism 3.

Humans have recognized the bioactive nature of medicinal plants for thousands of years,
extracting and combining numerous plant components into medicines *. With the advent of
modern chemical techniques, it became possible to isolate and characterize single bioactive

components °. This idea of single-compound medicine underpins the modern pharmaceutical

paradigm, and thus it has also driven the initial approach to plant biosynthetic pathway discovery.



In this approach, a linear pathway is often presumed, or at least sought, with the goal of
producing a single molecule of interest with high specificity. Yet the past few decades of
biosynthetic pathway research have shown that many compounds are in fact the result of
metabolic grids governed by promiscuous enzymes leading to complex mixtures of related
natural products. As a result, it appears plausible that many plant biosynthetic pathways are
geared towards chemical diversity rather than singular end products. Likewise, pharmaceutical
research has now recognized the limits of single-molecule treatments in the face of complex,
multi-target human diseases, and multi-component treatments such as those designed based on
traditional Chinese medicinal recipes are now finding traction in modern combination therapy
67 This network hypothesis is also supported by the sheer diversity of specialized metabolites
reported from plants, notwithstanding the many thousands of compounds yet to be reported.
Recent work investigating the ecological underpinnings of phytochemical diversity suggest that
plants generate a chemical array to target the variety of generalist and specialist pests in their
environment 810, Linear pathways would require separate enzymatic and regulatory structures
for each compound, but metabolic grids of promiscuous enzymes can generate tens of products
per enzyme. This is far more efficient both in terms of metabolic cost as well as the ability to
tweak chemistry quickly on an evolutionary time scale. In stark contrast to this strategy of
generating chemical diversity stands the general, i.e. primary metabolism, where networks of
often functionally redundant but differentially expressed genes lead to single end products. This
principle is exemplified by the shikimate pathway yielding the amino acid phenylalanine and the
subsequent core phenylpropanoid pathway gate keeper of routes to lignin, soluble and wall-

bound phenolics and flavonoids 723, In this review, we will focus on terpenoids, the largest class



of plant specialized metabolites. We give a brief overview of the history of terpene biosynthetic
pathway discovery and how rapidly evolving technologies have enabled probing of metabolic
networks to an extent never before possible. Examination of select examples from the field of
terpenoid pathway discovery, provides evidence that generally, plant specialized metabolism is
composed of complex interacting networks and not simple linear pathways.

Biochemistry of terpene biosynthesis, early pathways to the scaffolds

Several excellent reviews and studies cover the nature and evolution of plant terpene
biosynthesis, and the rise of chemical diversity, so we will cover this only briefly 149, Terpenoids
(terpenes or isoprenoids) are derived from the five-carbon building blocks isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). These are synthesized through the
mevalonate (MVA) pathway and the more recently discovered methylerythritol phosphate (MEP)
pathway. The MVA pathway is localized to the cytosol and shares common ancestry with the
animal, fungal, and archaeal kingdoms 2°. The MEP pathway is localized to the plastid and thus is
of prokaryotic origin. Prenyl transferases are enzymes which condense IPP and/or DMAPP into
longer prenyl diphosphates utilized by terpene synthases (TPSs). Typically, this is a head to tail
condensation with double bonds retaining trans- configuration, but there are examples of
irregular and cis-prenyl transferases 21724, TPSs then catalyze complex carbocation cascade
reactions on the prenyl diphosphate substrate, resulting in cyclic or linear terpene backbones.
The carbocation cascade is initiated by either removal of the diphosphate (class | TPSs), or by
protonation of the distal double bond (class Il TPSs). The shape (dictating substrate and
intermediate conformations) and electronics (stabilization of carbocations) of the active site

residues then control the sequence of the carbocation cascade. The final product is determined



by which potential energy minima is reached on the reaction path as well as the method of
carbocation quenching, which may be through water addition, protonation, or deprotonation
(Tantillo, 2011). The nature of terpene formation relying on this delicate energy control has great
importance to the evolution of terpene biosynthesis. The control of reaction product can be
altered by few or even a single amino acid switch 2672°. There are also many examples of multi-
product TPSs, where TPS-directed carbocation cascades may be biased towards one product but
allow for several minor products to result. This phenomenon is outlined in more detail in the
following sections.

Increasing complexity, functionalization, and decoration of terpenes

The nature of terpene biosynthesis lends itself naturally to biosynthetic networks. A single or few
changes in the amino acid sequence of a TPS can profoundly change its product profile 26:3031,
TPSs may also produce arrays of dozens of products 32. After cyclization, the terpene backbone is
often further decorated by other biosynthetic enzymes, such as cytochrome P450
monooxygenases (P450s), 2-oxoglutarate dependent dioxygenases (2-ODDs), acyl transferases
and glycosyl transferases 33, This increases the polarity of the molecules and often adds the most
potent bioactive moieties. Specifically, P450s, drivers of the evolution of terpene specialized
metabolites, are known to be promiscuous and may oxidize their substrates in multiple positions
as well as oxidizing multiple related backbones (reviewed in Hamberger and Bak 2013; Bathe and
Tissier 2019). This promiscuity with related intermediates in the same pathway is key to creating
complex chemical networks. The ability for one enzyme to accept multiple related substrates
increases flexibility of the network and exponentially expands the number of products that can

be made by just a few enzymes. P450s are also recognized for their role as gatekeepers in



pathway bifurcations of industrially relevant bioproducts 3¢. Thus, it is common in phytochemical
studies for many related compounds to be identified from a single plant.

History of terpene pathway discovery

Recognizing their nutritional value, the biosynthesis of carotenoid pigments were among the first
terpenes which attracted attention in the mid 50s 3738, Early studies relied on labelling studies,
cell free extracts and purified enzymes * in a field that gained traction. The terpenes investigated
expanded significantly, including mint oil terpenes, insecticidal pyrethrins and remarkably the
identification of the early committed steps in cyclization and oxidation of the growth hormone
gibberellin 4743, The mint family (Lamiaceae), exceptionally rich in terpenes, represents an
illustrative example of how the terpene research in plants evolved over the next two decades
with citation records increasing from 48 annual articles in 1968 to 365 in 1999

(https://pubmed.ncbi.nlm.nih.gov/; terpene, biosynthesis, plant). Pioneered by the lab of

Rodney Croteau, this period saw the enzymatic cyclization from common acyclic precursors to
key terpenes in peppermint, sage and thyme %45, elucidation of multistep routes to more
complex products 47#8, and demonstration of the function of a cytochrome P450 in a multistep
pathway #°. This emerging theme of multistep pathways was applied to the discovery of the first
committed step in the biosynthesis of paclitaxel (taxol®) through isolation of a cDNA clone from
a cDNA library and heterologous expression of the encoded taxadiene synthase and
demonstration of a P450 activity involved in the first hydroxylation >%°1, With that, Croteau’s lab
groundbreaking work arguably gave birth to the new field of genomics driven terpene pathway
discovery and bioengineering of isoprenoid biosynthesis, including modification of the mint oil

composition 5274,



Technologies accelerating pathway discovery

The next two decades in pathway discovery which are in focus of this review are driven by
emerging genomic technologies, notably the early cloning and sequencing of cDNA libraries (or
their fragments, expressed sequence tag (EST) libraries), hybridization of labelled cDNA to
arrayed sequences (i.e., microarrays), whole genome shotgun sequencing and recently new high-
throughput sequencing technologies (i.e., 454, illumina, nanopore, pacbio). The vast amount of
data generated creates two pillars for the discovery of pathways: (1) the genetic underpinning
and composition of genomes and transcriptomes and (2) organ, cell-type and condition-specific
expression. Sequencing, assembly and release of the Arabidopsis genome in 2000 °°> was a
harbinger of the explosion in plant genome and transcriptome sequencing capabilities that
exponentially followed. The emerging framework of the genome led already in 1997 to the first
report of a terpene synthase-like gene with similarity to cDNA sequences from gymnosperms,
Lamiaceae and Solanaceae on a 23.9-kb fragment from the long arm of chromosome IV °°,
Cloning and heterologous expression of an identified cDNA clone showed activity as multiproduct

7. Mapping of terpene synthase (TPS) sequences in the genome

monoterpene synthase
identified a small family in Arabidopsis and allowed to propose a model for the evolutionary
history of plant TPSs from general to specialized metabolism 8. The complement of 40 TPS genes
was reported briefly thereafter, including their classification into six phylogenetic subfamilies
TPS-a throughout -f, following an earlier proposed scheme >°®°, This work also reported the first
gene clusters in terpene specialized metabolism. The next year showed the dramatic advances

with two milestones achieved, a functional link between biosynthesis and floral emission of

terpenes from Arabidopsis flowers and the first metabolically engineered transgenic Arabidopsis



lines 6182, Findings in these early studies deploying functional genomics remained instructive for
the coming decades.

A functional linkage between non-homologous genes which together form metabolic pathways
can be inferred from co-expression across tissues and cell-types, in time course experiments, or
under other conditions that elicit pathway activity. An important tool accelerating the discovery
of pathways and establishing these links between genes with unknown function became the
Affymetrix A. thaliana ATH1 microarray. Thousands of global transcript datasets were deposited
in public databases and represented a treasure trove. The large family of P450s represented an
ideal target, as they are highly diverse and at that time only a fraction was functionally assigned.
Ehlting and co-workers re-annotated over 4,000 genes, and built and mined the extensive
‘CYPedia’ database for co-expressed pathways 3. This revealed, among other findings, highly
coordinated expression of P450s from the CYP71 clan under pathogen stress and elicitation and
in triterpene pathways. The team led by Anne Osbourn fully validated the bioinformatic
predictions with characterization of the thalianol pathway and the report of the corresponding
biosynthetic gene cluster, while the above manuscript was under evaluation . The well-cited
database provided a highly valuable tool in the next decade for identification of cryptic and highly
complex monoterpene pathways, with an example for formation of flower volatiles described in

8. It is intriguing that while co-expression analyses

detail in the respective section below
corroborated numerous instances of genomically clustered functionally characterized pathways,
such as those in A. thaliana or O. sativa %©%7 it did not support the inverse, pathway discovery

based on genomic clustering alone, highlighting that the combination of both technologies are

critical ®8. This early strategy of global co-expression analyses also provided the blueprint for



similar work approaching non-model plants with increasingly accessible transcriptome panels,
but without accessible genomes 8. Together, genomic technologies and co-expression strategies
have enabled characterization of numerous terpenoid biosynthetic pathway enzymes over the
past decade. In the following sections we explore some examples of these discoveries to evaluate
the evidence for network-like organization of specialized terpenoid pathways.

Diterpenoids

Diterpenoids are derived from an acyclic 20-carbon prenyl diphosphate precursor. This is most
commonly geranylgeranyl diphosphate (GGPP), though an all-cis precursor, nerylneryl
diphosphate, has been identified in a few plants 24670, Both the prenyl diphosphate synthase
and the diterpene synthase (diTPS) contain N-terminal targeting peptides for the chloroplast, so
the precursors for these compounds are derived primarily from the MEP pathway. Some
diterpenes are made by a single class | diTPS. However, the bicyclic labdane-type diterpenes
require the sequential action of a class Il followed by a class | diTPS 7. This is exemplified by the
gibberellins, central metabolites which proceed from GGPP via ent-copalyl diphosphate (ent-CPP)
to ent-kaurene. Labdane-type diTPSs in specialized metabolism have evolved from this role in
central metabolism through duplication and neofunctionalization. There are now 20 diterpene
diphosphates identified 7> made by the class II, or copalyl diphosphate synthase (CPS)-type diTPSs
(TPS-c family). These can be converted to over 7,000 individual scaffolds through the action of
the class I, or kaurene synthase-like (KSL) diTPSs (TPS e/f family) 1. Class | diTPSs introduce the
first layer of promiscuity into diterpene biosynthesis, as several have been shown to accept
multiple diterpene backbones 7377>. This can contribute to network-type biosynthesis within a

single plant, though sometimes specific diterpene pathways are separated by tissue specific
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expression. This promiscuity has also enabled production of new-to-nature diterpene backbones
by combining class Il and class | diTPSs from different plants together in a heterologous host’* 7>,
Though the genetic sequencing advances of the past two decades have enabled a surge in
diterpene biosynthesis studies, only a tiny fraction of the over 23,000 diterpenes so far identified
from plants (Dictionary of Natural Products, March 2022) have known pathways.

Tanshinones

The abietanes are a widely present class of tricyclic diterpenoids with significant and numerous
bioactivities reported 7. One of the most well-studied pathways is for the tanshinones, a class of
bioactive diterpenoid components of the Chinese medicinal herb Danshen (Salvia miltiorrhiza).
Because tanshinone biosynthesis has been recently reviewed 77, we will not detail this body of
work in-depth here. However, the network aspects of key enzymes identified so far are notable
(Fig. 1.1). The biosynthesis of tanshinones begins with a classic labdane pathway. A class Il diTPS
catalyzes formation of (+)-copalyl diphosphate ((+)-CPP), and a class | diTPS cyclizes this into
miltiradiene, a tricyclic abietane-type backbone 5/30/23 2:04:00 PM. This backbone is capable of
auto-oxidation to the aromatic abietatriene. From there, three P450s (CYP76AH1, CYP76AH3, and
CYP76AK1) have been identified that together catalyze oxidations on four different carbons.

Initially, CYP76AH1 catalyzes hydroxylation of C12 on abietatriene to afford ferruginol 8.

11
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Figure 1.1. Overview of tanshinone, carnosic acid, and triptolide biosynthesis. All three of
these angiosperm abietane pathways begin with a class Il diTPS ((+)-CPS) that converts GGPP to
(+)-copalyl diphosphate followed by a miltiradiene synthase (MS). Sequential steps are
represented by a single arrow Curved double arrows indicate steps where multiple enzymes can
interact with multiple substrates in a network fashion, i.e., a P450 may oxidize multiple
positions and/or the same position on multiple substrates. For clarity, not all enzyme products
from network steps are shown. Question marks represent steps that have not yet been
elucidated. Red boxes indicate tanshinone biosynthesis in S. miltiorrhiza, blue boxes indicate
carnosic acid biosynthesis, and purple boxes indicate triptolide/triptonide biosynthesis in T.
wilfordii. Species names are included where the pathway enzymes are from multiple species
(Sfp, Salvia fruticosa/pomifera; Ro, Rosemary officinalis). Inset shows standard numbering for
the abietane backbone. Not all side products and intermediates are shown.

This step is required for additional oxidations. Subsequently, CYP76AH3 and CYP76AK1 represent
bifurcations and can oxidize their substrate either in various positions, including multiple

oxidation steps, or accept a range of different substrates, yielding an array of oxidation
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products’®. Another set of enzymes, CYP71D375 (and CYP71D373) and a 2-oxoglutarate
dehydrogenase (Sm20DD14), has been shown to catalyze furan ring formation for the classic
tetracyclic tanshinone backbone 881, Additional oxidation and demethylation steps have not yet
been elucidated. Decades of phytochemical studies have shown that there are at least 40

different tanshinone diterpenoids present in S. miltiorrhiza 8

. Many of these contain the
oxidations and ring closures so far elucidated, but there is additional variation as well. Based on
the work so far presented, the most likely explanation is that a sizeable fraction of the hundreds
of P450s and other biosynthetic type enzymes predicted in the S. miltiorrhiza genome are
involved in a larger network 83. While the pathway proceeds in a linear fashion up to ferruginol,
it afterwards winds circuitously towards many end products, facilitated by the promiscuity of the
P450s. Some steps mingle while others require specific substrates. The most abundant and/or
bioactive tanshinones are the goal of biosynthetic elucidation, but minor products, as well as
specific metabolic intermediates along the way may represent a core part of the plant’s defense
strategy.

The earlier stage of the oxidation network in tanshinone biosynthesis is present in similar form
in other species of the mint (Lamiaceae) family. Another important abietane diterpenoid,
carnosic acid, is found in high abundance in rosemary (Rosmarinus officinalis) and sage (Salvia
spp.)®+8>. An orthologous CYP76AH enzyme produces ferruginol in carnosic acid biosynthesis (R.
officinalis, S. pomifera, S. fruticosa). Additional CYP76AH and CYP76AK family members catalyze
promiscuous oxidations leading towards a network of carnosic acid and related compounds 8%’

(Fig. 1.1). Carnosol is another abundant and related compound in these plant species, but the

biosynthetic link between carnosic acid and carnosol has not yet been elucidated.
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Resin acids

Another subset of bioactive abietane diterpenoids are conifer diterpene resin acids (Fig. 1.2).
Although the product array is less complex than observed in the tanshinone and carnosic acid
chemical families, the network has been more completely mapped and demonstrates a key
example of a multi-product diterpenoid pathway. In gymnosperms, the branch of labdane
scaffolds is primarily synthesized by bi-functional diterpene synthases which contain both the
class Il and class | active sites (TPS-d family). The grand fir (Abies grandis) abietadiene synthase
was the first of the diTPSs identified over 25 years ago, together with a proposed pathway to the
carboxylic acid and remains a model enzyme for a broad range of studies with focus on structure-
function relationship, catalytic mechanism and is notably one of the very limited number of plant
dips crystallized to date 829, As the biochemistry of the pathway has been reviewed extensively,
we will focus here on two noteworthy milestones defining the metabolic grid of resin acid
biosynthesis. The enzyme from Norway spruce (Picea abies) received attention for its capacity
(among other orthologs) to afford a mixture of abietadiene, levopimaradiene, neoabietadiene,

and palustradiene, all double bond isomers of the shared labdane skeleton *°.

Through an
extensive series of careful examinations Keeling and co-workers demonstrated that the reaction
mechanism of PalLAS proceeds via water quenching of the abieta-8(14)-en-13-yl carbocation,
resulting in 13-hydroxy-8(14)-abietene, detected by cold on-column injection and a lower final
oven temperature. Dehydration of this product during work-up, or conventional GC-MS analysis
then results in the non-enzymatically derived spectrum of products. P450s of the CYP720B

subfamily (CYP720B1 and CYP720B4) had been shown to catalyze the three-step oxidation of the

diterpene olefins to their carboxylic acids 912,
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Figure 1.2. Overview of diterpene resin acid biosynthesis. Adapted from Geisler et al. (2016).

The bifunctional diTPSs isopimaradiene synthase (ISO), pimaradiene synthase (PIM), and

levopimaradiene/abietadiene synthase (LAS) convert GGPP via the intermediate (+)-CPP into
the various diterpene olefins. In the case of LAS, the initial and unstable diTPS product is 13-

CYP720B4 CYP720B4 levopimaradiene  palustradiene 13-hydroxyl-(8)14-abietic acid

Non-enzymatic

hydroxy-8(14)-abietene (indicated by red brackets). Studies of the CYP720B subfamily showed

that one clade, CYP720B1 and CYP720B4 (outlined in orange), converts a range of diterpene

olefins to the corresponding acid. However, another clade, CYP720B2 and CYP720B12 (outlined

in green), can only accept 13-hydroxy-8(14)-abietene to the corresponding 13-hydroxy-8(14)-

abietic acid, which then undergoes dehydration to form abietic acid, levopimaric acid,
neoabietic acid, and palustric acid.
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However, a fascinating facet of the biological relevance of the unstable intermediates was
discovered later, when a different clade of CYP720Bs (containing CYP720B2 and CYP720B12) was
found inactive with the olefin scaffolds. These were ultimately shown to accept the unstable
diterpene synthase product 13-hydroxy-8(14)-abietene, affording the same diterpene resin acids
characteristic for the profiles in conifers %3. In this case a network is created in two ways: In the
first, two P450s promiscuously oxidize the known diterpene olefins, where in the second, a single
unstable intermediate is oxidized before decomposing into a similar set of diterpene resin acids.
These findings emphasize the modularity and combinatorial nature of this diterpene specialized
pathway.

Forskolin

The biochemistry leading to the cyclic AMP activator and epoxy-labdane type forskolin has been
reviewed 3%, Hence, we will here only briefly summarize the route and focus instead on the
relevance of promiscuous enzymes in creating chemical diversity through a metabolic grid, with
significant implications for biotechnological applications using those plant enzymes. Early signs
for more complex, rather than linear routes, were found with the complement of enzymes
catalyzing formation of key diterpene scaffolds in Indian coleus (Coleus forskohlii). Conspicuously,
the epoxy-labdane manoyl oxide and its derivative forskolin accumulate in the roots of the plant,
while diterpenoids derived from the common olefin miltiradiene are detected in aerial parts of
the plant. This was shown to be seemingly controlled by differently expressed modules,

consisting of two distinct and tissue-specific class Il diTPSs coupled with a pair of broadly

16



expressed class | diTPS homologs. Swapping out the enzyme catalyzing the initial cyclization can

then give rise to the different terpene scaffolds .
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Figure 1.3. Overview of (a) forskolin and (b) steviol glycosides biosynthesis. Sequential steps
are represented by a single arrow. Curved double arrows indicate steps where multiple
enzymes can interact with multiple substrates in a network fashion, i.e., a P450 may oxidize
multiple positions and/or the same position on multiple substrates. For clarity, only a few
representative enzyme products from network steps are shown. CPS, ent-CPP synthase; KO,
kaurene oxidase; KAH, kaurenoic acid 13-hydroxylase.

