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EPIGRAPH

“you do not just wake up and become the butterfly

— growth is a process.”

Rupi Kaur
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Octocorals are metazoans that prolifically produce terpenoid natural products, rivaling the
chemical diversity of plants and microbes. However, until recently the genomic basis of this
chemistry was unresolved. With the discovery of terpene cyclase (TC) genes encoded in octocoral
genomes, a framework has emerged to trace the evolution of specialized metabolism in these
animals. This thesis follows the genetic twists and turns that enable octocorals to generate novel
chemistry and shows how functional characterization both validates genomic trends and provides
mechanistic insightinto enzyme evolution. Chapter 2 explores deep-sea octocorals, sequencing and

profiling specimens of both major taxonomic orders collected at depths of ~1000 m. Chemical
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analyses revealed broad sesquiterpene diversity, while diterpenes were largely confined to five
families. Phylogenetic and functional analyses of deep-sea coral TCs, alongside mined public data
sets, revealed rich sesquiterpene synthase diversity across deeply rooted clades, as well as
monophyletic groups encoding isofunctional diterpene synthases that give rise to XBECK scaffolds.
These results suggest that terpenoid biosynthesis diversified early in octocoral evolution, with the
last common ancestor already possessing multiple functionally distinct TC genes, highlighting the

power of genomics to illuminate the history of animal specialized metabolism.

Chapter 3 builds on our understanding of octocoral terpene biosynthesis evolution,
identifying and characterizing a widespread biosynthetic gene cluster (BGC) family responsible for
briarane diterpenoid biosynthesis. High-quality genomic data from corals spanning five families,
combined with functional validation of enzyme-encoding genes, this work demonstrates that the
evolutionary persistence of briarane chemistry across diverse octocoral lineages stems from a
conserved BGC. This finding establishes that octocorals, like plants and microbes, rely on BGCs to
encode and preserve specialized metabolism. Finally, chapter 4 focuses on a single prolific species,
Leptogorgia chilensis, where a phased genome revealed extensive allelic heterozygosity and TC
paralog expansions. Functional assays demonstrated how subtle active-site mutations toggle
product specificity, linking allelic variation and paralog diversification to lineage-specific scaffold
innovation. Collectively, these findings position octocorals as powerful models for exploring the
genomic foundations of animal natural product biosynthesis and underscore their potential as

reservoirs of bioactive molecules.
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CHAPTER 1: Introduction

Scientists are a lot like coral polyps, maybe not at first glance, but let me paint the picture of their
surprising similarities. As individuals, we conduct our experiments and share them with the community- polyps,
on their own accomplish incremental levels of production. But as a collective, both the colonial marine
invertebrates and us lab dwelling inquirers, pioneer new frontiers. Polyps and colonies of gorgonians work
together to form entire reef ecosystems; scientists build off each other’s work discovering more and more about
the world around us. | can’t speak for the motives of the coral, but as scientists | think this is a main component
of what drives us: the desire to discover something that no-one else has yet understood, to share it with our
community, and to watch while others use our findings to stride into the unknown. We are contributing to
something bigger than ourselves, leaving our mark in ink, or rather, etched into the virtual cloud. As | introduce
the body of work I’'ve accomplished during my PhD, | aim to weave together the stories of the “polyps” who came
before me, scientists whose individual contributions provided the foundation from which | have built, enabling
me to explore and colonize new depths or discovery. Just as a coral colony grows without knowing how the
passage of time and chemistry of the sea will shape its emergent reef, be it branching or encrusting, scientists,
too, cannot foresee how their work will be interpreted, expanded, or transformed. They can only hope that their

contributions will serve as steppingstones for the community to build upon.

This story begins with Dr. Bill Fenical, an emeritus professor who started his academic career at the
Scripps Institution of Oceanography at UC San Diego in 1973. Dr. Fenical was an early colonizer in the field of
marine natural products whose nascent curiosity about the ocean’s hidden chemistry helped define the field
of marine natural products. His primitive research on red abalone pigments sparked a new line of inquiry: if
marine organisms could produce pigments, what other specialized metabolites might they be capable of
making? For hundreds of years, plants had been recognized as rich sources of bioactive molecules,’ but at the
time, little was understood about the latent biochemical potential of marine organisms. In parallel, marine
ecologists were just beginning to scratch the surface in their understanding of foundational ecological and
biotic interactions, such as competition and predation.? Few considered that chemical cues, let alone volatile
metabolites, might be mediating the dynamics of these complex marine communities. By merging natural

products chemistry and marine ecology, Dr. Fenical unveiled chemical mechanisms underlying the ecological



interactions and, in the process, discovered a teeming wealth of novel scaffolds with potent human

bioactivities.

When Dr. Fenical joined the Scripps Institution of Oceanography (SIO) in 1973, he stepped into this
uncharted space, beginning with the discovery of unique natural products in temperate and tropical seaweeds
in the 1970s,® and expanding to study the chemistry of gorgonian corals in the early 1980s.* He claims that this
pivot into the marine environment was motivated by his willingness “to jump into the ocean and look at what’s
there,” at a time when few were ready to take such a plunge. He, of course, was not alone in these early
explorations. Others, including Paul Scheuer, Dick Moore, Jon Clardy and John Faulkner, helped establish
marine natural products as a field. Unlocking a world of chemistry hidden beneath the waves, their work
demonstrated that marine organisms were capable of producing complex specialized metabolites, much like
their terrestrial counterparts. The chemistry they discovered was strikingly novel, including a marked
abundance of halogenated compounds rarely found on land. Dr. Fenical and other early marine natural
products scientists built on the foundations laid by ecologists and terrestrial natural products chemists. In turn,

their discoveries of novel molecules inspired generations of new scientists.

Marine natural products chemists explored an extraordinarily diverse suite of organisms and structural
classes, from polyketides produced by marine bacteria® to marine sponge alkaloids.® Pioneer chemical
ecologists such as Valerie Paul and Mark Hay, among others, were intrigued by the novelty of the chemistry
being produced, the emerging patterns of which organisms made it and when, and began exploring the
functional relevance of these compounds within their ecological contexts. Their work forged a new scientific
path that integrated natural products chemistry with ecological function. For example, Dr. Paul conducted
projects linking chemical-defense compounds from marine cyanobacteria and macroalgae to ecological
outcomes such as larval-settlement inhibition and reef-community shifts,”® and Dr. Hay, through manipulative
field experiments, showed how chemically mediated interactions among seaweeds, herbivores, and corals

control population structure, community dynamics, and reef resilience.>™

In addition to piquing the interest of ecologists, these specialized molecules also drew attention from

pharmacology labs interested in their therapeutic potential. From these synergistic collaborations, several



hallmark bioactive compounds stand out. Dr. Fenical, working with pharmacologist Dr. Bob Jacobs from UC
Santa Barbara, showed that the pseudopterosins produced by sea whips had potent anti-inflammatory
activities.”> These molecules have since been incorporated by the cosmetic industry as skin-soothing
ingredients. The soft coral, Eleutherobia, was found to produce eleutherobin, which was able to stabilize
polymerized tubulin at levels akin to the anticancer drug taxol." Further, lophotoxin, produced by red
gorgonians of the genus Leptogorgia, was identified as a neurotoxin that inhibits nicotinic acetylcholine
receptors.*'* And so the colony grows, each scientist’s contribution a new branching fragment reaching into the
vast blue beyond, rooted in the encrusting foundation beneath it: field ecology informing bioactivity screens,
chemical characterization enabling pharmacological insights, and each step leaving a lasting mark for the next

generation to build upon.

While the ocean has yielded many other notable bioactive molecules with pharmaceutical
applications, the examples are deliberately curated, intentionally restricted to highlight only octocoral
terpenoids. These molecules and the corals that produce them have served as the bedrock upon which my
work was built. To follow the next steps in this story, it’s critical to understand the basics of terpene biosynthesis.
Entire careers have been devoted to unraveling these pathways, and while | won’t retrace every step here, I’ll

provide some of the essentials needed for the narrative ahead.

Terpenes, and the related terpenoids, are the most chemically and structurally diverse family of natural
product molecules in nature.” They are built from the C5 isoprene units isopentenyl diphosphate (IPP) and
dimethylallyl pyrophosphate (DMAPP) which are produced through one of two independent pathways: the
mevalonate (MEV) pathway, found in most eukaryotes and archaea, or the methylerythritol 4-phosphate (MEP)
pathway, found in bacteria and plants.'® These building blocks are combined in a head-to-tail condensation
reaction to form longer precursor chains such as geranyl diphosphate (GPP, C10), farnesyl diphosphate (FPP,
C15), and geranylgeranyl diphosphate (GGPP, C20). Terpene synthases or cyclases (TCs) then catalyze
cyclization of these precursors to produce an enormous diversity of structures often containing multiple fused
rings and stereocenters." Specifically, class | TCs are metal-dependent enzymes that initiate cyclization by
cleaving the diphosphate group, generating a highly reactive carbocation intermediate. This reaction is driven

by a cluster of magnesium ions coordinated by conserved active site motifs such as the DDXXD and NSD/DTE
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sequences. Despite their vast sequence diversity, class | TCs share a common a-helical fold, allowing them to

guide substrates through precise rearrangements that yield complex terpene scaffolds.

Despite octocorals harboring a wealth of bioactive terpenoid chemistry, the source of these molecules
had long been the subject of intense debate. Some argued it came from associated bacteria, others from
Symbiodinium spp., the dinoflagellate photosynthetic symbionts of many corals, and others still from the
animals themselves. Yet, without genomic evidence to contextualize terpene biosynthesis, researchers were
limited to enzymological approaches to investigate its source. Specifically, early work by Russell G. Kerr from
Florida Atlantic University sought to resolve this question through radiolabeled precursor-feeding experiments
with purified symbiont isolates from Pseudopterogorgia elisabethae. He reported that these isolates produced
pseudopterosins and that boiling the cells abolished "C incorporation, suggesting enzymatic synthesis by the
symbionts.'® Kerr pushed the boundaries of what was technically possible at the time, though later genomic
insights would overturn this model, revealing coral encoded terpene cyclases through high-quality long-read
assemblies.’®? Just as separate coral colonies expand until their edges meet, sequencing technologies were
advancing in parallel to natural products chemistry, each field growing independently before their convergence

in the genomic era of discovery.

A major breakthrough, and essentially the founding of the field of octocoral terpene biosynthesis, came
in 2022 when the then postdocs Immo Burkhardt' in Brad Moore’s lab at SIO and Paul Scesa? in Eric Schmidt’s
lab at the University of Utah, independently leveraged octocoral sequencing data to reveal that the corals
themselves encode TCs within their genomes. This discovery built upon decades of work by individuals: natural
product chemists cataloging the chemistry of the sea, biochemists unraveling how TCs catalyze the
biosynthesis of elaborate, seemingly impossible terpene scaffolds, and genomic pioneers striving to read the
code of life itself. Each followed their own curiosity, working in isolation like individual coral polyps, unaware
that together they were building a vast reef of knowledge, layer by layer. Guided by their own passions, Immo

and Paul became the next polyps to add to this living structure.

While Dr. Fenical’s breakthrough began with a literal plunge into the ocean, bridging the worlds of

marine biology and chemistry, Immo was simply trying to keep his head above water during the global



pandemic. In the quiet isolation of lockdown, a time when many felt anything but inspired, he spent his days
playing video games and attending virtual seminars. One online talk he joined happened to be about
Plasmodium-like parasites that infect corals. Afterwards, a colleague casually mentioned to him that many
coral terpenes have anti-malarial activity. This sparked an idea: maybe these compounds served as part of a
coral immune defense. Out of curiosity, Immo, with a background in fungal terpene biosynthesis and enzyme
cyclization mechanisms, queried publicly available octocoral genomes for hits related to TC encoding genes.
He sifted through the low scoring matches, scanning for the essential common TC motifs. He identified several
promising candidates and, once able to return to the lab, experimentally validated their function. Structural
analysis went on to confirm his findings: a crystal structure of a cembrene A synthase from Eleutherobia rubra
had a typical a-helical fold of type 1 TCs, with spatially conserved catalytic motifs nearly identical to those of

microbial TCs.™®

The discovery of octocoral terpene synthases set the stage for a new radiation of scientific exploration,
one surrounding the evolutionary forces shaping terpene cyclase diversification. A framework for
understanding these processes has long been established by plant biochemists.?"?? In plants, terpene cyclases
have diversified through lineage-specific expansions to serve diverse ecological roles, from deterring herbivores
and combating pathogens to mediating communication and development. Notably, both plant and octocoral
terpene cyclases possess a conserved type-| fold and catalytic motifs that underlie parallel mechanisms of
cyclization. Despite evolving independently for hundreds of millions of years, many of the terpenoids produced
by these organisms share the same core carbon scaffolds, reflecting convergent evolution toward ecologically
active terpene frameworks. Further, plant TCs frequently occur within biosynthetic gene clusters (BGCs) and
have been found to have tightly regulated tissue specific expression patterns. Although our understanding of
octocoral terpenoid biosynthesis is still emerging, early discoveries reveal striking parallels with the well-

characterized terpene pathways of plants.

With high-quality octocoral genomes now in hand, we can begin to ask the next set of questions: How
have terpene synthases diversified across octocorals? What evolutionary processes drive their lineage-specific

expansion and functional divergence? And how are these enzymes organized within emerging biosynthetic gene



clusters? Together, these questions frame the chapters that follow, tracing the diversification, evolution, and

genomic architecture of octocoral terpene biosynthesis.

Building on the discoveries of those before me, the work that follows represents my contribution to the
growing body of knowledge, adding my voice and work to the growing reef of knowledge surrounding the genetic
and biochemical foundations of coral natural products. Growing up in La Jolla, CA, | had always found my
rhythm with the tides. My early curiosities drifted from watching the algae and limpets battle for space in the
shoreline to wondering how the rockfish knew to slip behind the giant fronds of kelp for protection. From these
beginnings bloomed a lasting reverence for the ocean and its vibrant, dynamic world hidden below the surface.
In this thesis, | share the questions | have asked, and some that, with the help of excellent mentors and
collaborators, | have begun to answer. My hope is that as you read this, your curiosity will be tickled, you may
dare to begin to think inquisitively, and perhaps even take the next step, carrying this body of work forward in a

new direction.
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CHAPTER 2: Leveraging Deep Sea Octocoral to Explore Diversification of Diterpene Biosynthesis

2.1 Introduction for Chapter 2

Octocoral diverged from their sister lineage, the hexacorals, ca. 770 million years ago." Since that split,
these classes have followed starkly different evolutionary paths. Corals in the class hexacoral (order
Scleractinia) formed tight partnerships with photosynthetic symbionts, largely tying them to shallow tropical
waters where sunlight fuels their symbionts’ productivity.>* Octocorals, on the other hand, have radiated into
nearly every oceanic habitat, from coastal reefs to the deep sea.® A main driver of the distinct evolutionary
trajectories of reef building corals vs octocorals has been their predation defense strategies. Nematocytes, or
stinging cells, are a defining feature or the phylum Cnidaria, yet the capacity to produce toxic venoms in these
cell types seems restricted to the subphylums Medusozoa and Anthozoa.®” Within Anthozoa hexacorals retain
venomous nhematocysts, octocoral do not. Instead, octocorals have evolved the capacity to produce terpenoid
specialized chemistry,®® which act as feeding deterrents against generalist predators.”'" In contrast,
hexacorals rely primarily on physical defenses, most notably the evolution of calcified skeletons that provide

both structural support and protection from grazers.'?

Across kingdoms, the evolution of novel metabolic pathways correlates with rapid niche diversification
and habitat expansion.'®'* Octocorals encompass a staggering diversity of morphologies, reproductive modes,
and habitats, raising the fundamental questions about the role of chemistry in shaping their evolutionary
trajectory. By exploring the evolution of octocoral terpenoid production, and linking these patterns to ecological
and evolutionary context, we can begin to understand whether the production of unique specialized

metabolites has actively driven species diversification.

Octocorals are particularly rich in diterpenoids, most of which fall into five broad structural classes:
xenicanes, briaranes, pseudopterosins, lophotoxins, and eleutherobins. Despite this diversity, our current
understanding of octocoral chemistry is heavily skewed toward shallow-water species. Given the relative ease
of accessing shallow reefs, and the appeal of trips to beautiful tropical locations, it is not surprising that these
species have been the focus of most research efforts. In contrast, deep-sea species remain largely unexplored
due to the logistical and financial challenges of sampling at great depths. However, with the rapid expansion of

deep-sea mining and other anthropogenic pressures, there is a growing urgency to catalog the chemical



diversity of deep-sea octocorals before it is lost. To address this gap, a research expedition led by the Jensen
Lab deployed remotely operated vehicles (ROVs) to sample corals from a series of offshore seamounts and
ridges in the Southern California Borderland, at depths ranging from 110 to 2,400 meters. We worked to assess
both the genomic potential and chemical repertoire for terpene production in the samples, uncovering hidden
diversity in deep-sea octocorals and providing a foundation for understanding how these compounds fit into

the broader ecological and evolutionary context of the group.

In this chapter, we pair genomic and chemical approaches to investigate the terpenoid biosynthetic
potential of deep-sea octocorals. We use Illumina short-read sequencing to generate genomic data for nine
specimens spanning both major octocoral orders, including previously unstudied genera such as Chrysogorgia,
Victorgorgia, Callistephanus, and Balticina. We biochemically characterize the terpene cyclases (TCs) present
in their genomes and profile the terpene chemistry present in the coral tissue. This work was also a formative
stage in my development as a researcher: through these efforts, | learned molecular cloning techniques to
experimentally link genes to their products. During this cloning process, | also began to see firsthand the
limitations of relying solely on short-read sequencing data. While we could find TCs in our assemblies, we could
not always determine how many distinct copies existed, whether they were in genomic neighborhoods with
other biosynthetic genes, or how they were organized across haplotypes. Functional annotation of these
biosynthetic genes revealed divergent evolutionary trajectories, suggesting that the capacity for diterpene
biosynthesis emerged early in octocoral evolution and has been conserved yet diversified across clades. In this
work, we begin to uncover how specialized chemistry has shaped octocoral ecology and contributed to their

remarkable evolutionary success.

The work presented in this chapter was carried out in collaboration with Dr. Immo Burkhardt, Hannah
K. Bone, Helena A. Leucke, Johanna Gutleben, Paul R. Jensen, Andrea M. Quattrini, Alexander B. Chase, and
Bradley S. Moore. | am presenting the work for this chapter in its entirety, given the synergy of the analyses and
the cohesiveness of the manuscript but wish to state forthrightly the portions to which | directly contributed.
My primary contributions included molecular cloning and heterologous expression of TC enzymes on
preparative and analytical scales, as well as structural characterization and elucidation of the resulting terpene

products. Hannah K. Bone and | also contributed to figure design and overall manuscript organization, while Dr.
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2.3 Abstract

Octocorals are the major source of marine-derived bioactive terpenoids. However, the vast majority of
explored chemistry is known from shallow-water species, leaving deep-sea octocorals largely unexplored.
Recent genomic work uncovered terpene biosynthetic pathways encoded in octocoral genomes, enabling
deeper investigation into the evolution and ecological distribution of these compounds. Here, we collected nine
deep-sea octocoral specimens representing both taxonomic orders and profiled their terpenoid chemistry.
These samples revealed extensive diversity in sesquiterpene scaffolds, along with repeated detection of five
widespread structural families of diterpenes (xeniaphyllene-, cembrene B-, elisabetatriene-, cembrene A-, and
klysimplexin R; collectively, “XBECK-type” diterpenoids). Phylogenetic analysis of terpene cyclase (TC)
sequences from these samples, combined with publicly available sequences and functional characterization
of selected genes, indicated that most TC enzymes encode functionally diverse sesquiterpene cyclases that
corresponded to deeply-rooted taxonomic origins, rather than biochemical function. Nonetheless, we
identified five monophyletic clades, each comprising isofunctional enzymes that produce precursors for
distinct XBECK-type diterpenoids, each showing broad representation across octocoral taxa. These findings
suggest that diverse diterpenoid biosynthesis evolved early in coral evolution, with the last common ancestor
already possessing multiple functionally distinct TC enzymes. Our results establish terpenoid production as an
ancient, central trait of octocorals, irrespective of habitat, thereby highlighting the tremendous potential of
deep-sea corals as sources for bioactive terpenoids. Finally, these findings raise intriguing questions about the

evolutionary origins of these pathways within early cnidarians and across animal phyla more broadly.
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2.4 Introduction

Octocorals represent half of all coral species worldwide, totaling approximately 3500 species.” Since
the split from their sister lineage ca. 770 million years ago, octocorals have colonized nearly all oceanic
environments, from shallow tropical reefs to the abyssal zone below 4000 m,? with 75% of species living deeper
than 50 m.>* In contrast to hexacorals (stony corals, black corals, sea anemones), octocorals are known as a
prolific source of specialized metabolites, constituting the largest known source of marine-derived
terpenoids.®>® Over 4000 octocoral-derived terpenoids have been described, many of which are of considerable
medicinal and ecological interest due to their potent biological properties.”® Prominent examples include
cristaxenicin (1), with nanomolar antiplasmodial activity,® renillafoulin A (2), which inhibits barnacle larval
settlement,’® the anti-inflammatory pseudopterosin A (3),"" the neuromuscular toxin lophotoxin (4),'? and
eleutherobin (5), known for pharmacological activity similar to the anti-cancer drug Taxol (Figure 1)." A large
number of the octocoral terpenoids identified to date are diterpenoids that are structurally related to
compounds 1-5." However, characterization of coral-derived terpenoids has disproportionately focused on
shallow-water tropical species, with fewer than 100 compounds (~2.5%) known from cold- and deep-water
species.”™" This disparity contrasts markedly with the numerous deep-sea-specific species.*'® The primary
reasons for this imbalance include difficulty accessing cold- and deep-water corals, which typically require
specialized and costly equipment, such as remotely operated vehicles (ROVs). Moreover, the slow growth of
deep-sea corals further restricts the collection of sufficient biomass for chemical studies.'®?°

Recently, we' and Scesa et al.?’ demonstrated that octocoral genomes harbor genes coding for
terpenoid biosynthetic pathways, dispelling earlier hypotheses of microbial symbiont origins. Octocoral
genomes encode multiple enzyme classes essential for terpenoid biosynthesis, such as short chain
dehydrogenases, cytochrome P450s, and a phylogenetically distinct lineage of class | terpene cyclases (TCs).
Class | TCs catalyze the first step in terpenoid biosynthesis, converting readily available oligoprenyl
diphosphate precursors from central metabolism into specialized hydrocarbon structures.?? Coral TCs are
monophyletic and broadly distributed across both octocoral orders, the Scleralcyonacea and
Malacalcyonacea, which diverged from their last common ancestor around 540 million years ago.'*?*?* Notably,

some of the initially characterized coral TCs produce diterpene (Cy-scaffolds) or mono-alcohols closely
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resembling the principal carbon scaffolds of compounds 1, 3, 4, and 5: xeniaphyllene (6), elisabethatriene (8),
cembrene A (9), and klysimplexin R (10), respectively (Figure 1).'*2' These terpene hydrocarbons had previously
been hypothesized? %’ or experimentally linked?® to higher oxidized terpenoids akin to compounds 1, 2, 3, and
5 prior to genetic studies. We recently identified cembrene B (7) as the first biosynthetic intermediate for the
briarane diterpenoids, including compound 2. Cembrene B synthases are found within conserved
biosynthetic gene clusters co-localized with genes encoding oxidative enzymes that construct the distinctive
g-lactone structural motif conserved in almost all briarane terpenoids. The cembrene B synthases were
monophyletic and only detected within the order Scleralcyonacea. Beyond this recent finding, limited
information exists on the evolutionary history and taxonomic distribution of coral TC genes, primarily due to

sparse sequencing data at the time of initial studies.'*?'

xeniapyllene (6) cembrene B (7) elisabethatriene (8) cembrene A (9) klysimplexin R (10)

Figure 2-1: Examples of bioactive octocoral diterpenoids from the five largest structural classes and
their biosynthetic precursors produced by octocoral terpene cyclases.

Leveraging new capabilities to connect genomic sequences with biosynthetic potential,®® we
investigated the chemical and genetic diversity of terpenoid production in deep-sea octocorals. Our results
show that deep-sea octocorals harbor a rich diversity of terpenoids comparable to shallow-water species. All
but one investigated deep-sea species contained detectable terpenes within their tissues, and all possessed
class | TC genes within their genomes. We performed the first comprehensive phylogenetic analysis for
octocoral TC genes, including 40 novel sequences obtained from nine deep-sea species and 137 sequences
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obtained from publicly available datasets spanning 39 species. Functional annotation of the enzymes revealed
divergent evolutionary trajectories, suggesting the early emergence and conservation of diterpene biosynthesis

across octocoral lineages.

2.5 Results

Sample collection and taxonomic identification

Deep sea octocoral samples were collected using remotely operated vehicles (ROV) from a series of
offshore seamounts and ridges in the Southern California Borderland (depths range from 110 to 2400 meters;
Table S1) during two scientific cruises in 2020 and 2021. Nine specimens were initially characterized by
morphological traits (Figure 2A) and validated using phylogenomic analyses (Figure 2B). Resulting taxonomic
assignments spanned both orders Scleralcyonacea and Malacalcyonacea and included two Chrysogorgia spp.,
two Paragorgia spp., two Callistephanus simplex, a Victorgorgia sp., an Acanthogorgia sp., and a Balticina sp.
(Figure 2A, Figure S1). Notably, Chrysogorgia, Victorgorgia, Callistephanus, and Balticina were previously

unexplored with regards to their chemistry (Table S1).

Metabolomic exploration of samples and distribution of terpenoid types within octocorals

Metabolomic analysis of the nine deep-sea octocoral samples using gas chromatography-mass
spectrometry (GC-MS) revealed substantial variability in sesquiterpene and diterpene hydrocarbon production.
In one case only, Balticina sp. NA124-218, no terpenes were detected. In contrast, Chrysogorgia sp. SCB-144
produced a notably rich profile, with the identification of 22 sesquiterpenes and two diterpenes (Figs S2-S10).
Overall, terpene production appeared to be driven more by fine-scale taxonomic relatedness than geographic
location. For instance, the C. simplex specimens, despite being sampled from different collection sites (Table
S1), exhibited similar terpene profiles, consistent with species-specific chemical signatures previously
observed in shallow-water corals such as Sarcophyton.®® However, these species-specific patterns were not
conserved among closely related species (i.e., within genus). Minimal overlap in terpene profiles was observed

between Paragorgia jamesi and Paragorgia arborea, as well as between the two distinct, Chrysogorgia species.

Although overall terpene profiles were divergent across specimens, certain diterpenes exhibited broad

taxonomic distribution. In particular, xeniaphyllene (6) was detected in distantly related corals from both
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orders, Malacalcyonacea (Acanthogorgia sp., Victorgorgia sp.) and Scleralcyonacea (Paragorgia sp.,
Chrysogorgia spp.) (Figure 2B), suggesting that some diterpenes may be conserved or convergently evolved
across octocoral lineages. The detected diterpenes were largely restricted to known coral compounds,
xeniaphyllene (6), elisabethatriene (8) and cembrene A (9) (all confirmed by identical mass spectra to
standards;' Fig S2-S10). Only Chrysogorgia sp SCB-157 produced previously uncharacterized diterpenes (Fig.
S9). In contrast, we observed far greater structural diversity among sesquiterpenes, including numerous
uncharacterized compounds (Figs. S2-S10). These patterns prompted us to examine whether terpenoid

structural diversity more broadly reflects phylogenetic relationships within octocorals.

To investigate this, we expanded our analysis by incorporating published reports of diterpenoid
production across octocorals, focusing on biosynthetic precursor relationships to compare diterpenoid types
in a phylogenetic context. The structural diversity of octocoral diterpenoids is immense, and numerous
principal carbon scaffolds have been described.® However, many structurally distinct diterpenoids likely arise
from common biosynthetic intermediates, with scaffold diversification occurring in late-stage tailoring steps,
as suggested by the frequent co-isolation of structurally related compounds or by chemical
interconversion.??7:32 Accordingly, we categorized diterpenoids into five types based on their presumed
biosynthetic precursor rather than the final structure, which corresponded to major known coral diterpenoid
scaffolds (Figure 1, Figure 2C; see figure legend for details). Together, these five groups, referred to here as the
XBECK-structure types, account for more than half of the over 4000 reported octocoral terpenoids, including
the examples in Figure 1. Four of the five diterpene types were broadly distributed across both octocoral
orders, while the B-type was restricted to Scleralcyonacea (Figure 2B, Table S2), consistent with our recent
finding that cembrene B synthases form a monophyletic clade within this order.?® The widespread taxonomic
distribution of the other diterpene types suggested a distinct evolutionary history, prompting phylogenetic and

functional analysis of the corresponding terpene synthases to investigate their biosynthetic origins.
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Figure 2-2: Taxonomic classification of deep-sea octocoral samples and distribution of diterpenoid
compound types throughout octocorals.

A: In situ photographs of the deep-sea octocoral specimens analyzed in this study (S1-S9), labeled with their
determined species identification; B: Phylogenomic reconstruction of the nine octocoral mitogenomes
sequenced in this work (highlighted in red labels corresponding to Panel A) alongside reference sequences from
a published database *’. Branches are colored by taxonomic order: green for Malacalcyonacea, blue for
Scleralcyonacea. Where applicable, detected diterpenoids are annotated by type (see Panel C). For a full
representation of the Maximum Likelihood tree including bootstraps, see Figure S2; red font indicates
diterpenes characterized from the deep-sea specimens in this study, black font denotes compounds previously
reported in the literature; C: Biosynthetic classification of octocoral diterpenoids based on their X-type
(xeniaphyllene-derived), B-type (cembrene B-derived), E-type (elizabethatriene-derived), C-type (cembrene A-
derived), and K-type (kysimplexin R-derived) structures, collectively referred to as XBECK-strucutre types.

Terpene synthase phylogeny and distribution

All deep-sea coral genome assemblies generated in this work contained TC genes, their number
ranging from one to seven per dataset. Phylogenetic analysis of these and publicly available octocoral TC genes
revealed four major clades, with distinct taxonomic patterns across clades (Figure 3A, Figure S11,
Supplementary file 1). Clades 1 and 3 contained TCs from both octocoral orders, whereas clade 2 was
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restricted to Scleralcyonacea and clade 4 to Malacalcyonacea. Clade 1 was further divided into five
monophyletic subclades (I-V), with subclades 1-1, 1-Il and 1-1V containing representatives from both orders. In
contrast, clades 2, 3 and 4 were constrained in their taxonomic distributions, with closely related sequences
typically originating from the same family or genus (Figure S11). TC sequences derived from the deep-sea
octocoral genomes generated in this study were distributed across all four clades as well as all five subclades

inclade 1.

Functional annotation of previously characterized enzymes mapped onto the phylogenetic tree
revealed apparent functional conservatism within clade 1 (Figure 3B). This clade exclusively harbored diterpene
synthases, including elisabethatriene (8) synthases in subclade 1-l, klysimplexin R (10) synthases in 1-Il,
cembrene A (9) synthases in 1-1ll, and cembrene B (7) synthases in 1-V.'421293435 Sypclade 1-1V contained no yet
characterized enzymes. The remaining clades (2, 3, and 4) primarily contained sesquiterpene synthases, but
also included a xeniaphyllene (6) synthase in clade 4, and two cembrene A (9) synthases in clades 2 and 3.
However, no clear relationship between TC product type and phylogenetic placement was initially observed

within these clades.