In the roots, the subsequent conversion of manoyl oxide to forskolin requires six regio- and
stereospecific monooxygenations and a single regiospecific acetylation. Following the hypothesis
that the corresponding enzymes catalyzing formation of forskolin should be co-expressed in the
root, a panel of seven P450s of the CYP76AH-subfamily and two BAHD-type acyltransferases were
found . Upon testing of the P450s nearly all were found to oxidize manoyl oxide, together giving

rise to a broad spectrum of products, including multi-oxygenated forms clearly not intermediates
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of the hypothesized (linear) route to forskolin. One prolific P450 yielded 11 discrete products,
including three hydroxyl groups and a keto group. In biotechnological applications such
promiscuity would translate to near-complete loss of control, yet in plants this may be an
important contribution to chemical diversity. In contrast, a second P450 catalyzed regioselective
formation of keto-manoyl oxide in a configuration present in both forskolin and many
forskolin/manoyl oxide derived diterpenoids. Using this P450 as an anchor, all other P450s were
tested first in pairs, then in triplets in all permutations. Again, up to 19 different products were
detected in these assays, indicating that in planta diterpenoid biosynthesis is anything but linear.
However, and at this stage unexpected, a single combination of three P450s yielded a small and
single peak of deacetyl-forskolin, the second last intermediate towards forskolin. Of ten acyl-
transferases identified and tested, two resulted in acetylation of deacetyl-forskolin. These
enzymes are notoriously promiscuous, so it was again not surprising to see a broad range of
acetylated products with one, forskolin representing a minor fraction. In contrast, the second
enzyme exhibited high activity and specificity with efficient conversion of the intermediate to
forskolin and lacking detectable side products. With that, a minimal set of enzymes was reported
constituting the entire and specific linear route from GGPP to forskolin and opening the door for
biotechnological production (Fig. 1.3a) °°.

Triptolide

A final example of abietane diterpenoids is triptolide (Fig. 1.1). The suggested biosynthetic routes
to rearranged (43) abeo-abietane type diterpenes in the root and root cultures of Tripterygium
wilfordii represent an instructive case leading to a diverse portfolio of complex decorated related

products %97, A hallmark of this group is the bioactive triepoxide triptolide ®8. While a linear route
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was early suggested, a metabolic grid appeared plausible °®°7. Functional characterization of all
candidate diTPSs from the TPS-e/f subfamily afforded specific combinations of class Il/I diTPSs
giving access to the kaurane, manoyl-oxide and kolavenyl scaffolds, characteristic for T. wilfordii.
Markedly, functional redundancy was detected in both class Il and class | diTPSs, which together
form a metabolic grid to the diterpene scaffolds. The lack of functional combinations yielding
abietane-type diterpenes prompted analysis of TPSs outside the canonical TPS-e/f subfamily. This
led ultimately to the discovery of TwWTPS27, a class | TPS of the TPS-b subfamily, typically
harboring monoterpene synthase activity %°. Like its other class | counterparts, this enzyme was
shown to accept multiple substrates and may contribute abietane and manoyl-oxide scaffolds in
specific stereochemistry to the biosynthetic capacity of the T. wilfordii diTPSs °°. Even though
production of the postulated triptolide intermediate dehydroabietic acid was demonstrated in

yeast, using the proxy CYP720B4 from Sitka spruce 1®

, it took another three years until the
corresponding gene encoding CYP728B70 was identified from the T. wilfordii genome °1, The
breakthrough came with the elegant demonstration of a cascade of four different P450s of the
two different subfamilies, 82D and CYP71BE, identified from over 60 candidates with activity on
the abietane-type miltiradiene. Drawing on parallels with the earlier reported forskolin pathway,
the team now led by Hansen and Andersen-Ranberg who identified the diterpene cyclases in T.
wilfordii focused on an anchor P450 (TwCYP82D274) catalyzing the first step in the pathway,
which afforded the aromatic hydroxylated intermediate 14-hydroxy-dehydroabietadiene 12,
Guided by promiscuous activities of C. forskohlii enzymes, homology, and the recognition that

most P450s oxidizing diterpene specialized metabolites reside in the CYP71 clan, they identified

two P450s (TwCYP71BE85 and TwCYP71BE86) to oxygenate the A-ring of 14-hydroxy-
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dehydroabietadiene resulting in a C4->C3 methyl shift and lactone formation. Notably, both were
found to additionally produce a broad panel of oxygenated and polyoxygenated diterpenes with
the starting diterpene scaffold miltiradiene or the first oxidized intermediate. Testing of
orthologs of the first P450 established TwCYP82D213 as the last step in the route giving access
to the triptolide derivative triptonide, next to a plethora of oxidized miltiradiene products.
Indeed, the authors acknowledge that the striking substrate and product promiscuity of
the TwP450s could suggest that instead of a simplistic model of a linear pathway, triptonide may
be one of the many products of a metabolic grid in T. wilfordii and engineered biotechnological
hosts 102,

Macrocyclic diterpenes

In addition to the two-step class Il/class | diTPS pathways leading to the labdane-type diterpenes,
there are single step class | diTPSs capable of catalyzing the transformation of GGPP into unique
diterpene scaffolds 4. These are often members of the TPS-a family, which are typically
sesquiterpene synthases, but can acquire a transit peptide and evolve to convert GGPP in the
plastid 193, One important example of this phenomenon are the macrocyclic diterpenes found
extensively in the Euphorbiaceae plant family. Several of these compounds have strong
bioactivity and pharmaceutical applications 1%, Investigations into the diTPSs across multiple
Euphorbiaceae species determined that casbene synthase likely produces the precursor to most
macrocyclic diterpenes in this plant family 15797, Casbene is a 14:3 bicyclic diterpene that was
hypothesized to proceed through the 5:11:3 lathyrane skeleton to other ring configurations that
require additional oxidations and ring closures 1%. The highly oxidized nature of the macrocyclic

diterpenoids found in Euphorbiaceae suggested involvement of P450s. With a combination of

20



genomic and transcriptomic sequencing, the CYP726 subfamily was found to be key in conversion
of casbene to jolkinol C, the first lathyrane intermediate, demonstrating the ability of a P450 to
catalyze carbon-carbon bond formation in a ring closure (Fig. 1.4). King et al. 1% found the first
active P450s in a biosynthetic gene cluster (BGC) containing diTPSs, P450s, and other terpene
associated genes in castor bean (Ricinus communis), later confirmed by Boutanaev et al. 1. In
characterizing these enzymes, they found that multiple P450s (CYP726A14, CYP726A17, and
CYP726A18) could oxidize the 5-position of casbene to either a hydroxy or keto group.
CYP726A16 could then add a 7,8-epoxy group to 5-keto casbene, but not casbene, requiring linear
and sequential oxidation. Later, this group investigated a similar BGC in another Euphorbiaceae
species, Jatropha curcas. In this BGC, they found orthologous CYP726As capable of oxidation at
the 5 and 6 positions and another P450, CYP71D495, that catalyzed production of 9-keto casbene
110, The combination of the 5,6- and 9-hydroxylases led to the production of jolkinol C, likely
through non-enzymatic tautomerisation of the enol group followed by an intramolecular aldol
reaction that creates the key C-C bond. Similarly, Luo and co-workers found in the same year a
CYP71D/CYP726A pair from Euphorbia peplus that catalyzed the same oxidation reactions 1.
However, in this instance a short-chain alcohol dehydrogenase (ADH) was also required for
formation of jolkinol C. Careful in vitro experiments in this study demonstrated that the
hydroxylations and oxidations from hydroxy to ketone could proceed in any order and
combination of P450s and the ADH, network fashion. However, the presence of all three
invariably led to jolkinol C production when expressed in planta, though not in yeast, ostensibly
due to the different pH than plant cells 2. Wong and co-workers optimized expression of both

the E. peplus and J. curcas P450s in yeast and demonstrated production of jolkinol C in titers up
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to ~800 mg/L, and validated that while the ADH was not critical for jolkinol C formation, it did
significantly increase the titer 113, Fattahian and co-workers recently reviewed the extensive
literature on jatrophane and other cembrene-derived diterpenoids, which contains numerous
hypotheses from synthetic studies as to how subsequent ring transformations may occur 4. The
heavily oxidized structures isolated from Euphorbiaceae species indicate that these biosynthetic
pathways likely rely on additional oxidative enzymes, such as ADHs, to attain these
configurations. Further variation exists in the acylation of these compounds, as the polyester
form is typically isolated from the plant. With over 500 structures reportedly isolated, it is
apparent that some degree of network exists in the biosynthesis. Like other pathways examined
thus far, certain steps require exact precursors while others may occur in any order before
crossing another committed step. A single plant species often accumulates multiple end products
based on the same diterpene backbone, such as casbene in the case of the Euphorbiaceae 194115,
In this case, the pathway is linear through the biosynthesis of casbene, the common precursor,

and then differs in progressively divergent and complex oxidations.
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Figure 1.4. (a) Pathway to jolkinol C and (b) hypothesized route to additional macrocyclic
diterpene backbones. Sequential steps are represented by a single arrow, while curved double
arrows indicate steps where multiple enzymes can interact with multiple substrates in a
network fashion. In this pathway, the CYP71Ds (purple box) hydroxylate the 9 position while the
CYP726s hydroxylate the 5 position (green box), but this can occur in any order. Both can
hydroxylate the 6 position, together forming the unstable intermediate 6-hydroxy-5,9-
diketocasbene (in red brackets) which can non-enzymatically rearrange to jolkinol C. The
addition of E/ADH was found to significantly increase jolkinol C production by improving
conversion of hydroxy- moieties to keto- groups. For clarity, additional side products of these
enzymes are not shown. (b) Conversion of jolkinol C to additional rearranged terpenes has not
yet been elucidated and is indicated by the dotted arrows. CS, casbene synthase. Species names
are abbreviated as Rc, Ricinus communis; El, Euphorbia lathyris; Jc, Jatropha curcas. Inset shows
standard casbene numbering.

Beyond TPSs and P450s

Up to this point, the various pathways discussed have relied on TPS or P450 networks to create
an array of diterpenoids. Yet some plants may not have expanded P450 and diTPS gene families
and rely on other enzyme types to create chemical diversity. One example of this is the steviol

glycosides, which accumulate in planta to an astounding 25% of leaf dry weight. While over 30
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different steviol glycosides have been reported, stevioside and rebaudioside A (Reb A) make up
the bulk while the rest accumulate in low to trace amounts 6. The diterpene core, steviol, is
derived from a linear diTPS-CYP pathway that mirrors biosynthesis of the hormone gibberellin
until the last step. An ent-CPP synthase cyclizes GGPP, and the class | diTPS kaurene synthase
catalyzes transformation of ent-CPP to ent-kaurene 7. The first oxidation at C19 is catalyzed by
kaurene oxidase (CYP701A5) 8, A recent high quality genome assembly of Stevia rebaudiana as
well as early pathway discovery work indicate that these first three enzymes are likely present as
multiple copies in the genome, allowing for separate regulation for gibberellin versus steviol
biosynthesis 11°. From there the two pathways diverge, and the final oxidation at C13 is catalyzed
by kaurenoic acid 13-hydroxylase (KAH) resulting in steviol. While the definitive identity of this
enzyme in S. rebaudiana has not yet been verified, at least two P450s of the CYP716 and CYP714
subfamilies have been reported to have low to moderate KAH activity 1¢120, Additionally, four
tandem duplicates in the CYP716 subfamily were found to be highly expressed in S. rebaudiana
leaves, but have not been functionally verified 1°. In attempts to engineer high titer steviol
glycoside production in microbial hosts, native enzymes were replaced in favor of a higher
performing KAH (CYP714A2) from Arabidopsis thaliana 1?°'21, The pathway then diverges into
production of at least 14 steviol glycosides via a metabolic grid of four functionally characterized
UDP-dependent glycosyl-transferases (UGTs; UGT76G1, UGT74G1, UGT95C2, UGT91D2)
120,122,123 Hyndreds of additional UGT candidates were identified in the genome analysis, of which
86 are expressed in relevant leaf tissues for steviol glycoside biosynthesis 1*°. UGTs are known to
be quite promiscuous. For example, crude extracts of A. thaliana and tobacco have been shown

to glycosylate steviol and other pathway intermediates 8. This raises difficulty in pathway
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engineering for a specific glycosyl variant, as is the case for steviol glycosides. Reb M and Reb D
are two minor products of the steviol glycoside pathway that are preferred for their superior
organoleptic properties to the more naturally abundant stevioside and Reb A 123124 However,
co-expression of the UGTs needed to produce these compounds results in numerous unwanted
side products. Intensive mutational analysis of the relevant UGT (UGT76G1) led to a variant with
moderate improvements in product profile, but still multiple products 23, As with promiscuity of
the UGTs exponentially increases the diversity of the product profile, creating maximum output
for the plant but inhibiting facile biotechnological use of the pathway.
Monoterpenoids/sesquiterpenoids

Monoterpenoids and sesquiterpenoids share many characteristics and functions with
diterpenoids, but also have quite different and distinct roles in planta. Monoterpenoids are
biosynthesized in the plastids from primarily MEP precursors as seen for diterpenoids, while
sesquiterpenoids are generated in the cytosol from the MVA precursor pathway. Despite the two
distinct pathways, together monoterpenoids and sesquiterpenoids constitute a large portion of
the volatiles that plants emit 12°. Both classes often contribute to floral scents used to attract
pollinators or to deter florivores. Volatile terpenoids also play an important part in defense
against pathogens and general stress tolerance both above and below ground 2. One example
is caryophyllene, which is emitted from maize roots and attracts beneficial nematodes that feed
on the root pest corn rootworm (Diabortica virgifera) 12128, a-farnesene, which is emitted from
apples, is an example of a sesquiterpene that functions as an insecticide while also attracting
birds that feed on the apples and aid in seed dispersal 12°. Additionally, some of these terpenoids

can also modulate the microbiome of the flower or vice versa 13133 (reviewed by 134). While both
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hydrocarbons and terpenes with a single hydroxylation are important volatiles, it is interesting
to note that 92% of the known monoterpenoids are indeed hydroxylated according to the
Dictionary of Natural Products 3°. Despite their generally more volatile nature, mono- and
sesquiterpenoids are often also retained in plant tissue and many plants have specialized storage
cells, such as trichomes, laticifers and secretory ducts 1367138, Storage compartments, whether
internal or external, are excellent ways to store toxic terpenoids for potential usage against
herbivores during tissue rupturing.

Sesquiterpenoids

The majority of sesquiterpene synthases (sesquiTPSs) are soluble proteins located in the cytosol
that use (E E)-FPP as a substrate. Nonetheless, a few sesquiTPSs have been found to be
exceptions to this rule. In Nicotiana tabacum a sesquiTPS (tobacco 5-epi-aristolochene synthase,
TEAS) was characterized and found to accept (Z E)-FPP in addition to (E,E)-FPP as a substrate 3°.
In addition, a sesquiTPS from sandalwood (Santalum album) produces sesquiterpenes with
similar types of structures using both (E,E)-FPP and (Z 2)-FPP as substrates 4%, An example of a
Z,Z-FPP prenyl transferase was discovered in Solanum habrochaites. This correlated with a
sesquiTPS also identified in S. habrochaites that uses (Z,Z)-FPP but not (E,E)-FPP. The localization
of both these enzymes was interestingly found to be in the chloroplasts *1. SesquiTPS enzymes
can produce an astonishing variety of core terpene structures despite being limited in the
variation of substrates. In fact, much of the diversity of sesquiterpenoids can be accounted for
by the array of sesquiTPS products rather than extensive modifications, as seen for diterpenoids.
These products may be cyclized, such as the guaienes (a C5- and C7-membered ring),

eudesmanes (two C6-membered rings), germacrenes (a C10-membered ring), and humulenes (a
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Cl1-membered ring); however, many sesquiterpenoids are also linear or monocyclic such as
farnesene and bisabolene *2, Some backbones already contain a hydroxy group due to water
guenching of the carbocation cascade, such as kunzeaol produced by TgTPS2 in Thapsia
garganica **3. In Zea mays (maize) a TPS, ZmEDS, was even found that produced eudesmanediol,
which as the names indicates contains 2 alcohol groups **. The multitude of backbones
generated by the sesquiTPSs are due to various reactions that can occur during product
formation such as hydride shifts, methyl shifts, rearrangements, re- and de-protonations, in
addition to the presence of three double bonds in FPP. Extensive reviews of sesquiTPS product
formation can be found in 142145147 One of the most astounding sesquiTPSs is from Abies grandis
(AgTPS) where 52 different sesquiterpenoid products were identified, though the product profile
of the TPS was dominated by y-humulene while most other products were found in negligible
amounts 32, Unlike most TPSs, AgTPS has two rather than one divalent cation (Mg2+) binding sites
(the aspartate rich DDxxD domains) which are located at the entrance of the active site. This may
help the enzyme to achieve a much more complex product profile than seen for other
multiproduct sesquiTPSs. Due to the sensitive energy balance of carbocation cascades, altering a
single amino acid in the active site can significantly impact product profile. A study using a B-
sesquiphellandrene synthase from Persicaria minor showed that a single mutation changed the
product profile to include several hydroxylated sesquiterpenoids 48, Additional examples of
multiproduct TPSs (both mono- and sesquiterpenoids) have been reviewed by Vattekkatte and
colleagues *°. Though multiproduct TPSs are common, many sesquiTPSs produce either one sole
product or one major product with only very minor side products. In kiwi fruit (Actinidia deliciosa)

two examples of such single -product sesquiTPSs were described with either a-farnesene and (+)-
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germacrene D as the sole product **°. Three sesquiTPSs from Hyoscyamus muticus exemplified
this further, each producing a minimum of 93 % of a single compound compared to the total
amount of sesquiterpenoids detected.

Considering the multitude of sesquiTPS products, it is not surprising that sesquiTPSs that share
high sequence similarity may in fact produce different compounds. This is seen for two T.
garganica TPSs, TgTPS1 and TgTPS2, which share 91% sequence identity but produce two
different types of sesquiterpenoids, 6-cadinene and kunzeaol respectively. 6-cadinene is a
eudesmane with the typical two 6-membered rings while kunzeaol is a hydroxylated germacrene
with a 10-membered open ring structure. Additionally, TgTPS1 is a single-product TPS while
TgTPS2 produces several sesquiterpenoids in addition to kunzeaol 3. Various mutation studies
show that with just one or two amino acid changes in the active site of a sesquiTPS the product
profiles change substantially >*1°2, In Gossypium arboreum (cotton) a (+)-6-cadinene synthase
was subjected to a mutation study and it was shown that changing a single amino acid can result
in the production of a germacrene D-4-ol in addition to the original compound &-cadinene *°3,
Many plants produce a variety of sesquiterpenoids, and it is common to see a portion of these
based solely on one type of backbone structure. These backbones may have been modified by
various hydroxylations as seen in the variety of caryophyllanes in Eremophila spathulata or
acetylations as seen in T. garganica **'>, Most of the pathways for known sesquiterpenoids
have not yet been elucidated, though in some species partial pathways have been found though
several further modifications are expected to occur %7, In some of these instances the
pathway is linear up until a certain point but branches out during the final modifications, as seen

in the diterpenoid pathways.
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Like with diterpenoids, P450s are often the next class of enzymes to add further diversity to the
sesquiterpenes. P450s often perform a single oxidation on the sesquiterpene backbone though
in several cases a cascade of oxidations occurs on the same carbon or same backbone. This is
often seen in the formation of sesquiterpene lactones, described below. The promiscuity of
P450s also renders them in some cases able to perform several consecutive hydroxylations on
various positions on the same backbone. For example, in S. habrochaites CYP71D184 can oxidize
7-epi-zingiberene into 9-hydroxy-zingiberene and 9-hydroxy-10,11 epoxyzingiberene 8, One of
the earliest modified sesquiterpenoid pathways to be studied was capsidiol biosynthesis in N.
tabacum. The first step in the pathway is production of 5-epi-aristolochene by the TPS 5-
epiaristolochene synthase (EAS). This is followed by hydroxylations at C1 and C3 by CYP71D20 to
form capsidiol %169, Capsidiol biosynthesis is further reviewed in 36, Another interesting example
of P450 promiscuity is found in S. album. Sandalwood is known for having an essential oil with
fragrant sesquiterpenoids. These pathways have been reviewed previously and are therefore
only mentioned in brief here 36, A network of nine P450s from the CYP76F sub-family was found
to hydroxylate santalene and bergamotene backbones into corresponding santalols and
bergamotols showing both a large and promiscuous P450 subfamily 163162,

Some of the most studied sesquiterpenoids belong to the sesquiterpene lactone subgroup due
to their bioactivity and pharmaceutical activity 13, A few examples include sesquiterpenoids from
Tanacetum parthenium, T. garganica and Artemisia annua 1°4-1%¢ The enzymes responsible for
lactone ring formation have been described in all three species but the complexity and the type
of enzymes involved in lactone ring formation depend on the pathway and the species in

question, each having a unique approach 77170, Kauniolide biosynthesis in T. parthenium and
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artemisinin biosynthesis in A. annua are briefly highlighted. While several of the biosynthetic
steps for lactone ring formation have been described in various Asteraceae species, most
progress has been made in T. parthenium which is described here (Fig. 1.5). Kauniolide
biosynthesis is initiated by converting FPP to germacrene A, catalyzed by the sesquiTPS
germacrene A synthase (GAS) 1’1, Germacrene A oxidase (CYP71, GAO) performs a three-step
oxidation of germacrene A to yield germacrene A acid (germacra-1(10),4,11(13)-trien-12-oic
acid). A second P450, costunolide synthase, (CYP71BL2/COS) catalyzes a hydroxylation of
germacrene A acid on position C6. The interesting outcome of these hydroxylations was seen
regarding the formation of the lactone ring. The 6-a-germacrene A acid can perform a
spontaneous lactonization to yield costunolide, a reoccurring theme. Costunolide is one of the
possible precursors of many germacranolide, eudesmanolide and guaianolide sesquiterpenoids.
GAS, GAO and COS are found in several Asteraceae including Cichorium intybus, T. parthenium
and Helianthus annuus, but were all described in T. parthenium ®8. Further steps modifying
costunolide were elucidated in T. parthenium. In 2014 Liu and co-workers®® found a CYP71 clan
P450, TpPTS/CYP71CA1, forming an epoxide and converting costunolide into parthenolide. This
was followed in 2018 by the first discovery of a sesquiterpenoid P450 (TpKLS, CYP71BZ6X) able
to perform the ring closure of a germacrene (parthenolide) thereby yielding kauniolide, a
member of the diverse guaianolides 2. Though the pathway as described up until kauniolide

appears to be linear, a P450 responsible for two potential side branches was also discovered.
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Using yeast microsomes expressing CYP71CB1, feeding studies with costunolide and parthenolide
found these converted to 3p-hydroxycostunolide and 3B- hydroxyparthenolide, respectively.

Both metabolites have indeed been detected in T. parthenium, alluding to a role in planta
awaiting discovery. The genus Tanacetum in general produces a variety of different
sesquiterpene lactones, though for T. parthenium at least costunolide and parthenolide are
found in quantities sufficient for detection, parthenolide is furthermore one of the most
abundant sesquiterpenoid lactones found in the plant 3. T. parthenium also produces a variety
of further decorated guaianolides and it is likely that these are based on modifications of
kauniolide sesquiterpenoids and are Artemisinin biosynthesis is an instructive example of a
different set of enzymes generating the precursor steps needed for lactone ring formation.
Depending on the expression system used for characterizing the individual enzymes involved in
artemisinin biosynthesis different activities have been reported 179174175 Here we only describe
the pathway overview given by Judd, Xie and coworkers (Fig. 1.5) Y"®'77_ The first step in
artemisinin biosynthesis is catalyzed by the sesquiTPS, ADS, which converts FPP to amorpha-4,11-
diene 178179 CYP71AV1 then performs a hydroxylation of amorpha-4,11-diene to artemisinic
alcohol. Alcohol dehydrogenase 1 (ADH1) converts artemisinic alcohol to artemisinic aldehyde.
From here a reduction of artemisinic aldehyde to dihydroartemisinic aldehyde is catalyzed by
artemisinic aldehyde A11(13) reductase (DRB2). Aldehyde dehydrogenase 1 (ALDH1) is the final
enzyme involved and forms dihydroartemisinic acid. The lactone ring is then expected to form
spontaneously by photo-oxidation based reactions. Further characterization of enzymes
including in planta studies conversely showed additional complexity. Several side branches are

found with intermediates being converted away from the artemisinin path. These side branches
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include the intermediate dihydroartemisinic aldehyde being converted to dihydroartemisinic
alcohol by dihydroartemisinic aldehyde reductase (RED1) *¥°. Another branch is the conversion
of artemisinic aldehyde to artemisinic acid by aldehyde dehydrogenase 1 (ALDH1) from which
arteannuin A is formed.

Gossypol, hemigossypolone and heliocides are cadinene type sesquiterpene aldehydes found in
cotton (G. hirsutum). Significant progress has been made in the discovery of the enzymes
responsible for the central backbone, though the final steps to gossypol are still awaiting
discovery (Fig. 1.5). The initial biosynthetic step is performed by a (+)-6-cadinene TPS (CDN)
followed by oxidation by CYP706B1 to 7-hydroxy-(+)-6-cadinene. An alcohol dehydrogenase,
DH1, converts 7-hydroxy-(+)-6-cadinene to 7-keto-6-cadinene. Two P450s, CYP82D113 and
CYP71BE7, yield single oxidations generating 8-hydroxy-7-keto-6-cadinene and 8,11-dihydroxy-
7-keto-6-cadinene, respectively. While there are several steps missing mid-pathway, virus
induced gene silencing (VIGS) led to identification of an additional step further downstream
namely a 2-oxoglutarate/Fe(ll)-dependent dioxygenase (2-OGD-1) which converted
furocalamen-2-one to a new compound, 3-hydroxy-furocalamen-2-one °%. Additionally, DH1 was
found to be promiscuous and uses 8-hydroxy-7-keto-6-cadinene and 8,11-dihydroxy-7-keto-6-
cadinene as substrates.

As seen for other classes of terpenoids, various sesquiterpenoids have also been found as
glycosides. One example is Dendrobium nobile where eight guaiene and eudesmane type
sesquiterpene glycosides have been isolated to date 18182 The sesquiterpenoid field has not
progressed as far as the diterpenoid field when it comes to elucidating long and complex

pathways especially when it comes to acetylated and glycosylated sesquiterpenoids. Recently,
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however, a breakthrough was made in tea plant (Camellia sinensis (L.) O. Kuntze). During cold
stress in tea plants, the linear and hydroxylated sesquiterpenoid nerolidol accumulated in a
glycosylated form and is thought to play a role in cold adaptation. A glucosyltransferase,
UGT91Q2, found to be induced by cold stress was indeed shown to produce nerolidol
glucoside®®3,

Monoterpenoids

The majority of known monoterpenoids are derived from geranyl diphosphate (GPP), produced
from one IPP and one DMAPP by geranyl diphosphate synthase (GPPS) in the plastids. In tomato
(Solanum lycopersicum) a neryl diphosphate synthase (NDPS1) was found to produce neryl
diphosphate (NPP) 23, Monoterpenoids derived from two DMAPP units have also been described
and constitute a small subclass known as irregular monoterpenoids 84, As seen for other classes
of terpenoids, monoterpenoids are also present with different types of backbones such as acyclic,
monocyclic and bicyclic structures *2. For regular monoterpenoids, the first committed step is
performed by a monoterpene synthase (monoTPS). As seen for many sesquiTPSs, it is not
uncommon for monoTPSs to produce multiple products. #° lists several examples of multi-
product monoTPSs, but a few well-known examples include a 1,8-cineole synthase from
Nicotiana suaveolens that produces six out of the eight flower volatiles found in the plant 18> and
a limonene synthase from lavender (Lavandula angustifolia) that produces six monoterpenes
also found in flowers 18

The oxidative metabolic networks giving rise to a vast diversity of monoterpenes of
biotechnological, commercial, and agricultural relevance has been reviewed for menthol

(Mentha x piperita), linalool derivatives (A. thaliana) and iridoid precursor geraniol (Catharanthus
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roseus, A. thaliana) 3¢®. For an update and elaboration on the vast network of monoterpene
functionalization in glandular trichomes of members of the Lamiaceae, we refer the reader to 88,
In the following we will focus on advances in network discovery in this family, which is
exceptionally rich and chemically diverse in monoterpene metabolites ¥°. A few examples of
remarkable monoterpenoid biosynthesis in other families are also highlighted. Increasingly
available high-quality transcriptomes have in recent years fueled the discovery and functional
annotation of genes that span networks in monoterpenoid metabolism in the mints °°,

Specifically in thyme, three distinct chemotypes were explored to identify the routes to thymoaol,
carvacrol and the further oxidized thymogquinone 9, Like the pathway to the diterpene resin
acids and the macrocyclic jolkinol C described above, thyme provides an example of a route
involving unstable intermediates. In thyme, the activity of seven members of the CYP71 subfamily
were shown to yield specifically two dienol intermediates from gamma-terpinene, which can
spontaneously dehydrate to the aromatic p-cymene. However, when combined with a short-
chain dehydrogenase two allylic ketone intermediates were detected. These can isomerize via
keto-enol tautomerism into the aromatic alcohols thymol and carvacrol. Two P450s of the
CYP76S and CYP736A families then can intercept and oxidize these products to the shared
product thymohydroquinone. It is currently unclear whether the final oxidation to thymoquinone
occurs enzymatically, or spontaneous (Fig. 1.6, adapted from Krause et al., 2021) '°. In depth
analysis of the recently published genome of Chinese native thyme T. quinquecostatus genome
192

may provide further insights into the evolution of these pathways. Furthermore, the reported

presence of ten and structural elucidation of seven monoterpene glycosides indicates that the
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networks are more expansive than just the routes to the oxidized scaffolds, and with yet to be

discovered enzymes plausibly of the UGT family 193,
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Figure 1.6. Nepetalactone biosynthesis in Nepeta spp. Undefined stereochemistry is depicted
by a crossed double bond. 80G, 8-oxogeranial; ISY, iridoid synthase; NEP, nepetalactol-related
short-chain reductase/dehydrogenase.

Two illustrative examples of pathway discovery using chromosome-scale genome assemblies are
found in nepetalactone catnip (Nepeta spp.) ** and Mentha longifolia L. 1%, To investigate the
repeated evolution of the unusual volatile nepetalactone iridoid-type monoterpenes, Lichman
and co-workers combined a comparative genomic approach, with phylogenetic analysis and
enzyme characterization. This specific example highlights that complex networks can arise
through enzymatic activities in the pathways beyond TPSs and P450s. Specifically, the
biosynthesis of nepetalactones involves dephosphorylation of geranyl diphosphate by geraniol
synthase, hydroxylation by geraniol-8-hydroxylase and oxidation to the ketone 8-oxogeranial.
This linear route was then suggested to be expanded by action of iridoid synthase yielding
nepetalactol a decade ago '°¢. The pathway was refined by the demonstration that short-chain

reductases/dehydrogenases are required for stereoselective formation of nepetalactone in

either cis-trans or cis-cis configuration by nepetalactone synthase 1 (NEPS1) and cis-cis-
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nepetalactol (NEPS3) in Nepeta spp. (catmint) °7. Intriguingly, the genomes of two Nepeta
species revealed the presence of BGCs which, together with co-expression analysis finally
clarified the routes to three of the four possible stereoisomers of nepetalactone. The authors
reported specific sequences including four NEPS and a major latex protein-like (MLPL) enzyme

spanning the metabolic network (Fig. 1.7, adapted from Lichman et al., 2020) %4,
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Figure. 1.7 Biosynthetic pathways of thymol, carvacrol, p-cymene, and thymohydroquinone.
Pathways are from thyme and oregano. SDR, short-chain dehydrogenase/reductase.

Like thyme, M. longifolia accessions were reported to have highly diverse chemotypes, which can
open the door to the discovery of enzymes contributing to characteristic profiles. Even though
an earlier draft genome of M. longifolia existed 8, the chromosome scale reference genome
published in 2022 impressively set the stage to identify and characterize the genetic
underpinning for the monoterpene composition!®®. Integration of transcriptomic data,

specifically from the glandular trichomes, and putative orthology to the large number of
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functionally characterized homologs in other mint species (i.e., peppermint) involved in the
pathway to (-)-mentone was used to mine the genome.

This approach identified some, but not all, menthone biosynthetic candidate genes including
those encoding the key TPS for limonene (LS), the P450 catalyzing 3-hydroxylation of limonene
(L3H), isopiperitenone dehydrogenase (ISPD), isopiperitenone reductase (ISPR) and pulegone
reductase (PulR). The latter three were experimentally validated as recombinant enzymes. It is
unclear, however, why the chemotype of the sequenced accession accumulates predominantly
pulegone and only traces of mentone (79% and 0.06%, respectively), despite high expression and
apparent functionality of the PulR. Yet, with detection of metabolites of the non-mentone,
piperitenone-type, which originate from limonene as well, mint monoterpenes follow suit to the
examples above and are formed through complex metabolic networks. It is noteworthy that the
genomic mapping of the candidate genes indicated presence of at least one cluster of non-
homologous genes of monoterpene metabolism (LS, L3H) 1%°.

In Brassicaceae, A. thaliana is a good example of a species with an active monoterpenoid
network, specifically linalool metabolism. This has been extensively reviewed previously and
therefore only a few enzymes are highlighted here. Two monoTPSs, TPS10 and TPS14, were
characterized as (R)- and (S)-linalool synthases, respectively 8. A. thaliana harbors several P450s
from both the CYP71 and CYP76 families that can hydroxylate linalool. These include CYP76C3
and CYP71B31 that produce multiple linalool derivatives from (3S) and (3R) linalool, however not
in equivalent quantities ®°. Additional CYP76s were found to also participate in linalool oxidation
with CYP76C1 recognized to be the enzyme mainly responsible for linalool oxidation in

flowers199:200,
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Grapevine (Vitis vinifera) from the Vitaceae family is another producer of linalool with several
TPSs responsible for this 291, Recently CYP76F14 was found to oxidize linalool in several steps to
(E)-8-carboxylinalool 292, (E)-8-carboxylinalool is present as glucose ester in grape berries, with
expected involvement of a UGT in the biosynthesis. Of further importance to the wine industry
is that linalool is a precursor of the wine odorant wine lactone.

Pyrethrins are an important and unique type of metabolites that are valued for their anti-
insecticidal activity and found in several species in Asteraceae including Tanacetum
cinerariifolium. The various pyrethrin structures consist of two parts derived from two different
pathways, an acid moiety from an irregular monoterpenoid pathway and an alcohol moiety
derived from jasmonic acid. The monoterpenoid acid moiety is either pyrethric acid or
chrysanthemic acid and several different metabolites of the class of pyrethrin have been
described 2°3, The pathway to pyrethric acid was recently discovered and includes four enzymes.
The initial enzyme, TcCDS, involved in the monoterpenoid branch was discovered in 2001 and
found to utilize two DMAPP to produce chrysanthemyl diphosphate 2. Later additional studies
showed that TcCDS could also form chrysanthemol, which is the actual precursor of pyrethrins2%4.
The following steps up until pyrethric acid was only discovered recently 2°°, Chrysanthemol is
converted to chrysanthemic acid by alcohol dehydrogenase (2 TcADH2), and aldehyde
dehydrogenase (1 TcALDH1) 2°6. CYP71BZ is a chrysanthemol 10-hydroxylase (TcCHH) that
oxidizes C10 of chrysanthemol to form a carboxylic group thereby producing 10-
carboxychrysanthemic acid. The final step to pyrethric acid is performed by 10-
carboxychrysanthemic acid 10-methyltransferase (TcCCCMT). A GDSL lipase (TcGLIP) is responsible

for linking the acid moiety to the alcohol moiety 2%7.
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Mono- and sesquiterpenoids — blurred lines

One of the most promiscuous plant P450s discovered so far, CYP706A3, has been found in A.
thaliana 2°8. CYP706A3 is a key player in the sesquiterpenoid metabolic network but can also
oxidize monoterpenoids. CYP706A3 was found to cluster with TPS11 on the Arabidopsis genome.
TPS11 is a sesquiterpene multiproduct enzyme, with (+)-a-barbatene and (+)-thujopsene
amongst the major products 2%, The substrates of CYP706A3 are hydrocarbons and the
hydroxylation performed on these is a key factor in switching the affected classes from volatiles
released to retained and stored in flowers plausibly due to increased polarity. Interestingly insect
larvae were observed to avoid feeding on flowers expressing CYP706A3. As seen before with
promiscuous P450s, CYP706A3 did not oxidize all TPS11 products with the same efficiency but
seemed to favor the ‘bulky multi-cyclic sesquiterpenoids’. The promiscuity of CYP706A3 was
further supported by not only single oxidations on multiple substrates, but also successive
oxidations of the same substrates. Despite the clustering with a sesquiterpene producing TPS,
additional screening in microsome assays with pure standards of several monoterpenoids, a-
pinene, (+)-sabinene, B-pinene, and a-phellandrene, corresponding to the product of A. thaliana
TPS24, also showed oxidation of these.

Conclusion

The evidence for complex networks in the pathways presented here demonstrates how plants
often rely on a small set of enzymes to generate distinct, yet variegated, chemical profiles. Similar
strategies are applicable beyond terpenoids and are often observed in other specialized
metabolite families. In particular, the reliance on promiscuous P450s and other modifying and

conjugating enzymes is common to the biosynthesis of alkaloids, flavonoids and glucosinolates.
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In our survey of terpenoid biosynthesis, it is apparent that within a particular plant lineage, a
single or few terpene backbones can give rise to the majority of terpenoid diversity. Within the
diterpenoids, most of this diversity is generated through the activity of modifying enzymes such
as P450s and other oxidoreductases as well as glycosyl and acyl transferases. In particular, the
tendency of these enzymes to act on multiple substrates and thus create multiple network edges
exponentially diversifies the product profile. Some multiproduct diTPSs exist, but they tend to be
the exception, whereas volatile mono- and sesquiterpene pathways appear to rely largely on
diversification through TPSs (both by multi-product single enzymes and large gene families),
consistent with biological functions based on volatility. In the cases where mono- and
sesquiterpenes are heavily modified, they reflect diterpenoid pathways in that one backbone is
used to generate a class of related compounds.