In vitro characterization of TCs from deep-sea samples

To investigate whether the phylogenetic structure of octocoral TCs reflects enzyme function, we
characterized additional TCs derived from the nine deep-sea specimens. Targeted genes were heterologously
expressed in Escherichia coli, and purified recombinant enzymes (Figure S12) were then incubated with the
terpene precursors geranyl diphosphate (GPP), farnesyl diphosphate (FPP) and geranylgeranyl diphosphate
(GGPP) to test for mono-, sesqui- and diterpene production, respectively. We sampled two additional enzymes
in each of the clades 1-I through 1-V to assess if these enzymes will predictably generate the diterpene products
previously described from members of these clades. The only exception was clade 1-Il, where we only identified
one new sequence. Upon functional characterization, the additional enzymes from clade 1-I produced 8; the
one additional enzyme from clade 1-1l produced 10; the two additional enzymes from clade 1-lll produced 9;
and two additional enzymes from clade 1-V produced 7 (Figure 3B, Figures S13-34). Clade 1-1V contained no

previously characterized enzymes, but both representatives characterized here produced 6. We also observed
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two paralogous sequences from the Balticina cf. californicum genome, that were closest to subclade 1-lll, but
separated by a fairly long branch and were hence not included in one of the subclades.We targeted both
enzymes for characterization, one enzyme selectively producing hinesene (11) (Fig S34), a compound known
from plants but not previously reported in corals. This enzyme represents the first known hinesene synthase.
The second Balticina cf. californicum TC failed to overexpress in E. coli. These results suggest that clade 1,
excluding the two Balticina cf. californicum TCs, consists of broadly distributed, functionally conserved
diterpene synthases that likely contribute to the widespread occurrence of common diterpenoids across
octocorals. Since the sampling density varied for each subclade, we generated ancestor sequences for each of
the ancestral nodes from subclades 1-1to 1-V to see if the ancestor of all identified extant sequences generates
the same products as the individually tested enzyme representatives. Indeed, each ancestor reliably produced
the same diterpene as the characterized extant enzymes from each clade, the products being elisabethatriene
(8), klysimplexin R (10), cembrene A (9), xeniaphyllene (6), and cembrene B (7) for the ancestors of clades 1-I,

1-11, 1-111, 1-1V, and 1-V, respectively (Figures S35-S39).

Unlike clade 1, clades 2, 3 and 4 showed greater variation in product diversity, with most previously
characterized enzymes functioning as sesquiterpene synthases (Figure 3B, 3C and S11) and not showing
obvious functional trends matching their phylogenetic relationship. We sampled across these three clades and
picked 15 additional enzymes identified in the deep sea octocorals. We aimed to cover a large phylogenetic
space while also picking some closely related enzymes for functional characterization. Adding these new 15
enzymes to the 9 previously characterized (Figure 3B, Figure S11) did not reveal significant functional
conservation corresponding to phylogeny. Even enzymes with high sequence identity produced different
products, for example the 12 and 13 synthases in clade 2 (79% amino acid identity) and the 18, 19, 21, and 13
synthasesinclade 4 (57-79% amino acid identity) (Tables S3-S7). Nine out of the total 24 characterized enzymes
from these clades produced multiple major products, highlighting increased enzymatic promiscuity compared
toclade 1. We also identified an xeniaphyllene (6) synthase in clade 3, indicating that 6 synthases occurin three
of the four major TC clades. Together, these results fit the observed coral terpene profiles, with clade 1 enzymes
showing conserved, predictable diterpene activity, and enzymes in clades 2, 3, and 4 displaying increased

product promiscuity and functional divergence, mostly producing sesquiterpenes.
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A few diterpene synthases were not located within clade 1. This included two previously characterized
cembrene A (9) synthases from clades 2 and 3 and two xeniaphyllene (6) synthases one previously described,
one discovered here, from clades 3 and 4. These enzymes clustered in distant, non-homologous lineages
relative to the corresponding clade 1 synthases. To test whether these enzymes produced truly identical
products, we determined their absolute configurations. The products of cembrene A (9) synthases were
compared to authentic standards of (-)-9 ' and (+)-9 ** by GC-MS on a homochiral stationary phase. This
analysis showed that all cembrene A (9) synthases from clade 1-lll produced (-)-9, whereas the two enzymes
from clades 2 and 3 produced (+)-9, proving their products to be distinct from enzymes in clade 1-1ll (Figure 3B
and C, Figure S40). Conversely, optical-rotation measurements of preparative amounts of xeniaphyllene (6)
obtained from enzymes in clade 1-1V and clade 3 identified them as (-)-6, and hence proved them identical to
the product of the previously characterized 6 synthase from clade 4. These results revealed that all 6

synthases identified so far form identical products, irrespective of their phylogeny or sequence identity.

Lastly, we analyzed the chemical extraction data for the presence of compounds we identified in the in
vitro characterization of enzymes. Whenever we characterized an elisabethatriene (8) synthase, a cembrene A
(9) synthase, or a xeniaphyllene (6) synthase, we found the respective terpene product in the chemical extract
of the specimen, with the exception of Acanthogorgia sp. NA124-045, where a 9 synthase was characterized,
but the product was not observed in the extract (Table S8). We did not observe klysimplexin R (10) or cembrene
B (7) in any sample, even when we characterized an active diterpene cyclase from that specimen. Generally,
the presence/absence correlation between detected diterpenes and a diterpene synthase in the predicted
diterpene subcades 1-l through 1-V was strong and could be extended to species whose sequencing
information was analyzed in this work and that had chemical data published in the literature (Table S8). The only
exception for this trend was the xeniaphyllene (6) production in Chrysogorgia sp. SCB-144, where we could not
identify a sequence that fell into subclade 1-1V, but identified a phylogenetically distant 6 synthase with
identical activity as the clade 1-1V enzymes. As many diterpene cyclases showed some degree of sesquiterpene
synthase activity (Figure S13-S34) we also analyzed the sesquiterpene content of the samples. Only in a few
cases could we identify sesquiterpenes from in vitro assays in the chemical extracts of the same specimen, the

examples being germacrene C (14) in Paragorgia arborea NA124-195 (Figure S5), germacrene D (13) in
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Chrysogorgia sp. SCB-144 (Figure S8), and aristolene (12) production in Chrysogorgia sp. SCB-157 (Figure S9).
While germacrene D (13) was detected as one of the products generated by elisabethatriene (8) synthases, we
also identified a selective 13 synthase in Chrysogorgia sp. SCB-144. Generally, the diterpene synthases
produced multiple sesquiterpene products when incubated with FPP, while showing selective diterpene
cyclase activity (Figure S13-S39). We did not observe a co-occurrence of the in vitro sesquiterpene blends with
the diterpene products of enzymes in subclades 1-I to 1-V within the extracts of the deep-sea coral samples,

pointing to their selectivity for diterpene production in vivo.
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Figure 2-3: Phylogeny and enzymatic activity of octocoral terpene cyclases (TCs).

A: Unrooted phylogenetic tree showing the overall topology of octocoral TCs, with clades 1-4 and subclades I-
V within clade 1. B: Rectangular view of the phylogenetic tree. Labeled tips correspond to functionally
characterized enzymes, annotated with their respective terpene products. Stars indicate enzymes from deep-
sea octocorals newly characterized in this study. Filled circles mark ancestral nodes that have been
biochemically characterized for each of the subclades 1-1 through 1-V, labeled as A1 through A5, respectively.
Abbreviations: M, multiple products; n.a., inactive protein; n.e., not expressed protein; ST, unknown
sesquiterpene. C: Structures of terpene products generated by characterized octocoral TCs.
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Lineage-Specific Divergence and Selection in Terpene Cyclase Clades

Next, we aimed to investigate if the observed functional differences in clade 1 and clades 2, 3 and 4
occur due to distinct evolutionary mechanisms. We compared patterns of nucleotide divergence and
synonymous site evolution in octocoral TC genes among the distinct clades and the subclades in clade 1
relative to mitochondrial genes. Although mitogenomes in octocorals show evidence of purifying selection and
nuclear-mitogenome discordance,**® they remain widely used as phylogenetic markers (e.g., mutS) and serve
here as a conserved reference for comparative analyses. Functionally conserved diterpene synthase subclades
within TC clade 1 partially exhibited constrained evolution, with subclades 1-1l and 1-1V showing low divergence,
while subclade 1-lll and the more functionally diverse clades 2 and 4 diverged three- to four-fold more rapidly
(Figure S41A). These trends were broadly consistent with population genetic metrics (Table S9), including lower
dN/dS ratios in some conserved subclades, but overall, no single metric showed a uniform pattern across
clades. Together, these results indicated that evolutionary rates and constraints vary among TC clades but do

not follow a simple relationship with enzyme function or phylogenetic grouping.

Taxonomic differences further contributed to variation in TC gene evolution. While mitochondrial genes
showed no significant differences in nucleotide diversity (i) or allele frequency distributions (Tajima’s D)
between the two octocoral orders (1t: p = 0.8; Tajima’s D: p = 0.4), TC genes differed significantly in both metrics
(T: p < 0.05; Tajima’s D: p = 0.06; Figure S41B), suggesting that terpene biosynthetic genes have been shaped,
at least in part, by order-specific demographic histories or selection. Codon usage patterns were consistent
with these broader trends. TC genes exhibited greater third-position nucleotide asymmetries than
mitochondrial genes, with a significant order-specific bias in Avs. T usage (PR2_AT: p = 0.03) but no difference
in Gvs. C usage (PR2_GC: p =0.22; Figure 4A). Both gene sets showed a strong linear relationship between GC,
and overall GC content, but TC genes were systematically elevated in both, reflecting gene-specific mutational

pressures (Figure S42A).

Codon bias in TC genes was modest overall, with most genes clustering at high effective codon number
(Nc) values, consistent with weak codon usage bias (Figure 4B). Nonetheless, TC genes exhibited broader

codon repertoires and increased absolute codon frequencies for specific codons relative to mitochondrial
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genes (Figure S42C), highlighting compositional differences between gene groups. At finer scales, relative
synonymous codon usage (RSCU) analyses identified a subset of codons with significant inter-clade
differences (FDR < 0.05; RSCU range > 0.7) across TC genes, particularly for alanine, arginine, glycine, histidine,
serine, and threonine (Figure 4C). However, these patterns did not consistently align with enzyme function or
evolutionary constraint, indicating that synonymous site evolution in TC genes is shaped by a combination of
lineage-specific mutational biases, relaxed selection, and demographic history. The distinct codon usage
patterns observed among clades are consistent with deep, independent evolutionary trajectories following the

early diversification of multiple ancestral TC genes in octocorals.
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Figure 2-4: Codon usage patterns and synonymous codon biases in octocoral terpene cyclase (TC)
genes.

A: PR2 plot showing third-position nucleotide asymmetries in TC and mitochondrial genes. Each point
represents an individual gene, colored by taxonomic order (Malacalcyonacea in green, Scleralcyonacea in
blue). Red lines at 0.5 indicate expected equilibrium values under unbiased synonymous site evolution. TC
genes exhibit greater variability in A/T and G/C asymmetries compared to mitochondrial genes, consistent with
relaxed constraints or lineage-specific mutational biases. B: Wright's plot of effective codon number (Nc)
versus third-position GC content (GC,) for TC and mitochondrial genes, colored by taxonomic order as in panel
A.TC genes cluster at high Nc values, consistent with weak codon usage bias. The red curve shows the expected
relationship between Nc and GC; under neutral evolution. Mitochondrial genes are shown as a conserved
comparative reference. C: TC clade variation in relative synonymous codon usage (RSCU) for a subset of
codons showing significant differences among TC clades (FDR < 0.05; RSCU range > 0.7). Codons are grouped
by encoded amino acid, with bars colored by TC clade. These patterns highlight clade-specific synonymous site
evolution in TC genes, suggesting lineage-specific mutational biases or weak selection on codon preference.

2.6 Discussion

The recent discovery of terpenoid biosynthetic pathways in octocorals prompted us to investigate their
distribution and evolution across taxa and habitats. Here, we show that deep-sea octocorals, spanning six
genera and both octocoral orders, produce species-specific sesquiterpenes and a restricted set of diterpenes.

The latter corresponded to the precursors of XBECK-type diterpenoids, which encompass five structurally
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diverse groups originally reported from shallow-water species. Our findings highlight deep-sea corals as an
untapped source of terpenoids, including likely novel XBECK-type diterpenoids, many of which exhibit
promising bioactivities (Figure 2B). Furthermore, the taxonomic distribution of these diterpenoid types reveals
that those derived from 6, 7, 8, and 10 are found in both octocoral orders, consistent with an ancient

evolutionary origin for their biosynthetic pathways.

This evolutionary pattern is mirrored in the phylogeny of octocoral terpene cyclases (TCs). Clade 1
comprises five monophyletic, isofunctional subclades of diterpene synthases that produce the precursors of
the five major diterpenoid types, which was established by characterizing extant representatives as well as the
reconstructed ancestors for all five subclades (Figure 3B; Figure S11). These subclades show broad taxonomic
representation, including sequences from both octocoral orders, consistent with ancient, conserved diterpene
biosynthesis. In contrast, clades 2, 3, and 4 contain primarily sesquiterpene cyclases that exhibit rapid
functional diversification and more limited taxonomic distribution (Figure S11), which corresponds to the
species-specific sesquiterpene profiles observed via GCMS analysis. A similar evolutionary pattern was
observed in plant terpene cyclases, where the ancestral function to produce ent-kaurene is preserved in all
plants, while a vast array of additional TC copies producing a plethora of different products has evolved in
different plant species *. The long-term preservation of XBECK-type diterpene synthase activity, coupled with
diversification of downstream tailoring enzymes, likely underpins the vast structural diversity of coral
diterpenoids belonging to these five types. Indeed, functional diversification at early steps in these pathways?%4°
would disrupt precursor production and associated biological functions, whereas diversification of late-stage
redox enzymes can yield new derivative structures with novel or enhanced activity. While oxidized di- and
sesquiterpenoids from octocorals have been linked to defensive roles,*** the ecological roles of terpene
hydrocarbons, specifically sesquiterpenes that might not represent pathway intermediates, remain unclear.*®
Instead, they may serve functions like inter- or intraspecific communication, in which species specific blends

of compounds could be advantageous, analogous to volatiles in plants.*

Comparative evolutionary analyses revealed distinct patterns across TC clades that partially align with
their functional roles. The elisabethatriene (8)-, klysimplexin R (10)-, and xeniaphyllene (6)-producing diterpene

synthase subclades (1-1, 1-1l, 1-1V) exhibited slower divergence and elevated nucleotide diversity, consistent
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with functional constraint. In contrast, the cembrene A (9)- and cembrene B (7)-producing subclades (1-lll, 1-V)
showed divergence rates comparable to the more recently diversified, functionally heterogeneous
sesquiterpene cyclases of clades 2-4. These patterns are further supported by synonymous site evolution and
codon usage, which varied among TC clades in a manner consistent with their distinct evolutionary histories. A
clear trend that differentiates the functionally conserved groups in clade 1 from clades 2,3 and 4 is lacking.
However, the clade-specific variation likely reflects a combination of lineage-specific mutational biases and
relaxed selection, superimposed on deep, independent diversification of each TC lineage. In addition,
significant differences in nucleotide diversity, synonymous site composition, and codon usage between
octocoral orders across all TC clades indicate that demographic history and selection have further shaped TC

gene evolution beyond phylogenetic divergence alone.

The presence of multiple, functionally distinct diterpene cyclase clades with broad taxonomic
representation, including three subclades comprising sequences from both octocoral orders, suggests that the
last common octocoral ancestor possessed at least four terpene cyclase genes: three producing 6, 8, and 10,
and a fourth ancestral gene that diversified into clades 2, 3 and 4 (Figure 5A). Whether clades 1-1ll and 1-V and
their observed 7- and 9-synthase activity originated in the last common ancestor and was subsequently lost in
one order, or evolved independently post-divergence, remains unclear. We previously postulated that a TC gene
was acquired in octocorals via horizontal gene transfer from a microbial organism ', a hypothesis that was
supported by the monophyly of octocoral TCs and the absence of terpene biosynthesis in hexacorals and all
other cnidarians (Figure 5B, top). However, the existence of multiple monophyletic, functionally distinct TC
clades sharing moderate sequence identity raises the possibility that terpene biosynthetic capability originated
earlier. One plausible scenario is that the last common anthozoan, or even cnidarian ancestor, possessed
terpene biosynthesis, which was lost independently in medusozoans, hexacorals, and other lineages (Figure
5B, bottom). Similar patterns of widespread ancestral biosynthetic capability followed by multiple independent
losses have been observed for enzymes connected to sterol biosynthesis in metazoans.”® The deep
evolutionary origins of animal terpene biosynthesis, potentially predating modern cnidarian diversification,

remain an intriguing possibility. The recent discovery of phylogenetically distinct sponge terpene cyclases*®
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further supports the hypothesis that terpene biosynthesis was widespread in early animals and that further

biosynthetic diversity remains to be discovered across the animal kingdom.

Together, these findings represent the first comprehensive evolutionary analysis of octocoral terpene
biosynthesis, revealing both ancient, conserved pathways and ongoing gene diversification. As this is a first
survey on this matter, future research will expand on linked genomic and chemical datasets, which will further
refine our understanding of coral evolution and facilitate the exploration and biotechnological potential of their

abundant biosynthetic capacity.
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Figure 2-5: Schematic of possible early TC evolution in octocorals.

A: Diversification of different terpene cyclase lineages throughout four timed events, marked by vertical bars.
The latest plausible acquisition of the ancestor gene to all octocoral terpene cyclases is marked by a black
circle. Diterpene lineages are marked with their generated products. The diversification of clades 2, 3, and 4 is
shown schematically to illustrate the prolific duplication-neofunctionalizations observed in the phylogenetic
data. B: Two competing hypotheses for the emergence of octocoral terpene cyclases. Top: Acquisition of the
ancestral terpene cyclase by the last common octocoral ancestor. The acquisition event is marked by a black
circle. Bottom: The last common cnidarian ancestor had the capability to produce terpenes, but it was lost in
the emerging lineages of the endocnidozoans and medusozoans and later by the hexacorals, after their split
from octocorals. Loss events are marked as X.
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2.9 Supplementary Information

General Methods

All chemicals and solvents were used as received from the commercial supplier (Sigma-Aldrich, Fisher
or TCI). The substrates GPP, FPP, and GGPP were synthesized as reported previously 2. Authentic terpene
standard for 20 and 18 were purchased from Sigma Aldrich and Cayman chemicals, respectively, the residual
standards were obtained from our in-house library. Thin Layer chromatography was performed with TLC plates
purchased from Merck (silica gel 60 F254, glass plates). Column chromatography was carried out using a Flash
EZ prep combiflash system (Teledyne ISCO). If not specified otherwise, GCMS analysis was carried out on an
Agilent 7890A gas chromatograph with Agilent 5975C mass spectrometer, using a Rtx-5Sil 30 m x 0.25 mm,
0.25 p column. Oven program was as follows: hold 70 °C for 3 min, 10 °C/min to 325 °C, hold at 325°C for 3min.
Flow rate: 1 mL/min, Injection volume: 1 L, splitless injection, Inlet temperature: 270 °C, MS transfer line
temperature: 280 °C, MS source temperature 230 °C, MS quad temperature: 150 °C. NMR spectra were
recorded on a JEOL ECZ spectrometer (500 MHz) in CsDs and were referenced against CsD¢ (0 = 7.16 ppm) for
TH-NMR and C¢D¢ (6 = 128.06 ppm) for '*C-NMR. Data for NMR spectra are reported as follows: shift (8) in ppm,
s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet or unresolved, br = broad signal, J = coupling
constant(s) in Hz. Optical rotation measurements were carried out using a Jasco P-2000 polarimeter.

Sample collection

Samples for this work were collected on two deep sea exploration expeditions, covering an area of
approximately 39 000 km? of the “Southern California Borderland” (SCB), an area off the southwest coast of the
US. The SCB extends from Point Conception to the border with Mexico and out to 300 km offshore. Sampling
sites were selected with a focus on the presence of potentially commercially interesting mineral-rich

hardgrounds, which are prevalent at slopes and ridges, as well as on off-shore seamounts. The first expedition
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on board the E/V Nautilus in November 2020 collected biological samples and oceanographic data at eight dive
sites using the remotely operated underwater vehicle (ROV) Hercules, supported by the deep-tow system
Argus. The second expedition on board Schmidt Ocean Institute’s RV Falkor in August 2021 used ROV SuBastian
to collect biological samples and oceanographic data at complementing eight dive sites Upon retrieval from
the ROV, animal tissues were subsampled for DNA extraction (immediately frozen at -80 °C) and metabolomics

(immediately frozen at -20°C). For exact coordinates of samples investigated in this work see Table S1.

Taxonomic assignment of coral samples

Nine octocorals were identified using genomic data and morphological characters. To help identify
octocorals, skeletal axis types and sclerite shapes were examined®. mtMutS sequences, which are a
mitochondrial informative DNA barcode,® were then extracted from the assemblies. The data were aligned with

muscle in AliView v 1.26 ° against NCBI GenBank data.

Terpene extraction and analysis

Between 300 and 1000 mg of frozen coral tissue was separated from the samples, thawed and then
macerated in 2 mL MeOH/DCM 2:1. The mixture was stirred for 12 hours in a closed 20 mL scintillation vial at
room temperature. The resulting suspension was diluted with water (10 mL), 1 mL of hexane was added, and
the sample mixed by vortexing for 10 seconds. After layer separation, the top layer was carefully pipetted off

into GCMS vials and directly subjected to GCMS analysis. Chromatograms are shown in Figures S2-S10.

DNA extraction and sequencing

DNA was extracted using a bead beating and phenol:chloroform:isoamyl alcohol protocol as
previously described €. Subsampling and preparations were performed under sterile conditions inside a flow
cabinet. Between 0.1 g and 0.5 g of tissue was thawed, cut into small pieces and used for DNA extraction. DNA
was eluted into 20-80 pL of EB buffer. All DNA samples were additionally cleaned using a DNA clean &
concentrator-100 kit (Zymo) and quantified using Nanodrop. DNA was submitted to the UCSD Institute for
Genomic Medicine for library prep using the KAPA HyperPrep Kit (Roche) and metagenomic sequencing using 1

lane of Illumina NovaSeq S4 PE150 technology, targeting a read depth of 75M read pairs per sample.

31



Genome assembly and phylogenomics

We assembled high-quality draft genomes for nine deep-sea octocoral specimens using the BBMap
toolkit v38.96 7 for read trimming and quality filtering. Adapter sequences and low-quality regions were
removed, and paired-end reads were merged prior to assembly with IDBA-UD v1.1.3 8 using a k-mer size range
of 30-200 with error correction enabled. Only contigs >2 kb in length were retained for further analyses. To
exclude potential bacterial or archaeal symbiont sequences, we generated taxon-annotated GC-coverage
(TAGC) plots, based on contig coverage (Bowtie2 v2.4.5) °, GC content, and blastn v2.12.0+ searches against

the NCBI non-redundant database (downloaded September 2022).

In addition to the deep-sea genomes, we included publicly available genomic and transcriptomic
datasets from 34 representative octocoral species (Supplementary File 1). For datasets lacking pre-assembled
genomes (i.e., Capnella imbricata; SRA accession SRR15733495), raw reads were retrieved from the SRA

database and processed identically to the deep-sea samples.

All assemblies (N=43) were screened for the presence of 14 conserved mitochondrial marker genes
(atp6, atp8, cob, cox1, cox2, cox3, mutS, nad1, nad2, nad3, nad4, nad4Ll, nad5, nad6) using diamond blastx
(v2.1.6) "° against a curated reference database of 184 octocoral mitochondrial genomes ''. To account for the
incomplete nature of draft assemblies, we focused on a subset of seven mitochondrial markers (atp6, atp8,
cox2, mutS, nad4, nad4Ll, nad6) that were consistently recovered across samples and exhibited more stable
phylogenetic patterns in preliminary analyses. Samples lacking these seven markers or showing evidence of
multiple divergent copies were excluded, resulting in a final dataset of 213 taxa for mitochondrial phylogenetic

analyses.

Individual mitochondrial genes were aligned using Clustal Omega v1.2.4 '? and concatenated into a
multi-gene alignment. Phylogenetic relationships were reconstructed using RAXML-NG v1.2.0 "* under a general
time reversible (GTR) model with gamma-distributed rate heterogeneity, starting from 20 randomized parsimony

trees and assessed with 100 non-parametric bootstrap replicates.

Terpene Cyclase Phylogenetic Analyses
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The nine deep-sea draft genome assemblies, along with the publicly available octocoral sequencing
datasets, were queried for terpene cyclases using hidden Markov models (HMMs), as previously described .
Briefly, open reading frames (ORFs) were translated using getorf (EMBOSS v6.6.0.0) and screened with
hmmsearch (HMMER v3.3.2) '® against custom TC HMM profiles. Putative hits were identified by manual
checking for the conserved motifs DDXXD, NSE, and RY ', and their corresponding nucleotide sequences were
also extracted. In total, we identified 40 TC sequences from the deep-sea genomes and 137 TC sequences from
public datasets, including previously characterized enzymes (Supplementary File 1). Both nucleotide and
amino acid sequences were aligned separately. Nucleotide sequences were processed and phylogenies
reconstructed as described above and used for all downstream evolutionary and population-level analyses. For
visualization purposes, amino acid sequences of the TCs were aligned using Kalign v2.044, and a maximum-
likelihood tree was generated in IQ-TREE v2.3.35 '® using the Q.plant+I+R5 model selected by ModelFinder .

Trees were visualized using iTOL v6 .

Evolutionary analyses: divergence, population genetics, and codon usage

Divergence. To assess evolutionary congruence between terpene cyclase and mitochondrial gene
divergence, we compared pairwise distances derived from TC phylogenies to corresponding mitochondrial
phylogenetic distances for each genome where both data types were available. Analyses were performed
separately for each major TC clade, with genome pairs excluded if mitochondrial data were unavailable or
incomplete. For each clade-specific dataset, linear regressions were performed to assess the relationship

between TC and mitochondrial divergence, and slope and adjusted R® values were reported.

Population Metrics. Population genetic statistics were calculated for TC genes and mitochondrial
genes to assess evolutionary constraint and demographic patterns. Prior to alignment, TC nucleotide
sequences were screened for complete open reading frames using a custom Python script to exclude
sequences with frameshifts or premature stop codons. Genes passing this filter were aligned using Clustal

Omega v1.2.4 and used for downstream analyses.

We estimated nucleotide diversity (1), Tajima’s D, Watterson’s theta (Bw), and dN/dS ratios using the

PopGenome'®, seqinr®, and ape®' packages in R. Z-scores and adjusted p-values for dN/dS were calculated
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based on variance estimates, and genes with unreliable estimates (e.g., negative or infinite dS) were excluded.
Population genetic metrics were first calculated across all samples, then partitioned by octocoral order
(Malacalcyonacea and Scleralcyonacea) based on mitochondrial phylogenetic assignment (see above). As a
comparison, the same analyses were performed on the seven mitochondrial marker genes (atp6, atp8, cox2,
mutS, nad4, nad4l, nad6) from their corresponding genomes. Because these analyses compare divergent
octocoral lineages rather than populations within species, the application of dN/dS ratios is appropriate,

consistent with prior expectations 22,

Codon Bias. Codon usage patterns were assessed for TC and mitochondrial genes to examine potential
lineage-specific evolutionary pressures. Basic codon composition statistics, including third-position GC
content (GC,) and absolute codon frequencies, were calculated for each gene to examine correlations between
overall GC content, codon preferences, and codon usage bias. Relative synonymous codon usage (RSCU) was
also calculated for each gene using the seqinr package. RSCU values above 1.0 indicate preferential codon
usage (with values >1.6 suggesting strong bias), while values below 1.0 indicate underrepresentation (with
values <0.6 reflecting strong avoidance) %. To test for differences in RSCU among TC clades, we performed
statistical comparisons for each codon, applying false discovery rate (FDR) correction to account for multiple
testing. Codons with FDR-adjusted p-values below 0.05 and an RSCU range exceeding 0.7 across clades were

considered to exhibit biologically meaningful inter-clade variation.

To further investigate codon usage, calibrated CodonW v1.4.4 ?* analyses were performed following
similar methodologies to investigate codon usage patterns in Demospongiae 2. As a calibration step, the
mitochondrial gene atp8 was analyzed using the options -c_type 2 -f_type 7 -code 4, and sequences with
internal stop codons or frameshifts were excluded based on log file filtering. All TC genes passing alignment
quality filtering were subsequently analyzed with CodonW using the same options to generate consistent codon
usage indices. Metrics extracted included the effective number of codons (Nc), where lower values indicate
stronger codon bias (with Nc = 20 representing maximal bias and Nc = 61 indicating no bias), and the codon
adaptation index (CAl), a measure of codon usage similarity to a reference set, with higher values reflecting

greater adaptation to presumed translational preferences.

34



In addition to standard CodonW metrics, third-position nucleotide counts (A3s, T3s, G3s, C3s) were
extracted from CodonW outputs. These were used to calculate PR2 bias metrics (PR2_AT and PR2_GC) in R,
summarizing A/T and G/C asymmetries at third codon positions. Deviations from the expected PR2 equilibrium
(PR2_AT = 0.5, PR2_GC = 0.5) can indicate strand-specific mutational biases or weak selection on codon

composition .

Statistical Analyses. Comparisons of nucleotide diversity, Watterson’s theta, allele frequency
distributions, and codon usage metrics between TC and mitochondrial genes and across taxonomic orders
were performed using Wilcoxon rank-sum. All statistical analyses and data visualization were performed in the

R software environment v4.2.2.

Molecular cloning

The protein encoding sequences of selected terpene cyclases were either cloned out of genomic DNA
or ordered as original nucleotide sequences (Twist Biosciences). This was done using standard operations
using commercially available kits. In brief, for genes that were cloned out of genomic DNA, (Supplementary File
1), primers specific to the gene of interest were designed (Table S9). PCR reactions were set up according to a
standard protocol (Phusion High-Fidelity DNA Polymerase Master Mix, Thermo Scientific) based on the

template DNA size and primer design. An example of the PCR conditions are as follows:

Repetitions Temperature Time

1x 98°C 0:30 min

30x 98°C 0:10 min
56-70°C 0:30 min
72°C 0:50 min

1x 72°C 5:00 min

The resulting products were purified via a gel purification kit (Zymoclean Gel DNA Recovery Kit
(ZymoResearch). Next, the purified terpene cyclase encoding genes, or the ordered genes were inserted into
the E. coli expression vector pET28a(+) by cutting the empty vector with the restriction enzymes Ndel (NEB) and
Xhol (NEB) in CutSmart® buffer (10x, NEB) at 37 °C for 4 h, and combining the open vector with the gene of

interest using Gibson assembly (NEBuilder HiFi DNA Assembly Master Mix, New England Biolabs) according to
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the manufacturer’s protocol. Subsequently, the plasmid is transformed into E. coli DH5a using chemically
competent cells using the heat shock transformation method. Successful cloning and transformation of the
template DNA was checked by sequencing the mini prepped plasmids (Quick-DNA Miniprep Kit,
ZymoResearch). These TC-containing plasmids were transformed into E. coli BL21 (DE3) strains for

heterologous expression of proteins.

Heterologous expression for analytical scale

Strains of E. coli BL21 (DE3) containing terpene cyclase encoding genes were grown from cryostocks
in 10 mL of LB medium (Fisher) with 50 mg/mL kanamycin for 18 hours at 37 °C and 200 rpm in a shaking
incubator. One mL of the starting culture was used to inoculate 100 mL of TB (Fisher) supplemented with 50
mg/mL kanamycin in a 250 mL Erlenmeyer flask. The culture was incubated at 37 °C and 200 RPM until the
culture reached an OD of 0.6-0.8. Cultures were subsequently cooled to 18 °C, induced with 400 uM IPTG, and
then shaken at 200 RPM for 18 hours. Cells were pelleted by centrifugation (8,000 g for 10 minutes at 4 °C) and
resuspended in 5 mL of cold TC Lysis/Binding buffer (20 mM Na,HPO,, 0.5 M NaCl, 20 mM imidazole, 1 mM
MgCl, at pH 7.4). Cells were lysed by sonication (2 seconds on, 2 seconds off for 1 minute, 30 seconds rest,
repeated 2 times), and then the cell debris was pelleted using centrifugation (11,000g for 30 minutes at 4 °C).
The supernatant was filtered with a 0.45 pM syringe filter and loaded onto a Ni-NTA column pre-equilibrated
with TC binding buffer. The resin was washed twice with 2 mL of binding buffer each time, and the protein was
eluted with 2.7 mL of TC elution buffer (20 mM Na,HPO,, 0.5 M NaCl, 0.5 M imidazole, 1 mM MgCl, at pH 7.4)
into a 15 mL Falcon tube. Elution fractions were loaded onto a PD-10 column (Sephadex G-25 resin, Cytiva) pre-
equilibrated with 25 mL of TC incubation buffer (50 mM Hepes, 5 mM MgCl,, 250 mM NaCl, 10% glycerol at pH
7.8). The protein was then eluted with 3.5 mL of TC incubation buffer into a 15 mL conical tube. The protein was

used in enzyme assays directly or flash frozen in liquid nitrogen and stored at -80 °C for later use.