The human bias in approaching specialized metabolism is to seek a linear pathway leading to
single compounds of interest. Though this is the case in limited plant species where a single or
few compounds predominate, there are typically many related compounds present in various
guantities. Moreover, “intermediate” compounds of some pathways can accumulate to
detectable levels and may also be bioactive. The terpenoid pathways presented here support the
concept that plants benefit from a network of specialized metabolism that generates a diverse
array of bioactive compounds, enabling defense against a variety of environmental threats. Those
studied now are simply a snapshot of a dynamic evolutionary process that changes along with
constantly shifting selective pressures. Moreover, although plants rely on a repertoire of both
redundant and promiscuous enzymes for these networks, they have also developed extensive

regulatory mechanisms to limit interactions and control product outcomes. Integrating study of
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the native host metabolism through precise transcriptomics, proteomics, and metabolomics
approaches along with biochemical enzyme characterization will improve our understanding of
how plants control such complex network interactions. As we continue to learn how plants
accomplish sophisticated biosynthesis of specialized metabolites, this knowledge will also serve
as alesson for biotechnological control of plant enzymes when engineering production of a single
desired compound.
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Thesis Rationale and Overview

From both a fundamental and applied science perspective, mapping plant terpene biosynthetic

pathways is an important part of understanding plant specialized metabolism. Due to the often
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lineage-specific nature of specialized metabolism, different species generate unique chemistry
to answer the demands of their native environment. Through investigation of non-model species,
we can learn more about the evolution and genetic underpinnings of specialized metabolism
while discovering the enzymes needed for biotechnological production of valuable fragrance,
flavor, medicinal, and agricultural compounds which are difficult to synthesize by traditional
methods. In this work, | explore the diterpenoid biosynthetic networks of American beautyberry
(Callicarpa americana) within the wider context of orthologous pathways in other members of
the mint (Lamiaceae) family. The mint family is a rich source of terpenes, especially bioactive

210 3nd has numerous

diterpenes 73. The genus Callicarpa contains over 150 recognized species
documented uses in traditional medicines across Asian and native American cultures 7?1, Nearly
1000 papers have been published in the past two decades documenting the phytochemical
components and bioactivities of Callicarpa species, highlighting the presence of nearly 100
unique diterpenoid structures?'?2. However, excepting one recent paper on iridoids
(monoterpenoids)?!3, there have been no reports on the biosynthetic pathways of specialized
metabolites in Callicarpa. In Chapter 2, | characterize the set of diTPS genes in C. americana, using
genomic and transcriptomic data developed by our collaborators in the Buell lab. This leads to
work in Chapter 3, where | investigate along with my coauthor Abby Bryson the possible function
of a large BGC of diterpenoid related genes. We also find syntenic BGCs present in the genomes
of at least 7 other divergent mint family species. This work highlights the role of genomic
organization in the evolution of diterpenoid metabolism, which has only recently been

recognized as an important mechanism in plants. Moreover, | find that the diTPSs in the BGC are

instrumental in making both a unique diterpene backbone without a previously reported
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biosynthetic route as well as a class of diterpenes found in the roots of C. americana that has
never been reported in this species. In Chapter 4, | discover a P450 that is key to the biosynthesis
of bioactive furano-clerodane type diterpenes in C. americana. Along with coauthor Nick
Schlecht, | investigate this subfamily of P450s in 7 additional mint family species, finding a shared
enzymatic function that is key to numerous biosynthetic pathways for important insect
antifeedant diterpenes. In Chapter 5, | continue to investigate the enzymes involved in the
biosynthesis of bioactive clerodanes. | generate transcriptomic resources for two additional
Callicarpa species, Japanese beautyberry (C. japonica) and Mexican beautyberry (C. acuminata),
as well as for glandular trichome tissue in C. americana. After testing over 40 candidate enzymes,
| find three active short chain dehydrogenases (SDRs) that catalyze formation of another
intermediate step towards the desired bioactive clerodane compounds. Together, the work
presented here contributes to a deep understanding of the diterpenoid networks present and
how they came to be in American beautyberry and more widely, the mint family. These findings
will help to enable biotechnological production of valuable diterpenoids while also providing an

entry point for further biosynthetic discoveries in other Callicarpa and mint family species.
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CHAPTER 2: IDENTIFICATION OF KEY DITERPENE SYNTHASES USING A CHROMOSOME-SCALE
GENOME ASSEMBLY OF THE INSECT-REPELLENT TERPENOID-PRODUCING LAMIACEAE SPECIES,
CALLICARPA AMERICANA
Emily R. Lanier, Wajid W. Bhat, John P. Hamilton, Bjoern R. Hamberger, Robin C. Buell.

This chapter is excerpted from the following publication:

Hamilton, J. P. et al. Generation of a chromosome-scale genome assembly of the insect-
repellent terpenoid-producing Lamiaceae species, Callicarpa americana. GigaScience 9, giaa093
(2020).

Author contributions:

The publication associated with the work in this chapter with this chapter describes the genome
assembly of Callicarpa americana, which was generated and described by Dr. Robin Buell, Dr.
John Hamilton, and the rest of the Buell lab group. The abstract and introduction from the original
publication, adapted below, was written by the Buell lab along with Figure 2.1. My contribution
to this publication is the characterization of key diterpenoid enzymes using gene models
described as part of the reported assembly. Together Dr. Wajid Bhat and | analyzed the set of
diterpene synthases identified in the genome assembly. | then characterized 3 of these diterpene
synthase enzymes. | wrote the “Specialized Metabolism Analyses” section as well as creating

Figures 2.4 and 2.5. Wajid Bhat created Figures 2.2 and 2.3. The Methods section was written by

myself and Wajid Bhat.
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Abstract

Plants exhibit wide chemical diversity due to the production of specialized metabolites which
function as pollinator attractants, defensive compounds, and signaling molecules. Lamiaceae
(mints) are known for their chemodiversity and have been cultivated for use as culinary herbs as
well as sources of insect repellents, health-promoting compounds, and fragrance. Callicarpa
americana (American beautyberry) is a species within the early-diverging Callicarpoideae clade
of Lamiaceae, known for its metallic purple fruits and use as an insect repellent due to its
production of terpenoids. The diterpene intermediate kolavenyl diphosphate is a gateway to
many of C. americana’s bioactive terpenoids. Using the chromosome-scale genome assembly
generated by our collaboratoes as part of this project, we identified 53 terpene synthase gene
candidates and mapped their expression in 8 tissue types. Experimental validation confirmed that
CamTPS2 encodes a kolavenyl diphosphate synthase, demonstrating that access to the C.
americana genome provides a roadmap for rapid discovery of genes encoding plant-derived
agrichemicals and a key resource for understanding the evolution of chemical diversity in

Lamiaceae.

64



Introduction

Mints (Lamiaceae) are the sixth largest family of flowering plants and include many species grown
for use as culinary herbs (basil, rosemary, thyme), food additives and flavorings (peppermint,
spearmint), pharmaceuticals and health-promoting activities (skullcap, bee balm), feline
euphoria induction (catnip), wood (teak), fragrance (lavender, patchouli), insect repellents
(peppermint, rosemary), and ornamentals (coleus, chaste tree, beautyberry). This diverse set of
uses for Lamiaceae is due in part to their production of specialized metabolites, primarily
terpenes (monoterpenes, sesquiterpenes, diterpenes) and iridoids (irregular terpenes). Through
an integrated phylogenetic-genomic-chemical approach, the evolutionary basis of Lamiaceae
chemical diversity was shown to involve gene family expansion, differential gene expression,
diversion of metabolic flux, and parallel evolution®. Genome sequences are currently available
for a number of Lamiaceae species and are providing new insights into these phenomena, yet are
primarily limited to members of Nepetoideae?®, the most species- and monoterpene-rich of the
12 major mint clades (= traditional subfamilies). As for the remaining major clades, a genome
sequence is available only for Tectona grandis L. f. (teak; Tectonoideae)®. To expand our
knowledge of the genome evolution underlying chemodiversity in this important family, we
generated a chromosome-scale assembly of Callicarpa americana (American beautyberry), a
species renowned for its charismatic purple fruits (Fig. 2.1). Callicarpa occupies a pivotal
phylogenetic position as a representative from the early-diverging mint lineage, Callicarpoideae®.
The species is native to North America (southern U. S. A., northern Mexico), North Atlantic
(Bermuda, Bahamas), and Cuba, and has known insect repellent activity”® due to production of

spathulenol, intermedeol, and callicarpenal®. Access to its genome will enable discovery of the
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genes encoding the biosynthetic pathways for these terpenes and the potential for heterologous
expression of botanical-derived insect repellents; the genome is also an important evolutionary

reference for the mint family.

Figure 2.1. Callicarpa americana. American beautyberry plant with fruit.

Results

Specialized metabolite analyses

Callicarpa americana produces a range of bioactive diterpenoids derived from the Cyo clerodane
skeleton?®, a less common instance of the labdanoid diterpenes. These include the Ci¢ nor-
diterpenoid (-)-callicarpenal with a range of mosquito, tick, and arthropod repellent activities®.
Clerodane-type diterpenes are derived from the precursor kolavenyl diphosphate (KPP), which is
formed by class Il diterpene synthases (diTPS) of the terpene synthase ¢ (TPS-c) subfamily!l-13,
Here, we describe the annotation and validation of the KPP synthase in C. americana, a gateway
to many of its bioactive terpenoids. Using the assembled genomic and transcriptomic data, we
performed a sequence similarity search with BLASTP comparing the C. americana peptide models

against a set of reference terpene synthases (TPSs). Peptides shorter than 350 amino acids or
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having less than 30% identity to the most similar reference sequence were filtered out, yielding
a total of 53 candidate TPSs. We used phylogenetic clustering (Fig. 2.2) with known TPSs to
identify and classify candidates most likely to catalyze the formation of KPP. The complement
and distribution of TPSs discovered was found in accordance with plant species!?, reflecting
general metabolism and species-specific evolution of specialized metabolism in C. americana.
Specifically, our study resulted in eight putative diTPSs from the TPS-c subfamily; class Il diTPSs
are typically involved in formation of the necessary diphosphate intermediates of the labdane-
type chemistry. Of the eight candidates, four were successfully cloned from cDNA and transferred
into the plant expression vector pEAQ® as described previously. The others were not further
pursued due to low expression levels or a lack of expression in tissues relevant for callicarpenal
formation. Expression analysis of tissue-specific accumulation of transcripts for the diTPSs (Fig.
2.3) showed the highest expression in young leaves and flowers for CamTPS2, consistent with the

presence of callicarpenal in leaves.
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CamTPS53
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Figure 2.2. Phylogenetic analysis and classification of the Callicarpa americana terpene
synthase family. Shown are the distinct terpene synthase gene families TPS-a through TPS-g.
Highlighted in boxes are TPSs clustered in proximity on the genomic pseudomolecules. C.
americana TPSs are in boldface; red stars indicate functionally characterized members of the
TPS-c subfamily; dots on branches indicate bootstrap support 280%. The phylogeny was rooted
with the bifunctional Physcomitrella patens (moss) PpCPS/EKS.
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Figure 2.3. Tissue-specific expression of the Callicarpa americana terpene synthase gene
family. Expression is in transcripts per million. Red stars indicate functionally characterized
members of the TPS-c subfamily.

Characterization of the candidates through transient expression in Nicotiana benthamiana and

gas chromatography—mass spectrometry (GC-MS) analysis showed that CamTPS1 and CamTPS3

catalyze the formation of ent-copalyl diphosphate (Fig. 2.4), the first step in the biosynthesis of
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the ubiquitous ent-kaurane type plant growth hormone gibberellic acid (GA) (Fig. 2.5) and
specialized metabolites in the ent-configuration found in this genus. CamTPS6 yielded (+)-copalyl
diphosphate, precursor of calliterpenone, a rare (+)-kaurane type diterpene found across several
species of Callicarpa®. (+)-Copalyl diphosphate is also the intermediate to the common diterpene
miltiradiene, precursor to many defense related diterpenoids found in other Lamiaceae and
previously identified in other Callicarpa species'®. Finally, CamTPS2 was confirmed to yield the
possible precursor of callicarpenal, KPP. All products were confirmed by comparison with
reference combinations of diTPS (Fig. 2.4). Together, this set of diTPSs yielded all plausible

precursors to the known chemical diversity of diterpene scaffolds in C. americana (Fig. 2.5).
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Figure 2.4. GC-MS data for TPS enzymes investigated alongside reference diTPS enzymes.



Figure 2.4 (cont’d).

Each class Il diTPS is paired with a characterized class | diTPS and elution time/mass spectra
compared to a pair of reference diTPS. (a) CamTPS1 and CamTPS3 paired with NmTPS2 catalyze
formation of ent-kaurene, thus confirming that CamTPS1 and CamTPS3 both catalyze formation
of ent-CPP. The reference pair of ZmAn2 + NmTPS2 makes ent-kaurene from ent-CPP. (b)
CamTPS6 paired with CfTPS3 catalyzes formation of miltiradiene, confirming activity as a (+)-
CPP synthase. The reference pair NmTPS1 + CfTPS3 makes miltiradiene from (+)-CPP. C,
CamTPS2 paired with ScSS makes kolavelool, confirming CamTPS2 as a KPP synthase. The
reference pair ShTPS1 + ScSS makes kolavelool from KPP. Reference enzymes NmTPS1, NmTPS2
Nepeta mussini; CfTPS3, Coleus forskohlii; ZmAN2, Zea mays; SsSCS, Salvia sclarea®>1°,

CamTPS2
/ kolavenyl diphosphate

OPP
CamTPS$1
e
CamTPS3
geranylgeranyl
diphosphate ent-copalyl diphosphate
CamTPS 6
OPP

normal/(+)-copalyl diphosphate

Figure 2.5. Activities of functionally characterized Callicarpa americana L. TPS-c. Dotted arrows
indicate putative further functionalization by class | diTPS and cytochromes P450 to diterpene
products accumulating in C. americana.
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Conclusion

The insect repellent activity of C. americana is due to the production of the terpenoids
spathulenol, intermedeol, and callicarpenal®, and access to a chromosome-scale genome
assembly of C. americana permitted identification of CamTPS2 which synthesizes kolavenyl
diphosphate, a precursor to callicarpenal. As the sixth largest angiosperm family, and with
extensive chemical diversity, Lamiaceae are an ideal group for application of phylogenomic data-
mining, a powerful approach for biosynthetic pathway discovery. Generation of the genome of
C. americana, of the early-diverging Callicarpoideae clade of Lamiaceae, provides a roadmap for
rapid discovery of genes encoding plant-derived agrichemicals and a key resource for
understanding the evolution of both chemical diversity and mint genomes.

Methods

Phylogenetic tree

C. americana TPSs were identified by Blastp (v. 2.2.31+)?° using a set of reference terpene
synthases across all TPS-subfamilies against the gene models. Hits with less than 350 amino acids
or less than 30% identity to the reference sequences were filtered out. Sequences were aligned
using the MUSCLE program from MEGA?!, using default parameters and the alignment was
manually verified for consistency. A maximum likelihood tree was generated using Jones-Taylor-
Thornton model with MEGA X?! with 1,000 bootstrap repetitions. The tree figure was generated
using FigTree v1.4.3%2,

Heatmap generation

Gene expression heat maps were generated by using ClustVis web tool?® with the default routine,

using TPM values of the TPS gene expression in different tissues of C. americana.
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RNA extraction and transcriptome sequencing

For transcriptome analyses, RNA was isolated from mature and young leaves, stems, petioles,

roots, flowers (open and closed), and ripened whole fruits (denoted by the deep purple color)

from growth chamber—grown plants using a hot phenol method?*. lllumina TruSeq Stranded

MRNA (polyA mRNA) libraries were constructed and sequenced on an lllumina HiSeq 4000 to

150 nt in paired-end mode. All lllumina sequencing was performed at the Research Technology

Support Facility at Michigan State University.

Cloning

From RNA, cDNA was prepared using the Invitrogen SuperScript™ IV One-Step RT-PCR System.

After cloning into pJET1.2 (Thermo Fisher Scientific, Waltham, MA, USA), TPSs were transferred

into pEAQ-HT?® using In-Fusion® HD Cloning Plus (Takara Bio, Mountain View, California, USA) for

transient expression in Nicotiana benthamiana. Oligonucleotides for cloning of C. americana TPS

candidates (given in 5" to 3’):

Cam_TPS1_For
Cam_TPS1_Rev
Cam_TPS2_For
Cam_TPS2_Rev
Cam_TPS3_For
Cam_TPS3_Rev
Cam_TPS6_For

Cam_TPS6_Rev

AAGCTCTCCTCTGCCGTTAAA

CACAACTTTCATGTACATACTATACC

ATGTCATTTGCTTCCCATGCCA

CAGAACAGGAAGTGTAACTCTACC

TCCAATCACACCAACGTTAATTTC

GATTTACATGTACGTACATGGTCAGAG

CTTTGCTACACTGCAGACAAC

AGTTCGACCGAATTGCGGAAACA
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Functional characterization of diTPSs by transient expression in N. benthamiana

DiTPS candidates and reference genes were transiently expressed in N. benthamiana leaves as
previously described?®. To increase product accumulation, diTPSs were co-expressed with genes
from the upstream pathway providing the substrate, CfDXS and CfGGPPS (Cf, Coleus forskohlii)"
18 Cultures containing different constructs were mixed in equal ratios to yield the appropriate
combinations before infiltration into 4-5 weeks old plants. Plants were grown for an additional
five days before metabolite extraction. Leaf discs of 2 cm diameter (approximately 0.1 g fresh
weight) were cut from the infiltrated leaves. Diterpenes were extracted in 1 mL n-hexane with 1
mg/L 1-eicosene as internal standard (IS) at room temperature overnight in an orbital shaker at
200 rpm. Plant material was collected by centrifugation and the organic phase transferred to GC
vials for analysis.

GC-MS Analysis

GC-MS analyses were performed on an Agilent 7890A GC with an Agilent VF-5ms column (30 m
x 250 um x 0.25 pum, with 10m EZ-Guard) and an Agilent 5975C detector. The inlet was set to
275°C splitless injection, He carrier gas with column flow of 1 mL/min. The oven program was
40°C hold 1 min, 40 °C/min to 200°C and hold 4.5 min, 20°C/min to 240°C, 10°C/min to 280°C,
40°C/min to 320°C hold 3 min. The detector was activated after a four-minute solvent delay. All
analyses were done in duplicate.

Availability of supporting information

All sequences used in this study are available in the NCBI SRA under BioProject PRINA529675.
The genome assembly, annotation files, expression matrix, and other supporting data presented

in the published version of this work can be accessed at the GigaScience GigaDB database?®.
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Genbank accession identifiers for cloned TPSs are MT083919-MT083922. Original raw GC-MS
data were deposited to Zenodo?’ and Metabolights?® under accession MTBLS1983. Supplemental

files are available with the online publication?.
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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.
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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'™®. Over 30 plant BGCs have been functionally validated to date’ since the discovery of
the first BGC in maize®. The BGCs found in plants are predominately involved in specialized rather
than central metabolism® and occur in multiple classes of compounds including
benzylisoquinoline alkaloids in poppy!®!!, triterpenoid cucurbitacins in Cucurbitaceae'**3, and
diterpenoid momilactones in Poaceae and other cereals'# 18,

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!®2°, 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>?1.
The genetic linkage conveyed by BGCs facilitates coinheritance, which can protect the integrity
of the entire pathway??724, In some pathways, such as momilactone biosynthesis, loss of a single
gene would result in a buildup of toxic intermediates?®. 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
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developmental stage-specific manner>621.25-28 Regulation may also take place at the chromatin
level, with DNA and histone methylation regulating transcription of the entire cluster?2°31,
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®. 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®2. 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>2%3%33_ Expansion of the cluster can also continue through tandem,
local, or whole genome duplication*®33-3>, The inherent promiscuity of enzymes involved in
specialized metabolism enables rapid neofunctionalization, promoting functional divergence of
BGCs as they evolve through different plant lineages3#3¢-38. Recent work has shown conservation
of core genes and diversification into new functions/pathways when comparing BGCs across
different plant families®3°.

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*®, 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 attraction3,
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*444>, 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
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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*® 47,

Terpenoid diversity is particularly rich in the Lamiaceae (mint) family*®4°. Genome assemblies for
22 different Lamiaceae species (Supplementary Table 1) have been published to date, revealing
BGCs for at least two classes of terpenoids: monoterpene-derived nepetalactones from catnip
(Nepeta sp.)*° and diterpenoid tanshinones in the Chinese medicinal herb Danshen (Salvia
miltiorrhiza)**°1°2, Tanshinones are studied for their potent pharmacological activities, and as a
result much of the biosynthetic pathway has been elucidated (Supplementary Fig. 1)24°1%0, 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®l. The antimicrobial
effects demonstrated for many of these terpenoids suggest a native role in plant defense®-%°,
Carnosic acid is another abietane diterpenoid found in several Lamiaceae species with powerful
antioxidant and anticancer properties®®. The biosynthesis of carnosic acid and related

diterpenoids has been elucidated in Rosmarinus officinalis, Salvia pomifera and Salvia fruticosa
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(rosemary and sages)®”®® and involves many CYPs orthologous to those involved in tanshinone
biosynthesis (Supplementary Fig. 1).

Previous studies of the S. miltiorrhiza genome have found two BGCs that together contain the
genes encoding miltiradiene diTPSs and two CYP76AHSs involved in tanshinone biosynthesis?4°%52,
A third locus containing an array of CYP71Ds includes the two genes for the 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)?#°%%9, Additionally, we previously reported the presence of a large cluster in
Callicarpa americana (American beautyberry) which contains orthologs of the miltiradiene diTPS
genes as well as those encoding multiple CYP76AHs and CYP71Ds’°. The divergence of these five
species indicates that this BGC may be present ubiquitously throughout the Lamiaceae.

In this work, to explore the prevalence and evolution of the miltiradiene BGC, we survey a
representative panel of 10 Lamiaceae genome assemblies (Fig. 3.1). We focus on synteny with
the BGC in C. americana, which is 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 enables reconstruction of a minimal ancestral cluster. We find
that the BGC in C. americana has evolved bifunctionality, providing the scaffold of the formerly
unidentified diterpene (+)-kaurene in addition to miltiradiene. This opens biosynthetic avenues

towards previously inaccessible diterpenes in addition to highlighting an instance of BGC
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bifunctionality, which is rarely observed in plants!®’t, We also discover complex miltiradiene
BGCs in four additional species, laying the foundation for the elucidation of previously unknown
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.

Nepetoideae Genome Size
Lamioideae Species Common Name Subfamily (Tribe) Publication
) (as reported)
Scutellarioideae
Tectonoideae S Nepetoideae )
Hyssopus officinalis Hysso| ) Lichman et.al., 2020 341 Mb
Callicarpoideae yssopus off yssop (Nepetinae)
Outgroup .
] Common Nepetoideae .
M Prunella vulgaris celf-heal (Prunellinae) This work 820 Mb
Rosmarinus officinalis Rosemary Nepet?ldeae Bornowski et. al., 2020 1.1Gb
61 (Salviinae)
L . Nepetoideae Song et. al., 2020
Salvia miltiorrhiza Danshen (salviinae) Ma et. al, 2021 600 Mb
Nepetoideae .
Plectranthus barbatus Coleus - 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 2.1 Gb (8x)
E] o ) . )
| Scutellaria baicalensis Chinese skullcap Scutellariodeae Xu et. al., 2020 440 Mb
Tectona grandis Teak Tectonoideae Zhao et. al., 2019 325 Mb
104 MYA
Callicarpa americana American Callicarpoideae Hamilton et. al., 2020 538 Mb
beautyberry
Erythranthe lutea Monkey flower Phrymaceae, Cooley et. al., preprint 600 Mb (4x)
Lamiales outgroup

Figure 3.1. 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)”981, Ploidy level of species not assumed to
be diploid are shown in parenthesis next to their genome size (Supplementary Table 2).

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

additional genomes, Leonotis leonurus, Plectranthus barbatus, and Prunella vulgaris, using the

10x Genomics linked read approach. High molecular weight DNA was isolated, 10x Genomics
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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 3.1). 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). 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). 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.

Table 3.1. Statistics for the 10x Genomics assemblies of Leonitis leonurus, Plectranthus barbatus,
and Prunella vulgaris.

Total size of N50 Number of Ns | Totals haps | Largest
Number of | scaffolds (bp) | scaffold (Percent Ns) (consecutive | scaffold
scaffolds length Ns) (bp)
(bp)

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

Benchmarking Universal Single-Copy Ortholog (BUSCO)’? of pseudohaplotype-1 assemblies
revealed >97% complete BUSCOs in the three genomes (Table 3.2) 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’® matrices yielded 148,846 (L. leonurus), 413,222 (P.
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barbatus), and 229,613 (P. vulgaris) genes (Supplementary Table 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 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 4).

Table 3.2. Benchmarking Universal Single Copy Orthologs (BUSCOs) for Leonotis leonurus,

Plectranthus barbatus, and Prunella vulgaris pseudohaplotype-1 genomes and predicted
proteomes.

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

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
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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®*°?, T. grandis®®, and S. baicalensis’), the three species we assembled
in this study (L. leonurus, P. barbatus, and P. vulgaris), and three species with published genomes
(Hyssopus officinalis’®, R. officinalis’’, and Pogostemon cablin’®). 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 (Fig. 3.1)”°™8%. As a close Lamiales outgroup, we
also analyzed Erythranthe lutea (Monkey flower; formerly Mimulus luteus)®?.

Out of the 10 Lamiaceae species sampled, all contained diTPS genes orthologous to known (+)-
CPP and miltiradiene synthases. In seven species these diTPSs were within syntenic BGCs (Fig.
3.2). 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 thatin 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.
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Figure 3.2. 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 201828, Figure
created using BioRender.com.

Comparison of the BGCs provides insight into the formation and maintenance of this cluster in
divergent lineages (Fig. 3.2). 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
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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 Fig. 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 (Fig. 3.3). 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 TPS-e subfamily.
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Figure 3.3. Phylogenetic evidence shows the relatedness of each gene class in the clusters.
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Figure 3.3 (cont’d).

Enzymes present in each cluster with syntenic support from MCScanX and sequence identity
from BLASTp are 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.

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 (Fig. 3.3, Fig. 3.4). 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 diTPS enzymes which yield
labdanes in the (+)-configuration. The two divergent class Il 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.
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Figure 3.4. 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.

None of the class | enzymes encoded 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 encodes enzymes that accept (+)-CPP as a substrate. The presence of a
presumed (+)-CPP synthase encoded in every BGC supports the likelihood that these class | diTPSs
can all utilize (+)-CPP. Genes syntenic with CamTPS9 are grouped in clade TPS-e.2.1, which
contains all but one of the Lamiaceae sequences encoding enzymes known to catalyze formation

of miltiradiene. Notably, every BGC contains at least one of these presumed miltiradiene
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synthase sequences. 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 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 encoded enzymes but
does offer intriguing possibilities for discovery of novel terpene backbones.

While phylogenetic classification is not a perfect predictor of TPS function3”83, 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*. Phylogenetic evidence supports that these
BGCs likely have at minimum a (+)-CPP synthase and a miltiradiene synthase, enabling production
of miltiradiene in each plant (Fig. 3.3). Moreover, several BGCs contain diTPSs from clades that
may offer distinctive chemistries.

CYPs in the 76AH enzyme 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®>°®, Although we were unable
to identify a BGC in 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*’-®*. However, there are several BGC CYP76AHs that are
highly divergent from the syntelogs. The C. americana enzymes CYP76AH65, CYP76AH66, and

CYP76AHG67 are phylogenetically distinct, showing only 50-60% sequence similarity to other BGC
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CYP76AHs. 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 sequences from H. officinalis and L. leonurus are in the same clade as the CYP71D gene
array from S. miltiorrhiza, which was implicated in furan ring formation for the tanshinones?*.
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®>. 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 CYP71D genes also have at
least one duplication, once again highlighting the importance of duplication in the diversification
of these pathways®®.

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 of syntelogs and proposed a model for a minimal cluster using
ancestral state reconstruction (Fig. 3.4; Supplementary Figs. 3, 4). High levels of sequence
conservation between syntelogs supports a minimal ancestral cluster that contains genes
encoding 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.
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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’®8%2’. We found a region
syntenic to the C. americana BGC which contains class Il and class | diTPSs but no CYPs
(Supplementary Fig. 5). The genes encoding class Il enzymes, E/.269g64.91 and EI.26g64.92, are in
clade TPS-c.2, showing some similarity with other (+)-CPP synthases (Fig. 3.3). The class |
sequence, 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®8, 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
previously inaccessible 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®. Previous analysis of the
two BGCs 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®l.

Additionally, an array of root-specific CYP71D encoded enzymes were also integral to tanshinone
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biosynthesis but located elsewhere in the genome?*. 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)’! and the noscapine/morphinan biosynthesis in Papaver ssp. (poppy)*'>%. 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.

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 (Fig. 3.5; Supplementary Fig. 6)7°.
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)’°, 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 ll/class | pair as well as CYPs in
each module suggests that this BGC may have evolved divergent diterpenoid pathways.
Additionally, we investigated expression of each of BGC in the other species with published
transcriptomic data but found no overarching expression trends, unlike in C. americana

(Supplementary Fig. 6).
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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 3.6). CamTPS7 was
confirmed to be a (+)-CPP synthase (Supplementary Fig. 6). CamTPS9 is a miltiradiene (1) synthase,
with some abietatriene (2; ent-abieta-8,11,13-triene) resulting from spontaneous aromatization
in plantae consistent with previous observations®. CamTPS10, when paired with a (+)-CPP
synthase, forms (+)-kaurene (4), a previously unknown diTPS activity (Supplementary Fig. 8-10).
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®®. Calliterpenone has been investigated for its potential as a plant
growth promoting agent®?, 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®>. The physical grouping and similar
expression 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 3.6. 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
PbTPS327-130 products when both were expressed with the (+)-CPP synthase CamTPS67°,
forming miltiradiene (1) and abietatriene (2). CamTPS10 was found to make 4 from (+)-CPP but
not ent-CPP (CamTPS1)’°. This product has a different retention time but similar mass spectrum
to ent-kaurene (3), made by the combination of CamTPS1 and CamTPS 12 (Supplementary Fig.
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.

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 (Fig. 3.7): ent-kaurene
(CamTPS12; Supplementary Fig. 11) and kolavenol’® 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,
Fig. 3.7a). 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
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(Supplementary Fig. 12). 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 assignment as 15-hydroxy-ent-abieta-8,11,13-triene
(Supplementary Fig. 13-15). Oxidation in this position on an abietane diterpene has only been
reported twice before: by a 2-oxoglutarate dehydrogenase in S. miltiorrhiza®* and by CYP81AM1
in Tripterygium wilfordii®>. CamCYP76AH68 also showed activity with miltiradiene, dramatically
shifting the product profile towards abietatriene and affording a small amount of oxidized
abietatriene (2c; Supplementary Fig. 12). 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 (Fig. 3.8a). 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®®. 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
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 (Fig. 3.7b, Supplementary Fig. 16). Each CYP/TPS enzyme
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

previously undetected oxidized compound (2d, Fig. 3.7a; Supplementary Fig. 12). The combination
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of CamTPS6 with CamCYP71D716 and CamCYP71D717 resulted in full conversion of (+)-manool
(6) to 3(S)-hydroxy-(+)-manool (7), which was confirmed by NMR (Fig. 3.7b, Fig. 3.8b;

Supplementary Figs. 17-19).
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Figure 3.7. 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 Fig. 12). b CamCYP71D717 catalyzes the production of (+)-manool (6),
likely from (+)-copalol (5) (Supplementary Fig. 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.

To the best of our knowledge, no abietane-type diterpenoids were previously reported in C.
americana, which has been primarily studied for clerodane diterpenoids produced in leaves®®8,
However, other Callicarpa species, including C. bodinieri and C. macrophylla®®, produce a wide
variety of medicinally relevant abietane diterpenoids (Fig. 3.8c), indicating that the abietane

skeleton is a key intermediate for at least some plants in this genus®%°. We analyzed a whole

root extract of C. americana by GC-MS and found compounds with matching retention time and
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mass spectra to abietatriene and the oxidized product (2c) produced by CYP76AH68. This
supports the biological relevance of enzyme activities elucidated in N. benthamiana

(Supplementary Fig. 20).
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Figure 3.8. 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 Fig.
12, Supplementary Data 3). (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. (c) Structures of abietane diterpenoids found in two other species of
Callicarpa.

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’®.
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 CYP76AHs were more active towards miltiradiene, whereas the CYP71Ds
utilized (+)-copalol. Functionalization of (+)-kaurene may require oxidations catalyzed by non-

clustered enzymes.
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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®41100101 " 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 CamTPS10in 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 miltiradiene BGCs discovered here
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!®. Surprisingly

little is known about how plants use abietane diterpenoids, but they are mostly thought to be
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involved in pathogen responses due to their antibacterial activities®’1°, 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®141%4 Nearly
500 abietane diterpenoids have been reported to date in Lamiaceae species*®9>, 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 support the
presence of a miltiradiene diterpenoid network in this plant despite the lack of previously
documented abietanes. Further characterization of the other identified miltiradiene BGCs in H.
officinalis, P. cablin, and L. leonurus could similarly lead to the discovery of yet unknown
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'%. This study presents one
of the currently limited examples of a BGC present throughout an entire family. With the

increasing quality and quantity of plant genomes available, future large-scale BGC investigations
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may find that plants frequently rely on BGCs as a toolbox for adaptability through metabolic
diversity.

Methods

Collinearity analysis

The BLAST function makeblastdb (E-value of 129, 5 alignments)!?” 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)'%. Results were visualized using SynVisio'®. 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 = BLOSUM62, 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)°, 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

Data 1. CYP annotation was kindly provided by David Nelson (University of Tennessee). Full-
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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)!'! and phylogenetic trees were generated by
RAXML (version 8.2.12; Model = protgammaauto; Algorithm = a)''? with support from 1000
bootstrap  replicates. 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)13,

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
(llumina, 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)4, 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)” 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
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tool assembly-stats (version 1.0.1)'°, 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)%¢, BUSCO (version 5.2.2)"2 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)'. Protein-coding genes were
removed from each CRL using ProtExcluder (version 1.2)'® and RepBase Viridiplantae repeats
from RepBase (version 20150807)*!° were added to create a final CRL. Each assembly was repeat
masked with its corresponding CRL using RepeatMasker (version 4.1.2-p1)?° using the
parameters -e ncbi -s -nolow -no_is -gff.

Transcriptomic analysis

All transcriptomic datasets used in Fig. 3.5 and Supplementary Fig. 6 were downloaded from the
SRA database. Raw reads were trimmed using fastp (version 0.23.2)'?!, mapped to respective
coding sequence files using Salmon ‘index’ (version 1.8.0)*?2, 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
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appearance within the genome, while tissues were clustered based on similarity between tissue
groups. Heatmaps were generated using ggplot2 (version 3.1.1)23,

PCR and cloning

Synthetic oligonucleotides are given in Supplementary Table 5, GenBank accession numbers, and
sequences of all enzymes characterized or discussed in this study are listed in the source data of
Figs. 3.2 and 3.3. 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 6). Constructs were then cloned into the plant expression vector pEAQ-HT
124 and used in transient expression assays in N. benthamiana.

Transient expression in N. benthamiana

Transient expression assays in N. benthamiana were carried out based on a published protocol®.
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 °C in LB with 50 pg/mL kanamycin and 50 pg/mL rifampicin. Cultures were collected by
centrifugation and washed twice with 10 mL water. Cells were resuspended and diluted to an
ODeoo 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
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diterpene precursor GGPP%*12>, 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 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.

111



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 CDClz as the
solvent. CDCl; peaks were referenced to 7.26 and 77.00 ppm for *H and 13C spectra, respectively.
Availability of supporting information

The data supporting the findings of this work are available within the Supplementary Information
files, which are available in the published online version of this work. The raw genomic reads
generated in this study have been deposited in the NCBI BioSample database under the following
accession codes Plectranthus barbatus (SAMN26547115), Leonotis leonurus (SAMN26547116),
and Prunella vulgaris (SAMN26547117). The genome assemblies have been deposited in NCBI
with accession codes Plectranthus barbatus (JAPKLW000000000), Leonitis leonurus
(JAPKLX000000000), and Prunella vulgaris (JAPLKYO00000000). Sequences for the functionally
characterized enzymes from Callicarpa americana can be found in the NCBI GenBank database:
ON260868-ON260876. Additional Supplementary materials including genome assemblies and
annotations, GC-MS raw data, NMR raw data, phylogenetic alignments, cluster sequences, and

collinearity files can be found in our Dryad Repository: https://doi.org/10.5061/dryad.w9ghx3frg.
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Abstract

The mint family (Lamiaceae) produces an abundance of specialized diterpenoid metabolites
which facilitate plant-environment interactions. Furanoclerodanes comprise a subset of
diterpenoids from the mint family which are particularly bioactive as insect antifeedants. Here,
we report a set of orthologous cytochrome P450 enzymes from 8 different mint family species
which are key pathway enzymes for furanoclerodane biosynthesis. These CYP76BK1s catalyze
formation of a furan and lactone derivative of both the neo-clerodane substrates kolavenol and
isokolavenol. Additionally, we investigate the diterpene synthases in these plants and identify
likely participants in clerodane biosynthesis. The conservation of this P450 across 50M years of
evolution suggests its importance in the biosynthesis of furanoclerodanes, and discovery of this
set of enzymes provides important biotechnological access to both furan and lactone clerodane

derivatives.
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Introduction

Diterpenoids are a widespread and diverse group of mostly specialized metabolites which are
found throughout all kingdoms of life but are particularly prevalent in plants. The variety of their
structures embodies the various roles they play in plants, serving in pathogen and herbivory
defense, abiotic stress responses, signaling for symbiotic relationships and plant development.
In addition to their native function, these compounds can also be coopted as agriculturally and
pharmaceutically relevant natural products.

All terpenoids in plants are made of precursors from either the cytosolic mevalonate (MVA) or
the plastidial methylerythritol phosphate (MEP) pathway, which generate dimethylallyl
diphosphate (DMAPP) and isopentenyl diphosphate (IPP). Within the plastids, IPP and DMAPP
are condensed to the canonical diterpenoid precursor geranylgeranyl diphosphate (GGPP) by the
prenyl transferase GGPP synthase. From here there is a layered route towards diterpenoids that
allows for generation of hundreds of distinct backbones. The most prevalent class of diterpenes
are the labdane-type, with a characteristic decalin core . For these, a class Il diterpene synthase
(diTPS) catalyzes proton-mediated cyclization of GGPP into a bicyclic diphosphate intermediate,
which is typically followed by a class | diTPS that cleaves the diphosphate and leads to further
rearrangements of the distal carbon chain. Alternately, class | diTPSs can act independently of
class Il diTPSs to yield irregular and non-labdane diterpenoids 2. The resulting diterpene
backbones are often oxidized by cytochrome P450s, which are typically within the CYP71 clan 3.

The Lamiaceae (mint) family is one of the greatest sources for diterpenoid structures. Of the over
23,000 distinct diterpenoids currently reported in the Dictionary of Natural Products (DNP)* from

all kingdoms of life, roughly a fifth are from the Lamiaceae family alone. This can, in part, be

126



explained by the various whole genome duplication events that have occurred throughout the
Lamiaceae family’s evolutionary history, which leads to opportunities for neofunctionalization of
existing diTPS genes °.

Clerodanes are a class of labdane-type diterpenes which are most prevalent among Lamiaceae
species, though they are also present in several other plant families. They are distinguished by
their unique arrangement of the methyl groups, which is brought about through methyl and
hydride shifts during cyclization of GGPP by the class Il diTPS. Within the mint family, this
backbone gives rise to powerful opioid receptor agonists in the psychedelic plant Salvia
divinorum, potent insect antifeedant and insecticidal compounds in species of the
Scutelleroideae and Ajugoideae subfamilies, and a recently identified MRSA-active antibacterial
clerodane in Callicarpa americana ®’. Additional therapeutic bioactivities have also been
reported for a range of other clerodane diterpenoids & Most clerodanes can be classified into 7
types based on the presence of different oxygenated rings on this sidechain, typically some
variation of furan and lactone moieties (Fig. 4.1) . In rare cases, other heteroatoms can be
included in side chains or even as pyrrolidine rings °. The widespread presence of furan and
lactone moieties and variations thereof appear to be the main drivers of the biological activities

of clerodanes 7810,
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Figure 4.1. Structures relevant clerodanes and furanoditerpenoids. Inset, traditional carbon
numbering of the neoclerodane backbone. I.-VII., seven types of clerodane backbones.
Salvinorin A is from S. divinorum; Ajugarin | is from A. reptans, the MRSA-active
furanoclerodane is from C. americana, and Vitexilactone is an example of a furanolabdane from
V. agnus-castus.

Although furanoditerpenoids are primarily derived from clerodanes, there are also those with
other labdane backbones 1°. Data from the DNP shows that furanoditerpenoids, and
furanoclerodanes in particular, have been reported more in the Lamiaceae family than any other
plant family (Fig. 4.2). Within the Lamiaceae, seven subfamilies have reported
furanoditerpenoids. More furanoclerodane structures have been reported in the Ajugoideae

subfamily than any other clade, and clerodane backbones dominate over other labdanes.
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According to this dataset, the labdane and clerodane furanoditerpenoids appear to be mutually

exclusive at the genus level, demonstrating typical lineage-specificity of diterpenoid types 1.
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Figure 4.2. Distribution of furanoditerpenoids reported in the DNP 2, Navy bars indicate
clerodane backbones and gray bars indicate those with labdane backbones. Specific
substructures used for this search are boxed. Lamiaceae species are grouped according to
subfamily.