Heterologous expression for preparative scale

3 L of TB medium were inoculated with 1% vol of an E. coli BL21 (DE3) culture containing an expression
plasmid with the respective terpene cyclase. Cultures were grown to an O.D. of 0.6-0.8 at 37°C with shaking.

Once the 0.D. was reached, the incubator was cooled to 18 °C, then induced with 400 uM IPTG and shaken at
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200 RPM for 18 hours. Cells were pelleted using centrifugation (8,000 g for 15 min at4 °C) and then resuspended
in 60 mL of TC binding buffer (20 mM Na,HPO,, 0.5 M NaCl, 20 mM imidazole, 1 mM MgCl, at pH 7.4). The cells
were lysed via sonication (15 seconds on, 45 seconds off, for a total of 7 minutes on-time). Cell debris was
removed through centrifugation (11,000 g for 20 mins at 4 °C), and the supernatantwas transferred to new tubes
with the addition of DNase (Roche Diagnostics, 1 mg per 20 mL of supernatant) and centrifuged again (11,000
g for 20 mins at 4 °C). The supernatant was filtered through a 0.45 pm syringe filter and loaded onto a 5 mL His-
Trap FF-NI column (GE). The column was washed with 40 mL of TC binding buffer (20 mM Na,HPO,, 0.5 M NaCl,
20 mM imidazole, 1 mM MgCl, at pH 7.4) and eluted with TS elution buffer (20 mM Na,HPO,, 0.5 M NaCl, 0.5 M
imidazole, 1 mM MgCL, at pH 7.4), collecting in 2 mL fractions. Fractions were pooled and loaded onto a PD-10
column (Sephadex G-25 resin, Cytiva), pre-equilibrated with 25 mL TC incubation buffer (50 mM Hepes, 5 mM
MgCl2, 250 mM NaCl, 10% glycerol at pH 7.8) in 2.5 mL batches. Each column was eluted with 3.5 mL of TC
incubation buffer. The protein was then used in enzyme assays or flash-frozen in liquid nitrogen and stored at -

80°C.

Analytical scale assays

Enzyme assays on an analytical scale were conducted in 1.5 mL of TC incubation buffer (50 mM Hepes,
5 mM MgCl,, 250 mM NaCl, and 10% glycerol at pH 7.8) with 3 uM enzyme and 0.25 mg mL™" of substrate (GPP,
FPP, or GGPP) to test for mono, sesquiterpene, and diterpene synthase activity. Assays ran for 18 hours at room
temperature. 200 pL of hexane were added to the cultures, the mixtures were vortexed, and then centrifuged in
a microcentrifuge at maximum speed for 1 minute at room temperature. 150 pL of the extract was carefully

pipetted off and analyzed by GC-MS. For assay results see Figures S13-S33.

Preparative scale assays and structure elucidation of TC products

Preparative scale assays were carried out to isolate products for Na124-TC-2 and SCB84-TC-6 and
elucidate their structures. FPP (80 mg) was dissolved in ammonium bicarbonate solution (50 mMin 15 mL) and
added dropwise to 600 mL of TC incubation buffer (50 mM Hepes, 5 mM MgCl,, 250 mM NaCl, 10% glycerol at
pH 7.8) with 3 uM enzyme concentration over 3 h. The assay was run for 18 h at room temperature, and then

extracted with pentane (3 x 200 mL). The organic layer was dried over MgSO, and filtered. The resulting filtrate
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was then concentrated in vacuo to ~1 mL. The crude fraction was then purified using silica gel chromatography
(100% pentane), with individual fractions checked with thin layer chromatography (silica plate, 100% hexane
mobile phase) and stained with phosphomolybdic acid. Fractions containing the product were pooled,

concentrated to dryness, and analyzed with NMR.

Analytical data for NA124-045-TC-5 product (xeniaphyllene 6)

Optical rotation: [a]p**°=-13.2 (¢ 0.17, CHCLs). '"H-NMR (500 MHz, C¢D¢): d = 5.38 (br.
s, 1H), 5.28-5.19 (m, 1H), 5.04 (s, 1H), 4.87 (s, 1H), 2.44-2.29 (m, 2H), 2.17-2.10 (m, 1H),

2.09-1.90 (m, 5H, ), 1.85-1.77 (m, 1H), 1.77-1.70 (m, 1H), 1.70 (s, 3H), 1.60 (s, 3H), 1.58

(s, 3H), 1.51-1.44 (m, 2H) 1.42-1.33 (m, 2H) 0.98 (s, 3H) ppm. *C-NMR (125 MHz, CDCly):
154.7, 135.1, 130.8, 125.8, 124.9, 112.4, 52.6, 49.0, 44.6, 40.3, 39.7, 36.3, 35.0, 30.3, 29.0, 25.9, 23.4, 20.1,

17.7,16.5 ppm.

NMR-data and optical rotation are in agreement with data for 6 produced by XsTC-1 4.

Analytical data for SC144-TC-1 product (xeniaphyllene 6)

Optical rotation: [a]p2>° = -9.3 (¢ 0.03, CHCls). "TH-NMR (500 MHz, CsDs): d = 5.38 (br. s,
1H), 5.28-5.19 (m, 1H), 5.04 (s, 1H), 4.87 (s, 1H), 2.44-2.29 (m, 2H), 2.17-2.10 (m, 1H),

2.09-1.90 (m, 5H, ), 1.85-1.77 (m, 1H), 1.77-1.70 (m, 1H), 1.70 (s, 3H), 1.60 (s, 3H), 1.58

(s, 3H), 1.51-1.44 (m, 2H) 1.42-1.33 (m, 2H) 0.98 (s, 3H) ppm. *C-NMR (125 MHz, CDCL):
154.7, 135.1, 130.8, 125.8, 124.9, 112.4, 52.6, 49.0, 44.6, 40.3, 39.7, 36.3, 35.0, 30.3, 29.0, 25.9, 23.4, 20.1,

17.7,16.5 ppm.

NMR-data and optical rotation are in agreement with data for 6 produced by XsTC-1 4.
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Analytical data for NA124-218-TC-2 product (hinesene, 11):

aCarbon numberings as shown above table; “chemical shifts are given in ppm, coupling constants are given in
Ca ‘ISCb ‘IHb

122.1 5.35-5.33 (m, 1H)
25.0 1.96-1.91 (m, 2H)
28.5 1.54-1.48 (m, 1H)
1.34-1.29 (m, 1H)
4 37.8 1.53-1.50 (m, 1H)
5 49.0 -
37.5 1.77-1.72 (m, 1H)
7 48.0 2.43 (qt, J=12.3, 6.5, 1H)
8 32.5 1.81-1.77 (m, 1H)
1.55-1.49 (m, 1H)
9 36.2 1.73-1.70 (m, 1H)
1.59-1.53 (m, 1H)
10 140.1 -
11 148.4 -
12 108.7 4.87 (s, 1H, H)
4.81 (s, 1H, He)
13 21.4 1.70 (s, 3H)
14 20.1 1.67(g,J = 1.9, 3H)
15 16.6 0.88 (d, ) = 6.8, 3H)

Hertz, multiplicity: m = multiplet, s = singlet, d = doublet, t = triplet, q = quartet, br = broad.

NMR: See Table. Optical rotation: [a]p?®° =-11.8 (c 0.27, CHCL;).

The absolute configuration was set as shown above by comparing the optical rotation to the literature value of

enantioselectively synthesized (-)-11 7.
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Analytical data for SCB84-TC-6 product (a-amorphene 21):

14
7 M5 /(/H\ H
8 4
L s S
e H2z " H ~— N H
12 /\13 _\w
21

Ca 13Cb ‘IHb

1 c 2.69 (brs, 1H)

2 120.0 5.30 (s, 1H)

3 136.0 -

4 26.8 1.95-1.85 (m, 1H)
1.64-1.59 (m, 1H)

5 25.7 1.97-1.91 (m, 1H)
1.65-1.58 (m, 1H)

6 39.0 2.27 (brs, 1H)

7 133.4 -

8 124.5 5.51-5.47 (m, 1H)

9 27.6 2.04-1.96 (m, 1H)
1.73-1.64 (m, 1H)

10 45.4 1.19-1.13 (m, 1H)

11 29.1 1.61-1.54 (m, 1H)

12 21.0 0.95 (d, /= 6.6 Hz, 3H)

13 21.7 0.90 (d, /= 6.6 Hz, 3H)

14 20.9 1.65 (s, 3H)

15 24.3 1.64 (s, 3H)

aCarbon numberings as shown above; °’chemical shifts are given in ppm, coupling constants are given in Hertz,
multiplicity: m = multiplet, s = singlet, d = doublet, t = triplet, q = quartet, br = broad.
NMR: See Table. Optical rotation: [a]p%° = -41.6 (¢ 0.045, CH,CL,).

"H-NMR data and optical rotation are in agreement with reported values from the literature %.
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Determination of the absolute configuration of cembrene A (9), produced by different TCs

For determination of the absolute configuration of cembrene A (9) from the enzymes DgTC-2, NA124-
47-TC-3, NA124-141-TC-4, BaTC-1, and TmTC-1, the extracts of incubation experiments with GGPP and these
enzymes were subjected to GC/MS analysis on the same gas chromatograph and mass detector as described
in the general methods using a Cyclosil-B column (Agilent, 30 m length, 0.25 mm diameter, 0.25 pm film). A
suitable GC Program for separating (+)- and (-)-9 (increasing from 120°C at 0.9°C min™ to 180°C and then
increasing at 30°C min™ to 250°C, operated in splitless mode) was determined by separating a racemic
cembrene A (9) standard generated by mixing equal amounts of (+)- and (-)-9. Authentic standards for both
enantiomers were obtained from in vitro assays using 9-synthases that had been established as (+)-9 *° and (-

)-9 " synthases previously. The results are shown in Figure S40.

Ancestral sequence reconstruction

Amino acid sequences for ancestral nodes for the subclades 1-l to 1-V were determined using
FireProt*sR % However, using the full phylogeny as presented in the manuscript caused the software to crash.
Toreduce the sequence count, the terpene cyclase multiple sequence alignment and phylogeny were recreated
containing only the sequences from clades 1 and 2 (as outgroup) using kalign2 and |Q-tree with the exact same
parameters as described above. The topology of all subclades in clade 1 remained exactly the same with
respect to the full phylogeny. The multiple sequence alighment and the phylogeny were used as input files for
FireProt-ASR using the ancestral sequence reconstruction mode with default settings. The amino acid
sequences from the ancestral nodes for subclades 1-I, 1-ll, 1-lll, 1-IV and 1-V were exported and ordered as
synthetic genes codon-optimized for E. coli expression from Twist. The genes were heterologously expressed,

purified and characterized using the same methods as described above.
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Supplementary Tables

Table 2-S 1: Biological samples used in this study.

Sample number Taxonomic ID Depth Latitude Longitude Cruise Terpenoids
[m] reported from
genus
NA124-045 Acanthogorgia sp. | 884.2 33.036 -121.000 Nautilus yes (31, 32)
2020
NA124-047 Callistephanus 692.1 33.033 -120.998 Nautilus no
simplex 2020
NA124-141 Callistephanus 562.7 32.738 -120.023 Nautilus no
simplex 2020
NA124-195 Paragorgia cf. | 1121.8 | 32.679 -118.122 Nautilus yes (33, 34)
arborea 2020
NA124-218 Balticina cf. 1 109.0 33.353 -119.045 Nautilus no
californica 2020
SCB-084 Victogorgia sp. 1269.0 | 33.146 -120.941 Falkor no
2021
SCB-144 Chrysogorgia sp. 2477.3 | 31.901 -120.036 Falkor no
2021
SCB-157 Chrysogorgia sp. 2415.6 | 31.899 -120.039 Falkor no
2021
SCB-216 Paragorgia jamesi 459.8 33.101 -117.881 Falkor yes (33, 34)
2021
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Table 2-S 2: Literature reports of XBECK-type diterpenoids in various octocorals.

Name

Diterpene type

Clavularia inflata

X-type (35)

Erythropodium caribaeorum

K-type, B-type (36, 37)

Briareum asbestinum

K-type, B-type (38, 39)

Heliopora coerulea

E-type, X-type (38, 39)

Junceella fragilis

B-type (40)

Dichotella gemmacea

B-type (40)

Veretillum cf cynomorium

B-type, C-type (41, 42)

Stylatula elongata

B-type (43)

Pennatula aculeata B-type (44)
Sarcophyton trocheliophorum C-type (45)
Sarcophyton glaucum C-type (46)
Sinularia flexibilis C-type, K-type (47, 48)
Sinularia lochmodes C-type (49)
Sinularia maxima C-type (50)
Sinularia brassica E-type (51)
Eunephthya thyrsoidea X-type (52)
Cladiella pachyclados K-type (53)
Anthelia glauca X-type (54)
Protodendron repens X-type (55)
Ovabunda macrospiculata X-type (56)
Eunicella cavolini K-type (57)
Antillogorgia elisabethae E-type (58)
Antillogorgia bipinnata E-type, C-type (59)
Leptogorgia alba C-Type (60)
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Table 2-S 3: Amino acid percent identity matrix for TCs from clade 1-I

CsTC-1 100

RspTC-1 74.45 100

SCB157_TC-3 77.86 81.16 100

SCB144_TC-3 76.4 82.52 86.89 100

HcTC-3g-4 58.87 60.84 57.88 59.61 100

HcTC-3g-3 59.8 61.03 58.58 60.29 95.1 100

HcTC-3 60.29 61.76 59.31 61.03 96.57 98.05 100

HcTC-3g-1 60.54 62.25 59.31 60.78 97.06 97.8 99.02 100

HcTC-3g-2 60.05 61.52 58.58 60.29 96.08 96.59 98.54 98.54 100

NA124045TC-3 59.02 61.99 59.32 60.83 65.69 66.59 67.32 67.32 66.59 100

PbTC-1 59.27 63.68 59.32 61.56 66.67 67.8 68.54 68.54 67.8 94.7 100

PcTC-3 59.27 63.44 59.32 61.56 67.16 68.29 69.02 69.02 68.29 93.98 97.59 100

AeTC-1 58.78 61.74 59.08 60.83 64.71 65.85 66.59 66.34 65.61 82.89 85.3 84.82 100

AbTC-1 58.54 62.23 58.84 60.58 64.46 65.37 66.1 66.1 65.61 84.58 87.71 87.47 89.26 100

GvTC-1 59.27 62.47 59.08 61.07 64.22 65.61 66.1 65.85 65.37 86.75 88.92 89.16 90.14 92.79 100

gGVTC-2 59.51 62.95 59.32 61.07 64.46 65.85 66.34 66.1 65.61 86.99 89.16 89.4 90.14 92.79 99.04 100
Table 2-S 4: Amino acid percent identity matrix for TCs from clade 1-II

EVTC-2 100

VgTC-2 76.11 | 100

BaTC-2 75.12 | 83 100

BspTC-1 74.88 | 83 98.52 | 100

ErycarTC-1 62.56 | 70.69 | 70.94 | 70.94 | 100

SCB_144_TC7 | 67.24 | 75.86 | 73.4 | 73.15| 73.4 | 100

CdTC-3 61.82 | 67.98 | 67.49 | 66.75 | 64.53 | 77.4 | 100
Table 2-S 5: Amino acid percent identity matrix for TCs from clade 1-IlI

StTC-1 100

PbTC-3 59.29 | 100

NA124_045_TC-2 | 58.12 | 88.1 | 100

EvTC-1 58.73 | 79.19 | 78.28 | 100

NA124_141_TC-4 | 58.73 | 74.62 | 74.24 | 79.4 | 100

NA124_047_TC-3 | 58.73 | 74.62 | 74.49 | 79.65 | 99.25 | 100

gGvTC-3 55.7 | 70.38 | 68.26 | 71.11 | 82.41 | 82.66 | 100

AbTC-2 53.67 | 68.27 | 68.69 | 72.36 | 82.91 | 83.17 | 85.18 | 100

gGVTC-5 54.94 | 70.81 | 70.2 | 73.62 | 84.92 | 85.18 | 88.69 | 88.94 | 100

DgTC-2 55.19 | 64.54 | 64.72 | 62.69 | 61.68 | 61.68 | 57.72 | 58.63 | 60.41 | 100

ErTC-2 60.2 | 71.36 | 72.26 | 71.76 | 69.97 | 69.47 | 64.12 | 65.65 | 65.9 | 67.86 | 100

TspTC-12 60.2 | 731 | 74.24 | 72.51 | 72.29 | 72.29 | 66.08 | 67.25 | 68.26 | 74.31 | 75.06 | 100

SCB_084_TC-3 61.71 | 73.35 | 74.24 | 73.24 | 72.8 | 72.8 | 65.83 | 66.5 | 68.01 | 75.06 | 75.32 | 96.44 | 100
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Table 2-S 6: Amino acid percent identity matrix for TCs from clade 1-1V

HcTC-5-2 100

HcTC-5g-1 93.69 | 100

NA124_045_TC5 | 61.36 | 61.36 | 100

SCB_216_TC1 64.14 | 65.66 | 68.94 | 100
NA124_195_TC3 | 63.64 | 64.9 68.43 | 97.98 | 100

Table 2-S 7: Amino acid percent identity matrix for TCs from clade 1-V

RmTC-1 100

Rkoe_cbTC 82.49 | 100

Basb_cbTC 49.24 | 47.45 | 100

ErycarTC-6 51.65 | 49.87 | 59.6 100

VgTC-1 48.86 | 48.35 | 52.14 | 50.76 | 100

Selo_cbhTC 52.79 | 52.3 55.42 | 55.7 75.06 | 100

NA195_TC-5 50.38 | 48.59 | 56.09 | 61.83 | 53.81 | 55.73 | 100

CrTC-1 50.9 49.1 57.61 | 62.6 53.81 | 55.98 | 93.91 | 100

Crub_cbTC 50.9 49.1 57.61 | 62.6 53.81 | 55.98 | 93.91 | 100 100

Dgem_cbTC 55.7 53.05 | 60.71 | 62.37 | 55.53 | 58.44 | 65.48 | 65.74 | 65.74 | 100
PcaTC-1 54.43 | 51.52 | 52.9 56.31 | 60.05 | 61.71 | 55.33 | 55.84 | 55.84 | 58.25 | 100
NA124_218_TC- | 56.96 | 53.94 | 57.18 | 59.85 | 62.81 | 65.24 | 59.9 60.66 | 60.66 | 65.41 | 67.92 | 100
1

Table 2-S 8: Comparison of identified diterpene type and terpene cyclase clades present in sequencing
data if both are available from the same species.

Name Diterpene type Represented TC clades
Erythropodium caribaeorum’ K-type, B-type (36, 37) 1-1,1-Vv, 2,3
Briareum asbestinum’ K-type, B-type (38, 39) 1-11,1-V, 2
Heliopora coerulea’ E-type, X-type (38, 39) 1-1,1-1v, 2,3
Dichotella gemmacea' B-type (40) 1-V

Stylatula elongata’ B-type (43) 1-V

Sarcophyton trocheliophorum’ C-type (45) 1-111

Antillogorgia elisabethae’ E-type (58) 1-1,3
Antillogorgia bipinnata’ E-type, C-type (59) 1-1,1-111, 3
Callistephanus simplex NA124-0472 C-type 1-111, 3,4
Callistephanus simplex NA124-1412 C-type 1-111, 3,4
Acanthogorgia sp. NA124-0452 X-type 1-1, 1-1lI, 1-1v, 3, 4
Victorgorgia sp. SCB-0842 C-type, X-type 1-11, 4

Paragorgia cf arborea NA124-1952 X-type 1-1v,1-V, 3
Paragorgia jamesi SCB-2162 X-type 1-1v, 3
Chrysogorgia sp. 1 SCB-1442 E-type, X-type 1-1,1-11,2,3
Chrysogorgia sp. 2 SCB-1572 E-type 1-1,2,3

Balticina cf. californica NA124-218? - 1-V

1: Data taken from the literature — see cited reference and supplementary file 1 for the source of chemical data
and sequencing data, respectively; 2: Data taken from this work.
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Table 2-S 9: Population genetic metrics of coral TCs and mitochondrial genes from investigated
octocoral species.

Number sites  trans/tranv  Watterson (8”w)  nucleotide diversity (pi)  Tajima's D dN/dS
TCclade 1l 1263 1.925 141.039091 167.7583333 0.82965799 0.227922406
11l 1236 1.617647 181.632653 183.9047619 0.073648255 0.665153741
11 1320 1.676301 142.393088 121.4666667 -0.653433697 0.212881189
11V 1188 1.651899 201.12 219.4 0.694513241 0.163847161
Vv 1227 1.992063 124.839507 134.6060606 0.368956268 0.181396701
2 1284 1.441558 109.316546 104.4771242 -0.188735319  0.572548683
3 1359 1.216667 29.828672 26.31802721 -0.422610959 0.291384175
4 1374 1.887755 61.852105 63.11784512 0.073388753 0.136862777
mito atp6 720 3.619048 16.353529 8.354019494 -1.505534658 0 (dN=0)
atp8 297 1.941176 8.429654 2.596306894 -2.046994629  undefined (dS=0)
cox2 801 4111111 31.021126 18.96262184 -1.222045977  0.08306654
mutS 3675 Na NA NA NA 1
nad4 1524 Na NA NA NA 1
nad4L | 312 2.714286 8.773851 3.707966599 -1.713828086  0.101407718
nad6 780 4.142857 18.222613 9.500789889 -1.480291239  0.072105138
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Table 2-S 10: Primers used in this study

Gene Name Primer Sequence Annealing
Temperature

NA 124_045TC1 FWD: ccgcgeggcagecatATGTCGTGTAGCAACGAAGT 72
REV: cctggtgccgegeggcagecatATGTCCTCATGTAATAACG

NA124_045TC2 FWD: gcctggtgecgegeggecagecatatgATGTCTTGCGATAACGATGT 57
REV: gccggatctcagtggtggtggtggtggtgctcgag CTAATCACCTAAAATGTATTCAATT

NA 124_045TC3 FWD: tgccgcgeggecagecatatgATGTCATGCAGTAAAGAAATTC 58
REV: gatctcagtggtggtggtggtggtgctcgagTTAGCTGATGTCCAATTGTG

NA 124_045TC4 FWD: tggtgccgegeggecageccatATGGCGTGCAGTAAAGAATT 72
REV:gtcgacggagctcgaattcggatccTCATTCTAGCAAAAGATTTGCATGC

NA 124_045TC5 FWD: tgccgcgeggeagecatatgATGGCTTGCAGTAAACATATTCG 62
REV:gatctcagtggtggtggtggtggtgctcgagTCAAAATGCGTAAAGCA CATC

NA 124_47TC2 FWD: cggcctggtgeccgegeggcagccatATGTCCTGTAGCAAGGTAGTTCGATATCCAAATG 72
REV: tcgacggagctcgaattcggatccCTATGTAAACTGTCCAGATGCTGGAATCACGCCGG

NA 124_47TC3 FWD:gcctggtgccgegeggecagecatatgATGTCCTCATGTAATAACGC 59
REV: cagccggatctcagtggtggtggtggtggtgctcgagTCAACTGCACAGCATATCAA

NA124_47TC4 FWD: tggtgccgegeggecageccatATGGCGTGCTCCAAAGAATTG 72
REV: cggagctcgaattcggatccTCAGAGATTTCCATGCATATTGACATCGCCGC

NA 124_141TC1 FWD: tggtgccgegeggeagecatATGGCGTGCTCCAAAGAACT 72
REV: gcttgtcgacggagctcgaattcggatccTCAGGCTCTCAAAAGATTTGCAC

NA 124_141TC4 FWD: cctggtgccgegeggecagecatATGTCCTCATGTAATAACGCCGTACGTGTCCC 72
REV: aagcttgtcgacggagctcgaattcggatccTCAACTGCACAGCATATCAACGACGTTGG

NA 124_141TC5 FWD: tggtgccgegeggecagecatATGGCGTGCTCCAAAGAATT 72
REV: cgcaagcttgtcgacggagctcgaattcggatccTCAGAGATTTCCATGCATATTGAC

NA 124_195TC1 FWD: tgccgcgeggecagecatATGTCGTGCAGCAAAGAAAT 72
REV: cggagctcgaattcggatccTTATACTGGAATGAAATGTCCACGTGG

NA 124_195TC3 FWD: tgccgcgeggeagecatatgATGGCTTGCAGTAAACACGTTCG 62
REV: gatctcagtggtggtggtggtggtgctcgagTCAAAATGCATAAAGCCTTTTCATC

NA 124_195 TC5 | FWD:gcctggtgccgegeggcagecatatgATGTCGATGGACAGGAAAATCTACGTTCC 69

Exon 1 REV: GTAACGGAATTCAGGAATTGTACGACCTTTGTTGCTGCATCGTCGAAATCAACTG

NA 124_195 TC5 | FWD: GTTGATTTCGACGATGCAGCAACAAAGGTCGTACAATTCCTGAATTCC 65

Exon 2 REV: ggatctcagtggtggtggtggtggtgctcgagTTAATCTAAGCCATAAAGAAAAACCATC

NA 124 218 TC1 FWD:tgccgcgeggecagecatatgATGTCAAGCCTGCACAC 60
REV:gatctcagtggtggtggtggtggtgctcgagTTATTTACTCAATCCATAAAGAGCAATC

NA 124 218 TC2 FWD:tgccgcgeggecagecatatgATGTGGCGCACCGATGTT 63
REV:gatctcagtggtggtggtggtggtgctcgagTCATGGGATACTGAATTGTCTATCTAC

SCB84TC1 FWD: tgccgecgeggecagecatATGTCGTGTAGCAAGGAAGTTC 72
REV: cggagctcgaattcggatccCTATTTACTAAGTAAACTAAGTAAACTGTCCACAGACCGA

SCB 84 TC2 FWD: gcgcggcagccatATGTCGTGTAGCAAGGCAGT 72

REV: cggagctcgaattcggatccCTATTCATTAAGTAAACTAAGTACACTGTCCACAGAC
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Table 2-S 10: Primers used in this study (Continued)

REV: gccggatctcagtggtggtggtggtggtgctcgag TTATATGTCATAAAATCCATCATCC

SCB 84 TC3 FWD: gcctggtgeccgegeggecagecatatgATGCGAGTGTACAATTCATG 58
REV: cagccggatctcagtggtggtggtggtggtgctcgagCTAAATTATACTGCAACCGTAC

SCB 84 TC5 FWD:tggtgccgegeggcagccatATGCATAAGCACAACTTGAT 72
REV: cttgtcgacggagctcgaattcggatccTTAATTAAGTAAATTGTCAACTGCACG

SCB216 TC1 FWD: tgccgegeggeagecatatgATGGCTTGCAGTAAACACGTTCG 62
REV: gatctcagtggtggtggtggtggtactcgagTCAAAATGCATAAAGCCTTTTCATC

SCB 144 TC1 FWD: tggtgccgegeggcagecatATGGCGTGCAGTAAACCGGA 72
REV: gcaagcttgtcgacggagctcgaattcggatccTCATGTTGGTACAAAATGTCCACACG

SCB 144 TC3 FWD: tgccgecgeggecagecatatgATGTCGTGCAGCAAGCC 62
REV: gatctcagtggtggtggtggtggtactcgagTTATTTATCCAGTGTTTTTATTAACTGTCC

SCB 144 TC4 FWD: ccgcgcggcagccatATGGCGTACAGTAAACCAAT 72
REV: cggagctcgaattcggatccTCATACAACGTTATATAATCCATCCTC

SCB 144 TC7 Exon | FWD: tggtgccgcgcggcagccatATGCTGTCCACGTATGTTGT 72

1 REV: AACAGCGCCTCCAAAGCATGTCACCTTCAGTCACATTGGC

SCB 144 TC7 Exon | FWD: GCCAATGTGACTGAAGGTGACATGCTTTGGAGGCGCTGTTT 72

2 REV: cggagctcgaattcggatccCTAATTTTTAAACAGACCTTCTCCATCAGT

SCB 157 TC2 FWD: cgcgcggcagccatATGGCGTACAGTAAGCCAGA 72
REV: cggagctcgaattcggatccTCATGTTGGCACAAAATGTC

SCB 157 TC3 FWD: tgccgcgcggcagecatatgATGTCGTGCAGTAAACCG 61
REV: gatctcagtggtggtggtggtggtgctcgagTTATTCATCTAACACAAGTGTTTTTATTAA

SCB 157 TC5 FWD: ggcagccatATGGCGTATAGTAAACCAATACATGCTCCAAGTGTATGGGTAAA 72
REV: gtggtggtgctcgagTCATACAACGTTATACAATCCATCTTCTTTGTATGCAGATATTTT

SCB 157 TC6 FWD: gcctggtgccgegeggcagecatatgATGGCATACAGTAAACCAATACAT 61
REV: ggatctcagtggtggtggtggtggtgctcgag TTATATGTCATACAATCCATCTTTTTGG

SCB 157 TC8 FWD: gcctggtgccgegeggcagegectggATGGCATACAGTATCCCAG 59

48




Supplementary Figures
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Figure 2-S 1: Phylogenomic tree constructed with octocoral mitochondrial genes.

Black entries are taken from a published mitogenome database for octocorals, green entries are sourced from
publicly available genomic data, blue entries are sourced from publicly available transcriptomic data, red

entries are sourced from samples analyzed in this work (Table S1).
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Acanthogorgia sp. - NA124-045
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Figure 2-S 2: GCMS analysis of hexane extract derived from Acanthogorgia sp. NA124-045.

Top: Complete TIC. Bottom: Magnified time windows for sesqui- and diterpene detection. Signals labeled with

asterisks represent terpene hydrocarbons.

Callistephanus simplex - NA124-047
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Figure 2-S 3: GCMS analysis of hexane extract derived from Callistephanus simplex NA124-047.

Top: Complete TIC. Bottom: Magnified time windows for sesqui- and diterpene detection. Signals labeled with

asterisks represent terpene hydrocarbons.
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Callistephanus simplex - NA124-141
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Figure 2-S 4: GCMS analysis of hexane extract derived from Callistephanus simplex NA124-141.

Top: Complete TIC. Bottom: Magnified time windows for sesqui- and diterpene detection. Signals labeled with
asterisks represent terpene hydrocarbons.

Paragorgia cf. arborea - NA124-195

sesquiterpene window diterpene window steroid window

1.5x10

AAAJLLJ.JLI P i AesdnmAe A

8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 SO S1 52 53 54 55 56
Counts vs. Acguisition Time (min)

xeniaphyllene (6)

germacrene C (14)

% ® x%¥% %% x ¥ * %

Figure 2-S 5: GCMS analysis of hexane extract derived from Paragorgia cf. arborea NA124-195.

Top: Complete TIC. Bottom: Magnified time windows for sesqui- and diterpene detection. Signals labeled with
asterisks represent terpene hydrocarbons.
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Balticina cf. californicum - NA124-218
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Figure 2-S 6: GCMS analysis of hexane extract derived from Balticina cf. californicum NA124-218.

Top: Complete TIC. Bottom: Maghnified time windows for sesqui- and diterpene detection.

Victorgorgia sp. - SCB-84
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Figure 2-S 7: GCMS analysis of hexane extract derived from Victorgorgia sp. SCB-084.

Top: Complete TIC. Bottom: Magnified time windows for sesqui- and diterpene detection. Signals labeled with
asterisks represent terpene hydrocarbons.
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Chrysogorgia sp. - SCB-144
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Figure 2-S 8: GCMS analysis of hexane extract derived from Chrysogorgia sp. SCB-144.

Top: Complete TIC. Bottom: Magnified time windows for sesqui- and diterpene detection. Signals labeled with
asterisks represent terpene hydrocarbons.

Chrysogorgia sp. - SCB-157
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Figure 2-S 9: GCMS analysis of hexane extract derived from Chrysogorgia sp. SCB-157.

Top: Complete TIC. Bottom: Magnified time windows for sesqui- and diterpene detection. Signals labeled with
asterisks represent terpene hydrocarbons.
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Paragorgia jamesi - SCB-216
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Figure 2-S 10: GCMS analysis of hexane extract derived from Paragorgia jamesi SCB-216.