The past seven years have brought the first progress towards elucidation of the enzymes involved
in clerodane and furanoditerpenoid biosynthesis in plants. TWTPS14, from Trypterygium wilfordii
of the family Celestraceae, was the first reported class Il enzyme from plants capable of catalyzing
formation of the neo-clerodane precursor kolavenyl diphosphate (KPP) 3. Within the Lamiaceae,
KPP synthase activity has been identified from Salvia divinorum (SdKPS1), Vitex agnus-castus
(VacTPS5), C. americana (CamTPS2) and most recently Scutellaria baicalensis (SbdiTPS 2.8) and
Salvia splendens (SspdiTPS 2.1) 1417, A double-bond isomer of KPP, iso-KPP, is the major product
of ArTPS2 from Ajuga reptans as well as diTPSs from both S. baicalensis (SbdiTPS 2.7) and
Scutellaria barbata (SbbdiTPS 2.1, 2.3) 1¢18 One intriguing finding is that in most of these plants,

no class | diTPS could be found to convert KPP and iso-KPP into their corresponding alcohols,
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kolavenol and iso-kolavenol, which are the likely precursors to the furan and lactone derivatives.
Class | diTPS typically catalyze hydride and alkyl shifts. Formation of the complex clerodanes in
contrast starts with a simple cleavage of the diphosphate and deprotonation, or water quenching
of the carbocation (Fig. 4.1). The structural diversity emerges thereafter through non-TPS
catalyzed ring formations. It has been postulated that phosphatase activity could contribute to
this dephosphorylation, but no evidence has been presented yet supporting the role of
phosphatases in the native plant. However, a recent study of clerodane biosynthesis in Scutellaria
spp. and S. splendens identified class | diTPSs capable of this activity, suggesting that at least in
some plants this pathway follows the traditional class ll-class | labdane pathway *°.

Recent work has also uncovered the first P450s involved in furanoditerpenoid biosynthesis. In
switchgrass (Panicum virgatum), several P450s in the monocot-specific CYP71Z family were
shown to catalyze furan ring formation from the diterpene alcohols of both clerodane and

labdane backbones *°

. In S. divinorum, CYP76AH39 was found to catalyze production of a
dihydrofuran moiety when combined with SdKPS1 %°. In V. agnus-castus, CYP76BK1 was shown
to hydroxylate C16 of the labdane peregrinol when tested in yeast. While this could plausibly lead
to furan formation consistent with furanolabdanes found in this plant, no furan product was
observed °. As with many of the studied clerodane pathways, a class | diTPS converts the class Il
diTPS product peregrinol diphosphate to peregrinol, could not be identified.

Building on our previous work identifying KPP and iso-KPP synthases in C. americana and
A. reptans, respectively, in this study we seek to identify additional pathway enzymes responsible

for the oxidations that transform these terpene intermediates into bioactive clerodanes. We

discover that CYP76BK1 orthologs in both A. reptans and C. americana are capable of catalyzing
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addition of a furan ring on both kolavenol and isokolavenol. Based on the conserved function
between these evolutionarily divergent species, we further investigate a representative set of
mint family transcriptomes and find that CYP76BK1 orthologs are present in 6 additional species,
representing in total 6 of the 11 Lamiaceae subfamilies and accounting for all but one subfamily
(Nepetoideae) known to produce furanoclerodanes. Phylogenetic analysis suggests a common
ancestral origin for furanoclerodane biosynthesis in all Lamiaceae subfamilies except the Salvia
(Nepetoideae), echoing the conclusion of a recent evolutionary analysis of the Lamiaceae
clerodane diTPSs 8. Additionally, we find that the CYP76BK1 enzymes characterized here have a
range of activity. Some can catalyze production of a lactone ring, as well as the furan, when paired
with (iso)kolavenol substrates. This enables biosynthetic access to a wider range of industrially
important furanoditerpenoid targets as the first set of enzymes known to catalyze this
transformation.

Results & Discussion

Identification of 2 P450s catalyzing production of furanoclerodanes in A. reptans and C.
americana

We began this work seeking enzymes involved in the biosynthesis of furanoclerodanes from A.
reptans and C. americana. Based on previous work in diterpene pathway elucidation, we
hypothesized that at least the first oxidation would be carried out by a P450, likely in the CYP71
clan. Homology with reference CYP71s was used to identify candidates from transcriptomic (A.
reptans) and genomic (C. americana) data, yielding around 250 candidates from each plant. To
rank candidates for testing, in C. americana we used previously generated tissue-specific

expression data to correlate expression of candidates with that of the KPP synthase CamTPS2
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(Fig. 4.3). In A. reptans only expression data from leaf tissue was available, so candidates were

chosen based on strength of expression and clustering with the CYP76 subfamily, which is

prominent in Lamiaceae diterpenoid metabolism 3. This approach yielded 8 candidates from each

species for functional characterization.
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Figure 4.3. P450 candidates selected for functional characterization. (a) Heatmap of C.
americana candidates showing comparison of expression profile with CamTPS2, the KPP
synthase. (b) Maximume-likelihood tree of all cloned candidates from C. americana (Cam) and A.
reptans (Ar). Black circles indicate bootstrap support of 70% or greater (1000 replicates).
Sequence names in black are previously reported sequences for reference. Tree is rooted

to Arabidopsis thaliana CYP701A3.
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Candidate genes were cloned and transiently expressed in Nicotiana benthamiana along with
upstream terpene precursor genes and either CamTPS2 or ArTPS2. As with previous studies using
kolavenol and isokolavenol as a substrate, we found that expression of the class Il (I)KPP
synthases in N. benthamiana yielded sufficient quantities of (iso)kolavenol without a class | diTPS
due to nonspecific activities of native enzymes (plausibly phosphatases). One candidate P450
from each species was found to convert the clerodane substrate to a new product based on GC-
MS analysis. These genes were classified as orthologs, CamCYP76BK1 and ArCYP76BK1.

NMR confirmed that both structures contained a furan moiety (Supplementary Figs. 1-4). This is
a plausible intermediate in the pathway towards the bioactive clerodanes and echoes activity of
the previously identified CYP71Zs from switchgrass and CYP76AH39 in S. divinorum. The peptide
sequences exhibit high sequence identity (71-74%) as well as functional similarity to
VacCYP76BK1, despite 30-50M years of evolutionary distance between the Callicarpoideae,
Viticoideae, and Ajugoideae 2. This led us to investigate the CYP76BK subfamily further across
other Lamiaceae species.

Exploration of CYP76BK1 orthologs across the mint family

A representative set of 48 Lamiaceae species transcriptomes generated by the Mint Evolutionary
Genomics Consortium was used to identify additional CYP76BK1 orthologs (Fig. 4.4a). Peptide
sequences with over 45% identity to VacCYP76BK1, CamCYP76BK1, and ArCYP76BK1 were
combined for phylogenetic analysis along with reference sequences from the CYP76 family (Fig.
4.4b). In total, we found an additional six species with CYP76BK1 orthologs. These represent all
subfamilies with reported furanoclerodanes except for the Nepetoideae (Fig. 4.1), and includes

the subfamily Viticoideae (VacCYP76BK1), which has only furanolabdanes reported. These were
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named according to species: CpCYP76BK1 (Cornutia pyramidata), PbCYP76BK1 (Petraeovitex
bambusetorum), HsCYP76BK1 (Holmskioldia sanguinea), SbaiCYP76BK1 (S. baicalensis),
CbCYP76BK1 (Clerodendrum bungei), and TchCYP76BK1 (Teucrium chamaedrys). T. chamaedrys
(not part of the Mint Consortium study) was substituted with Teucrium canadense due to plant
availability. Two species containing a CYP76BK1 ortholog, H. sanguinea and P. bambusetorum,
have no reported diterpenoids. While there are a few phytochemical studies in H. sanguinea,
identifying bioactive properties of extracts along with identification of flavonoids and iridoids
2223 the Petraeovitex genus lacks phytochemical studies. Yet, both species are members of
subfamilies (Scutellariodeae and Peronematoideae, respectively) in which furanoclerodanes
have been found.

The lack of a CYP76BK1 ortholog in the Nepetoideae supports conclusions from previous studies.
Our earlier work in C. americana and A. reptans showed phylogenetic divergence between the
peptides of SAKPS1 from S. divinorum and CamTPS2, ArTPS2, and VacTPS5 from V. agnus-castus
14 Recently, detailed analysis of two Scutellaria genomes provided strong evidence for two
evolutionary events leading to clerodane diTPS biosynthesis in the Lamiaceae, both originating
with an ancestral ent-CPP synthase . One lineage is found in both Callicarpoideae and the clade
containing the Viticoideae, Scutellarioideae, and Ajugoideae, indicating an early Lamiaceae
ancestor, while the other has been confirmed only in Salvia species (Nepetoideae) so far.
Likewise, it appears that the transformation from (iso)kolavenol to a furan intermediate has also
evolved convergently in separate clades of P450s, once with CYP76AH39 in S. divinorum and

again with CYP76BK1 orthologs conserved in 6 subfamilies. The fact that this activity evolved at
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least twice within the CYP76 subfamily is consistent with the prevalence of the CYP76 subfamily

in Lamiaceae diterpenoid metabolism.
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Figure 4.4. Identification of additional CYP76BK1 orthologs from the Lamiaceae family. (a)
Species phylogeny of the 48 transcriptomes used to search for CYP76BK1 orthologs. Figure
adapted from®. (b) Maximum likelihood tree of all identified CYP76BK1 orthologs along with
reference sequences of the CYP76 family (in black). Black stars indicate evolutionary events
leading to furanoclerodane/furanoditerpenoid catalytic function.

Functional characterization of CYP76BK1 orthologs reveals lactone functionality

CYP76BK1 orthologs were cloned from leaf tissue cDNA and tested against reference P450s
VacCYP76BK1, CamCYP76BK1, and ArCYP76BK1 using transient expression in N. benthamiana.
Each CYP76BK1 ortholog was express with the respective diTPSs for both kolavenol and
isokolavenol, with the exception of TchCYP76BK1, which was tested only with kolavenol (Fig. 4.5).
The ortholog from C. pyramidata is still in the cloning stage but will be included in the final data

set for publication. In the final experiment for publication, every CYP76BK1 sequence will be
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expressed with diTPSs that catalyze formation of kolavenol, isokolavenol and peregrinol, the
native substrate for VacCYP76BK1.

Characterization of these new CYP76BK1 enzymes highlighted an additional catalytic capability
for this enzyme class. While previously we had noticed the presence of small side products with
express of CamCYP76BK1 and ArCYP76BK1, none were produced in sufficient quantities for
purification and structural elucidation. With this expanded set of enzymes, we found that a few
could catalyze formation of significant quantities of a second product when combined with either
KPP synthase or iso-KPP synthase. Structural elucidation by NMR confirmed it as a lactone
derivative (Supplementary Figs. 5-8). The position of the ketone does not match the orientation
of most of the bioactive lactones reported in C. americana, A. reptans, and other mint species.
However there is biological support for this product, as there are reports of five clerodane
structures with this lactone configuration from species in the Scutellaroideae, Ajugoideae, and
Callicarpoideae, and one reported labdane from Viticoideae*. The hypothesized mechanism (Fig.
4.6) shows how three successive oxidations could plausibly lead to the lactone product, while
just two yield the furan. It appears that certain isoforms of this enzyme are far more active with

the third oxidation, yielding appreciable quantities of the lactone in addition to the furan.
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Figure 4.5. Functional characterization of CYP76BK1 orthologs.
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Figure 4.5 (cont’d).

(a-f) Extracted ion GC-MS chromatograms of extracts of N. benthamiana leaves transiently
expressing each P450 candidate with different diTPS. CamTPS2, kolavenol; ArTPS2,
isokolavenol; and LITPS1, peregrinol 1. (a) Presence of furan product when combined with
kolavenol (b) presence of furan product when combined with isokolavenol; (c) presence of
lactone product when combined with kolavenol; (d) presence of lactone product when
combined with isokolavenol; (e) presence of furan and lactone when expressing TchCYP76BK1
with kolavenol (separate experiment); (f) activity of VacCYP76BK1 with peregrinol, kolavenol,
and isokolavenol. (g) Mass spectra of labeled furanoditerpenoid products. (h) Structures of
identified enzyme products. Structures of 1-4 were verified by NMR analysis and absolute
stereochemistry assigned based on the corresponding class Il diterpene synthase products.

Figure 4.6. Proposed enzyme mechanism. 3 oxidations of C16, indicated by 1, 2, and 3, can lead
to the furan or the lactone derivatives of the clerodane and labdane backbones. Non-oxidative
steps may be autocatalytic.

Our findings also confirm that VacCYP76BK1 can catalyze formation of two products with mass

spectra consistent with furan and lactone derivatives of peregrinol when expressed in N.
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benthamiana. It also has some limited activity with the kolavenol substrate, although it appears
less active than the orthologues from other species. The low activity may explain why
VacCYP76BK1 was previously observed to catalyze only one hydroxylation of C16 when tested in
yeast. Due to the miniscule yields of the peregrinol derivatives, NMR analysis could not be carried
out to confirm these structures.

While the lactone derivatives identified here do have biological relevance, the dominance of the
C15 over C16 ketone isomers in the set of reported compounds implies that there is another
enzyme in play in these plants. It remains to be seen whether the CYP76BK1 enzymes are working
in tandem or in competition with this additional pathway enzyme.

We also note that while all orthologs show promiscuity between the two neo-clerodane
scaffolds, activity levels differ when each ortholog is presented with kolavenol vs. isokolavenol.
This substrate preference may be a result of positive selection for the clerodane isomer present
in each respective species, although that cannot be confirmed without identifying the major
diTPS backbones present in each species.

Analysis of plant extracts

In limited cases, the presence of specific classes of diterpenes in a plant can be confirmed by
identification of heterologous enzymatic products matching compounds from plant extracts.
Hence, we analyzed all leaf extracts of plants with newly identified CYP76BK1 orthologs by GC-
MS for evidence of the furan and lactone intermediates. However, only the leaf extract of C.
americana had peaks with the same mass spec and retention time as 1 and 3 (Fig. 4.7). Other
extracts had peaks which were likely diterpenoids based on mass fragmentation patterns, but did

not match the CYP76BK1 products (Supplementary Fig. 9).
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Figure 4.7. GC-MS analysis of plant extracts. (a) EIC showing the presence of the furan (286)
and lactone (259) derivatives of kolavenol in both the C. americana leaf extract as well as the N.
benthamiana leaf extract expressing CamTPS2 and CbCYP76BK1. (b) Mass spectra of 1 and 3.
Top (black) from the C. americana extract, bottom (gray) from the N. benthamiana extract.

Identification of an (iso)kolavenol synthase orthologue in V. agnus-castus

Characterization of enzymes in a heterologous system can be useful to determining their in
planta function. However, confirming whether tested substrates are present in the plant can
further support the conclusions of heterologous testing. While all identified CYP76BK1 enzymes
demonstrated the ability to convert two clerodane backbones to their furan and sometimes
lactone derivatives, most of these species lack functionally characterized diTPSs. We surveyed
transcripts clustering with a set of reference class Il diTPS (TPS-c) sequences to identify (I)KPP
synthase orthologs, which would support the biological relevance of the CYP76BK1
furanoclerodane catalytic function. The phylogenetic relationships among the predicted class |l
diTPSs showed that all but one species with a CYP76BK1 ortholog was also found to have a
transcript clustering in the same clade as the other non-Salvia (1)KPP synthases (Fig. 4.8). The

exception was P. bambusetorum. It is possible that within the plant, PbCYP76BK1 utilizes a
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different labdane substrate. Alternatively, single-tissue transcriptomes can be incomplete and
thus lack evidence for genes which are present in a plant. Although functional characterization
would be needed to confirm diTPS activities, this finding supports the likelihood that the
CYP76BK1 enzymes have access to clerodane substrates within the plant.

Although most species with characterized clerodane pathways have no reported class | diTPSs in
this pathway, one recent study reported class | (iso)kolavenol synthases in Scutellaria and Salvia.
This led us to investigate the class | labdane-type diTPSs (TPS-e subfamily) across these mint
transcriptomes as well (Fig. 4.8). We focused on putative orthologs to the Scutellaria sequences
in this larger set of transcriptomes given the demonstrated divergence of the Salvia clerodane
pathway. Three Lamiaceae species were found to have close homologs which cluster in the same
clade as Sbb 1.2, Sbb 1.4, and Sb 1.3. Two (Westringia fruticosa and Premna microphylla) are
members of subfamilies for which there are no reported furanoditerpenoids, nor did we find any
CYP76BK1 orthologs. The other is from V. agnus-castus. While 6 diTPS were previously cloned
and characterized from this plant, this peptide (VacTPS7) does not cluster with any of the V.
agnus-castus reference sequences. We chose to functionally characterize this representative
TPS-e to see if VacTPS7 shares a similar function with the (iso)kolavenol synthases, possibly as a
peregrinol synthase. Sbb 1.4 was used for comparison as a reference (iso)kolavenol synthase.
This experiment is currently in process, and results will be included for publication.

The lack of evidence for class | diTPSs in all characterized clerodane pathways except Scutellaria,
including those outside of the Lamiaceae such as switchgrass and T. wilfordii, is a fascinating
addition to the story of the canonical labdane biosynthesis pathways. It is curious that these

pathways both lack a class | diTPS and so often converge towards furanoditerpenoids, as
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documented in at least three cases so far: switchgrass, the Nepetoideae, and the CYP76BK1
containing subfamilies of Lamiaceae, which all rely on different P450 subfamilies to accomplish
the same transformation. We speculate on two possible explanations for this observation. Either
there is a non-canonical class | diTPS that has not yet been discovered, or the molecular structure
lends itself to dephosphorylation by phosphatases, such as nudix hydrolases, which have been
implicated in other terpenoid pathways 24. Simple dephosphorylation may then facilitate
evolution of furanoditerpenoids due to position of the terminal alcohol on the acyclic sidechain,
which is poised to act as a nucleophile and form a myriad of ring structures depending on the

location and order of subsequent oxidations.
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Figure 4.8. Maximum likelihood trees of class | and class Il diTPSs. DiTPS trees are rooted

to Physcometrium patens ent-kaurene synthase (PpEKS). Clade labels are consistent with those
previously reported 8. Clades not known to include clerodane diTPSs are collapsed for clarity.
Reference sequences are bolded, and VacTPS7 (brown) is the only transcript which was
functionally characterized in this study. Black stars in the TPS-c tree indicate two evolutionary
events for acquisition of clerodane diphosphate synthase function. Species are indicated for
each transcript by the initial four-letter code, which can be found in Supplementary Table 1.
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Conclusion

The results presented here demonstrate a widely conserved purpose for CYP76BK1 enzymes,
which have retained sequence similarity and function over 50M years of evolution in the
Lamiaceae family. We have also shown that some these orthologs can catalyze not only
production of a furan ring but also a lactone, which provides biosynthetic access to a wider range
of bioactive diterpenoids. This work has demonstrated that CYP76BK1 is likely a key pathway
enzyme in the formation of a large number of industrially valuable furanoditerpenoids in several
Lamiaceae species as well as a powerful tool for biotechnological access to the lactone moiety.
Methods

Survey of diterpenoids from the DNP

The DNP was datamined for relevant diterpenoids using the following search criteria. The Type
of Compound was either V.5.55000 or V.S.54000, which correspond to clerodanes and labdane
diterpenoids respectively. Additionally, lactone, furan, and furanofuran containing carbon
backbones were input for each respective backbone and were subsequently searched for any
relevant substructures. CSV files were exported containing the Chemical Name, Molecular
formula, Accurate mass, Type of Compound, Type of Organism, and Biological Source. The various
CSVs were imported, given a column to represent whether they contained a lactone,
furanfuranofuran and then each file was combined. Duplicate chemicals found within a given
genus were removed. The phylogenetic families were extracted from the ‘Type Of Organism’
column and made into new columns along with the information on other taxonomic ranks. The
data was then grouped by their Chemical names and genera and summed up on a genus level.

This process was repeated for family and higher taxonomic ranks as well where each was plotted.
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Candidate gene selection

Previously assembled genomic and tissue-specific expression data 14 were used to identify
candidate genesin C. americana. The heatmap of candidate gene expression was generated using
Heatmapper 25. For all other species, previously assembled transcriptomic data were used 5.
Candidate diTPSs and P450s were identified based on 45% identity using BLASTP against a set of
reference sequences (Supplementary File S1). For gene expression analysis, trimmed reads were
mapped to respective peptides using Salmon ‘index’ (version 1.8.0), and quantified using Salmon

‘quant’ (libtype=A, validate mappings)26 to obtain TPM values.

Phylogenetic trees

Reference sequences used in all protein phylogenies were obtained from GenBank
(Supplementary Table S3). Full-length peptide sequences were used. Multiple sequence
alignments were generated using ClustalOmega (version 1.2.4; default parameters) and
phylogenetic trees were generated by RAXML (version 8.2.12; Model = protgammaauto;
Algorithm = a) with support from 1000 bootstrap replicates 27,28. Tree graphics were rendered
using the Interactive Tree of Life (version 6.5.2) 29.

Plant material

Plants were grown in a greenhouse under ambient photoperiod and 24 °C day/17 °C night
temperature and obtained from the following sources: A. reptans: Horizon Herbs (Williams, OR);
C. americana: Garden Gate Nursery (Gainesville, FL); C. bungeii: UF Campus (Gainesville, FL);
Cornutia pyramidata: Kartuz Greenhouses (Vista, CA); H. sanguinea: (McCarthy Gardens, UF
Campus, Gainesville, FL); P. bambusetorum: Peppers Greenhouses (Milton, DE); S. baicalensis:

Richters Herbs (Canada); T. chamaedrys: Mountain Valley Growers (Yokuts Valley, CA).
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Cloning

Synthetic oligonucleotides for all enzymes used in this study are given in Supplementary Table 2.
GenBank accession numbers for all cloned genes are given in Supplementary Table 3. RNA was
prepared from young leaf material using the Spectrum Total Plant RNA kit (Sigma) with on-
column DNAse digest. CDNA was prepared with the SuperScript Double-Stranded cDNA synthesis
kit (Thermo-Fisher). Candidate enzymes were PCR-amplified from cDNA, and coding sequences
were cloned into the sequencing vector pjET using the CloneJET PCR Cloning kit (Thermo-Fisher)
and sequence-verified with respective gene models. Constructs were then cloned into the plant
expression vector pEAQ-HT?? and used in transient expression assays in N. benthamiana. Three
constructs (VacTPS7, VacCYP76BK1, and Sbb 1.4) were synthesized by Twist Bioscience before
cloning into pEAQ-HT.

Transient expression for functional characterization in N. benthamiana

N. benthamiana plants were grown for 5 weeks in a controlled growth room with 25 °C/18 °C
day/night and 16h/8h light/dark before infiltration. Constructs for co-expression were separately
transformed into Agrobacterium tumefaciens strain LBA4404. 20 mL cultures were grown
overnight at 30°C in LB with 50 ug/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 200 uM acetosyringone/water and incubated at 30 °C for 1-2 H.
Separate cultures were mixed in a 1:1 ratio for each combination of enzymes, and a 1 mL syringe
was used to infiltrate 3 mL of culture into the the underside (abaxial side) of N.
benthamiana leaves. All gene constructs were co-infiltrated with two genes from Plectranthus

barbatus encoding rate-limiting steps in the upstream (MEP) pathway: 1-deoxy-D-xylulose-5-

145



phosphate synthase (PbDXS) and GGPP synthase (PbGGPPS) to boost production of the diterpene
precursor GGPP331 Plants were returned to the controlled growth room for 5 days.
Approximately 200 mg fresh weight from infiltrated leaves was extracted with 1 mL hexane
overnight at 18 °C. Plant material was removed by centrifugation, and the organic phase was
transferred to a fresh vial for GC-MS analysis.

Plant extract metabolomics

Leaves from C. pyramidata, P. bambusetorum, H. sanguinea, S. baicalensis, C. bungei, T.
chamaedrys, A. reptans, and C. americana were harvested for metabolite analysis. Leaves were
frozen in liquid nitrogen, crushed, and extracted for three hours in ethyl acetate. Leaf material
was collected by centrifugation and the organic phase was removed and concentrated for GC-MS
analysis.

GC-MS analysis

All GC-MS analyses were performed in Michigan State University’s Mass Spectrometry and
Metabolomics Core Facility 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 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 1L infection

culture. A vacuum-infiltration system was used to infiltrate A. tumefaciens strains into whole N.
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benthamiana plants, with approximately 40 plants used for each enzyme combination. The furan
and lactone derivatives of CamTPS2 were identified from the combination of CamTPS2 and
CbCYP76BK1. The furan derivative of ArTPS2 was identified from the combination of ArTPS2 and
ArCYP76BK1, while the lactone derivative was identified from ArTPS2 with HsCYP76BK1. After 5
days, all leaf tissue was harvested and extracted overnight in 600 mL hexane at room
temperature. The extract was concentrated by rotary evaporator. Each product was purified by
silica gel flash column chromatography with a mobile phase of 98% hexane/2% ethyl acetate.
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 3C spectra, respectively.
Availability of supporting information

Supplementary information is included as a separate folder with the following files.

Figures S1, S2. NMR analysis of 1.

Figures S3, S4. NMR analysis of 2.

Figures S5, S6. NMR analysis of 3.

Figures S7, S8. NMR analysis of 4.

Figure S9. GC-MS analysis of additional plant extracts.

Table S1. List of mint transcriptomes analyzed along with species abbreviations and subfamily.
Table S2. List of primers used in this study.

Table S3. GenBank accession numbers for genes cloned in this study.

Data S1. Reference diTPS and P450 sequences used in phylogenetic analysis.
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Abstract

Callicarpa americana (American Beautyberry) is a plant in the mint (Lamiaceae) family, which is
known for a diverse array of terpenoid compounds with uses including as fragrances, in culinary
herbs, and for medicinal applications. The diterpenoids produced by C. americana are primarily
clerodanes, and they have been shown to have bioactivities including the potent insect repellant
callicarpenal, an antibiotic, and other compounds with cytotoxic activity. In this work we use two
transcriptomics approaches to identify key pathway genes in the production of clerodanes. First
we explore callicarpenal production in other Callicarpa species, identifying Mexican Beautyberry
(C. acuminata) as a new source of this compound. Second we find that glandular trichomes in C.
americana are an important tissue for clerodane production. Using trichome-specific
transcriptomic data, we identify three short-chain dehydrogenases, CamOxr01, CamOxr03 and

CamOxr08, as key pathway enzymes in catalyzing formation of furanoclerodane intermediates.
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Introduction

The genus Callicarpa, which translates literally to its common name, “Beautyberry”, is a rich
source of bioactive compounds. There are over 150 recognized species in this genus whose native
range extends from southeast Asia, where the majority are found, to Australia and the mid
latitudes of the Americas 1. Traditional Chinese medicine and other ethnobotanical traditions
have incorporated roots, fruits, and leaves from many of these species into treatments for
inflammation, hemorrhage, infection, pain, rheumatism, and other ailments 23. Over the past
two decades, phytochemical studies have catalogued hundreds of natural products from at least
20 different species and investigated potential therapeutic uses.

One of the most prevalent metabolite classes among reported bioactive constituents is the
isoprenoids, or terpenes. This finding is in line with the classification of Callicarpa within the mint
(Lamiaceae) family, known to be a prodigious source of terpenoids with a wide range of
therapeutic and industrial uses. According to the Dictionary of Natural Products, there are 88
different diterpenoids (derived from 20-carbon backbone) reported from 16 different Callicarpa
species 4. This is over double the number reported in a 2008 review 3 and 20 more than reported
in the most recent review of Callicarpa constituents in 2013 2. The most common types of
diterpenes reported are the abietanes, phyllocladanes ((+)-kaurene derived), and clerodanes (Fig.
5.1), although some more unusual ring structures are present as well. Based on the common
bicyclic core structure, most of these are likely products of labdane-type diterpene synthases
(diTPSs). Labdanes are the most common class of diterpenes and typically proceed through a
two-step route from the precursor geranyl geranyl diphosphate (GGPP) °. Cyclization is catalyzed

by a class Il diTPS, followed by dephosphorylation and often further structural rearrangement by
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a class | diTPS. As is common with specialized diterpenoids, the compounds isolated from the
plant generally contain multiple oxidations. These are catalyzed by cytochrome P450s and other

oxidoreductases.

GGPP

CamTPS2

Figure 5.1. Representative set of diterpenoids in C. americana. (a) (1-6) clerodanes, of note are
1, callicarpenal, and 2, a clerodane found to be active against MRSA. 7 is the phyllocladane
calliterpenone and 8 is an abietane identified in our previous work in C. americana . (b)
Previous work identified CamTPS2 as a kolavenyl diphosphate synthase (9), which is converted
to kolavenol (10) by an unknown enzyme. CamCYP76BK1 converts 10 to a mixture of 11 (major
product) and 12 (minor product).

While the phytochemical studies have provided an excellent foundation for studying the
specialized metabolites of the genus, little has been reported regarding the biosynthetic

pathways towards these compounds. Until recently, such work was restricted by a lack of genetic
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data. The publication of a chromosome-scale genome assembly for American beautyberry (C.
americana) in 2020 provided the first significant genetic resource for this genus and enabled our
work characterizing the four diterpene scaffold-forming enzymes, CamTPS1-3 and CamTPS6 7.
This genome assembly and accompanying tissue-specific transcriptomic data also facilitated
biosynthetic studies towards iridoids (a class of monoterpene derived compounds) . In our most
recent work, we investigated a biosynthetic gene cluster in C. americana containing 7 diTPSs and
12 cytochrome P450s, elucidating complete pathways to the abietane and phyllocladane
backbones as well as identifying P450s involved in abietane pathways °. Genetic resources for
other species however are still limited, as C. bodinieri is currently the only other species with
available transcriptomic data on the NCBI short read archive (SRA) database °.

From C. americana specifically, there are nine clerodane-type diterpenes and one phyllocladane
reported (Fig. 5.1)%°, although our recent work suggests that there are also abietanes present in
the roots of this species®. Useful bioactivities have been reported for at least three of these
diterpenoids so far. One clerodane resensitizes methicillin-resistant Staphylococcus aureus
(MRSA) to beta-lactam antibiotics, such as penicillin'!. Another clerodane-derived diterpenoid,
callicarpenal, has potent mosquito and tick repellant activities!> and a unique 16-carbon
structure. Calliterpenone, a phyllocladane, may have plant growth-promoting properties!3. Only
a few other species in the Callicarpa genus have reported clerodane diterpenoids. One study
found callicarpenal in C. japonica*?, and others have documented clerodanes in C. pentandra'
and C. cathayana®.

In our initial investigation of the clerodane pathways in C. americana and other mint family

species, we first identified CamTPS2 as a class Il diTPS catalyzing formation of the clerodane
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precursor kolavenyl diphosphate (KPP)’. Uniquely among labdane-type diterpene pathways,
multiple reports in different species have found that clerodanes may proceed from the bicyclic
labdane diphosphate precursor to a dephosphorylation performed by an as yet unidentified
enzyme, possibly a phosphatase, rather than a canonical class | diTPS'®’. Consistent with these
findings, no class | kolavenol synthase was found in C. americana among the labdane-type class |
diTPS candidates (TPS-e subfamily). We then identified a P450, CamCYP76BK1, which is capable
of catalyzing cyclization of a furan (major product) and lactone (minor product) ring from
kolavenol (Chapter 4). While the furan is a plausible intermediate for the majority of the
clerodanes reported from this plant, the lactone orientation matched that of 5, and not the more
industrially relevant 2. Determining the full pathways for callicarpenal and the MRSA-active
antibiotic clerodane would enable heterologous production of these potentially valuable
compounds. Additionally, identifying these enzymes will expand the toolkit for biosynthesis of a
range of oxidized furanoditerpenoid scaffolds.

In this work, we sought to elucidate additional enzymatic steps towards the biosynthesis of
bioactive clerodanes in C. americana. To improve selection of gene candidates, we used
metabolomic analysis to guide generation of additional transcriptomic data in a two-pronged
approach. First, metabolomics supported RNA sequencing of two additional species based on
evidence of callicarpenal and furanoclerodane production. These data were used for comparative
transcriptomics, which has previously assisted with pathway elucidation!®°, Next, we identified
glandular trichomes as a rich source of callicarpenal and other clerodanes in C. americana.
Previously, the only trichomes reported in Callicarpa were stellate trichomes, which are

structural hairs, rather than the glandular type which often produce terpenes®. In other
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investigations of diterpene biosynthetic pathways, transcriptomic data for a highly productive
tissue such as trichomes?%?? or root cork cells in the case of forskolin?? (Pateraki et al. 2017) was
key for narrowing down candidate enzymes. The findings in our study supported trichome-
specific RNA sequencing in C. americana as a second transcriptomic approach.

Assisted primarily by the trichome transcriptomic data, coexpression with previously identified
pathway genes CamTPS2 and CamCYP76BK1 enabled identification and characterization of three
oxidoreductase enzymes (Oxr) which catalyze formation of key intermediates in the clerodane
pathway of C. americana when coexpressed alongside CamCYP76BK1. The first, CamOxr08,
increases production of the lactone over the furan derivative. The others, CamOxr01 and
CamOxr07, both catalyze formation of a furanoclerodane intermediate which is apparentin a leaf
extract of C. americana. This compound is currently being analyzed by NMR for structural
elucidation. We also found that an enzyme from Clerodendrum bungeii, CbCYP76BK1, can
catalyze formation of callicarpenal in addition to 11 and 12 when expressed with CamTPS2 in
Nicotiana benthamiana. Together these findings enhance our understanding of clerodane
biosynthesis in C. americana while expanding biotechnological access to the widely bioactive
furanoclerodanes.

Results & Discussion

Clerodane production in other Callicarpa species

Metabolomics

Two cultivars of C. japonica, ‘Leucocarpa’ (L.C.) and ‘Heavy Berry’ (H.B.); C. bodinieri (‘Profusion’),
a native to China; and Mexican beautyberry (C. acuminata) were obtained for comparative

analysis. C. bodinieri was chosen due to publicly available transcriptome data, C. japonica for the
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report of callicarpenal, and Mexican beautyberry is the only other species native to the American

continents, which we speculated could lead to similar specialized metabolite pathways. In the

phytochemical literature, these species have only abietane diterpenoids reported aside from

callicarpenal in C. japonica?*?°. To determine which species produce callicarpenal, ethyl acetate

extracts of young leaves from each plant were analyzed by GC-MS (Fig. 5.2). Because of its unique

16-carbon structure, callicarpenal can be identified by the presence of its molecularion (234) and

a similar fragmentation pattern to clerodane precursors. Comparison with the C. americana

extract revealed that callicarpenal and other clerodanes (including 11) are present in C

acuminata, but only a trace of callicarpenal could be detected in C. japonica H.B. and none in C.

japonica L.C. No evidence for clerodanes could be found in the C. bodinieri extract.
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Figure 5.2. Metabolomics comparison between Callicarpa species. (a) Comparison of EIC 234,
callicarpenal, and its mass spectra. (b) Comparison of EIC 286, 11, and its mass spectra.
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Transcriptomic data evaluation

On this basis, transcriptomic data were generated from young leaves and roots of C. acuminata
and leaves of C. japonica H.B. The predicted peptides were compared with known biosynthetic
pathway enzymes from C. americana, using homology with reference sequences to identify
predicted diTPSs and P450s (Figure 5.3). Phylogenetic analysis identified possible orthologs to
CamTPS2 in both C. acuminata and C. japonica H.B. Sequence alignment showed 99% similarity
between CamTPS2 and the closest C. acuminata peptide. From C. japonica H.B., the longest
assembled transcript orthologous to CamTPS2 was only 311 amino acids, making comparison
with CamTPS2 (810 aa) difficult. C. acuminata also had a sequence matching CamCYP76BK1 with
100% identity, though no ortholog was apparent from the C. japonica H.B. transcriptome.

As a method of further ensuring accuracy of the transcriptome assemblies, primers based on
CamTPS2 and CamCYP76BK1 were used to clone orthologs from cDNA of C. acuminata and C.
japonica H.B. This confirmed predicted sequences for C. acuminata. Despite the lack of clear
orthologs in the C. japonica H.B. transcriptome, a CYP76BK1 sequence (100% identical) and a
diTPS (97% identical) were also identified. Functional characterization was carried out using
agrobacterium-mediated transient expression in N. benthamiana, confirming the diTPS ortholog
in C. acuminata as a KPP synthase while the C. japonica diTPS was inactive (Fig. 3).

The comparative transcriptomics approach relies on two plants having conserved biosynthetic
pathways, while at the same time being evolutionarily distant enough that enzymes of other
pathways are less conserved. While C. japonica and C. americana are more divergent, the
ambiguous results of metabolomic and pathway gene analysis do not support definitively shared

biosynthetic pathway enzymes. Conversely, C. acuminata has a similar metabolomic profile to C.
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americana and shares the two known clerodane pathway enzymes. However, the phylogenetic
analysis suggested a high degree of similarity between the two species, which fits with their
overlapping geographical ranges and likely recent evolutionary divergence. This similarity limits
the usefulness of transcriptomic comparison as a method for identifying shared biosynthetic
pathway genes. The limitations of these two species lead us to pursue a second approach for
better identification of clerodane pathway genes in C. americana.
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Figure 5.3. Analysis of clerodane pathway orthologs. Maximum likelihood trees of predicted
peptides identify (a) orthologs of CamTPS2 and (c) orthologs of CamCYP76BK1. Bootstrap
support of >70% (1000 repetitions) indicated by black dots. (b) GC-MS analysis of CamTPS2
orthologs, expressed in N. benthamiana along with the class | diTPS sclareol synthase 2° to yield
kolavelool, an isomer of kolavenol.

Identification of glandular trichomes as a source of callicarpenal and other clerodanes

The leaves of C. americana were investigated under a light microscope for evidence of glandular

trichomes. In addition to structural stellate trichomes, all had clear evidence of glandular

trichomes as well. Scanning electron microscope images were generated for the glandular
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trichomes of C. americana, revealing both capitate and peltate glandular trichomes on the cell
surface (Fig. 5.4).

To determine whether these glandular trichomes are a source of callicarpenal, the leaf surface
was washed briefly with ethyl acetate, and this extract was compared with a whole leaf extract.
GC-MS analysis confirmed that callicarpenal is easily extracted from the leaf surface, and certain
clerodane pathway intermediates are more prominent in the leaf surface wash than the whole
leaf extract (Fig. 5.4). Based on these findings, trichomes were used to generate an additional
tissue-specific transcriptomic dataset for C. americana. Analysis of this data confirmed the results
of the metabolomic analysis, as both CamTPS2 and CamCYP76BK1 are highly expressed in the

trichomes (Fig. 5.5).
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Figure 5.4. Microscopy of the C. americana leaf surface. (a) Light microscope images of top
(left) and bottom (right) of a C. americana leaf, showing the fuzzy white stellate trichomes and
small yellow dots of glandular trichomes. (b) SEM image of leaf surface showing two types of
glandular trichomes, shown in detail in (c), capitate and (d), peltate. (e) GC-MS chromatogram
(TIC) of leaf surface wash (top, red) and the extract of the washed leaf (bottom, black).
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Evaluation of candidate P450s

Pathway candidate genes were ranked based on similarity of expression with CamTPS2 and
CamCYP76BK1. Nine tissue-specific datasets were available: mature leaf, young leaf, open flower,
closed flower, petiole, stem, root, and fruit from a previous study 7, and trichome data from this
work. Given the prevalence of P450s in diterpenoid oxidation pathways, this was the first enzyme
class to be considered for testing. Candidate P450s were chosen based on Pearson’s correlation
coefficient (PCC)>0.5 for both bait genes as well as moderate trichome expression (TPM>10), low
expression in non-target tissues (i.e., root and fruit), and a minimum predicted peptide length of
400 amino acids. Four candidates which fell slightly outside these criteria but had PCC>0.7 were
also selected. This selection process yielded 18 candidate P450s. Furthermore, of the nine
candidates originally picked in Chapter 3 during the identification of CamCYP76BK1, seven met
the selection criteria with the addition of the trichome RNA data. For thoroughness, all nine were
included. In total, 27 candidates from the CYP71, CYP72, and CYP96 clans were cloned for

functional characterization (Fig. 5.5).
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Figure 5.5. Selection of P450 candidates. (a) Maximum likelihood tree of candidate enzymes
along with reference sequences to show clade and subfamily topology. Bootstrap support of

>70% (1000 repetitions) indicated by black dots. Tree is rooted to Arabidopsis

thaliana AtCYP701A3. (b) Heatmap of selected candidates along with previously identified
clerodane pathway genes CamTPS2, CamCYP76BK1, and the upstream diterpenoid pathway
genes GGPP synthase and DXS (deoxylulose 5-phosphate synthase).