Top: Complete TIC. Bottom: Magnified time windows for sesqui- and diterpene detection. Signals labeled with
asterisks represent terpene hydrocarbons.
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Figure 2-S 11: Phylogenetic tree of octocoral TC amino acid sequences.

The four parts of the tree are labeled by numbers in circles. The subclades of part 1 are labeled with roman
numbers. Green = sequences from malacalcyonaceans; blue = sequences from scleralcyonaceans. Bootstrap
values are shown. The taxonomic family of the source organism is designated on the right. Enzymes
characterized in this work are marked with a star. Abbreviations: m, multiple products; n.a., inactive protein;
n.e., not expressed protein; ST, unknown sesquiterpene. The figure is continued on the next two pages.
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Figure 2-S 11 continued.
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Figure 2-S 13: GCMS total ion chromatograms of NA124-045-TC-1 in vitro incubations with GPP (top), FPP
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. Signals marked with asterisks are non-enzymatic
degradation products of substrates. The identity of 20 has been verified using an authentic standard.
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Figure 2-S 14: GCMS total ion chromatograms of NA124-045-TC-3 in vitro incubations with GPP (top), FPP

(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. The identities of 8 and 15 have been verified using
authentic standards.
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Figure 2-S 15: GCMS total ion chromatograms of NA124-045-TC-5 in vitro incubations with GPP (top), FPP
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. 6 was verified using an authentic standard, the

other shown structures are best hits from the NIST database.
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Figure 2-S 16: GCMS total ion chromatograms of NA124-047-TC-3 in vitro incubations with GPP (top), FPP
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. 9 was verified using an authentic standard, the
other shown structures are best hits from the NIST database.
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Figure 2-S 17: GCMS total ion chromatograms of NA124-047-TC-4 in vitro incubations with GPP (top), FPP
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. 12 was verified using an authentic standard, the
other shown structures are best hits from the NIST database.
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Figure 2-S 18: GCMS total ion chromatograms of NA124-141-TC-1 in vitro incubations with GPP (top), FPP

(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. The shown structures are best hits from the NIST

database.
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Figure 2-S 19: GCMS total ion chromatograms of NA124-1
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are s

41-TC-4 in vitro incubations with GPP (top), FPP

hown. Mass spectra of enzymatically produced

terpenes are shown. 9 was verified using an authentic standard, the other shown structures are best hits from

the NIST database.
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Figure 2-S 20: GCMS total ion chromatograms of NA124-15-TC-1 in vitro incubations with GPP (top), FPP
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. The structure of compound A (d-elemene) was
determined by a NIST database hit and is the thermal cope rearrangement product of the enzymatically
produced compound germacrene C (14).
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Figure 2-S 21: GCMS total ion chromatograms of NA124-195-TC-3 in vitro incubations with GPP (top), FPP
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. 6 was verified using an authentic standard.
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Figure 2-S 22: GCMS total ion chromatograms of NA124-195-TC-5 in vitro incubations with GPP (top), FPP
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. 7 was verified using an authentic standard, the
other shown structures are best hits from the NIST database.
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Figure 2-S 23: GCMS total ion chromatograms of SCB-084-TC-1 in vitro incubations with GPP (top), FPP
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. 18 was verified using an authentic standard, the
other shown structures are best hits from the NIST database.
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Figure 2-S 24: GCMS total ion chromatograms of SCB-084-TC-2 in vitro incubations with GPP (top), FPP
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. 13 was verified using an authentic standard.
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Figure 2-S 25: GCMS total ion chromatograms of SCB-084-TC-5 in vitro incubations with GPP (top), FPP
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. 17 and the other shown structures are best hits
from the NIST database.
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Figure 2-S 26: GCMS total ion chromatograms of SCB-084-TC-6 in vitro incubations with GPP (top), FPP
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. The structure of 21 was verified by NMR structure
elucidation of purified compound from a large-scale in-vitro assay.
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Figure 2-S 27: GCMS total ion chromatograms of SCB-144-TC-1 in vitro incubations with GPP (top), FPP
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. 6 was verified using an authentic standard, the
other shown structures are best hits from the NIST database.
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Figure 2-S 28: GCMS total ion chromatograms of SCB-144-TC-3 in vitro incubations with GPP (top), FPP

(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. The identity of 8 and 15 has been verified using

authentic standards.
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Figure 2-S 29: GCMS total ion chromatograms of SCB-144-TC-4 in vitro incubations with GPP (top), FPP
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. The structure of 13 has been verified using an
authentic standard.
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Figure 2-S 30: GCMS total ion chromatograms of SCB-144-TC-7 in vitro incubations with GPP (top), FPP
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. The identity of 10 was verified using an authentic
standard.
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Figure 2-S 31: GCMS total ion chromatograms of SCB-157-TC-2 in vitro incubations with GPP (top), FPP
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. The identity of 13 was proven using an authentic
standard, the other shown structures are best hits from the NIST database.
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Figure 2-S 32: GCMS total ion chromatograms of SCB-157-TC-5 in vitro incubations with GPP (top), FPP
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. The shown structures are best hits from the NIST
database.
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Figure 2-S 33: GCMS total ion chromatograms of SCB-218-TC-1 in vitro incubations with GPP (top), FPP
(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. The identity of 7 was proven using an authentic
standard, the other shown structures are best hits from the NIST database.
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Figure 2-S 34: GCMS total ion chromatograms of SCB-218-TC-2 in vitro incubations with GPP (top), FPP

(middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. The structure of 11 was elucidated by NMR

spectroscopy of purified material from a large-scale in vitro assay.
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Figure 2-S 35: GCMS total ion chromatograms of in vitro incubations of the clade 1-1 ancestor with GPP
(top), FPP (middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. The identity of 8 and 15 was proven using an
authentic standard, the other shown structures are best hits from the NIST database.
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Figure 2-S 36: GCMS total ion chromatograms of in vitro incubations of the clade 1-ll ancestor with GPP
(top), FPP (middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. The identity of 10 was proven using an authentic
standard, the other shown structures are best hits from the NIST database.
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Figure 2-S 37: GCMS total ion chromatograms of in vitro incubations of the clade 1-lll ancestor with GPP
(top), FPP (middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. The identity of 9 was proven using an authentic
standard.
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Figure 2-S 38: GCMS total ion chromatograms of in vitro incubations of the clade 1-1V ancestor with GPP
(top), FPP (middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. The identity of 6 was proven using an authentic
standard, the other shown structures are best hits from the NIST database.
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Figure 2-S 39: GCMS total ion chromatograms of in vitro incubations of the clade 1-V ancestor with GPP
(top), FPP (middle), and GGPP (bottom).

Mass spectra of enzymatically produced terpenes are shown. The identity of 7 was proven using an authentic
standard, the other shown structures are best hits from the NIST database.
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Figure 2-S 40: Determination of the absolute configuration of enzymatically obtained 9.

Left: Runs on achiral stationary phase; right: the same samples analyzed on a homochiral stationary phase.
The absolute configuration of cembrene A produced by EfTC-2 and AaCS was elucidated previously as (-)-9 and
(+)-9, respectively.(14, 29)
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Figure 2-S 41: Evolutionary divergence and population genetic patterns of octocoral terpene cyclase
(TC) genes.

A) Pairwise nucleotide divergence of TC genes relative to mitochondrial genomes across octocoral taxa. Points
are colored by TC clade (clades 1-4), with clade 1 subdivided into functionally characterized subclades (1-1 to
1-V). Dashed lines show linear regressions for each clade; slope and adjusted R® values indicate relative
evolutionary rates. The grey dashed line (slope = 1.0) reflects the expected divergence based on mitochondrial
phylogeny. B) Nucleotide diversity (rt) and Tajima’s D for TC genes (clades 1-4 and subclades 1-I to 1-V) and
mitochondrial genes, shown for all taxa and separated by order. Mitochondrial metrics provide a neutral
baseline for comparison.
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Figure 2-S 42: Codon composition and codon bias metrics in octocoral terpene cyclase (TC) genes.

A) Neutrality plot showing the relationship between third-position GC content (GC,) and overall GC content.
Points are colored by taxonomic order (Malacalcyonacea in green, Scleralcyonacea in blue). TC genes exhibit a
strong positive linear relationship between GC; and overall GC content, consistent with mutational bias
influencing codon composition. However, these genes are systematically elevated in both overall GC and GC,
relative to typical mitochondrial values, suggesting gene-specific differences in mutational pressures or base
composition constraints. B) Relationship between effective codon number (Nc) and codon adaptation index
(CAl). Lower Nc values correspond to stronger codon bias, while higher CAl values indicate increased codon
usage bias. TC genes cluster in the high Nc, low CAl region, consistent with weak codon usage bias and relaxed
synonymous site constraints. This pattern is expected for genes evolving under lineage-specific mutational
biases or with codon usage patterns not strongly shaped by translational selection. C) Absolute codon
frequencies for TC and mitochondrial genes, shown for all codons and grouped by encoded amino acid. Bars
are colored by gene group (TC or mitochondrial). Mitochondrial genes serve as a comparison, highlighting
differences in synonymous codon usage and overall codon composition between gene groups.
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CHAPTER 3: Uncovering a Widespread Metabolic Gene Cluster Family in Octocoral

3.1 Introduction for Chapter 3

As scientists, we’re often driven by genuine curiosity: the pursuit of discovery and a desire to push the
boundaries of our understanding of the world around us. But despite that shared motivation, beyond

collaborations between labs with different specialties, much of what we do often remains siloed.

At its core, the academic system isn’t built to encourage collaboration. Funding is finite and
increasingly competitive. Recognition often goes to the lab that publishes first, not the one that builds on
shared knowledge. Add to that the fact that groups working on similar problems are often scattered across
institutions and countries, and it’s easy to see why many labs end up advancing in isolation. But this
redundancy comes at a cost: parallel experiments drain resources, duplicate effort, and sometimes lead to
rushed or lower-quality science under the pressure to be first. When research funding is tight and the stakes of

discovery are high, we can’t afford to work in isolation.

During COVID, when most labs had paused non-COVID research and in-person conferences were off
the table, collaboration became even harder. Around that time, our lab and Eric Schmidt’s lab independently
characterized and published, in the same issue of Nature Chemical Biology, the discovery of genomically
encoded octocoral terpene synthases. Both papers also revealed the discovery of putative biosynthetic gene
clusters encoded in octocoral genomes. Dr. Immo Burkhardt, from the Moore Lab, identified a clusterin a sea
pansy,’ while Paul, at the time a postdoc in the Schmidt lab, uncovered a homologous region in an encrusting
Erythropodium gorgonian soft coral.? That moment could have triggered a race between the groups to validate
the first potential metazoan biosynthetic gene clusters. Instead, we extended an olive branch. The unexpected
genomic homology in the distantly related coral’s genomes didn’t just suggest a deeper evolutionary story, it
set the stage for collaboration. In a way, the shared DNA led us down a yellow brick road of sorts, paved with A,

C, G, and T, guiding two labs toward each other rather than into competition.

We started slowly- Zoom calls, sharing data, discussing our approaches and soon realized the power
of our combined strengths. The Moore Lab’s expertise in genomics and phylogenetics was a perfect

complement to the Schmidt Lab’s biochemical platform. From here we built a plan. | was mentored by Dr.
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Immo Burkhardt, as | took the reins on sequencing, assembling, and genome mining efforts. While | identified
genes related to terpenoid biosynthesis from phylogenetically distinct octocorals, Paul characterized the
encoded enzymes through a combination of heterologous expression systems. Together, our approaches
informed and reinforced one another, accelerating discovery and expanding the scope of what either lab could

have achieved alone.

Through this collaboration, we uncovered a conserved five gene biosynthetic cluster responsible for
the production of briarane type diterpenoids. We sequenced five octocoral species from evolutionarily distinct
families, all known producers of briaranes, and found that each harbored this same gene cluster. Using
heterologous expression, we reconstituted the biosynthesis of cembrene B y-lactone, a molecule bearing the
conserved lactone ring of briarane type diterpenes. This discovery not only validated the function of terpene
cyclases, cytochrome P450s, and a short chain dehydrogenase acting in concert, but also demonstrated that
animals, like microbes and plants, can use gene clusters to encode complex chemical pathways. It expands
the known boundaries of biosynthetic logic in metazoans and reinforces the evolutionary significance of gene

clustering for specialized metabolite production.

The research described in this chapter arose from a close collaboration among Paul D. Scesa, Malia L.
Moore, Jean-Baptiste Ledoux, Jessica Gomez-Garrido, Tyler Alioto, Todd P. Michael, Immo Burkhardt, Eric W.
Schmidt, and Bradley S. Moore. As co-first author with Paul D. Scesa, | played a major role in the data
generation, analysis, and writing of the manuscript. Specifically, | sourced and extracted high-quality genomic
DNA from the corals, assembled the genome, and mined the data for terpenoid biosynthetic genes. Genomic
sequencing was conducted in collaboration with Malia L. Moore. Paul D. Scesa subsequently led the enzymatic
work. While the writing of the manuscript was a highly collaborative effort, | prepared the initial draft and

coordinated its integration across all contributors.
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3.3 Reprint of “A widespread metabolic gene cluster family in metazoans”
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Octocorals are metazoans that prolifically produce terpenoid natural
products, rivaling the chemical diversity of plants and microbes. We
recently established that these cnidarians uniformly express terpene
cyclases and that their encoding genes often reside within putative
biosynthetic gene clusters (BGCs). Here we report the discovery and
characterization of awidespread gene cluster family for briarane
diterpenoid biosynthesis. We sequence five genomes from evolutionarily
distinct families of briarane-producing octocorals, revealing a conserved
five-gene cluster. Expressing these genes in heterologous hosts, we
reconstitute the biosynthesis of cembrene B y-lactone, an established
molecule that contains the lactone structural feature distinctive of
briarane diterpenoids. The discovery of the genomic basis of briarane
biosynthesis establishes that animals also use gene cluster families to
produce specialized metabolites. Furthermore, the presence of BGCs in
octocorals proves that the formation and maintenance of BGCs related to
specialized metabolite biosynthesis is amore widespread phenomenon

than previously realized.

Specialized metabolites or natural products are small molecules that,
while not vital for primary growth, enable a producing organism to
survive in an ecological niche by mediating time-dependent, tissue-
dependent or stimulus-dependent functions'. Although most of these
compounds are known from plants and microbes, they are widespread
inallkingdoms of life, including animals, where they too serve diverse
purposesincluding communication, development and defense’. Exam-
plesinclude volatile sex pheromones from frogs’ and spiders*, polyke-
tide pigmentsin parrots’ and seaurchins®, sugar-derived hormonesin
nematodes’, hydroquinones used by rove beetles to fend off predators®
and peptide toxins used by cone snails to stun their prey”.

The overwhelming majority of research onspecialized metabolite
biosynthesis has been conducted in bacteria and fungi, where genes
coding for abiosynthetic pathway are typically arranged in physically
colocalized, biosyntheticgene clusters (BGCs)'*". In contrast, the few
characterized biosynthetic pathways in animals are not encoded in
BGCsbuthave their encoding genes dispersed throughout the genome.
Thisis currently regarded as the general rule for biosynthetic pathways
in nonfungal eukaryotes'”. However, improved genomic resources in
other eukaryotes such as plants and algae have revealed the colocaliza-
tion of nonparalogous genesinto BGCs, where they code for specialized
metabolic pathways (Fig. 1),
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Fig.1| Gene clustering trends across eukaryotes. a, Example fungal BGC. Fungal
gene clusters are often relatively compact and encode a complete biosynthetic
pathway, as exemplified in the lovastatin (1) BGC from A. terreus. b, Example plant
BGC. Plant BGCs often encode only partial pathways and are more extended
across the chromosomes compared to fungal BGCs, as shown for the two partial
tomatine (2) BGCs from Solanum lycopersicum. ¢, Example animal BGCs. Genes
coding for specialized metabolite biosynthesis in animals sometimes occur
inclusters such as the genes for gadusol (3) production, but they show high

11-Hydroxyptiosarcenone (6)

similarity and synteny to microbial genes and are, therefore, likely a result of
horizontal gene transfer. Other animal genes thatare not HGT products are
usually not colocalized such as for nemamide A (4) or melatonin (5) productionin
C. elegans and Homo sapiens, respectively. This work focuses on the investigation
and characterization of a relatively tight BGC occurring in numerous octocorals
suchasR. koellikeri, putatively encoding enzymes to produce briaranes such as
11-hydroxyptilosarcenone (6).

Because of their abundance, eukaryotic BGCs were first recog-
nizedin fungi, where they are now regarded as the normin specialized
metabolite biosynthesis. A prominent example is the lovastatin (1)
BGC, which codes for nine nonhomologous genes within a compact
genomic region of 40 kb and encodes the complete set of enzymes
needed to produce 1, a resistance gene, a transporter and a tran-
scription factor (Fig.1)"”. The more recently discovered BGCs in plant
genomes show clear differences from fungal BGCs. As generally the
case in plant genomes, they show larger intergenic regions and do
not regularly code for the complete biosynthetic pathway, although
exceptions exist such as for the 12-gene product avenacin'®. A typical
example for partial clustering is the tomatine (2) BGC, which codes
for six steps in the pathway starting from cholesterol””. However, the
first enzymatic step of the pathway is encoded by a gene residing
over 7,000 kb away from this cluster, while two additional genes are
coded as a gene pair on a different chromosome (Fig. 1)**. There are
only a few examples of small-molecule BGCs in animals that have
since been identified. However, their origins link to microbial gene
setsacquired through horizontal gene transfer (HGT) asin the case of
mycosporine-like amino acids such as gadusol (3) that widely occur
in vertebrates" (Fig. 1) and a penicillin biosynthesis gene pair from
the springtail Folsomia candida that shows high homology to fungal
sequences’’”’. In contrast, the genes involved in the biosynthesis of
the hybrid polyketide and nonribosomal peptide hormone nemamide
A (4) from the nematode Caenorhabditis elegans do not show clear
sequence homology with microbial genes and, thus, may have evolved
de novoinnematodes®. However, none of these genes are colocalized

in a cluster, but dispersed over large genomic regions across four
separate chromosomes.

Although uncommon, afew gene clusters in animal genomes that
are not the result of horizontal gene transfer are known, such as the
Hox** and B-globin-encoding™ clusters in humans, as well as a laccase
gene cluster recently discovered in rove beetles®. However, these
gene clusters are made up of paralogous genes and have arisen from
successive tandem duplications from one ancestor gene; only the last
example is involved in small-molecule biosynthesis. Generally, the
few characterized biosynthetic pathways in animals, including the
extraordinarily well-investigated examples of steroid hormones®®
or melatonin (5)” in humans, are not encoded in BGCs but have their
encoding genes dispersed throughout the genome.

Itwas, therefore, surprisingwhen we recently and independently
identified potential terpenoid BGCsin octocorals, consisting of up to
13 colocalized genes spanning up to 500 kb that did not result from
HGT or pure tandem duplications***’. Instead, over evolutionary time,
coral gene paralogs fromdifferent protein families appear to have been
recruited to single genomic scaffolds, forming potential BGCs. The
capacity to produce terpenoids is exclusive to octocorals and absentin
thesister class of hexacorals (whichincludes sea anemones and stony
corals) and other cnidarians.

Within our analyzed datasets, we observed related putative gene
clusters from Renilla muelleriand Erythropodium caribaeorum, corals
thatbelong todifferent families (Pennatuloidea versus Erythropodiidae)
and differintheirlifestyle and morphology. Yet, both corals are known
sources of briarane-type diterpenoids, a Scleralcyonacea-specific
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structural family of diterpenoids, numbering over 700 representatives
and showing awide array of potent biological properties™.

Here, we test the hypothesis that briarane diterpenoids are
encoded by broadly distributed and ancient BGCs, which is unprec-
edented across metazoans. We assemble and analyze high-quality
genome sequences of six key briarane-producing octocorals from
different taxonomic families, revealing a conserved gene cluster family.
Using a combination of protein biochemistry and pathway engineer-
ing, we reconstitute the biosynthesis of cembrene B y-lactone, which
contains the y-lactone structural feature distinctive of all briarane
diterpenoids. These results provide compelling evidence that corals
use BGCs tosynthesize their abundant bioactive terpenoids, opening
the possibility that other metazoans may have similarly evolved BGCs
intheir own specialized metabolism.

Results

Chemical validation of briarane production

We previously characterized homologous cembrene B synthases iden-
tified from the genomes of R. muelleri and E. caribaeorum®*’. Both
encoding genes were colocalized with cytochrome P450 (CYP) genes,
whichalso shared homology with their counterparts on the two distinct
genomes. The tantalizing possibility that coral animals evolved gene
cluster families for the biosynthesis of structurally related specialized
metabolites motivated us to evaluate whether diverse coralsknown to
contain briarane diterpenoids also encode cembrene B synthases in
their genomes. As such, we first set out to confirm literature reports of
briarane-producing octocoral families. Previously, Pennatuloidea, Elli-
sellidae, Coralliidae, Briareidae and Erythropodiidae were established
as briarane-containing octocorals (Fig. 2a)**". As each of these five
coral families belong to the Scleralcyonacea order, we further exam-
ined the remaining 14 families within this taxonomic order and found
that five others reported terpenoid chemistry, yet not with briarane
scaffolds (Fig. 2b and Supplementary Table1) (https:/marinlit.rsc.org).
For the remaining nine families, no studies on terpenoids were found.

We, thus, collected coral tissue from representative species across
five known briarane-producing families, including Renilla koellikeri
(family Pennatuloidea), Stylatula elongata (family Pennatuloidea)™®,
Dichotellagemmacea (family Ellisellidae), the branching and encrust-
ing morphologies of Briareum asbestinum (family Briareidae), E. car-
ibaeorum (family Erythropodiidae) and Corallium rubrum (family
Coralliidae) (Extended Data Fig. 1). R. koellikeri, collected by SCUBA
in San Diego, is not a reported source for briaranes but is related to
the Atlantic R. muelleri that produces briaranes™ and whose genome
encodes cembrene B synthase as partof a putative BGC***’. We analyzed
the tissue of R. koellikeri and isolated 11-hydroxyptilosarcenone (6),
whose chemical structure was confirmed by nuclear magnetic reso-
nance (NMR) spectroscopy (Supplementary Note 2, Supplementary
Table 2 and Supplementary Fig. 1). This compound was previously
identified from the sea pen Ptilosarcus gurneyibut not from a Renilla
seapansy .

Limitations in accessible biomass for the other octocorals
targeted in this study led us to use molecular networking analyses
of crude extracts and semipure fractions to confirm briarane pro-
duction. However, none of our features were spectral matches to
diterpenes in the GNPS library. We, therefore, used the R. koellikeri
11-hydroxyptilosarcenone (6) as a standard in the molecular network
toidentifyacluster containing 54 nodes representing unique masses of
briarane compounds (Fig. 2c, Extended DataFig. 2 and Supplementary
Table 3). This analysis not only expanded the ptilosarcenone network
fromR. koellikeri (Pennatuloidea) but also established related briaranes
in D. gemmacea (Ellisellidae), E. caribaeorum (Erythropodiidae) and
B. asbestinum (Briareidae). Two nodes corresponding to compounds
inthese corals had exact masses consistent with literature values: gem-
macolide R (7) from D. gemmacea and erythrolide D (8) from E. carib-
aeorum (Fig. 2c and Supplementary Table 1)****, However, we did not

detect briarane nodes from the extracts of C. rubrum (Coralliidae) or
S. elongata (Pennatuloidea). While there is literature precedent of
S. elongata and corals in the family Coralliidae, albeit not specifically
C. rubrum, making briaranes, we included these corals in our study
assuming that they should have the genomic capacity to produce
briaranes even though the samples we analyzed were devoid at the
time of collection™****,

Genome assembly and syntenic analysis of briarane BGC
family

At the start of this study, a few briarane-containing coral draft genomes
with very low continuity (contig N50) were available: E. caribaeorum
(NS0 =2kb)*, R. muelleri (NSO = 70.5 kb)* and Pteroeides caledoni-
cum (N50 = 4 kb) (assembly accessions and statistics in Supplemen-
tary Table 4). To capture intact BGCs, we proceeded to generate
higher-quality assemblies of corals across four briarane-producing
families, obtaining long-read sequencing data for R. koellikeri (fam-
ily Pennatuloidea), S. elongata (family Pennatuloidea), D. gemmacea
(family Ellisellidae), the branching and encrusting morphologies of
B. asbestinum (family Briareidae) and E. caribaeorum (family Erythro-
podiidae). We assembled 26-78 Gb of sequencing reads into genomes
ranging in size from 231 Mb (R. koellikeri) to 1,237 Mb (B. asbestinum)
(Table 1). To assess the completeness of our assemblies, we estimated
genome sizes with k-mer-based analyses using lllumina short reads
(Supplementary Fig. 2), producing genomes ranging from 144 Mb
(R. koellikeri) to 1,155 Mb (B. asbestinum) (Table 1). lllumina short-read
coverage was too shallow for E. caribaeorumto allow for k-mer-based
analysis (sequencing data in Extended Data Table 1). Additionally, we
included our recently reported chromosomally resolved C. rubrum
(family Coralliidae) genome at 475 Mb (20 chromosomes, 951 scaf-
folds)*** in our analysis to enable BGC exploration across all five
known briarane-producing coral families. The genome assemblies
are now some of the most contiguous for octocorals with contig NSO
values above 196 kb (Table 1, Fig. 3a and Extended Data Table 2). The
chromosomal resolution assembly of C. rubrum had a scaffold N50 of
16,290 kb, on par with the current best scaffolded octocoral assembly
from Xenia sp. withascaffold N50 of 14,832 kb (ref. 48). Benchmarking
universal single-copy ortholog (BUSCO) completeness scores ranged
from 86.4% to 88% (Table 1). BUSCO scores are highly dependent on
the database used for the analysis and the low scores could reflect the
use of the metazoan database, which was the closest available. The
lower-than-expected completeness is on par with the BUSCO for the
Xenia assembly, which was 88.1% complete (Fig. 3a)**. We further assem-
bled transcriptomes to guide our genomic analyses by identifying
actively transcribed genes and determining intron bounds (Extended
DataTable 2).

Using the putative briarane BGC gene sequences from R. muelleri
and E. caribaeorum as queries, we analyzed the five newly established
genomes of D. gemmacea, B. asbestinum, R. koellikeri, C. rubrum and
S. elongata and the public P. caledonicum for homologous genes. In
total, the genomes from these eight octocoral species span five of
the 20 octocoral families in the order Scleralcyonacea. To determine
whether non-briarane-producing octocoral families also have syntenic
BGCs, we alsoexplored the publicly available Heliopora coerulea (family
Helioporidae) genome*’. We identified genes encoding homologs of
the cembrene B terpene cyclase (cbTC) in all eight octocorals shown
or suspected to produce briaranes, whereas the H. coerulea genome
did not contain a homologous sequence, although it did encode nine
other TCs. In the eight octocoral species containing a homologous
cbTC gene, seven contained iterations of the briarane BGC (Fig. 3b).
Given that the P. caledonicum genome had poor contiguity, we were
not surprised to find the cbTC homolog on a 3-kb contig and expect
thatittoois part of aBGC.

We observed one conserved short-chain dehydrogenase (chSDH)
and up to three CYPs (cbCYPa, cbCYPb and cbCYPc) per briarane BGC
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Fig. 2| Distribution of briarane diterpenoids in the phylum Octocorallia.
a, Phylogeny of octocoral rooted at Scleralcyonacea. Families containing known
briarane producer species are denoted with a star. Families with reported other
terpenoid chemistry are marked with triangles, while families with no reported
chemical data are marked with squares. b, Organisms used in the molecular
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Corallium rubrum
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network. ¢, The briarane terpenoid-containing molecular network. Highlighted
nodesinclude 11-hydroxyptilosarcenone (6) from R. koellikeri, erythrolide D
(8) from E. caribaeorum and gemmacolide R (7) from D. gemmacea. The full
molecular network is shown in Extended Data Fig. 2.

Table 1| Assembly statistics and BUSCO assessment of six octocoral genomes

Organism Contigs (n) Assembly size k-mer-based Contig N50 (kb) Longest(kb) BUSCO
(Mb) genome size (Mb) (%C/%D)
B.asbestinum 22,526 1,254 1155 332 4,126 87.3/4.6
D.gemmacea 817 550 401 196 2,036 87.5/15.6
R.koellikeri 557 231 144 4,895 22,942 86.9/2.6
S.elongata 392 360 269 5139 39131 88.0/1.0
E.caribaeorum 8,289 300 233 1576 86.4/0.6
C.rubrum® () chwomosames (G5 scaffoldsy 545 540 1,600 (scaffold 115,000 88.5/1.2

N50=18,521kb)

(Fig.3band Extended DataFig. 3). Inthe eight octocorals with briarane
BGCs, four maintained the full five-gene briarane BGC spanning 22 kb
in R. muelleriand up to 40 kb in C. rubrum, albeit with different gene
organization. Notably, in the cases of S. elongata, E. caribaeorum and
B. asbestinum, the orthologous genes were split between two BGC
loci(Supplementary Table 5). For S. elongata and B. asbestinum, their
respective cbTCand cbCYPc genesreside on one contig, while cbCYPa,
cbCYPb and at least two cbSDHSs are on a second contig. In the case of
E. caribaeorum, cbCYPcresides outside the BGC contig. Furthermore,
inthe case of B. asbestinum, the orthologous genes have much longer
gaps, resulting in substantially larger BGCs spanning ~150 kb. S. elon-
gataand B. asbestinum further have multiple copies of the SDH gene at
three (85%, 89% and 90% sequence similarity) and two (46% sequence
similarity) copies, respectively. The duplications of the SDHs and gene
rearrangements suggest lineage-specificindependent evolution across
octocoral species.

Because we identified the same set of homologous CYPsinawide
range of octocoral species, we conducted a phylogenetic analysis
of these sequences in the background of broader cnidarian CYPs to
shed light on their evolutionary origin. Our analysis included CYPs
from four nonoctocoral cnidarians as a reference set: Hydra vulgaris
(24 CYPs), Acropora digitifera (24 CYPs), Aurelia aurita (37 CYPs) and
Nematostella vectensis (70 CYPs)*°. From octocorals, we included

CYPs from six briarane-producing species, D. gemmacea, B. asbesti-
num, R. koellikeri, S. elongata, C. rubrum and E. caribaeorum, as well
as the non-briarane-producing Xenia sp. and H. coerulea, yielding 318
octocoral CYPsequences at-40 encoded per genome (Supplementary
Table 6). We combined the annotated reference cnidarian CYPs with
the annotated octocoral CYPs to build a phylogenetic tree of protein
sequences (Fig.3c and Supplementary Fig. 3). The CYPs from the four
reference cnidarians were previously associated with accepted CYP
clans and families™, thereby enabling us to examine the evolutionary
context of the octocoral BGC CYPs. Notably, some octocoral CYPs fell
into the clades associated with the cnidarian CYP clans, suggesting
that they fulfill primary, widespread functions generally presentin
cnidarians. Others, including the BGC-associated CYPs, formed new
monophyletic clades that were octocoral specific. The three briar-
ane CYPs, cbCYPa-cbCYPc, form monophyletic clades consisting of
¢bCYPa, cbCYPb and cbCYPc homologs from different species (Fig. 3c).
While cbCYPb and cbCYPcshare acommon ancestor that may suggest
related enzymatic functions, cbCYPa is distantly related and instead
lies closer to clan 46 with predicted functions associated with steroid
biosynthesis (Fig. 3¢). Interestingly, H. coerulea, while also from the
order Scleralcyonacea, has CYPs closely related to the cbCYPb and
cbCYPc clades but the genes encoding these proteins are not colocal-
ized, hinting at the loss of the briarane BGC in this lineage.
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Fig.3| Genome-guided discovery of a conserved octocoral BGC family.

a, Comparison of BUSCO and contig N50 data from 17 octocoral genomes.

b, Synteny of the briarane BGCs in Scleralcyonacea corals. Intron sequences
were removed for ease of syntenic visualization (depiction of full BGC to scale in
Extended Data Fig. 3). ¢, Phylogeny of cnidarian CYPs. The tree includes all CYPs
fromeightoctocorals (H. coerulea, D. gemmacea, B. asbestinum, R. koellikeri,

S. elongata, C. rubrum, E. caribaeorum and Xenia sp.) and four nonoctocoral

cnidarians (H. vulgaris, A. digitifera, A. aurita and N. vectensis) as reference.
Previously established CYP clans™ are marked with blue and contain octocoral
and other cnidarian CYPs. Unmarked clades contain only octocoral CYP
sequences.d, Zoomed-in branches of the distinct briarane BGC clades of cbCYPs,
highlighted coral (cbCYPa), lavender (cbCYPb) and mustard (cbCYPc), labeled
accordingly with octocoral species initials followed by enzyme type.
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cembrene B y-lactone 15. This pathway is mediated stepwise by initial cyclization
of9to10 by cbTC, followed by mono-oxygenation to 11by cbCYPb or to 12 by
cbCYPc. Mono-oxygenation of 11or 12 to 13 is followed by two consecutive
dehydrogenations by cbSDH to y-lactone 15. Alternatively, a putative shunt
product 14 canalso be formed from 11by cbSDH (Supplementary Fig. 14).
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the depicted reactions. From left to right, GC-MS extracted ion chromatogram
(EIC) trace at 272.1 m/zshowing the formation of 10, LC-MSEIC trace at 271.2 m/z
([M - OH]"ion) showing 11; LC-MS EIC trace at 287.2 m/z ([M - OH]" ion) showing
13 and LC-MSEIC trace at 301.2 m/z ([M + H]" ion) showing the formation of 15. All
traces were compared to the relevant purified reference compound and negative
control (bottomtrace). The negative control for the SDH assay was a reaction
mixture without enzyme; for all others, the negative control was the crude extract
ofyeast harboring empty vector. The full four gene pathways from R. koellikeri and
D. gemmacea were characterized along with additional representative homologs
identified by synteny (Supplementary Figs. 4, 5,7-9,12 and 13). All tested enzyme
homologs showed identical reactivity.