Candidates were evaluated for activity with substrates kolavenol (CamTPS2) and its furan
derivative (11, CamTPS2 + CamCYP76BK1) in N. benthamiana. However, based on GC-MS analysis
of leaf extracts, none of these P450s showed any activity with either combination. Previously, we
observed that a CYP76BK1 ortholog in C. bungeii could more effectively catalyze formation of a
lactone (12) rather than furan ring when coexpressed with CamTPS2 (Chapter 4). Given the

additional hydroxylation present on 5, we hypothesized that 12 may be a preferred substrate
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over 11 for some P450s. All candidates were additionally tested with CbCYP76BK1 + CamTPS2,
but no activity was observed with this combination either. However, a closer inspection of the
CbCYP76BK1 + CamTPS2 metabolite profile revealed a peak with the same mass spectrum and
retention time as the callicarpenal peak in the plant extract (Fig. 5.6a). There are no reports of
callicarpenal in C. bungeii, nor does analysis of the C. bungeii leaf extract yield any evidence of
callicarpenal production. Despite this, CbCYP76BK1 is apparently capable of cleaving the bond
between C12 and C13, possibly through oxidative cleavage such as is seen with CYP72A1,
secologanin synthase?’. This result offers the first biosynthetic access to callicarpenal, though C.
americana may be relying on enzymes in addition to CamCYP76BK1 to complete this

transformation.
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Figure 5.6. Formation of callicarpenal. (a) GC-MS chromatogram showing alignment of
callicarpenal from C. americana leaf extract and an enzyme product of CbCYP76BK1 + CamTPS2.
(b) Mass spectra match between callicarpenal from C. americana (bottom, gray) and from
CbCYP76BK1 (top, black).

Oxidoreductase candidates beyond P450s
While P450s are typically the first oxidoreductase to react with hydrophobic terpene backbones

due to their membrane-bound location, other oxidoreductases, such short chain

164



dehydrogenases/reductases (SDRs) and 2-oxoglutarate dehydrogenases (20GDs), have also been
identified 2%2°. Thus we expanded our testing to include other types of oxidoreductases.
Candidate genes were selected by first filtering for PCC>0.7 with respect to the CamCYP76BK1
expression profile. The higher cutoff was used based on the wider range of gene families to sort
through. Predicted oxidoreductases were identified based on functional gene model annotations
reported previously’. Discarding those with low trichome expression or high non-target tissue
expression, 13 candidates were selected for functional characterization (CamOxr01-CamOxr13).
Identification of three SDRs with clerodane biosynthetic activity

All but one candidate (CamOxr04) were successfully cloned from trichome cDNA. As before, each
candidate was expressed in N. benthamiana along with CamTPS2 alone or in combination with
CamCYP76BK1. GC-MS analysis showed that three candidates catalyzed production of a new
product when coexpressed with CamTPS2 + CamCYP76BK1 (Fig. 5.7). Expression of CamOxr08
mirrored the product profile of CbCYP76BK1, significantly increasing the amount of 12 produced
relative to expression of CamCYP76BK1 alone. The other two, CamOxr01 and CamOxr07,
catalyzed production of the same product (13). This compound is also visible in the C. americana
and C. acuminata leaf extract, confirming that this is a biologically relevant metabolite in the
plant. Product scale-up and NMR analysis are currently being carried out to elucidate the
structure. These sequences, annotated as “NAD(P)-binding Rossman-fold superfamily protein”,
can be classified as SDRs. The classification according to the ‘SDR Nomenclature Initiative’ is that
CamOxr01 is part of the SDR 110C family, CamOxr07 is a member of the SDR7C family, and
CamOxr08 is part of the SDR108E family 30. All of these families are implicated in specialized

metabolism in vascular plants 2.
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Figure 5.7. GC-MS analysis of oxidoreductase candidates. (a) GC-MS chromatograms showing
new products formed by expression of CamOxr01, CamOxr07, or CamOxr08 alongside
CamCYP76BK1 + CamTPS2 (b) C. americana leaf extract compared with extracts from N.
benthamiana expressing CamCYP76BK1 + CamTPS2 + CamOxr01 or CamOxr08. Retention times
match with 12 and 13, and mass spectra (c) and (d) also match between peaks from N.
benthamiana (top, black) and C. americana (bottom, gray).

Hierarchical clustering analysis

To verify that all high-priority candidates were included, hierarchical clustering analysis was
applied to the set of genes with PCC>0.7 relative to CamCYP76BK1 (Fig. 5.8). Hierarchical
clustering analysis can provide insight into gene coexpression better than PCC alone by analyzing
expression in an “all vs. all” approach and therefore identifying “clusters” of related genes3!. Of
25 genes clustered with CamTPS2, there was one P450 pseudogene and two oxidoreductases,

both of which had been tested. The cluster with CamCYP76BK1 contained 33 genes, and of these
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four were tested oxidoreductases (including CamOxr01 and CamOxr07), two were tested P450s,
and there was one P450 pseudogene. In the larger clade containing both the CamTPS2 and
CamCYP76BK1 clusters, there were 177 enzymes total including 3 tested oxidoreductases, four
untested oxidoreductases (one of which was CamOxr04), and 3 tested P450 candidates. In total,
6 of 27 P450s tested and 9 of 12 oxidoreductases tested clustered in close proximity to CamTPS2
and CamCYP76BK1.

The set of 15 cloned candidate genes identified through hierarchical clustering analysis were
expressed together along with CamTPS2 and CamCYP76BK1 in N. benthamiana. Some studies
have shown that when working in N. benthamia, pathway flux may be increased with
coexpression of a more complete pathway, enabling easier identification of end products 32734,
However, analysis of this experiment did not show production of any additional oxidized

clerodane products.
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Figure 5.8. Hierarchical cluster analysis. All gene candidates with a PCC > 0.7 were subjected to
hierarchical clustering analysis. The clusters containing CamCYP76BK1 and CamTPS2 are boxed
in red. The larger cluster containing both sequences is highlighted in yellow.

Conclusion

The identification of trichomes as a source of clerodanes enabled discovery of three SDRs key to
forming furanoclerodane products in C. americana. While the comparative transcriptomic
approach was less helpful for clerodane pathway gene discovery, this work generated new data
for future exploration of biosynthetic pathways in C. japonica and C. acuminata. Although
extensive cloning of genes with similar tissue-specific expression patterns has not resulted in
elucidation of the complete pathways to callicarpenal and the MRSA-active clerodane, it is still

possible that one or more of the tested genes may be key in these pathways. Certain pathway
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genes may be difficult to identify either due to differences in the cellular environment of N.
benthamiana or because another key gene responsible for generation of the next intermediate
is lacking. Finally, these experiments also found callicarpenal as an unexpected product of the
enzyme CbCYP76BK1. While not confirming the pathway in the native C. americana, this
discovery does demonstrate the first biosynthetic route to a powerful tick and mosquito repelling
compound. Overall, this work was able to advance understanding of clerodane biosynthesis in C.
americana while providing resources for future pathway discovery work.

Methods

Plant material

Plants were grown in a greenhouse under ambient photoperiod and 24 °C day/17 °C night
temperatures. C. acuminata and C. japonica H.B. were ordered from Nurseries Caroliniana (North
Augusta, SC), C. japonica L.C. was obtained from Joy Creek Nursery (Scappoose, OR), C. bodinieri
was obtained from Garden Goods Direct (Bowie, MD) , and C. americana was obtained from
Garden Gate Nursery (Gainesville, FL).

Transcriptomic Sequencing

For RNA-sequencing of C. acuminata and C. japonica H.B., 100 mg young leaf tissue from both
and root tissue from C. acuminata were harvested and frozen in liquid nitrogen. RNA was isolated
using Spectrum Plant Total RNA kit (Sigma) with on-column DNAse digest. TruSeq stranded mRNA
(polyA mRNA) libraries were constructed and sequenced on an lllumina Novaseq 6000 to 150 nt
in paired-end mode. Sequencing was performed at the Research Technology Support Facility at

Michigan State University.
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For RNA-sequencing of trichomes in C. americana, scotch tape was used to remove trichomes
from the leaf surface for extraction. A 2 inch piece of tape was gently pressed to the underside
of 3 fresh young leaves to remove trichomes (verified under light microscope), then cut into
pieces and placed into 1 mL of lysis solution of the Invitrogen RNAqueous-Micro kit (Thermo-
Fisher). The pieces were extracted for 30 minutes at room temperature before removing the tape
and proceeding with the extraction. The solution was then loaded 500 pL at a time and washed
with kit buffers, 500 uL each and eluted in 15 pL. Invitrogen Turbo DNAse (Thermo-Fisher) was
used to remove trace DNA contamination. RNA was further concentrated using Genejet RNA
cleanup (Thermo Scientific) and concentration micro kit. Library preparation and sequencing was
performed by Novogene company?, using lllumina Novaseq 6000 to 150 nt in paired-end mode.
Transcriptome assembly

Raw reads were trimmed and corrected using rCorrector (v. 1.0.4)3¢ to remove erroneous k-mers
TrimGalore (v. 0.6.6)¥237 to trim the reads. Trimmed and corrected reads were assembled using
Trinity (v. 2.1.1)38. Peptide sequences were predicted using TransDecoder (v. 5.5.0). For gene
expression analysis, trimmed reads were mapped to respective peptides using Salmon ‘index’
(version 1.8.0), and quantified using Salmon ‘quant’ (libtype=A, validate mappings)3® to obtain
TPM values.

Candidate gene selection

Assembled transcriptomic and previously assembled genomic data’ were used to identify
candidate genesin C. americana. The heatmap of candidate gene expression was generated using
Heatmapper??. Candidate P450s were identified based on 45% identity using BLASTP against a

set of reference sequences (Supplementary File S1). Candidate oxidoreductases were identified
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based on annotations from genomic assembly. Hierarchical clustering analysis was performed

using the ClustVis web tool*!. PCC was calculated using the ‘CORREL’ function in Excel.

Phylogenetic trees

Reference sequences used in all protein phylogenies are listed in Supplementary File S1. Full-
length peptide sequences were used. Multiple sequence alighnments were generated using
ClustalOmega (v. 2.1) and phylogenetic trees were generated by RAXML (version 8.2.12; Model =
protgammaauto; Algorithm = a) with support from 1000 bootstrap replicates (Sievers et al., 2011;
Stamatakis, 2014). Tree graphics were rendered using the Interactive Tree of Life (version 6.5.2)
(Letunic and Bork, 2021).

Cloning

Synthetic oligonucleotides for all enzymes used in this study are given in Supplementary Table 1
along with GenBank accession numbers in Supplementary Table 2. Candidate enzymes were PCR-
amplified from leaf or trichome cDNA, obtained from RNA using the SuperScript Double-Stranded
cDNA synthesis kit (Thermo-Fisher). Coding sequences were cloned into the sequencing vector
pJET using the ClonelJET PCR Cloning kit (Thermo-Fisher) and sequence-verified with respective
gene models. Constructs were then cloned into the plant expression vector pEAQ-HT*2.
Transient expression for functional characterization in N. benthamiana

N. benthamiana plants were grown for 5 weeks in a controlled growth room with 25 °C/18 °C
day/night and 16h/8h light/dark before infiltration. Constructs for co-expression were separately
transformed into Agrobacterium tumefaciens strain LBA4404. 20 mL cultures were grown
overnight at 30°C in LB with 50 ug/mL kanamycin and 50 pg/mL rifampicin. Cultures were

collected by centrifugation and washed twice with 10 mL water. Cells were resuspended and
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diluted to an ODggo of 1.0 in 200 uM acetosyringone/water and incubated at 30 °C for 1-2 H.
Separate cultures were mixed in a 1:1 ratio for each combination of enzymes, and a 1 mL syringe
was used to infiltrate 3 mL of culture into the the underside (abaxial side) of N.
benthamiana leaves. All gene constructs were co-infiltrated with two genes from Plectranthus
barbatus encoding rate-limiting steps in the upstream (MEP) pathway: 1-deoxy-D-xylulose-5-
phosphate synthase (PbDXS) and GGPP synthase (PbGGPPS) to boost production of the diterpene
precursor GGPP?%43, Plants were returned to the controlled growth room for 5 days.
Approximately 200 mg fresh weight from infiltrated leaves was extracted with 1 mL hexane
overnight at 18 °C. Plant material was removed by centrifugation, and the organic phase was
transferred to a fresh vial for GC-MS analysis.

Plant extract metabolomics

For comparison between species, young leaves were harvested and placed in 5mL ethyl acetate
for overnight extraction at room temperature. Leaf material was removed by centrifugation and
organic layer was collected and concentrated for GC-MS analysis. For the trichome/leaf surface
wash, a young leaf was held with forceps and washed with 2 mL ethyl acetate by repeatedly
pipetting the solvent over the top and bottom leaf surfaces, 30 seconds each side. The same leaf
was then placed in a fresh vial with another 2 mL ethyl acetate for 3 hours at room temperature.
Organic layers were collected and analyzed by GC-MS without further concentration.

GC-MS analysis

All GC-MS analyses were performed in Michigan State University’s Mass Spectrometry and
Metabolomics Core Facility 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
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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 analysis

For product purification and NMR analysis, production in the N. benthamiana system was scaled
up to 1L infection culture. A vacuum-infiltration system was used to infiltrate A.
tumefaciens strains into whole N. benthamiana plants, with approximately 40 plants used for
each enzyme combination. After 5 days, all leaf tissue was harvested and extracted overnight in
600 mL hexane at room temperature. The extract was concentrated by rotary evaporator. 13 was
purified by silica gel flash column chromatography with a mobile phase of 98% hexane/2% ethyl
acetate. NMR spectra will be 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 CDCl; as the
solvent.

Microscopy

Light microscope images were taken of a young leaf at 32x magnification using a Leica S9i
instrument with a 16x/15B Leica eye lens. For scanning electron microscopy, all sample
preparation and image generation was carried out by the MSU Center for Advanced Microscopy.
Briefy, cut into pieces, fixed, rinsed, dehydrated with ethanol, and critical point dried before

coating with gold. Images were generated using a JEOL JSM-6610LV SEM instrument.

173



Availability of supporting information

The transcriptomic data generated in this study can be found in the NCBI SRA database under
Bioproject PRINA947623.

Supporting information is included as a separate folder with the following files.

Table S1. List of primers used in this study.

Table S2. GenBank accession numbers for genes cloned in this study.

Data S1. Reference diTPS and P450 sequences used in phylogenetic analysis.
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CHAPTER 6: SYNTHESIS

Emily R. Lanier
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Summary

The biosynthesis pathways of plant specialized metabolites are incredibly complex, and our
scientific understanding of them has only just begun to uncover the full story. In this
dissertation, | focus on uncovering the enzymes involved in diterpenoid biosynthesis in
Callicarpa americnana and the wider Lamiaceae (mint) family. As the Lamiceae is the largest
reservoir of plant terpenoids?, studying these pathways is important to improve both
understanding of and biotechnological access to an exceptionally wide range of diterpenoids. In
this work we identify crucial pathway enzymes. We also find, as outlined in Chapter 1, that
these pathways resemble a complex network far more than straightforward linear pathways.
Our findings here advance our knowledge of a class of compounds which are crucial for the
survival and flourishing of both plants and humans.

Future Directions

Chapter 2

This work begins with the assembly of a chromosome scale genome of C. americana, the first in
this genus and the subfamily Callicarpoideae. | used the gene models generated here to identify
four class Il diterpene synthases (diTPSs) which are the entry point to all labdane-type
diterpenes in this plant. | found that these enzymes catalyzed formation of ent-copalyl
diphosphate (ent-CPP), the precursor to giberellins in primary metabolism; (+)-CPP, the
precursor to the plant growth promoter calliterpenone; and kolavenyl diphosphate (KPP), the
precursor to the clerodanes which are the most well studied diterpenoids in this plant. The
genome assembly, annotations, and tissue-specific transcriptome data generated in this

chapter facilitated the remainder of my work studying C. americana. In particular, the high
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quality of the genome assembly enabled discovery of an exceptionally large diterpene
biosynthetic gene cluster (BGC), which is the basis for Chapter 3. This genome assembly will
continue to be a resource for future studies of all plant specialized metabolism, such as recent
work investigating iridoid biosynthesis in C. americana 2. The class Il diTPSs characterized here
contribute to the remainder of my work while also serving as a point of reference for continued
study of the evolution of diterpenoid biosynthesis in the Lamiaceae®.

Chapter 3

The expansion of genomic sequencing beyond model species has resulted in surprising
discoveries about the organization of plant genomes. BGCs were first thought to exist only in
microbes and fungi, where they allow sharing of complete metabolic pathways during
horizontal gene transfer. However, evidence is growing that pathway gene clustering is
important for plants, too. We found that the BGC in C. americana shared synteny with similar
BGCs throughout the Lamiaceae family and predicted a minimal gene cluster that likely
originated with an ancient Lamiaceae progenitor. Functional characterization of the BGC
revealed bifunctionality, with two diterpene backbones generated by genes in differently
expressed modules. This work demonstrated the importance of BGCs as an evolutionary
strategy for diterpene biosynthesis across the Lamicaeae. While we also found evidence that
this cluster may be conserved in at least one other species in the order Lamiales, a more in-
depth investigation of other Lamiales genomes could reveal the BGC as even more widely
conserved than just the family level. Further study of plant BGCs is needed to understand both
their prevalence as well as how and why they form. Identification of regulatory factors

controlling expression of BGC genes could shed light on how they contribute to plant fitness.
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Additionally, BGCs are a new starting point for biosynthetic studies. While in the past most
pathway investigations began with a known target compound, the identification of BGCs
presents an opportunity for genomics-led pathway discovery. In this chapter, functional
characterization of the BGC led to finding abietane diterpenoids in C. americana, which had not
previously been reported. The syntentic BGCs we found in other species also represent a rich
resource for additional pathway elucidation studies for compounds as yet undiscovered.
Chapter 4

Furanoditerpenoids are a group of widely bioactive diterpenoids which are also prevalent in
Lamiaceae species 4. Most are derived from the clerodane backbone, like the bioactive
diterpenoids found in C. americana. Using transcriptomic and genomic data from Chapter 2, |
found that the cytochrome P450 CamCYP76BK1 catalyzes formation of furan and lactone
derivatives of kolavenol, the dephosphorylated product of CamTPS2. We further investigated a
representative set of 48 Lamiaceae transcriptomes and found that CYP76BK1 enzyme orthologs
are present in 9 other Lamiaceae species, representing all subfamilies which are known to
produce furanoclerodanes as well as one (Viticoideae) which makes furanolabdanes. This set of
enzymes is able to catalyze furan and lactone formation from both kolavenol and isokolavenol,
although substrate preference differs between enzymes. Further work is needed to understand
the enzyme mechanism as well as how sequence and structure dictate functional differences.
Labeling studies tracing the incorporation of 180, such as performed with the biosynthesis of a
dihydrofuan by the Salvia divinorum enzyme CYP76AH39, could clarify the mechanism.
Structural modeling of these enzymes coupled with site-directed mutagenesis could assist with

identification of key residues which determine substrate and catalytic promiscuity. Finally,
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although this enzyme is likely key in the biosynthesis of a wide array of furanoditerpenoids,
additionally pathway enzymes are needed to reach the most potent bioactive products. In the
Ajugoideae family, my coauthors will continue this work. | address this gap in C. americana in
Chapter 5.

Chapter 5

The bioactive clerodanes reported from C. americana are attractive targets for determining
methods of heterologous biosynthesis. The 16 carbon structure of callicarpenal is also a unique
structural target as it implies a biosynthetic enzyme capable of oxidative cleavage, a rare but
not unprecedented activity’~’. Building on previous work from Chapters 2 and 4, | sought
additional biosynthetic enzymes involved in the formation of these bioactive clerodanes. In the
process, | found that callicarpenal and other clerodanes are present in Mexican Beautyberry,
which has not previously been reported to contain clerodanes. Moreover, | identified trichomes
as a rich source of clerodanes within C. americana. Trichome-specific transcriptomic data
enabled discovery of three short-chain dehydrogenases involved in furanoclerodane
biosynthesis. Additionally, | found that the CYP76BK1 enzyme from Clerodendrum bungeii is
able to catalyze formation of callicarpenal, which was unexpected given the lack of callicarpenal
in the plant extract. While this work advanced our understanding of furanoclerodane
biosynthesis in C. americana, the full pathways have not yet been fully elucidated. Within the
scope of this study, a few more steps can be taken to ensure all possible progess has been
made. Once the structure has been elucidated for the product of CamOxr01/CamOxr07,
possible next steps can be hypothesized if this product fits with the structures of the bioactive

clerodanes. All previously cloned enzymes can be retested with this product to identify next
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steps. Additionally, the oxidoreductases identified during hierarchical clustering analysis can be
cloned and tested. Beyond this work, additional transcriptomic experiments may be useful in
further elucidating the pathway. Time-course experiments in response to metabolite elicitation
have often proven useful in pathway discovery projects. The callicarpenal activity of
CbCYP76BK1 could also be explored further. Other labdane backbones with this same oxidation
pattern have been identified as potent fragrance molecules®. CbCYP76BK1 is potentially a tool
for heterologous production of valuable terpene derivatives if it could be engineered for high

activity with other diterpene substrates.
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