To test whether our phylogenetic approach could be used for
genome mining in octocorals with lower-quality assemblies, we next
included CYP sequences from the poor-contiguity genome assembly
of P. caledonicum.We found corresponding sequences present in two
ofthe three clades, thereby identifying cbCYPaand cbCYPb orthologs
encoded in the genome (Fig. 3d).

Biochemical validation of the briarane BGC

To provide support that the discovered BGC is involved in the early
stages of briarane biosynthesis, we set out to biochemically validate the
clustered biosynthesis genes (Supplementary Table 7). We first tested
whetherallthe homologous cbTC terpene synthases (TPSs) functioned
as cembrene B cyclases as we originally established in R. muelleri and
E. caribaeorum®*°. We expressed each, six in total, in Saccharomyces
cerevisiaeand evaluated their production profiles by gas chromatogra-
phy-mass spectrometry (GC-MS) analysis (Fig. 4 and Supplementary
Fig. 4).Inall cases, we confirmed that geranylgeranyl pyrophosphate
(GGPP; 9) was cyclized into cembrene B (10) as the sole product.

For the characterization of the tailoring enzymes, we tested the
functionsof all cluster genes from the R. koellikeri BGC and the full clus-
ter genes of D. gemmacea to showcase the functions of homologs from
different octocoral families. Additional enzymes from other identified
clusters were also tested to show that association by synteny serves as
functional prediction even with low sequence identity to theirhomolog
inthe R. koellikericluster (C. rubrum CYPb, 64.8%; E. caribaeorum CYPb,
62.9%; E. caribaeorum SDH, 46.6%) or when originating fromasplit gene
cluster (B. asbestinum CYPb, S. elongata CYPc, B. asbestinum SDH and
S. elongata SDH) (Figs. 3b and 4 and Extended Data Fig. 4). Despite these
differences, all tested enzyme homologs showed identical reactivity
to their R. koellikeri or D. gemmacea counterpart.

Because CYPs can oxidize unactivated carbon centers, we assumed
thatone ofthe three colocalized CYP subtypeslikely introduces the first
functionalization. We evaluated their functions in pairwise fashion by
coexpression with cognate chTC genes using previously established
methods (Fig. 4b)*'**. We consistently measured the production of
19-hydroxycembrene B (11) in yeast upon coexpression with cbCYPb
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homologs. Its formation proceeded in aregiospecific manner withno
other detectable monooxygenated products (Supplementary Fig. 5
and Supplementary Note 3). Scale-up fermentation and chromato-
graphic purification provided 11 in pure form, which we character-
ized by NMR spectroscopic analyses (Supplementary Tables 8 and 9,
Supplementary Note 4 and Supplementary Fig. 6). When we instead
coexpressed chCYPc homologs with cbTC genes, we observed forma-
tion of 7-hydroxycembrene (12) (Fig. 4b), which could be detected by
LC-MS (Supplementary Fig. 7) and characterized by NMR (Supplemen-
tary Tables 8 and 9, Supplementary Note 5and Supplementary Fig. 6).
Because cbCYPb and cbCYPc were found to oxidize complimentary
positions on 10 with respect to the briarane pathway, we tested the
cbCYPb product11by feeding it to yeast expressing cbCYPc homologs
(Fig. 4b and Supplementary Fig. 8). We clearly observed a single oxi-
dized product that, upon purification and combined spectroscopic
(Supplementary Tables 8 and 9, Supplementary Note 6 and Supple-
mentary Fig. 9) and X-ray crystallographic characterization (Sup-
plementary Fig. 10 and Supplementary Table 10), was established as
(75)-7,19-dihydroxycembrene B (13). We also tested the opposite case by
feeding 12 toyeast harboring cbCYPb from E. caribaeorum and similarly
obtained 13 (Fig. 4b and Supplementary Fig. 9). When comparing the
preparative biotransformation conversion rates of these two enzymes,
cbCYPc converted nearly 50% of 11to13 (11.3 mg from 22 mg of 11) while
cbCYPb converted less than 5% of 12to 13 (1.6 mg from 44 mg of 12). The
cooperative and related functions of the cbCYPb and cbCYPc enzymes
correlates well with their shared evolution (Fig. 3c). Because of the low
conversionrate that the tested cbCYPb showed with 12, we propose that
this enzyme most likely acts first on 10 followed by cbCYPc to produce
13 (Fig. 4b). Despite numerous attempts with different substrate and
gene pairs, we have yet to observe a function for the third CYP, cbCYPa.
Itisapossibility of course that cbCYPais nonfunctional invivo, explain-
ingourinability to successfully characterize it; however, we predict that
ittooisrelated to the biosynthesis of briarane diterpenes.

As a variety of cembrene double-bond isomers are produced
by corals, we considered the possibility that the described CYP450
enzymes could act nonspecifically on numerous cembrene isomers.
We, thus, expressed cbCYPb homologs with cembrene A or C as the
substrate; however, no oxidized products were produced (Extended
DataFig. 5), showing high specificity of cbCYPb for cembrene B.

We next evaluated the colocalized cbSDHhomologs for their pos-
sible involvement in further transforming the diol 13. We expressed
cbSDHs in Escherichia coli to conduct a series of in vitro incubation
experiments (Supplementary Fig. 11). Incubation of purified cbSDH
enzymes with nicotinamide adenine dinucleotide phosphate (NADP)
and11produced aldehyde (14; Supplementary Fig.12) but incubation
with12yielded no detectable product. Notably, 14 could not beisolated
fromlarge-scaleincubations because of its apparent instability butits
identity was proven by LC-MS coelution with a14 standard, obtained by
chemical oxidation of 11 (Supplementary Fig.12). Incubation with the
diol 13 produced cembrene B y-lactone (15), a structure feature diag-
nostic of all briarane diterpenoids (Fig. 4b and Supplementary Fig.13).
Two consecutive dehydrogenation steps were detected by liquid chro-
matography (LC)-MS through the formation of a product ion at m/z
301.2183([M + H]", calculated m/z301.2163 for C,,H,,0,"). We scaled up
theinvitroreactionof13 and NADP with cbSDH to provide lactone 15,
which was purified and characterized spectroscopically. The structure
was supported by NMR (Supplementary Tables 8 and 9, Supplementary
Note 7 and Supplementary Fig. 6) and the diagnostic y-lactone carbonyl
stretch in the infrared (IR) spectrum (v,,,, =1,757 cm™). A proposed
mechanism for the generation of 15 from 13 could be the enzymatic
formation of an aldehyde in analogy to the oxidation of 11, followed
by the formation of a five-membered hemiacetal intermediate, which
gets oxidized by cbSDH again (Supplementary Fig.14). Experiments to
test whether 14 canact as anintermediate by feeding it to yeast strains
harboring cbCYPb or cbCYPc failed because of the instability of 14.

Discussion

In summary, we discovered a broadly conserved BGC family in cor-
als and biochemically validated its function in the early biosynthetic
stepstoward briarane diterpenoids. The distinctive family of bioactive
molecules constitutes over 700 characterized members that are exclu-
sively found in corals. Our work established the consistent presence of
the15-forming core cluster in briarane-producing coral families. This
includesR. koellikeri, which we establish as abriarane producerin this
work thatencodes the coclustered cembrene B synthase as the only TC
gene onits genome. The biosynthetic logic of briarane’s diagnostic
y-lactone core structure, including its conserved 7S stereocenter, is
generated by four of the coclustered gene products, cbTC, cbCYPb,
cbCYPcand cbSDH, confirming the clustered function of the briarane
locus. The enzymatic transformations begin with cembrene B (10) for-
mationby cbTCand then proceed with subsequent 19-hydroxylations
and 7-hydroxylations carried out by cbCYPb and cbCYPc, respectively.
Finally, cbSDH transforms diol 13 directly into lactone 15.

We propose that cbSDH uses a unique mechanism of lactone bio-
synthesis (Fig. 5a), possibly through aldehyde formation at the 19 posi-
tion, hemiacetal formation and asecond dehydrogenation to produce
the diagnosticlactone (Supplementary Fig.14). Furthermore, while we
have not yet characterized the enzyme(s) catalyzing bond formation
between carbons 1and 10 (ref. 30), we have two potential hypotheses
for how this bond could be formed. A noncanonical class 2 TC acting
on lactone 15 could introduce this feature to produce 16 (Fig. 5a)*.
Alternatively,a A" epoxide intermediate 19, potentially installed by a
CYP, might precede atransannular cyclization reactionto 20 (Fig. 5b).

In animals, previous reports indicate that genes can be found in
clusters when they result from successive tandemduplications or HGT.
However, such factors are not at play here in the octocorals. Following
thedivergence of octocorals from hexacorals (>500 millionyears ago),
genes linked to terpenoid biosynthesis evolved, as indicated by the
widespread conservation of briarane CYPand TCgene homologs across
Octocorallia. The briarane BGCitselfis likely evolutionarily ancient and
evolved soon after the division of the octocoral orders Scleralcyonacea
and Malacalcyonacea. It is only found in briarane-containing corals
from Scleralcyonaceaand has similar synteny in distantly related corals
such as R. koellikeri (Pennatuloidea) and Erythropodium caribeorum
(Erythropodiidae) (Fig. 5¢)*. A key evolutionary event in the forma-
tion of the briarane BGC was the duplication of the related cbCYPb and
cbCYPcgenes early inthe evolution of Scleralcyonacea. Supporting this
timing, the chCYPb-cbCYPc pair is found across the Scleralcyonacea
coral families Pennatuloidea, Ellisellidae, Coralliidae, Briareidae and
Erythropodiidae but not elsewhere in sequenced octocorals. Subse-
quently, we speculate that chbTC, cbSDH and cbCYPawere recruited and
incorporated adjacent to the duplicated cbCYPb-cbCYPc gene pair, also
before speciationin the Scleralcyonacea, through chromosomal rear-
rangements to form the BGC—a phenomenon not previously reported
in metazoans. Following the formation of the briarane BGC, all or
partsofitwerelostinagroup of octocorals, as no briaranes have been
reported from several Scleralcyonacea families (Fig. 5c). Supporting
the gene loss scenario, H. coerulea (Helioporidae) does not harbor a
cembrene Bsynthase geneinits genome butretains coCYPband cbCYPc
relatives, suggesting that these genes were once part of abriarane BGC.
More complex evolutionary scenarios are also observablein sequenced
genomes, suchasthe BGCs from S. elongata and B. asbestinum, which
containadditional SDH gene copies. Their appearance coincides with
asplitofthe gene cluster into two parts. The observation of metazoan
BGC formation and decay suggests potential mechanisms of chromo-
somal evolution not previously observed in animals.

In contrast to a well-preserved central briarane BGC, genes for
specialized, late-stage tailoring processes are not colocalized. The
core briarane skeleton is modified in many ways to create the >700
known briarane derivatives (Fig. 5a). For example, diterpenoids such
as 11-hydroxyptilosarcenone (6), gemmacolide R (7), bathyptilone
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Fig.5|Proposed bi heticp y for briarane production and estimated

time points for the evolution of the briarane BGC. a, Clustered enzymes
characterized in this work produce the lactone 15, a central intermediate in
briarane biosynthesis, by subsequent terpene cyclization, dual hydroxylation
and two dehydrogenations. A missing central transformationis a1,10-cyclization,
the last fundamental step to obtaina compound containing the complete
briarane scaffold (16). These steps must be conserved inall briarane producers
(blue background). Other modifications of the briarane core are most likely
introduced later and are lineage and species specific (purple background).

These biosynthetic steps are evolutionarily younger and might not be present
ingene clusters. b, A putative CYP-mediated 1,10-ring closing reaction, initiated

by epoxidation of 15 to 19, which could be opened to produce alcohol 20
bearing the briarane scaffold. The resulting oxidized 14 position occurs as either
oxygenated or olefinicin most briaranes. ¢, Simplified octocoral phylogeny,
rooted at Scleralcyonacea. Estimated time scale of BGC evolution. The circular
mark in purple denotes the latest acquisition time of the briarane BGC, given
that Ellisellidae, Pennatuloidea, Briareidae and Erythropodiidae (members of
the top nine families) are shown to contain the briarane BGC and are known
briarane producers. The purple-colored X denotes alikely BGC deletion event,
inwhich the whole gene cluster or parts of it were lost. None of the eight families
inthis clade are reported to produce briaranes and the only genome-sequenced
species, H. coerulea, does not harbor acembrene B synthase.
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A (17) and erythrolide B (18), found in different coral species, have
been modified by diverse enzymatic reactions, including oxidation,
chlorination and acylation, by genes found in different chromosomal
locations. This may represent a general rule in metazoan BGCs, in
which the required core genes are found in the BGC, while those for
variable and species-specific tailoring steps are distributed through
the genomes.

While the innate functions of coral terpenoids are largely unknown
outside of a few examples having feeding-deterrent properties”, we
suspect that the conservation of their BGCs indicates central, unreal-
ized biological roles pertaining to some of the more common coral
terpenoid classes™. With the characterization of a coral terpenoid BGC,
future genetic experiments are positioned to address their function
once genome-editing methods have been established in octocorals,
asrecently accomplished in the hexacoral Acropora millepora®’.

The stage is set for genome-mining and bioengineering studies
to delineate biosynthetic cascade reactions to rare, bioactive coral
molecules for their biosustainable production and application as
therapeuticcompounds. The briarane gene cluster family is likely the
first of many to be described. We previously reported that some corals
contain 70-kb and 500-kb putative BGCs with upward of 13 terpenoid
biosynthesis genes***’. With over 4,000 terpenoids characterized from
corals (determined by searching the CMNPD database)*®, gene cluster-
ingis likely commonin thisancient phylum. Looking ahead, we have yet
tosee whether the active assembly of BGCs by evolutionary forcesis an
exceedingly rare event that is limited to octocorals or whether thisisa
more common phenomenon inanimals and eukaryotesin general that
hasbeen overlooked so far because of limited genomic informationin
the eukaryotic kingdom.

Online content
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maries, source data, extended data, supplementary information,
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Methods

Sample collection

Divers collected R. koellikeri and S. elongata (both in the Pennatu-
loidea superfamily) from La Jolla, CA, B. asbestinum (Briareidae) and
E. caribaeorum (Erythropodiidae) coral from Broward County, FL,and
C. rubrum (Coralliidae) coral from Cap Castel, llles Medes, Catalunya.
Wealso obtained aD. gemmacea (Ellisellidae) specimen from Two Little
Fishies. Allanimals were collected by hand inaccordance with federal
and state laws with the required license using noninvasive methods
(sampling whole individuals in the cases of R. koellikeri, D. gemmacea
and . elongata; sampling small portions of larger colonies using aknife
for the B. asbestinum, C. rubrum and E. caribaeorum). We transported
either tissues or whole organisms back to the lab. The samples were
washed three times for S min each with Ca*'-free and Mg*'-free artificial
seawater within 24 h of collection and then flash-frozen with liquid
nitrogen as live organisms. At the time of flash-freezing, aliquots of
each organism were preserved in RNAlater. All biologic material was
and kept at =80 °C for less than 2 weeks until DNA extraction. In the
case of S. elongata, taxonomy was uncertain; thus, an aliquot of tis-
sue from the base of the polyp leaf was collected, dissolved in bleach
and analyzed under a microscope. Given the absence of slender rods
with homology to those characterized by Stylatula*, with help from
C.S. McFadden (Harvey Mudd College), we were able to discern with
certainty that the organism was S. elongata (Extended Data Fig. 1)*.

High-molecular-weight DNA extraction and quantification
High-molecular-weight (HMW) DNA was isolated from tissue from
R. koellikeri, S. elongata, B. asbestinum and D. gemmacea as previously
described”. In brief;, tissue was homogenized by a mortar and pestle
while frozen with liquid nitrogen. The Qiagen genomic tip kit 500/G 9
(10262) was used, following the protocol for the ‘preparation of tissue
samples’ with the recommendations of tissue amounts for mouse tail.
DNA purity was determined usinga BioDrop pLITE (BioDrop), confirm-
ing that the optical density ratio at 260 to 280 nm (OD,,,5,) Was 1.8
and OD,/230 Was 2.0-2.2. DNA concentrations were assessed using the
double-stranded DNA high-sensitivity assay on a Qubit fluorometer ver-
sion3.0 (Thermo Fisher Scientific). DNA size distribution was assessed
withaTapeStation (Agilent 4150). On the basis of the degree of purity
and size distribution of the DNA, samples were either purified and
size-selected further using the Oxford Nanopore Technology (ONT)
short fragment eliminator kit (EXP-SFEOO1) and Beckman-Coulter
AMPure RNA clean XP beads (A63987) or directly used to build sequenc-
ing libraries. Depending on the concentration and size distribution
after quality control, samples were used to prepare libraries for Pacific
Biosciences (PacBio) or ONT sequencing.

For all four organisms, an aliquot of HMW DNA was also used to
obtain llluminashort-read data.

E. caribaeorum DNA extraction and sequencing

HMW DNA was extracted fromfrozen, RNAlater-preserved tissue using
chloroform-phenol extraction as previously described”. Crude DNA
precipitate from chloroform-phenol extraction was dissolved in
nuclease-free water (200 ml) and loaded onto an equilibrated Qiagen
genomictip (20/G,10223) column. The columnwas washed and eluted
and the DNA was precipitated fromthe eluent according to the genomic
tip kit protocol. DNA quality and quantity were assessed by Nanodrop
and gel electrophoresis. lllumina reads were previously obtained and
are publicly available for this sample (Supplementary Table 4)*.

RNA extraction

RNA was extracted from the tissues of R. koellikeri, S. elongata and
D.gemmacea preserved inRNAlater as previously described*. In brief,
the RNeasy plant mini kit was used (Qiagen, 74904), including the
optional step of an on-column DNAse digestion. Quality and quan-
tity were both assessed using Nanodrop spectrophotometric and

Qubit fluorometric methods as described above. For E. caribaeorum
and B. asbestinum, RNA was extracted using methods previously
described”.

Sequencing methods

TheR. koellikeriand S. elongata genomes were sequenced with PacBio.
PacBio Sequel lle running SMRT Link version11.1with SMARTbell prep
kit 3.0 (102-182-700) produced 28.7 Gb withamean length of 11,734 bp
and 85.4% HiFireads (Q > 20) for R. koellikeri and 26.2 Gb with amean
length of 12,845 bp and 77.9% HiFi reads for S. elongata. Because of
lower yields and quality of DNA, D. gemmacea and B. asbestinum
genomes were sequenced with ONT. Following library prep with liga-
tion chemistry (SQK-LSK114), an ONT Promethion running MinKNOW
version 23.04.6 produced 77.8 Gb for D. gemmacea and 59.4 Gb for
B. asbestinum, quantified by NanoPlot version 1.40.0. £. caribaeorum
HMW DNA (3 mg) was used to prepare an ONT library using the liga-
tion sequencing kit (SQK-LSK114) according to the manufacturer’s
protocol with size selection using long fragment buffer from the kit.
Thelibrary wasloaded onto a Promethion flow cell (FLO-PRO114M) and
datawere collected using MinKNOW (version 24.02.10) withreal-time,
high-accuracy base calling. The run yielded 17.46 Gb of called bases
with an N50 of 3.09 kb.

We generated short reads for genome size estimates and assem-
bly polishing using an Illumina NovaSeq6000 with an S4 300 cycle
run configuration, following Illumina DNA library prep (20060059),
which produced 150 millionreads for R. koellikeri,206 million reads
for S. elongata, 146 million reads for D. gemmacea and 114 million
reads for B. asbestinum. For R. koellikeri, S. elongataand D. gemmacea,
the same llluminarunyielded RNA sequencing data for transcriptome
assembly and genome annotations. Complementary DNA (cDNA)
libraries were prepared from total RNA with an Illumina TruSeq
stranded total RNA kit (20020599) with ribosomal RNA depletion
steps, barcoded with Integrated DNA Technologies TruSeq RNA indi-
ces (UDI-20022371). This yielded 25.8 million reads for R. koellikeri
peduncle tissue, 54.8 million reads for R. koellikeribody tissue, 68.8
million reads for S. elongata and 47.7 million reads for D. gemmacea.
Given insufficient depth for TPS transcript mapping across several
samples, an additional sequencing run with an S2300 cycle configura-
tionyielded 114 million reads for R. koellikeri peduncle tissue, 64 mil-
lionreads for R. koellikeribody tissue, 226 millionreads for S. elongata
and 618 million reads for D. gemmacea. In the case of E. caribeorum,
genomic short-read sequencing data from the same individual were
generatedinaprevious study and are already publicly available (Sup-
plementary Table 4)*.

Genome size estimation

Genome size was estimated by k-mer frequency distribution analysis
(genomessize = k-mer number/peak depth). First, the short reads were
filtered using fastp (versions 0.19.4 and 23.2)*’ with default parameters
and quality checked with FastQC (version 0.11.9). Subsequently, the
k-mers (k=17 bp) were counted using Jellyfish (version 2.2.10)*' with
the parameters‘-C-m51-s10000000000 -t 50". The output histogram
file was then analyzed with the following equation: sum of the k-mer
number x k-mer count - first peak/k-mer peak. This equation assumes
thatall k-mers that occurred exactly onceinthe read setare erroneous
and should be ignored, computes the depth of nonerroneous k-mers
and estimates diploid and haploid genome sizes using the two different
peak coverages. GenomeScope was also used to estimate the genome
size with default parameters®. The frequency distribution of 17-mers
isbased onthe genome characteristics and pattern of Poisson distribu-
tion (Supplementary Fig. 2 and Extended Data Table 2).

Genome assembly
Nanoplot (version 1.41.0) was used to determine the quality of the
sequencing data obtained for all five organisms.
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ONT. While we used the entirety of ONT-generated reads for B. asbesti-
numandE. caribeorum, inthe case of D. gemmacea, seqtk (version1.3)
was used to remove reads that were shorter than 10 kb. We used flye
(version 2.9.1) with default parameters to assemble the genomes of
B. asbestinum, E. caribeorum and D. gemmacea. We then used Minimap2
(version 2.24)* to align the long reads to the assembly and, with these
aligned reads, we generated a consensus assembly running racon
(version 1.5.0)*° with long reads three times. We next trimmed and
removed adaptor sequences from Illumina short reads. FastQC was
used to assess quality and fastp was used for cleaning. Then, we used
Minimap2 to map the short reads against the consensus assembly.
Lastly, we used pilon (version1.24)” to polish the ONT assemblies with
our mapped short-read data.

PacBio. R. koellikeriand S. elongata were assembled using hifiasm (ver-
sion 0.19.5)* with default parameters; however, inthe case of R. koellik-
eri, hifiasmincorrectly calculated the homozygous coverage peak. The
hom-cov parameter was adjusted to 165, where the homozygous peak
appeared in the k-mer-based plot (Supplementary Fig. 2). Allassembled
genomes were checked for duplication (D%) rate and completeness
(C%) withBUSCO (version 5.4.7)°” using a metazoan database as refer-
ence. Assembly contiguity was determined by QUAST (version 5.2.0)™.

Transcriptome assembly

The trimmed and adaptor-removed (FastQC and FastP with default
parameters) cDNA sequences from R. koellikeri, S. elongata, B. asbesti-
num, and D. gemmacea were assembled with trinity (version 2.8.5)"
using the stranded parameter (--SS_lib_type RF). The E. caribaeorum
transcriptome was assembled as described previously using Trimmo-
matic” for adaptor removal and SPAdes” for assembly”. The processed
cDNA sequences were also mapped to the assembled genomes using
HiSat2™ (Extended Data Table 2). A poor alignment score for B. asbesti-
num (40.36%) hints at potential contamination or poor extraction of
RNA from the sample; however, the alignment was sufficient for our
genome-mining pipeline.

Syntenic analysis

We found the terpene cyclases in our genomic and transcriptomic
assemblies using traditional basic local alignment search tool (BLAST,
version 2.6.0) searches with the R. muelleri cembrene B cyclase previ-
ously characterized by Burkhardt et al.”* We then used the Conserved
Domain Database (National Institutes of Health (NIH) web-based search
tool)” to annotate other functional proteins in the genomic neighbor-
hood of the terpene cyclases. We determined intronbounds of all genes
with their hitsinthe respective transcriptomes. Inthe case that the gene
of interest was not transcriptionally active and could not be found by
BLASTing into the transcriptome, we used fgenesh, a hidden Markov
model (HMM)-based gene structure prediction tool in the softberry
suite”, with N. vectensis as a protein model. We further validated the
predicted genes with hmmscan’ against the profile HMM database
to confirmthe presence of the correct conserved motifs (Supplemen-
tary Fig.15). We subsequently annotated the contigs in Benchling and
exported them as a GenBank file. To simplify the syntenic analysis, we
removed all introns from gene-coding regions and shortened inter-
genicregions. The nonmodified BGCs are depicted in Supplementary
Fig. 4. We then used Clinker (version 0.26)” to calculate the sequence
similarity and visualize the genetic synteny (synteny in Fig. 3b; percent-
age identity matrices in Extended Data Fig. 3).

Phylogenetic analysis

For phylogenetic analysis of the CYPs, we followed the method outlined
by Pankov etal.” for genome-wide annotation of CYP genes. Inshort, we
used TransDecoder (version 5.7.1) toidentify candidate coding regions
withintranscriptsequences of R. koellikeri, S. elongata, B. asbestinum,
D. gemmacea, H. coerulea, C. rubrum and E. caribaeorum. BLAST”® was

used to identify local alignments between the coding regions of the
sevenoctocoraland aquery that consisted of allannotated CYPs from
H.vulgaris, A. digitifera, A. aurita and N. vectensis in a BLASTp search
(protein query against a proteome). Given that not all CYPs are tran-
scriptionally active and cDNA sequencing only offers asnapshot of an
organism’s biosynthetic potential, we used tBLASTn (protein query
against a genome nucleotide) searches to identify CYP alignments
between the original cnidarian CYP list amended with the CYPs discov-
eredinthe sevenoctocoral transcriptomes and the respective genomes
of those octocoral (list of CYPs included and sources in Supplemen-
tary Table 6). To pull out the scoring pairs from the genomic blast
searches, we used BEDTools (version 2.26.0)*. Furthermore, we used
transeq (version 5.7.1) to translate the nucleotide hits in the genomes.
To ensure that all protein hits were in fact CYPs, we used hmmscan to
ensure they had the correct motifs. Sequences with alignment scores
and coverage of 80% or lower and percentage identity of 20% or lower
were discarded. We then used cd-hit (version 4.8.1)*' with a 99% cutoff
toremove duplicates.

To pull out candidate cbCYPa, cbCYPb and cbCYPcsequences from
the poor-contiguity genome of the P. caledonicum, we used BLAST with
the homologous R. muelleri sequences. Finally, we used Kalign (ver-
sion 2.04)*’ to generate alignments of the CYP amino acid sequences
found in the octocoral genomes and transcriptomes and the H. vul-
garis, A. digitifera, A. aurita and N. vectensis CYPs annotated by Pankov
etal.”’ and the putative briarane biosynthesis CYPs in P. caledonicum.
The phylogenetic analysis was performed using IQ-TREE multicore
(ersion 2.0.3) substitution model Q.pfam+F + R10 (determined by
ModelFinder asincludedin1Q-TREE)* and 1,000 bootstrap replicates.
Theresulting tree was visualized withiTOIl (version 6.9.1)* (Fig. 3cand
Supplementary Fig. 3).

Chemicalisolation and elucidation of the R. koellikeri

briarane diterpene

R. koellikeri (approximately 1 kg wet weight) was extracted with metha-
nol-dichloromethane 2:1(600 ml) overnight three times with stirring.
The solvent was evaporated and the residue was partitioned between
water and hexane (100 ml each) and then water and ethyl acetate
(100 ml each). The hexane, ethyl acetate and aqueous fractions were
all analyzed by LC-MS for the presence of chlorinated compounds.
While the organic fractions both had chlorinated compounds, the ethyl
acetate fraction was much less complex and was used for the follow-
ing stages of isolation and purification. After evaporating the solvent,
1.30 g of crude extract remained. The residue was then resuspended
in100 mlof 40% methanol and loaded onto a20-g C,, (reversed-phase
silica) column and fractionated with a gradient of water-methanol
from 40% to 100% stepwise with 20 ml per fraction. Fractions were
analyzed by LC-MS and those that contained chlorinated compounds
with the fragmentation patterns of terpenes in the retention time
window matching the expected polarity of a functionalized briarane
were pooled. Further purifications were carried out with an Agilent
Technologies 1260 Infinity series HPLC equipped with a degasser,
quaternary pump, autosamplers, diode array and fraction collector.
AKinetex 5-um CI8 (100 A, 250 x 10.0 mm) column was used with an
isocratic hold of 47% acetonitrile-water at a flow rate of 2mI min™. A
semipure fraction containing a diterpenoid was then characterized
by NMR (600-MHz Bruker Avance Il spectrometer using a 1.7-mm
inverse-detection triple-resonance (H-C/N/D) cryoprobe and 500-MHz
JEOL ECZ spectrometer using a3-mm probe) (Supplementary Note 2,
Supplementary Table 2 and Supplementary Fig.1).

NMR analysis of R. koellikeri compound

We identified 11-hydroxyptilosarcenone (6) as the major terpenoid
present in R. koellikeritissue (Supplementary Note 2, Supplementary
Table 2 and Supplementary Fig. 1). The identity of this compound,
whichwas previously isolated from the sea pen Ptilosarcus gurneyibut

Nature Chemical Biology

120



Article

https://doi.org/10.1038/s41589-025-01927-y

not from Renilla species, was supported by high-resolution MS and
NMR data. We collected full one-dimensional and two-dimensional (2D)
NMR datasets on the mixture, including 2D correlated spectroscopy
(COSY), nuclear Overhauser effect spectroscopy, heteronuclear single
quantum coherence spectroscopy (HSQC) and heteronuclear multiple
bond correlation (HMBC) spectra, in CDCI, to determine the maincom-
pound as 6, representing 75% of the mixture. We found inconsistencies
inthereported positional assignments of 'H-NMR and *C-NMR chemi-
cal shifts. The structure and chemical shifts of 6 were assigned using
the 2D dataasfollows: COSY correlations between H-13 and H-14 along
withan HMBC correlation from H-14 to C-12indicated the presence of
anenone fragment. HMBC correlations fromH,-15to C-1, C-2, C-10 and
C-14 along with HMBC correlations from H;-20 to C-10, C-11 and C-12
confirmed the presence of the cyclohexanone fragmentand the posi-
tions of the angular methyland tertiary alcohol. An HMBC correlation
fromH-2to anacetate carbonyl (6.169.3) and a COSY correlation from
H-2to H-3 and from H-3 to H-4 established the position of the allylic
acetate, which in turn was connected to the 1,1-disubstituted olefin
according to an HMBC correlation from H-16, and H-16,, to C-4. HMBC
correlations fromH-16, and H-16,, to the conspicuous C-6 (6, 5.05and 6.
60.9in the HSQC) suggested the likely position of achloromethine. In
turn, H-6 showed a COSY correlation to H-7 of the butrylactone oxym-
ethine (6,,4.98 and 6. 78.8 in the HSQC). A COSY correlation between
H,-18 and H-17 along with HMBC correlations from H;-18 to C-8, C-17
and C-19 allowed full assignment of the methylated butryl lactone. A
COSY correlation between the H-9 acetoxymethine (8,,5.81and §. 69.4
in the HSQC) and H-10 suggested the closure of the decane ring. The
decane ring closure and lactone position were confirmed by a wealth
of HMBC correlations from H-9. This included an HMBC correlation
from H-9 to the acetate carbonyl (8. 170.0) and to C-7, C-8, C-10, C-11
and C-17 (full NMR data and 2D correlations in Supplementary Note 2
and Supplementary Fig.1). This led us to corroborate the structure of 6
as previously described, with the newly assigned positions of NMR
chemical shifts presented in Supplementary Table 2.

Crude chemical extraction and molecular networking

D. gemmacea, C. rubrum, E. caribaeorum, S. elongata, B. asbestinum,
and R. koellikeri were used as samples for this work. Approximately,
1g of each frozen coral sample was crushed and extracted overnight
in2 mlofa2:1methanol-dichloromethane mixture at room tempera-
ture while stirring. For all corals, we sampled tissues across different
parts of the organism and homogenized them for the extraction. All
extracts were first passed through a cotton-filled Pasteur pipette to
remove large remaining fragments and then evaporated at 40 °Cusing
arotary evaporator. The remaining residue was dissolved in methanol
(HPLC-grade, Fisher Scientific) and prepared for LC-MS analysis by
filtering through a Mini Spin filter column (American Chromatogra-
phy Supplies). The semipurified 11-hydroxyptilosarcenone (6) from
R. koellikeri, in addition to the tissue from 6 crude extract samples
were analyzed by LC-MS method A. The obtained LC-MS/MS datawere
converted to .mzML format using msConvert (ProteoWizard)* and
analyzed using MzMine (version 3.9.0)*. The feature-based molecular
network parameters used and raw dataare available through the MAS-
SIVE dataset (MSV000094792). The processed spectrawere uploaded
to GNPS" and visualized with cytoscape™.

LC-MS method A. LC-MS/MS analysis was conducted on a 6530
Accurate-Mass quadrupole time-of-flight (Q-TOF) mass spectrometer
(Agilent Technologies) coupled to the 1290 Infinity leveled-up 1260
Infinity LC system (Agilent Technologies) with a Kinetex LC column
(150 x 4.6 mm, 5 pm, C18100 A; Phenomenex). Dual electrospray ioni-
zation (ESI) was used as the ion source in positive ionization mode with
acarrier gastemperature of 300 °Cand theionization voltage cap set to
3,000 V.The applied collision energy voltages can be described by the
following formula2.6 x m/z +14.75. The LC gradient consisted of a2-min

isocratic period at 20% acetonitrile in water at 1.0 ml min™ flow rate
followed by a linear increase to 95% acetonitrile after 18 min total, an
additionallinear increase from 95% to100% acetonitrile after 2 min total
and thena3-minisocratic period at 100% acetonitrile (25 min total).

Plasmids, strains and media

Candidate terpene cyclase genes were codon-optimized for yeast
and purchased from Twist Biosciences in the pESC-leu2d vector back-
bone (Addgene, 20120) along with a copy of the GGPP synthase gene
XdCrte****°. Candidate CYP genes codon-optimized for yeast were
purchase from Twist Biosciences in the pESC-URA vector backbone
(Agilent Technologies) along with a copy of the H. coelurea CPR gene
(HcCPR). Candidate SDH genes were purchased from Twist Biosciences
inthe pET-28b+ vector with N-terminal His-tags at the Ndel/Xhol site.
Haploid . cerevisiae YPH499 and YPH500 were purchased from Agilent
Technologies (included with pESC-URA plasmid as akit). Plasmids were
transformed into yeast cells using a lithium acetate method and into
E. coliBL21(DE3) using chemical transformation”. Synthetic complete
(SC) medium® was prepared using yeast nitrogen base (Gibco) and SC
medium supplement (Aldrich). The appropriate nutrient (uracil and/
orleucine) was omitted from the recipe for auxotrophic selection. SC
liquid production medium was made inasimilar manner but containing
20 ml L™ glycerol (2% final concentration), 20 ml L™ ethanol (2% final
concentration) and 40 g L™ galactose (4% final concentration) with
theappropriate nutrient dropped out. Yeast peptone (YP) production
medium was prepared using 15 g L™ peptone, 15 g L yeast extract,
2 gL glucose (0.2% final concentration), 20 ml L™ glycerol (2% final
concentration),20 ml L ethanol (2% final concentration) and40 g L™
galactose (4% final concentration). Luria-Bertani (LB) medium was
purchased from Fisher. Terrific Broth (TB) medium was purchased from
Sigma and supplemented with 8 ml L™ glycerol (0.8% final). Kanamycin
was added to LB and TB media at 50 mg L™ final concentration.

Biochemical characterization of terpene cyclase genes
Terpene cyclase plasmids were transformed into S. cerevisiae strain
YPH499 and then grown on SC (-Leu) dropout agar plates for 3 days.
Colonies (3-5 pooled) were seeded into 10 ml of SC (-Leu) liquid
medium and grown overnight at 30 °C. Overnight seed cultures
were centrifuged then resuspended in YP liquid production medium
and used to inoculate SO ml total of YP liquid production medium
(ODgg0 =1.50 £ 0.06) in 250-ml baffled flasks with a vented metal cap.
Cultures were grownat 22 °Cfor 5 days and then whole culture broths
were extracted with 1:1 diethyl ether-hexane (50 ml) by shaking fol-
lowed by centrifugation. The separated organic layer was collected
and dried by shaking with a sodium sulfate and silica gel mixture. The
volume was thenreduced to about 3 mlby evaporating under astream
ofairinatesttube and filtered witha PTFE syringefilter. A portion (2 ml)
was evaporated, dissolved in hexane (0.2 ml) and analyzed by GC-MS.
GC-MS was performed on an Agilent 7890B GC equipped witha
5977BMSD and 7693 autosampler and an Agilent DPSMS + DG column.
The oven program consisted of al-min period at 75 °C, followed by alin-
earincrease to 250 °Cafter 11 min, thenanincrease to 300 °Cafter L min
and finally al-minhold at 300 °C (14 min total) with a helium carrier gas
flow rate of 1 mI min™. A 6-min solvent delay with 1:50 split was used.

Biochemical screening of CYP genes

CYP plasmids were transformed into S. cerevisiae strain YPH500 and
thengrown on SC (-Ura) dropout agar plates for 2 days. Colonies were
seeded into 3 ml of SC (-Ura) liquid medium and grown overnight at
30 °C. Overnight cultures (1-ml portions each) containing CYP plas-
mids were added to a 24-well plate and centrifuged, washed with SC
(-Leu,-Ura) medium, centrifuged again and resuspended with 4 ml of
SC (-Leu, -Ura) medium. Yeast cells harboring the DgemTC plasmid
were harvested from agar plates grown as described above by scraping
up several colonies with an inoculating loop and then added to each
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well containing CYP-harboring cell suspensions. Cell mixtures were
incubated overnight at 30 °C and then 0.2 ml of each cell suspension
was plated onto SC (-Leu, —Ura) dropout agar in six-well dishes and
grown for 2 days, after which colonies formed. Colonies were seeded
into S ml of SC (-Leu, -Ura) liquid medium and grown overnight at
30 °C.Overnightseed cultures were used to inoculate SC (-Leu, -Ura)
liquid production medium (25 ml) with HP20 resin added (1g) in125-ml
flasks to an OD, of about 1.0 and then grown at 20 °C for 3 days. The
whole culture broths were filtered through cheese clothloaded into a
syringe barrel. The separated resin was eluted with acetonitrile (15 ml).
Aliquots (1 ml) were centrifuged and then analyzed by LC-MS method B.

LC-MS method B. UPLC analysis was performed and high-resolution
mass spectra was collected using a Waters Acquity UPLC linked to
a Waters Xevo G2-XS Q-TOF. A Waters BEH C;s column (2.1 x 50 mm,
1.7 um) was used. The LC gradient consisted of al-minisocratic period
with 50% acetonitrile in water at 0.6 ml min* followed by a linear
increase to 75% acetonitrile after S min total, anincrease to 100% ace-
tonitrile after 6 min total and then a 2-min isocratic period at 100%
acetonitrile (8 min total).

Scale-up fermentation to produce 10, 11and 12

Dgem cbTC, Ecar cbCYPb and Selo cbCYPc showed relatively high
levels of production and were used as examples for scale-up fermen-
tation. Yeast cultures harboring either TC plasmid alone or a hybrid
strain harboring a TC and a CYP plasmid were prepared by inoculat-
ing colonies into SC dropout liquid media (-Leu for TC strain and
-Leu, -Ura for TC/CYP strains, 75 ml each) followed by growth over-
night at 30 °C. The overnight cultures were split into 30-ml aliquots,
seeded into a 2.8-L baffled Fernbach flask containing YP production
medium without added galactose (800 ml) and grown overnight at
20 °C to an OD,, of about 1.0. Cultures were induced by addition of
200 ml of 20% galactose to a final concentration of 40 g L™ and then
approximately 20 ml of HP20 was added as a slurry in ethanol. The
culture was grown at 20 °C for 3 days and then harvested in the man-
ner described above by collecting the resin and eluting with acetone
(100 mleach).Second and third elutions were performed using SO ml
each of acetone-hexane 1:1and 50 ml of diethyl ether, respectively.
The first and second elutions were pooled and evaporated and then
combined with the third (ether) elution and 25 ml of water was added.
Aseparatory funnel was used to separate the top organic layer, which
was then evaporated on a rotary evaporator. The syrupy residue was
extracted with hexane and the hexane layer was collected with aglass
pipette. Aliquots of these crude extracts were evaporated and checked
by thin-layer chromatography (TLC) and LC-MS method C. Extractsin
hexane were fractionated by flash chromatography using a Teledyne
Isco CombiFlash systemonacolumnof'silica gel (24 g,230-400-mesh
grade 60) using hexane-isopropanol (0-20% isopropanol gradient
over12 minat35 ml min flow rate) with ultraviolet (UV) monitoring at
215 nm. Fractions were checked by TLC and evaporated to produce the
following (in duplicate): Dgem cbTC strain, 4.2 + 2.3 mg of cembrene
B (10); Dgem cbTC/Ecar cbCYPb strain, 2.7 + 0.1 mg of cembrene B
(10) and 11.1 + 3.5 mg of 19-hydroxycembrene B (11); Dgem cbTC/Selo
cbCYPc strain, 2.8 + 0.1 mg of cembrene B (10) and 22.1 + 4.2 mg of
7-hydroxycembrene B (12).

LC-MS method C. UPLC analysis was performed and high-resolution
mass spectra were collected using a Waters Acquity UPLC linked to a
Waters Xevo G2-XS Q-TOF. AWaters HSS T3 C ;s column (2.1 x 100 mm,
1.8 pm) was used. The LC gradient consisted of a1-minisocratic period
at60% acetonitrile in water at 0.4 ml min™ flow rate, followed by alin-
ear increase to 100% acetonitrile after 8 min total and then a 2.5-min
isocratic period at100% acetonitrile (10.5 min total).

UV spectra were recorded using a Thermo Scientific NanoDrop
in cuvette mode with quartz cuvettes. IR spectra were recorded ona

Nicolet iS5 Fourier-transform IR spectrometer operating in transmit-
tance mode using polyethylene cards (Thermo Scientific). NMR data
forl,2,3,4,5,and 6 were collected and processed using the following
instruments, software and parameters: '"H-NMR and ®C-NMR spectra
were recorded ona VarianiNOVA 500 ("H, 500 MHz) NMR spectrometer
equipped with a3-mm Nalorac MDBG probe or VarianiNOVA 600 ('H,
600 MHz) NMR spectrometer equipped with a 5-mm Nalorac HCN
probe operated using OpenVnmr). Data were processed and analyzed
using MestreNova (version14.3.1). Chemical shifts were referenced to
the solvent residual proton for 'H-NMR (6 7.26 for CDCl,) and the ®C
signal for ®C-NMR (8 77.2 for CDCl,).

Cembrene B (10). Clear oil; '"H-NMR (500 MHz, C,D) 6 5.15 (m, 2H),
5.03(t,/=6.7Hz,1H),2.89(d,/= 6.9 Hz,2H),2.28 (t,/ = 7.6 Hz, 2H), 2.16
(m, 2H), 2.12 (m, 2H), 2.10-2.00 (m, 6H), 1.69 (s, 3H), 1.66 (s, 3H), .60
(s,3H),1.55(s,3H),1.52 (s, 3H). ®C-NMR (125 MHz, C,D,) §134.8,133.7,
133.0,131.7,126.8,125.4,124.7,124.7, 40.4, 39.3, 37.9, 32.0, 31.0, 25.4,
24.3,20.9,20.7,16.0,15.4,15.1. ESI-MS [M]* m/z 272.1.

19-Hydroxycembrene B (11). Clear oil; UV (acetonitrile) A, (log €)
216 (3.3); IR (polyethylene film) v,,,, 3,337, 2,962, 2,922, 1,436, 1,383,
1,001 cm™; NMR (Supplementary Tables 8 and 9); high-resolution
ESI-MS [M + H]" m/z289.2540 (calculated for C,,H,;0°, 289.2531).

7-Hydroxycembrene B (12). Clear oil; [a]3’ -8.73° (¢ 0.275, methanol);
UV (methanol) A, (log €) 215 (3.2); IR (polyethylene film) v,,,, 3,334,
2,916, 2,852,1,462,1,383, 994 cm™; NMR (Supplementary Tables 8
and 9); high-resolution ESI-MS [M - H,0 + H]* m/z271.2426 (calculated
for C,oH,,", 271.2426).

Cembrene 19-hydroxylase substrate selectivity assay
Sarcophyton trocheliophorum transcriptome reads (SRR12573941)
were downloaded from the National Center for Biotechnology Infor-
mation (NCBI) and assembled using SPAdes. Potential TPS genes were
identified by BLAST using known octocoral TPS genes as aquery. The
cembrene C synthase was the sole TPS found inthe S. trocheliophorum
transcriptome. The cembrene A synthase was identified from our
B. asbestinum transcriptome datain a similar manner. The respective
TPS genes (cembrene A synthase from B. asbestinum and cembrene
Csynthase from S. trocheliophorum) were cloned into pESC-URA and
expressed in yeast. The cembrene 19-hydroxylase Ecar cbCYPb was
coexpressed with Basb cbTC, Basb caTC and Stro c¢cTC in the manner
described above using SC liquid production medium and HP20 resin.
The terpene products (cembrene A and cembrene C) were identified
by extraction, purification using silica gel chromatography and char-
acterization by '"H-NMR and *C-NMR spectroscopy with comparison to
datafrom the literature. Only coexpression of Ecar coCYPb with Basb
cbTC (cembrene B) showed the production of oxidized products, while
coexpressionwith Basb caTC and Stro ccTC (cembrene Aand cembrene
C, respectively) did not show any detectable oxidized products.

Biotransformation screen of cembrene alcohols 11and 12
using yeast harboring CYP genes

YPHS00 yeast cells harboring cbCYPb, cbCYPc or empty pESC-URA
were seeded into SC (-Ura) liquid medium containing dextrose and
grownovernightat30 °C. Analiquot (0.5 ml) of each culture was seeded
into SC (-Ura) liquid medium containing dextrose (10 ml). Cells were
grown 4 h at 30 °C then centrifuged and resuspended in SC (-Ura)
liquid medium containing galactose. To each culture was added BSA at
0.7 mg ml ™ followed by either 11 (to cbCYPc and empty vector) or 12 (to
cbCYPband empty vector) asasolutionin ethanol toafinal concentra-
tion of 100 pg ml™. Cultures were grown at 20 °C and 180 rpmin shake
flasks for 3 days and then extracted with diethyl ether. The ether was
evaporated and the residue was dissolved in methanol and analyzed
by LC-MS method B.
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Scaled-up biotransformation to produce diol 13

YPHSO00 yeast cells harboring either cbCYPb or cbCYPc were seeded
into SC (-Ura) liquid medium containing dextrose (10 ml) and grown
overnight at 30 °C. The seed cultures were added to SC (-Ura) liq-
uid medium containing galactose (250 ml) followed by albumin
(200 pg ml™) and then 11 (22 mg in ethanol) to cbCYPc and 12 (44 mg
inethanol) to cbCYPb. The cultures were shakenat 20 °Cand 180 rpm
for4 daysand then each was extracted withethylacetate (100 ml). The
organic layer was evaporated and the residue purified by combiflash
using a C;s column and water-acetonitrile. The fractions were evapo-
rated to produce 13 (11.3 mg from 11 and cbCYPc and 1.6 mg from 12
and cbCYPb). The compound was crystallized by evaporation from
heptane and dichloromethane, and then further characterized by
X-ray diffraction analysis (Cambridge Crystallographic Data Center
(CCDC) 2371467).

7,19-Dihydroxycembrene B (13). Colorless crystals; [a]p’ +3.54° (¢
0.226, methanol); UV (methanol) A, (log €) 215 (3.1); IR (polyethylene
film) v,,,, 3,357, 2,919, 2,852,1,711, 1,462, 1,383, 994 cm™; NMR (Sup-
plementary Tables 8 and 9); high-resolution ESI-MS [M - H,0 + H] m/z
287.2381(calculated for C,,H,,0*,287.2370).

Biochemical characterization of SDH genes in vitro
Plasmids bearing SDH genes were transformed into . coli BL21(DE3)
strain and grown on LB kanamycin plates overnight at 37 °C. Colonies
were inoculated into LB liquid medium (20 ml) with 50 mg L™ kana-
mycinand 0.2% dextrose and grown overnight at 30 °C. Cultures were
used toinoculate TBliquid medium (1L) with 50 mg L kanamycinand
grownat 28 °Cfor 5 hresultingin varying OD,,, values between 0.5and
1.5. Cultures were cooled to 16 °C andinduced with 0.5 mMIPTG; then,
anadditional 50 mg L™ kanamycin was added and the cells were grown
overnightat16 °C. Somestrains grew noticeably more slowly, including
those harboring . caribaeorum cbSDH, R. koellikeri cbSDH and S. elon-
gatacbSDH, correlating with higher relative SDH activity. These strains
were grown for an additional 24 htoimprove proteinyields. Cells were
then harvested by centrifugation and stored at -80 °C until use.

Cell pellets were suspended in 25 ml of lysis buffer (HEPES
25 mM pH 8.2, NaCl100 mM, glycerol 5% v/v, TCEP 100 pM, lysozyme
0.6 mg ml™and DNase 0.05 mg ml™) and incubated at4 °Cfor1h.The
cells were disrupted using sonication and then centrifuged at 52,000g
for 20 minat4 °C. The supernatants were transferred to 50-ml conical
tubes and about 0.25 ml of Ni-NTA resin was added; then, the mixture
was incubated on ice for 1 h with periodic mixing. The suspensions
were centrifuged at5,000g for 5 min and the supernatant was pipetted
off. The pellets of Ni-NTA resin were suspended in 2 ml of wash buffer
(HEPES 25 mM pH 8.2,NaCl100 mM, glycerol 5% v/v, TCEP100 pM and
imidazole 25 mM) and transferred to 2-ml tubes before centrifuging at
13,000g. This wash step was repeated once and then the Ni-NTA resin
was eluted by adding 2 ml of elution buffer (HEPES 25 mM pH 8.2, NaCl
100 mM, glycerol 5% v/v, TCEP 100 pM and imidazole 250 mM). After
centrifugation, the supernatant was pipetted into a separate tube and
the elution was repeated. Using a2-ml centrifugal concentrator witha
membrane (3-kDa molecular weight cutoff), the eluents were pooled
for each sample, concentrated and buffer-exchanged twice in assay
buffer (HEPES 25 mM pH 8.2, NaCl 100 mM, glycerol 5[% v/vand TCEP
100 pM). Typical protein titers were determined by UV absorption at
280 nmto be between 3 and 6 mg from 1L of culture (Supplementary
Fig.11). Assays were performed by dissolving NADP (200 uM) and BSA
(Img ml™)in0.5 mlof assay buffer and then adding 100 pg of cembrene
alcohol (11,12 or13) asal0-plaliquotin ethanol followed by addition of
the SDH enzyme to a final volume of 1 ml (final enzyme concentrations
between 5 and 9 pM). The reaction was shaken at 200 rpm and 20 °C
for16 hand then extracted with diethyl ether (three times with 0.5 ml)
with vortexing followed by centrifugation at 13,000g for 3 min. The
pooled organic layers were evaporated under a stream of air and the

organicresidue dissolved in 2 ml of methanol. Enzyme reactions were
analyzed by LC-MS method C.

Semisynthesis of 14

To a solution of 11 (25 mg, 0.086 mmol, one equivalent) in dichlo-
romethane (2 ml) was added Dess-Martin periodinane (183.2 mg,
0.432 mmol, five equivalents) and the suspension was stirred at room
temperature overnight. The reaction was quenched by addition of
200 pl ofisopropanol followed by addition of saturated sodium chlo-
ride solution. The dichloromethane layer was separated, dried on a
rotary evaporator and purified by silica gel chromatography to produce
14 (20 mg, 0.070 mmol, 81% yield).

Aldehyde 14. Clear oil; UV (acetonitrile) A,,, (log €) 215(3.8),252(3.7); IR
(polyethylene film) v, 2,964,2,918,2,852,1,668,1,261,1,020 cm™; NMR
(Supplementary Tables 8 and 9); high-resolution ESI-MS [M - H,0 + H]*
my/z269.2264 (calculated for C, H,,", 269.2264).

Preparative-scale in vitro reaction with SDH and diol 13

E. coli strain BL21(DE2) harboring S. elongata cbSDH on pET-28b(+)
was grown in six separate 1-L cultures using TB medium, as described
above. A cell pellet (100 ml in volume) was suspended in HEPES lysis
buffer (50 mM HEPES, 150 mM NaCl and 10 mM imidazole, pH 8.0)
and treated with lysozyme (0.6 mg ml™) and DNase (0.1 mg ml™). No
detergents or reducing agents were added, as these were found to
inhibit the reaction in previous experiments. The suspension was
sonicated and then centrifuged at 52,000g for 20 min. The clarified
lysate was incubated over 20 ml of Ni-NTA in abeaker with stirring and
then collected inaglass column. The resin bed was washed with HEPES
lysis buffer (50 ml), HEPES wash buffer (50 ml; 50 mM HEPES, 150 mM
NaCland 50 mMimidazole, pH 8.0) and then eluted with HEPES elution
buffer (five times with 15 ml; 50 mM HEPES, 150 mM NaCland 250 mM
imidazole, pH 8.0). Fractions 2,3, 4 and 5 were diluted up to 200 mlwith
HEPES reaction buffer (50 mM HEPES and 150 mM NaCl, pH 8.0) inan
Erlenmeyer flask with gentle magnetic stirring at room temperature
before adding BSA (0.1 mg ml™), NADP (2 mM) and 13 (15 mgin 1,000 pl
of DMSO). The reaction mixture was stirred for 2 days. The aqueous
reaction was extracted twice with 100 ml of dichloromethane, using
centrifugation to break the emulsion, and the organic extract was
dried over sodium sulfate and evaporated. The residue was filtered
through a short bed of silica gel using hexane-ethyl acetate 1:1and
then purified by preparative HPLC using a phenylhexyl column and
water-acetonitrile as the mobile phase to provide lactone 15 (1.5 mg).

Cembrene B lactone 15. Clear oil; [a]3’ +42.4° (¢ 0.250, methanol); UV
(methanol) A,,,,, (log €) 230 (4.1), 260 (shoulder); IR (polyethylene film)
Umax 2,919,2,850,1,757,1,710,1,461,1,385,1,289,1,089,1,029 cm™; NMR
(Supplementary Tables 8 and 9); high-resolution ESI-MS [M + H]" m/z
301.2183 (calculated for C,,H,,0,", 301.2163).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Dataavailability

The feature-based molecular network parameters used and raw data
are available through MASSIVE (MSV000094792). NCBI BioSample
accession numbers for the genomes generated in this paper are as fol-
lows: R. koellikeri (SAMN40621396), B. asbestinum (SAMN40621398),
D. gemmacea (SAMN40621399), E. caribaeorum (SAMN41659149) and
S. elongata (SAMN40621397). NMR and EI-MS spectraof characterized
compounds are available in Supplementary Information. Sequence
Read Archive accession numbers for raw sequencing reads generated
in this study are available in Supplementary Table 4. Genbank acces-
sion numbers for annotated BGC-containing contigs are available in
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Supplementary Table 5. Alist of all protein sequences used in the study
isavailable in Supplementary Note 1. The sources of all CYPs used for
phylogenetic analysis are available in Supplementary Table 6. X-ray
diffraction dataare available from the CCDC (23714 67). The conserved
domain database webtool used to explore genomic neighborhoods can
be accessed online (https:/www.ncbi.nlm.nih.gov/cdd/).
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Extended DataFig.1|Stylatula elongataspeciesidentification. To accurately assess their morphology and distribution. The observed sclerites, measuring

differentiate between two visually similar southern California sea penspecies, approximately 0.5-1.5 mminlength, confirmed the identification of the
Stylatula elongata and Virgularia sp., we examined the presence or absence of specimen as Stylatula elongata, as this species is known to possess these
sclerites at the base of the polyp leaves. Sclerites are microscopic carbonate structures, whereas Virgularialacks them. The figure illustrates the presence
structures that provide structural support and serve asimportant taxonomic of the sclerites in our sample tissue, providing critical diagnostic evidence for
markers in octocorals. We imaged these sclerites at 10x magnification to species determination.
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@ R. koellikeri (Pennatuloidea)
K ¥R S. elongata (Pennatuloidea)
D. gemmacea (Ellisellidae)
C. rubrum (Coralliidae)
B. asbestinum (Briareidae)
E. caribaeorum (Erythropodiidae)

Extended DataFig. 2| The briarane terp id p lecul feature, while edges indicate spectral similarity, grouping structurally related
network. Feature-based molecular networking (FBMN) was used to visualize metabolites into clusters. The boxed region specifically highlights the briarane
relationships among metabolites detected in liquid chromatography-tandem diterpene network, as shown in Fig. 2c, distinguishing this family of metabolites
mass spectrometry (LC-MS/MS) data from crude extracts of the six focal coral within the broader chemical space.

species analyzed in this study. Each node in the network represents a molecular
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Extended Data Fig. 3| Full to scale synteny of the briarane BGCsin
Scleralcyonacea corals. Full, to-scale micro synteny representation of the
briarane biosynthetic gene clusters (BGCs) identified in briarane producing
octocoral. Annotated arrows indicate genes within the BGCs, withintron
sequencesincluded. Gene lengths and intergenic gaps are shown to scale,
providing anaccurate depiction of cluster organization. The total length of the

contig containing the BGC is displayed in black adjacent to each contig, while the
specific BGC-containing region depicted in the figureis indicated in parentheses.
This visualization highlights the conserved and variable elements of briarane
BGCsacross coral species, offering insights into their genetic architecture and
potential biosynthetic capabilities.
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Extended Data Fig. 4| %ID matrices for all syntenic briarane BGC genes. Heat
maps illustrating the percentidentity (% ID) across five biosynthetic gene cluster
(BGC) genes identified in the focal Scleralcyonacea corals. Each row represents
agene fromaspecific coral species analyzed in this study. Percentidentity
is color-coded, with red indicating the highest sequence similarity and blue
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representing the lowest. This visualization provides a comparative overview of
sequence conservation and divergence among BGC genes, offering insights into
the evolutionary relationships and potential functional variations in briarane
biosynthesis across coral species.
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Extended DataFig. 5| LCMS for co-expression of cembrene A, B, and C synthases with cembrene 19-hydroxylase Ecar cbCYPb. EIC trace monitored at m/z 271.2.
Co-expressed TC genes are as follows: Top) Basb caTC; Middle) Stro ccTC; Bottom) Basb cbTC. Oxidized products are only produced in the presence of cembrene B.
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Extended Data Table 1| Basic assembly statistics for octocoral genomes

Organism Source Accession Genome Size Busco C (%) contig N50 (kb)
(Mb) metazoan DB
R. koellikeri This paper SAMN40621396 144 86.9 4,895.0
B. asbestinum This paper SAMN40621398 1,155 87.3 331.8
D. gemmacea This paper SAMN40621399 401 87.5 195.9
S. elongata This paper SAMN40621397 269 88.0 5,139.0
C. rubrum DOI: PRIEB54017 475 88.5 1,637.0
10.1101/2024.07.13.603384
E. caribaeorum This paper SAMN41659149 300 86.4 233.0
R. muelleri DOI: http://rmue.reefgenomics.org 172 84.5 70.5
10.1093/gigascience/giz026
P. caledonicum NA SAMN14247561 292 72.4 19.2
H.coerulea DOI: 10.1038/541597-023- SAMN33360050 429 88.9 1,428.0
D. gigantea ?)2391011 093/gbe/evz043 SAMN10516674 286 88.5 1,446.0
Xenia sp. DOI: 10.1038/541586-020- SAMN23741995 227 92.0 1,100.0
P. clavata DOI: 10.1534/g3.120.401371 SAMEA6085997 607 72.4 19.2
Trachythela sp. I: 10.1093/gbe/t SAMN16072316 578 88.5 3,564.0
R. reniformis NA SAMEA103980763 132 39.8 2.0
P. stokvisi NA SAMN16093713 689 81.6 1.4
P. marumi NA SAMN16114184 583 67.9 1.3

Octocoral genomes generated in this study (5) and public assemblies (11). DOI's of papers associated with public genomes are provided where relevant. Accession numbers are
provided for all.

Nature Chemical Biology

131



Article https://doi.org/10.1038/s41589-025-01927-y

Extended Data Table 2 | Long and short read sequencing statistics across all in house genomes

B. asb D. R. koellikeri S. elongata E. caribeorum
Short Read Genomic Sequencing
Total Sequences 114 147 150 207 56
(M)
Total Bases (Gb) 17 22 23 31 5
Sequences 0 0 0 0 0
flagged as poor
quality
Sequence length 151 151 151 151 100
%GC 38 39 39 40 42
Kmer Based 1,155 401 144 269 -
Genome size
(Mb)
Genome 14 41 185 141 18
Coverage
Long Read Genomic Sequencing
Raw bases from 59 78 NA NA 17
WGS-Nanopore
(Gb)
Raw bases from  NA NA 29 26 NA
WGS- Pacbio
(Gb)
Mean Read 2 4 12 13 2
length (kb)
%Reads Q>20 NA NA 85 78 NA
Transcriptomic Short Read Sequencing
Total Sequences 184 618 178 226 NA
(M)
Coverage (x) 47 250 268 165 NA
HiSat Alignment  40.36% 92.43% 90.51% 60.42% NA

For the genomes generated for this study, the statistics for the raw short and long reads are provided. Statistics for transcriptomic reads generated and their alignment rate to their respective
assemblies.
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Supplementary Table 1. CMNPD results for Scleralcyonacea coral.

Current Family Name  Terpenoids Briaranes Producer Example briarane
reported reported organism
Sarcodictyonidae yes no N/A N/A
Spongiodermidae no no N/A N/A
Ideogorgiidae no no N/A N/A
Parisididae no no N/A N/A
Parasphaerascleridae yes no N/A N/A
Chelidonisididae no no N/A N/A
Chrysogorgiidae no no N/A N/A
Primnoidae yes no N/A N/A
Keratoisididae yes no N/A N/A
Isidoidae no no N/A N/A
Mopseidae no no N/A N/A
Pleurogorgiidae no no N/A N/A
Ifalukellidae yes no N/A N/A
Helioporidae yes no N/A N/A
Cornulariidae no no N/A N/A
Pennatuloidea yes stylatulide Stylatula stylatulide’
elongata
Briareidae yes briareolate Briareum briareolate
ester) asbestinum ester)?
Erythropodiidae yes eythrolide D Erythropodiu eythrolide D*
m
caribaeorum
Coralliidae yes minabein-1 Minabea sp. minabein 14
Ellisellidae yes yes Dichotella gemmacolide R®
gemmacea
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Supplementary Table 2. 'H and '"*C-NMR data for 11-hydroxyptilosarcenone (6) in CDCls.

Position Reported®’ This study
d¢ On Ocef OH
1 43.1° - 29.6 -
2 76.2 5.89(d, 9.0) 76.2 5.93(d, 7.2)
3 130.3° 5.54 (dd, 11.7, 127.4 5.57(dd, 11.9,
9.0) 10.2)
4 127.3° 5.98(d, 11.7) 130.5 6.00(d, 11.9)
5 136.5 - e -
6 60.9 4.96 (brd,3.2)¢  60.9 5.05 (brd)
7 69.2° 5.02 (brs)¢ 78.8 4.98(d, 3.7)
8 81.6 - 81.9 -
9 78.9¢ 5.77 (d, 5.6) 69.4 5.81(d, 6.1)
10 30.9° 2.92(d, 5.6) 43.2 2.95(d, 6.1)
11 76.1 - 76.2 -
12 199.2 - 199.5 -
13 121.8 6.08 (d, 10.5) 121.7 6.13(d, 10.8)
14 156.7 6.70(d, 10.5) 156.7 6.73(d, 10.8)
15 13.7 1.23(s) 13.8 1.22(s)
16 117.3 6.00 (brs) 117.5 6.03 (brs)
- 5.88 (brs) - 5.91 (brs)
17 45.8 2.35(q,7.1) 45.8 2.39(q,7.4)
18 6.7 1.21(d, 7.1) 6.8 1.31(d, 7.6)
19 174.8 - 175.0 -
20 25.2 1.46 (s) 25.2 1.49 (s)
CH,COO- 170.0,169.3 - 169.5/169.1 -
CH;CO00- 21.9,21.1 2.20,2.12 21.8,21.1 2.24,2.16
-OH - 4.88 (s) - g

2Interchanged. ?Interchanged. ° Interchanged. ¢ Interchanged. ¢ Multiplicity
determined by HSQC. ‘Detected by HSQC or HMBC. ¢ Not detected.
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Supplementary Table 3. Samples used for molecular networking analyses.

Organism Sample Type Exact mass of network  Corresponding
briarane literature exact
mass
Stylatula crude extract NA NA
elongata
Briareum encrusting NA NA
asbestinum morphology crude
extract
branching 629.2659 NA
morphology crude
extract
Erythropodium fraction 554.1547 (erythrolide D)  554.1555°
caribaeorum
Renilla koellikeri crude extract 496.1449 (11- 496.1500°
hydroxyptilosarcenone)
pure compound 496.1449 (11- 496.1500°
hydroxyptilosarcenone)
Dichotella crude extract 696.2207 (gemmacolide 696.2629°
gemmacea R)
Corallium crude extract NA NA
rubrum

Supplementary Table 4. Sequencing Accession numbers.

Raw illumina RNA reads

Source
R. koellikeri This paper
B. asbestinum This paper
D. gemmacea This paper
E. caribaeorum DOI:

Accession Source
SRR28507355 NA

SRR28507352 | This paper
SRR28507353 This paper

SRR15783032 This paper

10.1038/s41589-

023-01352-z

S. elongata This paper

SRR28507354 NA

Raw ONT reads

Accession

NA
SRR28507348
SRR28507349
SRR29682103

NA
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Raw PacBio reads

Source
This paper
NA

NA

NA

This paper

Accession

SRR28507351

NA
NA
NA

SRR28507350

Raw illumina gDNA reads

Source Accession

NA NA

This paper SRR28507346
This paper SRR28507347
DOI: ERR4660993
10.1038/541589-

023-01352-2

NA NA



Supplementary Table 5. Genbank Accessions for annotated BGC contigs.

Organism Accession

B. asbestinum PP584625.1, PP584626
D. gemmacea PP584627

S. elongata PP584628, PP584629
R. koellikeri PP584630

C. rubrum PP584631

E. caribaeorum PP584632, PP584633

Supplementary Table 6. All CYPs used in phylogenetic analysis.

Organism # Annotated Reason CcYP
CYPs Included Sequence
Source

Briareum asbestinum 65 Briarane This paper
Producer

Corallium rubrum 40 Briarane This paper
Producer

Dichotella gemmacea 42 Briarane This paper
Producer

Erythropodium 41 Briarane This paper

caribaeorum Producer

Renilla koellikeri 31 Briarane This paper
Producer

Stylatula elongata 40 Briarane This paper
Producer

Heliopora coerulea 40 Other This paper
octocoral

Xenia sp. 19 Other This paper
octocoral

Hydra vulgaris 24 Model Pankov, K. V.
Cnidarian etal.®

Acropora digitifera 24 Model Pankov, K. V.
Cnidarian etal.®

Aurelia aurita 37 Model Pankov, K. V.
Cnidarian etal.®

Nematostella 70 Model Pankov, K. V.

vectensis Cnidarian etal.®
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Supplementary Table 7. Recombinant enzymes biochemically characterized in this study.

Entry

No o Bh®N =

10
1"

19
20
21
22
23
24
25
26
27

28
29

Enzyme
Basb_cbTC
Rkoe_cbTC
Selo_cbTC
Dgem_cbTC
Crub_cbTC
Dgem_cbCYPa
Dgem_cbCYPb

Dgem_cbCYPc
Selo_cbCYPc

Rkoe_cbCYPa
Rkoe_cbCYPb

Rkoe_cbCYPc

Crub_cbCYPa
Crub_cbCYPb

Ecar_cbCYPa
Ecar_cbCYPb

Basb_cbCYPa
Basb_cbCYPb

Basb_cbSDH1
Basb_cbSDH2
Dgem_cbSDH1
Ecar_cbSDH1
Rkoe_cbSDH1
Rkoe_cbSDH2
Selo_cbSDH1
Basb_caTC
Stro_ccTC

HcCPR
EcCYTbS

Organism

Briareum asbestinum
Renilla koellikeri
Stylatula elongata
Dichotella gemmacea

Classification

terpene cyclase
terpene cyclase
terpene cyclase
terpene cyclase

Function

cembrene B synthase
cembrene B synthase
cembrene B synthase
cembrene B synthase
cembrene B synthase
cembrene B 19-hydroxylase
cembrene B 7-hydroxylase

cembrene B 7-hydroxylase

cembrene B 19-hydroxylase

cembrene B 7-hydroxylase

L
cembrene B 19-hydroxylase

cembrene B 19-hydroxylase

cembrene B 19-hydroxylase

Corallium rubrum terpene cyclase
Dichotella gemmacea clan 46 cytochrome P450 unknown
Dichotell: L specific
cytochrome P450
Di lt L specific
cytochrome P450
Stylatula elongata octocoral specific
cytochrome P450
Renilla koellikeri clan 46 cytochrome P450 unknown
Renilla koellikeri octocoral specific
cytochrome P450
Renilla koellikeri octocoral specific
cytochrome P450
Corallium rubrum clan 46 cy P450
Corallium rubrum octocoral specific
cytochrome P450
Er podi ib, ur clan 46 cy ome P450 unk
Er dium carib um specific
cytochrome P450
Briareum asbestinum clan 46 cytochrome P450 unknown
Bri: b specific
cytochrome P450

Briareum asbestinum
Briareum asbestinum
Dichotella gemmacea
Erythropodium caribaeorum
Renilla koellikeri

Renilla koellikeri

Stylatula elongata

Briareum asbestinum
Sarcophyton
trocheliophorum

Heliopora coelurea
Erythropodium caribaeorum

short chain dehydrogenase
short chain dehydrogenase
short chain dehydrogenase
short chain dehydrogenase
short chain dehydrogenase
short chain dehydrogenase
short chain dehydrogenase
Terpene synthase

Terpene synthase

CYP450 reductase
Cytochrome b5

140

unknown

cembrene B alcohol dehydrogenase
cembrene B alcohol dehydrogenase
cembrene B alcohol dehydrogenase
cembrene B alcohol dehydrogenase

unknown

cembrene B alcohol dehydrogenase

Cembrene A synthase
Cembrene C synthase

CYPb and CYPc redox partner
Potential CYP redox partner



Supplementary Table 8. '"H-NMR data for 11 - 15 measured in CDCl; at 500 MHz.

Position 11 12 13 14 15
2 2.05 (m) 2.04 (m) 2.05 (m)® 2.02 (m) 1.98 (m)
2.15(m)
3 2.08 (m) 2.08 (m) 2.07 (m)® 2.06 (t,6.5) 2.04(m)
2.17 (m)
4 5.03(t,7.4) 4.98 (m)® 5.07 (t,5.1) 5.05(t,7.4) 5.08(t, 6.4)
6 2.00(t,7.9) 2.26(dd,10.6,1.0) 2.37(t, 13.2) 2.10(t,8.8) 2.21(dd, 14.6,
7.0)
2.34(dd, 10.8, 2.23 (m)® 2.38 (dd, 14.6,
10.7) 4.4)
7 2.28(t,7.9) 4.87(dd,10.9,3.8) 4.86(dd, 11.0, 2.73(t,7.9) 4.75(m)
4.4)
9 2.84(d, 2.73(dd, 16.8,8.1) 2.98 (dd, 16.1, 3.07 (d, 3.06 (d, 6.8)
7.2) 5.1) 7.0)
2.87(dd, 16.8,8.1) 2.75(dd, 16.1,
6.6)
10 5.05(t,7.4) 4.98(m)° 4.97 (m)® 5.08 (t,7.4) 5.00 (t, 6.4)
12 2.16 (m) 2.08 (m) 2.09 (m)® 2.18 (m) 2.14 (m)
2.15 (m)®
13 2.20 (m) 2.13(m) 2.25 (m)® 2.19 (m) 2.27 (m)
2.21(m) 2.17 (m)® 2.10 (m)
14 4.94(t,6.6) 4.98(m) 5.00 (m)® 4.91(t,6.6) 4.86(t, 6.4)
15 1.56 (s) 1.52(s) 1.53 (s) 1.54 (s) 1.53 (s)
16 1.60 (s) 1.62(s) 1.64 (s) 1.60 (s) 1.72(s)
18 1.76 (s) 1.70 (s) 1.79 (s) 1.74 (s) 1.80 (s)
19 4.09 (s) 1.66 (s) 4.16(d, 11.7) 10.08(s) -
4.01(d, 11.7)
20 1.60 (s) 1.66 (s) 1.68 (s) 1.62 (s) 1.61(s)

@Qverlapping signal
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Supplementary Table 9. *C-NMR data for 11 - 15 measured in CDCl; at 125 MHz.

Position 1 12 13 14 15
1 133.2(C) 133.2(C) 133.0(C) 133.2(C) 133.9(C)
2 40.0 (CHy) 39.2 (CH,) 39.0 (CH») 39.7 (CH») 39.5 (CH,)
3 23.8 (CH,) 24.3 (CH,) 23.9 (CH) 23.7 (CH2) 23.9 (CH,)
4 125.1 (CH) 127.1 (CH) 127.8 (CH) 125.5 (CH) 127.5 (CH)
5 134.4 (C) 130.3(C) 130.2(C) 133.4(C) 131.3(C)
6 38.3 (CHy) 44.8 (CH,) 44.8 (CH,) 39.0 (CH») 42.2 (CH,)
7 31.4 (CH,) 69.5 (CH) 69.1 (CH) 29.7 (CH,) 83.9 (CH)
8 136.7 (C) 130.3(C) 137.9(C) 161.9(C) 163.1(C)
9 31.3 (CHy) 25.4 (CH,) 25.9 (CH,) 33.6 (CH») 25.7 (CHy)
10 123.7 (CH) 124.6 (CH) 123.3 (CH) 120.6 (CH) 119.1 (CH)
11 134.5 (C) 132.3(C) 133.4(C) 136.9 (C) 137.5(C)
12 39.1 (CH,) 38.1 (CHy) 38.1 (CH,) 39.1 (CHy) 38.7 (CH.)
13 25.0 (CH») 25.0 (CH,) 24.8 (CH,) 24.8 (CH,) 24.8 (CH,)
14 126.7 (CH) 127.3 (CH) 127.3 (CH) 126.1 (CH) 125.6 (CH)
15 15.0 (CH3) 15.1 (CHa) 14.9 (CH,) 14.9 (CHa) 15.1 (CHa)
16 15.7(CHa) 16.9 (CHa) 16.7 (CHa) 15.8 (CHa) 16.5 (CHa)
17 129.3(C) 133.2(C) 133.8(C) 133.0(C) 123.1(C)
18 16.9(CHs) 20.3 (CH3) 18.0 (CHs) 10.8 (CHa) 8.6 (CHa)
19 64.2 (CH,) 21.6 (CHy) 62.9 (CH,) 191.1 (CH) 174.7 (C)
20 16.0 (CHs) 17.2 (CHa) 17.0 (CHs) 15.6 (CHs) 15.6(CHs)

¢Overlapping signal.
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Supplementary Table 10. X-ray crystallographic data for diol 13 (CCDC# 2371467).

Formula

Dcalc.(g cm-3)
u (mm-1)
Formula Weight
Colour

Shape

Size (mm3)

T(K)

Crystal System
Flack Parameter
Hooft Parameter
Space Group
a(A)

b(A)

c(A)

a(®)

B(°)

y(°)

Vv (A3)

z

7

Wavelength (A)
Radiation type
©min (°)

©Omax (°)
Measured Refl.
Independent Refl.
Reflections with | > 2(1)
Rint

Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR2 (all data)
wR2

R1 (all data)

R1

143

C20H3202

1.068
0.513
304.45
colourless
needle
0.15x0.08x0.03
100.00(10)
orthorhombic
0.00(9)
0.01(6)
P212121
7.36900(10)
14.6718(2)
17.5054(3)
90

90

90
1892.62(5)
4

1

1.54184
Cu Ka
3.931
74.501
27879
3857

3705
0.0467
203

0

0.149
-0.135
1.078
0.0893
0.0885
0.0350
0.0336
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Supplementary Figures

Supplementary Figure 1. 2D NMR correlations of 11-hydroxyptilosarcenone (6).
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Supplementary Figure 2. K-mer plots for genome size predictions.
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Supplementary Figure 3. Phylogeny of all cnidarian CYPs. Bootstraps lower than 90 are
labeled.
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pESC-leu2d without cbTC

A PN A APt
e AP A bt A A A it Aot A\ AN Nt et ol B A g i e ot Y )

Purified 10 [
Ecar cbTC

Basb cbTC 1

SelocbTC

Dgem cbTC ﬂ

Crub cbTC

[

Rkoe cbTC

T T T T T T T T
10 10.5 1" 1.5 12 12.5

Count vs Acquisition Time (min)
Supplementary Figure 4. GCMS traces of cbTC harboring yeast. GCMS EIC traces at 272.2
m/z for crude extracts of yeast harboring a cbTC or pESC-leu2d without cbTC. A trace of
purified 10 is shown for comparison. The peak for 10 is present at 11.8 min. The peak at

12.8 minin Crub and Rkoe samples is GGOH. Experiments were repeated in triplicate with
independent grow outs of the yeast.
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pESC-URA without CYP

purified 11

A
Rkoe cbCYPb J\
Ecar chCYPb h

Dgem cbCYPb

Crub ¢bCYPb

Basb cbCYPb A
100 | 200 | 300 = 400 500 600 700

Supplementary Figure 5. LCMS extracted ion chromatogram (EIC) traces for cbCYPb in
vivo assays. Using co-expression with a cbTC at m/z 271.2 in positive mode electrospray
ionization (ESI). Experiments were repeated in triplicate with independent grow outs of the
yeast.
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cembrene B (10) 19-hydroxy 7-hydroxy
cembrene B (11) cembrene B (12) == gy
~—~ HMBC

7,19-dihydroxy cembrene B
cembrene B (13) aldehyde (14)

cembrene B lactone (15)

Supplementary Figure 6. 2D NMR correlations for biosynthetic products.
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12

17-hydroxy regioisomer of 12

purified 12 . A

pESC-URA without CYP
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Rkoe cbCYPc ﬁ\
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\ \ ‘ \ rrf 1 NS Rane T T T Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00

Supplementary Figure 7. LCMS EIC traces for cbCYPc in vivo assays. Using co-expression
with a cbTC at m/z 271.2 in positive mode ESI. The peak after 12 in the trace is the 17-
hydroxy regioisomer of 12. Experiments were repeated in triplicate with independent grow
outs of the yeast.
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purified 13

Selo cbCYPc

Rkoe chCYPc

Dgem chCYPc

pESC-URA without CYP
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1.00 1

Supplementary Figure 8. LCMS EIC traces for cbCYPc enzyme in vivo biotransformation
assays. Using added 19-hydroxy cembrene B (11) monitored at m/z 287.2 in positive mode
ESI. Experiments were repeated in triplicate with independent grow outs of the yeast.
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Supplementary Figure 9. LCMS EIC traces for cbCYPb enzyme in vivo biotransformation
assay. Using added 7-hydroxy cembrene B (12) monitored at m/z 287.2 in positive mode
ESI. Top) Empty vector control. Bottom) Extract of yeast harboring Ecar CYPb. Diol 13 is
marker. Experiments were repeated in triplicate with independent grow outs of the yeast.
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Supplementary Figure 10. ORTEP structure of diol 13 at the 50% thermal ellipsoid
probability level, determined from X-ray crystallography (CCDC# 2371467).

Approximate conc’n
in 1 L E.coli culture

(mg)*
(1) B. asbestinum cbSDH -3.2
(2) D. gemmaceacbSDH - 5.4
(3) S. elongata cbSDH -3.5
(4) R. koellikeri cbSDH -3.6
(5) E. caribaecorum chSDH -3.6

35 kD
25kD

Supplementary Figure 11. SDS-PAGE analysis of SDH proteins. Proteins were expressed
in E. coli, purified on a Ni-NTA column, and analyzed using a 4% to 20% gradient gel.
Proteins in the following marked lanes are: 1) Basb_cbSDH2 2) Dgem_cbSDH1 3)
Selo_cbSDH1 4) Rkoe_cbhSDH1 5) Ecar_cbSDH1. The lane at left contains reference
markers (Biorad Precision Plus Protein Kaleidoscope). The SDH proteins are expected to

be approximately 29 kDa. The approximate concentrations according to the absorbance at
280 nm are also reported.

19

152



semisynthetic 14 I\_J

buffer + 11

Selo cbSDH + 11 [L

Rkoe cbSDH + 11

Ecar chSDH + 11 [L

Dgem cbSDH + 11

Basb cbSDH + 11 [L
)|

A e

T T 7 T T Time
2.00 4.00 6.00 800 10.00

Supplementary Figure 12. LCMS EIC traces for cbSDH in vitro assays using added 19-
hydroxy cembrene B (11). Monitored at m/z 287.2 in positive mode ESI|. Enzyme assay

experiments were repeated in triplicate with independent grow outs of the E.coli for each
replicate.
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Supplementary Figure 13. LCMS EIC traces for cbSDH in vitro assays using added 7,19-
dihydroxy cembrene B (13). Monitored at m/z 323.2 ([M+Na]+)in positive mode ESI. Enzyme
assay experiments were repeated in triplicate with independent grow outs of the E.coli for
each replicate.
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Supplementary Figure 14. Proposed lactonization mechanism. A: formation of shunt
product S1 by C19 alcohol oxidation by cbSDH. B: stepwise formation of the lactone by
double oxidation at position 19 carried out by cbSDH.
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Supplementary Figure 15. Pipeline of BGC annotation. High molecular weight genomic
DNA is sequenced with either PacBio or Oxford Nanopore Technologies long read
sequencing instruments. Those reads are then assembled into contigs which are used as
the database for terpene synthase tblastn searches. When contigs containing TC genes are
found, the surrounding genomic neighborhoods are then explored with NCBI conserved
domain searches. In parallel, tissue from the same octocoral individuals is also used to
generate RNAseq reads via short read sequencing platforms such as Illumina. These reads
are then used to de novo assemble transcriptomes and are also mapped as raw reads to
the genome. Based on conserved domain hits and mapping results, using blast searches
complete coding sequences are then pulled out of the transcriptome.
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Suplementary Note 1. Sequences of proteins expressed and analyzed in this study.

Cembrene synthase (TC) protein sequences tested in this study

(*=stop codon)

>Rkoe cbTC
MLRKEVKIPEQWCIPCEVEAVTPPKLRKDIIDWCVCTGITADRRTAEKAVDRLNPYMYMKILFPKLKPDEPLIASQYELNA
SVIVIGMDDVLETYTLSAIEELDHTFKETENWLLSLPSKDYPDLDAILDHIPTTKPTYSRSVVAMFTDYFNKYCAAIRAGYK
PPDDRLRRFRARLAAAVTAYLEMAKRKRRRDGDLDEEEFLWQRSADNLSFPVLMLAEVFTGVLANGEIPNTTLHYYHFY
SNLFAIVLNDLNSYHRDRDNDDNSLVKLWLKLGVAEKFEDAAAKTVDFLNSIIVRMYVAMTENSESHPKSESFRRFREA
VGYTFNGWILVHTTAVERYKSSPFQTVLSPVARGAEEAWLKSETAFGKRCVTIFEELISRRVEEMNKLYGLDST*

>Basb cbTC
MSCKNLVRFPVNWCVPLSECHKSEEARKKHVVDWCVNTGVATKLKAEKMVSQLNPFLYMATLFPKVNPDDAAAAELY
LINASLIVGGYIVDDVLETYSVSGLEELDRFFRFTEGWVSKLLPDDYPKLDEILCSLSEIKVPYSKAVICMFIDNFNKYCYEI
FHKYTSSVQTVGNFRKRLSSSVTAYFEMALAKGRKSVKVDEKEFLWQRSGDNLGFPVLMLTEVISGLLQKESTKIPQVITI
HYFHMYSNLFAHVLNDLNSYYRDVATNHNNLVKLWLQNGIATDFDDAAIKIVEFLNSVIINIHKYCQKLKREFSNSTETD
NFLESIKYTFTGWVHVHTTAVERYRLSPHQITLAKVESGEVNQWLQDESEFGKRCVQLFDKLLKERQAEYTVIYGME*
>Crub cbTC
MSTDREIYVPDSWCVPLYNKPSIKLRERIADWMTKTGLASKTLAQKAVEKLNPFQYMNILFPKVDLSDSSAARLYEINAAL
IVGGYTADDVIETYSLEALKELDYFFRSTEAWVAKLEPSDYPTVKEIAESLSEFEMEMSYSKAVICMFIDSFNQYCYEIWRA
HSVSFSKMSQFRRRLSASVTAYLEIAMETRRGDANIDEKEFLWQRSADNLGFPVLMLTEVLSGLLNNECEIPLVTLHYFH
MYSNLFAHVLNDMNSYHRDIHTDHNSIVKLWKKKGIAIDFDDAATKVKVVQFLNSVTKHMQKSFKKVQQDYPNCLALR
KFLENISYTFTGWVLVHSTAVERYKLSPYQANLVKVEPNGEEEWLEDDSEFGNRCVQMFDQLLCERENEMVFLYGLE*
>Selo cbTC
MSSEWTVSIPVSWYVPVTNTTSLNLFRKEIVSWCTRTGIAGRSVAEKAVSRLNPAHYMMTLFPKVDPLQPTLSKLYEMNA
AlIVGGYIMDDVLETYTLEALVELDAFFRSTEAWLSQLQPSEYPKIEEIVEQLQEITVPFSRAVVCMFTDYFNQCCLALSKI
DEISPSNVRHYRKRLSASVTAYLEMAMEKRQDTAVKLDEKEFLWQRSADNLGFPVLMFIEVFSNLLQEAELAKIPTTIFHY
FHMYSNLFAHVLNDLNSFHRDIDTDHNNLIKLWIQNGLASDFEDAAKKVVQFLSSAIIRMYKAFAECSKQFPNSPALER
FLESIGYSFNGWIVVHTTTVERYRLSPYQISLTIVQQDKQDEWLKNESNFGKRCVQLFEELMKEREEKMIEIYGLSN*
>Dgem cbTC
MSKNFNIGAVYVPVDWCSPLTHKSSDTTELKKGIVEWCVSTGIASKDVAEKAVVQLNPFQYMNMLFPKVDPSDSNSAE
LYKINASLIVAGYIMDDVLETYSLEALEELDKFFRATEEWVSKLNPVDYPNLGRISETLSEIEMTYSRAVICMFIDNYNKYSF
EIWRNYKVSLSKVSQFRRRLSASVTAYLEMAMRKRRVSENIDEKEFLWRRSADNLGFPVLMLSEVLSNVLNKEDENIPST
TFHYFHMYSNLFAHVLNDLNSYHRDIETNHNSLVKLWMKDGVAVDFNDAATKIVQFLNSVIIRMHKAFQETERRFPECP
PLQAFLRNTAYTFAGWILVHTTAVERYKLSPYQTTLAKVGASRFGEWLESESDFGNRCVQLFDELMQEREEEMVKIYGM
DGLN*

>Briareum_cembreneA_synthase
KTMFSKPIHAPKKWVEKGKGLLDEEVDEQLEGLQEIIDTFIQCDLCDETTVRKYRGKLRPYNFTRSLNPIIPETKLGREVFK
ALAHFTMGIFIADDIMEKQPEEEIRKMCTTFAHLDAKSRQSFPSFPAIDDIKEVVDASSVSKNVVGPIVFLEQFLNKQASLL
LSHGDFSLSDVKEFRLRGYNMMAIYFLRVLEETEIQKKPGSIEVIWRRAFGGCAPFYLLTAEIFSGAIGKLKEHYTALTELY
VLGGIYVATLNDVFSYYREAHTVADNVVKAMVSQKEVETLEEAAANVAEFLDSIMQYLYEKVEELQRKDPNNRELHVCL
DYVGRMTVGSVYTHLLPRYKDTTLSYYLEEVKEDQLSSWLSKKGEYGTRMLKNILEVIHQRMADGQMEALAGAFPYCG
KFLGQN*

>Sarcophyton_cembreneC_synthase
KTMKQQTQKVKMSSDHNLRFPSDWTAPHKKILATEECDELIALNELLRWVNETGVTTEETTKIAFKKINAYFYLRCLYPVL
PDDPKSKKLFQVNLQFLVVGYIIDDVLEKYNENEMKELISSYNSLKNQASEKFPKYPSLSEMKGLVSYVQKEYTKKAVVA
YVDYLNKATTILLEGGELTEDTVMNFRTRLSNVIVLYFDALLSKTKTGCLVSERELLWRRCFDGIPIPVYMFTEVYSKILEKN
YVLPLDVFYKLYLLGSFFSVVINDLYSYERDKSDKTGETIIKVWFHEKTAEDITAATLKISKILNATLQKMYLLVEEGKTSHPE
ISEWFHGVVLLTVGWIHIHHAVVPRYACSSFQITPVEIEDDMISDWLLEKDVYGQQIVQEFLENIDDPSRKTTMDFLCGS
AFDLAC*
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CYP450 protein sequences tested in this study

>Dgem cbCYPa
MELCDVLLYFATFFLILVSILSTYIAYAFGYRRLKYNHIPGPPLLHFIKGHAGKILKVIDDGYPLDEYLLDCHKIYGNTILVWL
FHEPLISVTSPELVKQTLVVENFPKSSKLFACGVRLFGERLAGHGLITNFDHENWVKRREFMNPAFHRRYLRNMVPVFN
SCSKQLERKLESIADGKTKVKLLEELGPLTLDVICQAGYGANFDIVNNPNSQFPTAFNLTMQGMEMFVFNPFHRIDFRTF
GFQRKVIDACRLLRKTGKDLIEQRRRDIQIGKDVPNDILSFILKSADKDMFLTDEDLIDEFVTFFYAGHETTARTLAFCLME
LAFHPEVKAKLVEEITSVLGKNDDVSFDDLAKLEYTWMCIRETLRLYPIAAGIRRFIDKPTVLDGISIPGDTDLYVSSYVSAR
HPNHFDDAEEFKPERWSSEEVVTSSRLTAFPFSVGPRQCIGQTFAQIESKILLSRLLRKFVIDLVPGHTKKITQRITIQPRD
GIECVLTERM*

>Dgem cbCYPb
MFFEVAASLLVWWLSWYVMTTYQSRRNMPPGPYPLPIIGNTHQLGPDPPFTMDKLWEKYGDVYQVRFPVGTFVIVNSF
EAAREALVTKKDDFAGRPIELMYPVDIITEAKSVASVDFGVKLMFRKKIMKSALRVFGDGLTQVQDRVNSAVKELLEEIEK
TNGKPFPVKHFVSAALTTQLWGWISSQRYPFGHRILNALIEFQEKMIYLMRQGSYFQLLPFMKFFPTKFMRTLKEVLQM
REDIFGAELEEHLRTYNKETCRDIIDSLISSYEIEKSKTTTKDIGSIDDIKFLLLDAVVAGADTSITAVSWFILYVVLNKDLQEK
LHAELDDVVGRDRLPCWSDIKNLSYLQAVVCEVMRHTGFLPWMPHKTIRDTTIQGYHVPKDTPVFINFYRIHRDPEEYH
EPLKFNPDRFLNSDGTFVGWTAVSAFLPFGVGRRACLGQDLGKMQVFSVISCLLHQFVFQLADNESKPSLEDGMLGS
LRYPVDYEIIAKKRM*

>Dgem cbCYPc
MIVEIITSLIAVWFAYFFIKTYRERKCKPPGPFPLPFIGNLHQLGSDPPFTMDNLWLKYGDVYQVTFPVGTFVIVNSGEAAR
EALVTRKDDFAGRPTALMYPIDVVMEGKNIGNEDYGTQLMFHRKVLKSALHVFGEGVQQVERRVQRAVTELLEETEKM
NGEAFYLQDQVAAAIASQLWEWLSSKKCSFDDKSLKEIVQFNENITSLARQGNYYQMLPLLKYLPTKFMKNIQDTVKLR
DKIFSRELEEHRRTYTEGVIRDVTDALICSYEMEKSKASRKDIGQIEDLKFLMIDVILAGADTSRSVLAWCILFLSLRKELQT
KLQKEIDEVVGRDGLPRWKDVKNLPKLQSFVCEVLRYSSIFPWMPHKTIRNTTINGYLIPKYTPVFLNFYRIHRDPKEWN
DPESFEPDRFLDSAGNFIGWSTVKAFLPFGIGRRSCVGEDLGKMQVFGILSSLIHQFSLELPDNHPRSPLLETVSGFIHQ
PKNHKIIANKRE*

>Ecar cbCYPa
MLILFLVAGLMLFVYIGYLLIWRRLKYRHIPGPPLAHVIKGHAGDMLKKIADGFPLDEYLLDCHKSYGNVVLIWLYHEPLL
SVTSPAMVKETLVLNRFPKSSKLFQCGVRLFGARLAGHGLITNFDHENWMKRRELMNPAFHRRYLRNLVPIFNSCCKR
LERKLESSANGVTKVRFLDELGLVTLDVMCLAGYGKDFDIVNNPNSQFPKAFNLTMEGMEMFAFNPFHQLDVRTFKFQ
REVIEACRFLRKTGNEMITQRRQDLLNGVDVPNDILTFILKSADKATDLSDEDLIDEFVTFFYAGHETTARTLAFCLMELAF
YPEVKAKLLEEIANVLGERDDDVTFENLPKLEYTWFCIRETLRLYPIAAGIRRYIDKPSILNGIKIPGKTDLYVSSYVSARHPD
HFDHPEEFIPERWASHDIVTSSGLTSFPFSVGYRTCIGQTFAQIESKILLARILRKFSIQLVPGHTKKITQRITIQPREGIECSL
KRRIHHHHHH*

>Ecar cbCYPb
MRKNAHSWQTMFLEVCLSLTVWWFLWYMMTTYHSRRLTPPGPFPLPLIGNTHLIGSNPPFTMDKLWETYGDVYQVKFP
VGTFVIVNSFEAAREALITRKDDFAGRPIDLMYPVDITEGKSVASADFGLKLMFRKKITKSAIRVFGDNVHVVQGRMTNA
VKELLSEIEALDENPFSVKSYISSAITTQLWEWISSRQYRHGNKTLRSLVEFQEKMIYLMRQGSYFQMLPFMKFLPTKFMR
TLQEVLEMRETIFGAELEEHRRTYTTGVTRDIIDSMIASYEIEKAKTTDKDVGTVEDIKFLLLDAVVAGADTSITVVSWFILHM
ILDKDLQTRLQNELDDVVGRDRLPCWGDVKNLHYLQATVCEVMRHTGFLPWMPHRTIRDTSIKGYHVPKHTSVFINFY
RVHRDPQEFCEPMLFDPGRFVNSDGTFKGWTAVSAFLPFGVGRRACLGQDLGKMQVLSVLSCLLYQFTFHEVESESR
PSLEEGDTGSLYHPTDYKVIAKRRDHHHHHH*

>Selo cbCYPc
MLLEVVIAIATTWLVYWLGKTYQARKWGPPGPFPLPGIGNLHQLGASPPFTLDHLWQTYGDVYQITFPVGTFVVVNSGR
AAREALVTRKDDFAGRPTELMYPIDVILEGKNLGNGDYGPQLVFKRKILKSALHVFGEGVERAAVRVNRAVIDLLKHTEN
KRKEAFYIQDYISSAIASQLWEWLTSKKTSFDDASLHEVIAFNENVTSLARQGNYYQMLPLLTYLPTAFVKQLQNTLRMR
DDIYACELDEHRLTYVDGCIRDVTDALISSYHVEKAKCSDREVGPIEDLKFLMIDVVLAGADTSRTVVAWCVFFLVVQKE
LQNELQQEIDRAADEDHYLLWEQVKNLPKLQSFVCEVLRYTAIFPWMPHKTIRDTTLNGYHIAKNTPIFINFYRIHRDINE
WDEPEVFKPHRFLDSDGNFVGWKAKKGFLPFGIGRRFCLGQELGKMQVFGMVANLLHQFTLELPAGDPIPSILDSKKS
FVHQPPSHRVIATKRR*

>Crub cbCYPb
MFLEVAASLLVVWFVWYMISTIQLRRNMPPGPFPLPLIGNTHQIGSDPPFTMDNLWEKFGDVYQVKFPIGTFVIINSFEA
AREALVTKKDDFAGRPIDLMYPVDITEAKSVASCDYGLKLMFRRKIIKSALHVFGDNLQRVEERVNSAVMELLTEIQEMN
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GDAFPIKYFISAAVTSQLWGWISSERYRFGDKRLHSLIEFQENMIFLLRQGSYFQMLPLMKYLPTKFMKTLQEVLVMREEI
FGAELEKHCRTYNEDTSRDIIDSLISSYNKEKSKTSARDVGTVEDIMFLLLDAVVAGADTSITVISWFILHMILKKDLQTKLQ
KELDEAVGRNRLPRWDDIKSLPRLQATVCEVMRHTGFLPWMPHRAIRDTTIQGYHVPKNTSVFINFYRIHRDAKEFDEP
SLFNPDRFLNSDGTFVGWSAISAFLPFGVGRRACLGADLGKMQVFSVISSLLHQFTFDVNDQEPTPNLVDSISGSLRHP
KDFKVIAKNRL*

> Crub cbCYPa
MEFSLVLSYSITCFLIALSLLTYVGYTFGWRRMQYRHIPSPPLSHFFKGHAGEMFKYMKNGYPLDEYLLDCHKKYGNIILI
WIYHEPLLSVTSPALVKETLVLRNFPKSSKLFQCGVKLFGARLAGHGLITNFDHENWLKRREFMNPAFHRRYLRNMVPT
FNRCCERLERKLQRIANGVTKVRLLDELGSLTLDVICEAGYGKSFDIVNNPKSQFPTAFNRTMEGMELSVFHPLHRIDFR
TFPFQRKVIEACHFLRKTGKDLITERRRDIQNGYDVPNDILTFILKSADKGLLLSDDDLIDEFVTFFYAGHETTARTLAFCL
MELAFHPECKVKLLEEISRNLGKDGDVSFEDLPKLQYTGMCILESLRLYPIAAGIRRVIKTPTVLRGLHIPENSDLYVSSYV
SARLPEHFADADQFKPERWSSEEVVLASRLTAFPFSTGPRTCIGQTFANMETKILLSRLLRKFSIELVPGHTKKITQRITIQP
RDGIECTLTNKV*

>Rkoe cbCYPc
MFLEVVVALMAVWLIHFAVKTWRSRLGDGPPGPIPLPLIGNLHQLGSNPPYTIDHLWRRYGDVYQITFPVGTFVVINSG
KTAREALVERKDDFAGRPTEIMYPIDVILEGKNIGNGDYRPLLLFQRKVLRSALHVWGEGAKRAEARVNRAVVTLLRETE
AKNGAPFHIQDYVVSAIASQLWEWLTSKRTDVRQESLKEVIRFNESITSLARQGNYYQMLPLLTYLPTEFTKKIRETVELRD
KIYARELDEHLASYVEGRIRDVTDALIAAYKAETAKGLDKDMGTIEDLKFLMIDVMLAGADTSRTVVSWSILFLVSDTELQG
KLQQEIDRVFGGEERLLLAEDSKCLDRLQSFVCEVLRFVSLFPWMPHRTIRDTEVGGYKIAKDTPVFVNYYRIHRDPEEF
EAPDLFLAERFLDTGGHFVGWTAVSGFIPFGAGRRSCSGQDLGRMQVFAVLANLIRQFRLESPPGEPAPSIDDTVSGFI
NQPKSHRVVAIKRR*

>Rkoe cbCYPb
KTMILEVFLALSVVWLTWYYITVFYSRRGNAPPGPIPLPFIGNALQLGQHPPFTMDALWRAYGDVYQIQFPVGTFVIVNG
YQATKEALVTKRDDFAGRPIDIMYPVDVITQAKSVASADYGVKFMFRKKLLKSAFRVFGESLERVEERVNSAVVELIGVVE
KSGGEPLYIKHHISSAITAQLWDWISSQRCRFGDETLNSLIEFQDKMIFLLMQGSLHQMLPFMKYLPTKFNRYLADVLR
MREEIFGTELHQHLQTYNNDEPRDIIDNLIASYEAEVDKGTTRDIGSIEDIKYLLLDIVVAGADTSITSVSWFVLYMVLYRDV
QKTLQAELDEVVGVDRLPRWSDIKNLHRLQSAVCEVMRITGFLPWMPHRAIRDTTVQGYRIPKGTSVFINYYRTHRDPK
EFAAPEEFRPNRFLDADGKFVGWTGVAAFMPFGLGRRACIGQDLGKMQTFSVISSLLHQFSLALPELAPTPSLDEGKLG
SLRHPVDYHVIATRRH*

>Rkoe cbCYPa
MEYTTILWLLLALFCCLVLVVMGYVCYAFIYRRYLYRHIPGPPITHFIKGNAVEMLKMIANGYPLDEYLLNCHKAYGPVVCI
WLFHEPLLSVTTPELVRETLAVRNFPKSSKLFQCGVRLFGARLAGHGLITNFDHENWLVRRETLNPAFHRRYLKNIMPIF
NECCAAFENKLARYADGRTRVKLLDEICPLTLDVLSRAAYGTDFQIVNNPDSPFPTAFNLTMSGMEMFVFNPLHWLDF
RTFPFQRKVVEACKFLRKTGNDMLVQRRRDIEAGKEVPSDLLTFIVKSGEKLSDILTDVDLIDELVTFFYAGHETTARTLAF
TFMELGFHPEVMEKLVSEITSVLPPTGDVTMEHLNKLQYTWLCLRETLRLYPIAAGLRRYINTPCELGGYQIPDKTDLYVS
SYVSARMPGNFEDAKEYRPERWLSEEVVVNSRLTQFPFSVGYRTCIGQTFAMMETKTLLARILRKYVIDLVPGHSKKITQ
RITIQPRDMVECFVSKREWPQTTREPNEKSP*

>Basb cbCYPa
MEFSNALYFSVILLVIVVTTSLTYLGYLFGWRKLKYRHIPGPPLAHFIKGHAGEIFKVIDDGYPLDEYLLTCHKTYGNVVLIW
LFHEPFLSVTSPELVKETLGARRFPKSSKLFQCGVKLFGARLAGHGLITNFDHENWLKRREFMNPAFHRRYLKNMIPIFN
GCCESLERKLASSVNCTTKVRLLDELGYLTLDVICQAGYGKDFDIVNNPSSKFPTAFNLTMQGMEMFAFNPLHWIDFRT
FPFQRKVVDACHFLRQTGKELITERRELLKGGADIPNDILTFILKSADKNMILTDEDLIDEFVTFFYAGHETTARTLGFCLM
ELAFHPEVKEKLLEEILSVLPETGDISFDDLPKLEYTSMCIRETLRLYPIAAGIRRFIDKPTVLAGIFIPENTDLYVSSYASARH
PNHFEDAEEFKPERWKSQDVLLSSRLTAFPFSVGYRTCIGETFANMEAKILLSRLLRKFEFHLVPGHTKKISQSITIRPRDG
IECRISKRA*

>Basb cbCYPb
MFLEVVTALWTWLLWYLIHTYQCRRNMPPGPFPLPLLGNTHQIGTDPPFSMDHLWKKYGDVYQVTFPIGTFVIINGFD
AAREALVTRKDDFAGRPIDLMYPVDIITQGKSVASADYGLKFIFRKKIVKSALHIFGNNLSQVEERMRSAVKDLLTEIDETQ
GRPFSLKYYISAALTSQLWGWISSQRYRHGNETLQALIQFQEKMIFLMRQGSYFQMLPFMKFFPTKFTKTLKDVLKMREE
IFGQELNEHLRTYNNEETRDIIDSLIFSYETEKKKTTVKDVGTVDDIKYLLLDAVVAGADTSITSVSWFMLYLVSKNIDQSKI
HDELDKVVGPDRPPRWEDVKKLHYLQASVCEVMRITGFLPWMPHRTIRDTTVQGYHVPKNTSVFVNFYRIHRDPKVYS
EPSVFNPDRFLNVDGAFNGWTTLPAFVPFGVGRRACLGQDLGKLQVLSVVSSLLHQFTFDADNQHPLPSLDDGTLGS
LRHPIDFKVIAKRRQ*
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SDH protein sequences identified in this study

>Basb cbSDH2
MVQYLGVVTGGAQGIGLAIVEEILQSGGKAYFFDVKEEQGKTTEAELQSKYGKNRVKFLKCDVANADEFKGAIDKAKKE
MGGLNVFCNNAGFARPFYDISRWEQEIDVNLKASIRGSLVALDLMSAEKRGLGGVIVNTSSFVALNPVPLFPTYCAAKA
GVIAFMRSMAPLARAANVRINCVCPDATDTPQYQKTLPELAATFSQEKYKSFVESMASGGGKQAISPNAQKPKDVAVG
VMKIIEDETKNGEALVVSKEHGTYYHIFK*

>Selo cbSDH1
MACTEYLAIVTGGAQGIGRAIVSALLEAGGKVHFLDVKVDQGNQTQKEFDKQFGIGRAKFVVCDVSDRTQLQKAFQDA
KLDLGGLNVVCNNAGIFSPVFDRDRWTKVVAVNLTATIHGTLLGLDMMSTNKGGKGGVIINTSSVEGLRPFPIGPVYSA
TKYGVIGFSRSLAPVSIRDNVRINCICPGRIDTELMYSGVQDCLQVYSHDEIQSLLTVGRGSNWADAKLEPKENAPALAS
SVVGEEVLKLVKDETKNGEALVISKVLGTYFQKFE*

>Dgem cbSDH1
MTTTYLAIVTGGAQGIGRAITSALLEAGGKVHFLDVNIEEGKKAQNDFDKKYGAGQSKFVFCDVSDKDQLEEAFREAKS
ELEGLNVVCNNAGITCPVFDRSRWPRVVEVNLSATIHGTLLGLDLMGTSKGGTGGVVINTSAIAGLRPVPVAPVYSATK
HGVIGFSRSLAPVAVAENVRINCICPDGTNTTLVANSVAELLPVFSIDEIQSLLAEHVYGMDISAGQGPRVSADQSDTLLP
SAIGEQVLELVKDESKNGEALVISKVLGTYFQKFN*

>Basb cbSDH1
MADPYLAIVTGGAQGIGYAITVALLETGAKIHFLDVNSEEGKAAQKTFDKKYGAGKAKFVVCDVSDRAQLGKAFKDAKS
QLGGLNVVCNNAGITCPVFDRTRWPKVVSVNLSAAIHGTFLGLDLMGTSKGGNGGVVINTAAIAGLRPVPIAPVYSATK
HGIIGFSRSLAPIAISDNVRINCICPDGTDTTLVSNSVAELLPVFSVAEIQSLLAKHVYGIDTNNKQSTQSSNDMSSSLLLPI
SVAEEVLKLIQDETKTGQAIVVSKVLGTYSHDFK*

>Rk cbhSDH1
MATYLAIVTGGAQGIGHAITSAILQSGGKVHFLDIEEELGIKAQAEFDEKYGVGKSKFVMCDVSNREELKEVFIAAKREMG
GLNVVCNNAGIHAPVFDRSHWPKVVDVNLTAVIQGTLLGLDLMAVSKGGQGGVVINTSAMAGLRPVPLAPVYSATKH
GlIGLSRSLAPMSIADKVRINCVCPDGTNTTLVANSMAELLPVFSVEEIQKILVKHIYQLDLNEETMQAGPDLKGDPADAL
LRPSEVGEEVFKLIQDDSKNGEALVVSKQLGTYYWQFN*

>Ecar cbSDH
MVEYLAVVTGGAQGIGLAIVMELLEAGGKVYFIDMDEEQGKKAEKDLQHRYGQDRVKFIKCDVSNEKEFEASIRKAREE
MRGLNVMCNNAGFARPFYDMSRWELEIDVNLKASIRGSLIALELMNPENNGSGGVIVNTSSYTGLNPAPLFPTYCAAK
AGVIAFARGFAPIAVTSNVRINCVLPDATMTPMYQKTLPELASTLSQEKFQSFMKTMTSSQGSKQAISPNTQEPRDVALG
VIKILQDETKNGEALVVSKEHGTYYHQFN*

>Rk cbSDH2
MAEKRVELERLASSLVAIKWTIVGIALLMLLKNLLSTKRQRTRRKLPGKVVVITGANSGIGFATAMEFARRRARVVLACRR
DGQRTAARIRRAADNNDVVWRQLDLSCCDSVRRFARDVLTSERRLHVLVNNAGVMTPPDRHTRDGRDTQLAVNYLG
HFLLTNLLLNLLKKSDGKILNLTSHTYMRATHVDLTDPRPCDPWVAHHRSKLAVVMSTRELSRRLRGTNVTANVIDPGTT
NTSLRRHTWLGFPPLRYFLVPVTWALWQTPEHVGQSIANLLASRALDEHSGQYFADGKIQHIAEHALNENAAKQLWE
NSVKLVGLQENAVL*

Other relevant protein sequences

>HcCPR
MSSSTYMDDESVGSMSAYPIGYVDIFVFSSFIGLVLYWFVVRKRKSGEIQQLPAVTANGNAKLDDSSFIEKMKKGNKQV
AIFYGSQTGTAEEFASHLAKDAAKYGMKASVFDPEEFDMENLCRMDEIQDSFAIFVMATYGEGDPTDNAREFFDWLED
DREDLECLKYAVFGLGNKTYENYNTASKFVDRRLAELGCTRLFERGEGDDDGDIENDFVTWKEKFWPAVLEHYGIDVS
SLTLSKSLIRQYDLVVHTDMPQDKVFSGEMARLHSLHLQKPPYDQKNPYLAPISENRELHKSGDRSCMHIELDISDSKL
RYDAGDHVAIYPTNDPELVERLGKILNVDLDVVFSLVNKDEESNKKNPFPCPTTYRSALLHYVDIAGKAKGNVLIELIDYA
QDPKDKEFLEKLTNNNEEGKKLHQEWIMEDHRTIIDVLEDLPSVRPPIDLLLEFLPRLNCRYYSISSSPKLHRYHIHVTAVL
VDYNTRLGRHVKGVATTWLAGKKPKEDNSPRVPIFVRKTQFRLPFKPTTPVIMIGPGTGFAPFRGFIQERHSKKKEGKTIG
DTVLFFGCRHKAEDYIYEEEIEQYHAEGTISHLFVAFSRDQAEKRYVQHLIKENGIVVWNVLKNEGHVYVCGDAKHMAK
DVHDALVGVVETHGEMNDSQATDFIKKLHSKGKYSVDVWSHHHHHH*

>EcCYTb5
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MSTGEEAKKVYTLKEVGEHNSSKSLWIVISNRVYDVTDFIDEHPGGEEVLLEQAGHIATEAFEDVGHSEDARELMKDYCI
GDLCEEDKEPEYKKYDGPAAKDDPKSMLSWLIPAAISVGIIAVALYKTISS

>XdCrtE
MDYANILTAIPLEFTPQDDIVLLEPYHYLGKNPGKEIRSQLIEAFNYWLDVKKEDLEVIQNVVGMLHTASLLMDDVEDSS
VLRRGSPVAHLIYGIPQTINTANYVYFLAYQEIFKLRPTPIPMPVIPPSSASLQSSVSSASSSSSASSENGGTSTPNSQIPFS
KDTYLDKVITDEILSLHRGQGLELFWRDSLTCPSEEEYVKMVLGKTGGLFRIAVRLMMAKSECDIDFVQLVNLISIYFQIR
DDYMNLQSSEYAHNKNFAEDLTEGKFSFPTIHSIHANPSSRLVINTLQKKSTSPEILHHCVNYMRTETHSFEYTQEVLNTL
SGALERELGRLQGEFAEANSRMDLGDVDSEGRTGKNVKLEAILKKLADIPL*
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Supplementary Note 3. NMR spectra of cembrene B (10).
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Supplementary Note 4. NMR spectra of 19-hydroxycembrene B (11).
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Supplementary Note 5. NMR spectra of 17-hydroxycembrene (12).
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Supplementary Note 6. NMR spectra of dihydroxycembrene B (13).
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Note 7. NMR spectra of cembrene B g-lactone (15).
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Supplementary Note 8. NMR spectra of cembrene B aldehyde (14).
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Supplementary Note 9. NMR spectra of cembrene A.
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Supplementary Note 10. NMR spectra of cembrene C.
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CHAPTER 4: A Case Study of Allelic Heterozygosity and Gene Duplication in Relation to Octocoral
Terpenoid Evolution

4.1 Introduction for Chapter 4

Plants are among the earliest recognized producers of terpenes and account for around 70% of all
described compounds (Dictionary of Natural Products).” They have long served as the textbook examples of
terpene biosynthetic diversity,> with some species, such as Eucalyptus grandis and Eucalyptus
globulus encoding 113 and 106 terpene cyclases (TCs), respectively.® However, this richness creates its own
challenges. With so many TCs present, it becomes difficult to track the evolutionary trajectories of individual
genes or to untangle the mechanisms driving lineage-specific expansions. High ploidy in many plants add
another layer of complexity, masking heterozygosity and obscuring how new TC variants emerge, diversify, and
eventually become fixed within populations. As a result, while plants showcase the enormous potential of
terpene chemistry, they are often too complex to serve as clean models for studying the fine-scale evolutionary

processes underlying these gene families.

In this chapter, | focus on a single octocoral species as a more tractable window into terpene synthase
evolution. With its comparatively small TC repertoire and diploid genome, this system allows us to clearly see
how gene duplication and sequence divergence interact to produce functional diversity. Here, we can trace
cases of neofunctionalization, where new enzymatic activities arise, as well as subfunctionalization, where the
duplicated gene gains enzymatic activity in addition to maintaining the ancestral function. The diploid state
provides a unique snapshot of these dynamics in action, revealing how the genetic capacity to produce a novel
terpene scaffold can either become fixed or fade away in a population. This perspective highlights the dynamic

evolutionary “tug of war” between innovation and loss that underlies the chemical diversity of octocorals.

This work also reflects my own growth as a scientist. Through studying this non-model organism, |
developed a deeper understanding of genomics and genome assembly, learning to interpret patterns of
duplication, divergence, and selection from complex datasets. Beyond the computational side, | also moved
closer to the enzymes themselves through biochemical validation. By functionally testing a gene that we

initially predicted to be subfunctionalized, | was able to connect the abstract patterns of sequence evolution
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to tangible chemical outputs. This process sharpened my appreciation for the delicate balance of enzyme

evolution: the challenge of acquiring a new function while maintaining strict selectivity.

One case in particular drove this home. We identified a single amino acid substitution that completely
shifted the product profile of a terpene synthase, essentially allowing the enzyme to “step” into a new chemical
space. Through mutagenesis experiments, | was able to watch this process unfold, demonstrating how a single
random mutation, at just the right place and time, can push nature’s boundaries and open the door to entirely
new metabolic possibilities. This journey, from genome to enzyme, from mutation to new chemistry,
underscores both the beauty and the power of evolutionary innovation, setting the stage for a deeper

exploration of how octocorals have leveraged terpene synthases to diversify their specialized chemistry.

The work described in this chapter was conducted under my lead as first author. Yanzhe Liu and Immo
Burkhardt carried out the initial discovery and early characterization of the TC enzymes, and | subsequently
completed the enzyme characterization and expanded the project with additional experimental work. My
contributions included performing enzyme mutagenesis, conducting repeat analyses, and carrying out most
of the structural elucidation of enzyme products, with portions of the work and significant guidance from Immo
Burkhardt. Jeremiah J. Minich generated the genomic sequencing data, while | assembled the reads into
genomes and, with the support of Nicholas Allsing, generated gene models to facilitate bioinformatic analyses.
| served as the primary author of the manuscript, preparing the main text and figures with input and revisions

from all collaborators.
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4.3 Abstract

Octocorals are prolific sources of bioactive terpenoids, yet the genetic mechanisms that generate this
chemical diversity remain largely unresolved. The red gorgonian Leptogorgia chilensis, known for its neurotoxic
diterpenoid lophotoxin, also harbors a multitude of other terpenoids spanning distinct scaffolds, providing a
compelling model for linking genome architecture to natural product biosynthesis. Here, we assembled a
phased, high-quality genome and transcriptome, identifying 24 terpene cyclase (TC) genes falling into nine
phylogenetic clades. The assembly possessed extensive TC allelic variation, including haplotype-specific gene
duplications as well as loss-of-function mutations. Biochemical characterization of 14 of the 24 TCs uncovered
the production of ten distinct terpene scaffolds and highlighted several cases of functional diversification of
paralogs. Exploring a specific case of gene neofunctionalization, structural modeling and site-directed
mutagenesis showed that a single amino acid substitution can toggle product specificity between
sesquiterpene and diterpene synthase activity, underscoring how previously unrealized subtle molecular
changes elicit in vivo diversification. Together, these findings demonstrate the extent to which gene duplication

and allelic divergence drive terpene biosynthetic adaptation.

4.4 Introduction

Terpenes are the most structurally diverse classes of natural compounds, fulfilling ecological
functions that range from chemical defense to interspecies signaling across diverse taxa."? While the terpenoid
chemistry produced by octocorals has been studied for decades,®** their ecological functions and the
biochemical pathways for their production remain incompletely understood. Preliminary bioassays have
demonstrated that octocoral terpenoids can act as antifouling agents, feeding deterrents, and antipredator
compounds.>” These bioactivities have also attracted interest for pharmaceutical and commercial
applications.®® Strikingly, a vast majority of biologically active terpenoids produced by octocorals have
remained largely inaccessible due to biomass limitations and the historical absence of genetic context. One
such bioactive compound, lophotoxin (1), a neuromuscular toxin,'" is produced by the red gorgonian
Leptogorgia chilensis. Reports on this pacific gorgonian are limited, with both the biosynthetic origin of 1 and

the coral’s broader metabolic capacity largely unexplored.
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While plant'? and microbial'® terpene biosynthesis has been extensively studied, the genes encoding
terpene cyclases (TCs) have only recently been discovered in sessile marine invertebrates like octocorals,''®
and sponges.’® Analogous to their plant and microbial counterparts, metazoan TCs catalyze the cyclization of
polyprenyl diphosphate substrates of varying chain lengths. However, these enzymes have evolved
independently from other TC lineages over hundreds of millions of years, acquiring distinct sequence motifs
and resulting in production of lineage-specific terpene scaffolds. Across all octocoral genomes sequenced to
date, spanning diverse ecological niches, terpene synthases are universally present and diverse in sequence
and function.”*"72° Due to our limited understanding of TC biochemistry, our capacity to predict an encoding
gene’s function from sequence identity and phylogenetic relatedness alone is unreliable. Even closely related
enzymes with only a few nucleotide differences can catalyze entirely different cyclization reactions.?!
Conversely, enzymes with no significant sequence homology can produce identical products,??? illustrating
an extraordinary evolutionary flexibility that is not yet mechanistically rationalized.

Despite evidence that octocorals produce structurally diverse terpenoid compounds, the complete
biosynthetic capacity encoded by single coral specimens, as well as how these animals evolve the capacity to
generate terpenoid diversity remains unknown. The molecular basis potentiating terpenoid chemical
innovation in plants often arises from the expansion and diversification of biosynthetic genes'*?* through
processes such as whole-genome?® and sub-genomic duplications, tandem duplication driven by unequal
crossing over,?® and regulatory evolution.?”” Whether similar processes occur in octocorals, and how variation
in TC gene sequence, copy number, and expression drive terpene biosynthetic adaptation has yet to be
explored. To address these gaps, we selected L. chilensis as our focal system. In this work, we uncover a rich
mosaic of terpene hydrocarbons in the extract of the coral, and through a haplotype-resolved genome

assembly paired with biochemical characterization of TCs, we investigate how this diversity connects to

genomic potential and what evolutionary mechanisms might underlie it.

4.5 Results

Leptogorgia species have long been studied for the defensive chemistry present in their tissues.

According to MarinLit, 69 compounds have been reported from the genus Leptogorgia, of which 26 are non-
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steroidal terpenoids. Although many reported compounds are furanocembranolides like lophotoxin (1), five
distinct sesquiterpene scaffolds (2-6) have also been identified across different Leptogorgia species.'®** This
breadth of chemistry among closely related corals led us to investigate whether the diversity of terpenoid
scaffolds in the genus arises because different species each produce distinct sets of compounds, or whether
individual species are capable of synthesizing the wide range of scaffolds reported collectively across the
genus. To establish a model Leptogorgia system for paired omics, we collected L. chilensis from the Scripps
Reserve Underwater Canyon in San Diego by SCUBA at approximately 25 meters depth. Gas chromatography-—
mass spectrometry (GC-MS) analysis of a hexane extract of its tissue revealed the presence of 1, which was
the only previously described compound from this species, along with its biosynthetic precursor, cembrene A
(7), both confirmed via comparisons with authentic standards (Fig 1, Sl Fig 1). Additionally, the extract also
contained numerous additional terpene features, including both sesquiterpenes and diterpenes. This larger,
previously unreported chemical diversity in L. chilensis prompted us to investigate the genetic capacity

underpinning its production.
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Figure 4-1: GCMS chromatogram of Leptogorgia chilensis crude extract.

A: Image of L. chilensis in La Jolla, CA. B: Reported terpenoids 2-6 found in tissues of different Leptogorgia
species. C: GC chromatogram of an organic extract of L. chilensis. Annotated sesquiterpene and diterpene
regions are based on retention times. Compounds with authentic standards, lophotoxin (1) and cembrene A
(7) are shown. For complete annotated chromatogram, see Sl Fig 1.
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Genomic Assembly and Mining

The genome size of the L. chilensis genome was estimated by K-mer frequency analysis with Illumina
short reads to be 194 Mb with 0.85% heterozygosity (Sl Fig 2). Using a combination of Pacific Bioscience
(PacBio) and Oxford Nanopore Technology (ONT) long read sequencing data, we generated a phased, high-
quality genome assembly of L. chilensis (Sl Table 1). Each haplotype assembly had approximate genome sizes
of 245 magabases (Mb) and 226 Mb and contig N50 lengths of 3.3 Mb and 2.5 Mb, respectively (Table 1, SI
Tables 2-3). We confirmed the differences between the haplotypes by mapping the Illumina short reads used
to estimate the genome size and heterozygosity (270x coverage) onto each haplotype assembly and visualizing

with IGV (Sl Table 3).

Table 4-1: Statistics of phased genome assemblies

Haplotype A Haplotype B
Assembly Size 235Mb 225 Mb
Contig N50 3.3Mb 2.5Mb
# of Contigs 379 276
Protein BUSCO Complete (%) 94.6 92.3
Genes 23,443 23,001
Repeat (%) 30 40
TC Genes 14 10

We sequenced the transcriptome of the same sample used for genome sequencing with lllumina short
reads. We aligned the raw reads to our assembled genome with an overall alignment rate of 92.88% and
assembled a de novo transcriptome of 141,509 genes with a contig N50 length of 3.5 kb and 95.9% BUSCO
completeness (Sl Table 3). The transcriptomic reads were used in conjunction with publicly available octocoral
proteomes to generate protein predictions for the two haplotype assemblies. The proteomes for hapA and hapB
had BUSCO scores of 94.6% and 92.3%, respectively. HapA had 23,443 genes annotated and a repeat content
of 30%, while hapB had 23,001 genes predicted and a repeat content of 40% (Table 1, Sl Table 3).

Mining the L. chilensis haplotypes for TC encoding genes, we found 24 genes containing the canonical
octocoral TC motifs."*' This number includes allelic copies across haplotypes and given the low overall

heterozygosity of the genome (Sl Fig 2), it was intriguing to find that the distribution of TC alleles was
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asymmetric: 14 were on hapA and 10 were on hapB (Table 2). A multiple sequence alignment of the 24 TC
protein sequences followed by phylogenetic analysis revealed that these genes fell into nine distinct,
homologous groups (Sl Fig 3). To place the L. chilensis TCs in an evolutionary context, we constructed a
broader phylogeny, incorporating the L. chilensis TC protein sequences with all publicly available octocoral TC
genes. The resulting tree showed that while the L. chilensis TCs are interspersed among TCs from other genera,
the LcTC groups exhibit lineage specific diversification (Fig 2a). One of the LcTCs fell into TC clade 1-Ill with
previously characterized C-type TCs (see chapter 2), in line with the detection of cembrene A (7) in the tissue
extract of the coral. Based on sequence identity analysis, out of the 14 TCs on hapA, 8 were clearly distinct,
and the other 6 were recently duplicated paralogs (Sl Fig 3). On hapB there were 7 unique TC sequences and
the remaining 3 were duplicate copies. Across the 9 groups of TC sequences, group 2 was the most divergent,

with an amino acid sequence identity of 89% between the paralogs yet 100% identity of alleles (Sl Fig 3).

Table 4-2: TC distribution across haplotypes and syntenic blocks

TC Syntenic Block # Copies Haplotype A # Copies Haplotype B
TC1 C 1 1
TC2 B 2 2
TC3 A 1 1
TC4 A 2 2
TC5 B 3 0
TCé B 0 1
TC?7 D 2 2
TC8 C 2 1
TC9 A 1 0

Next, we conducted a syntenic analysis to explore the genomic context of the identified TC genes. All
TCs were in four distinct contiguous regions in our assembly, syntenic blocks A-D (Fig. 2b, Table 2). To gain
better resolution and confidently assign TC-containing contigs to their respective haplotypes, we scaffolded
our assembly using ultra-long ONT reads and the NtLink® pipeline, which combines minimizer-based mapping,
overlap detection, gap-filling, and iterative scaffolding to order, orient, and merge fragmented contigs (Sl Table

4). Upon closer inspections of TC containing syntenic blocks, we found haplotype specific TC duplications and
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pseudogenizations for TC5, TC6, TC8 and TC9 (Fig 3). TC5 had three copies on hapA (TC5a, TC5b and TC5c),
but hapB only had one unfunctional homolog, lacking a start codon. When examining the syntenic block
containing TC5b and TC5c on hapA, we found that although several genes within this region aligned with the
contig containing the non-functional TC5a on haplotype B, no homologs of those genes were detected (Sl Fig
5). TC6 was only present on hapB as a single copy, and TC9 was only present as a single copy on hapA, both
having a pseudogenized allele on the other haplotype (Sl Figs 6,7). TC8 had two complete copies on hapA (TC8a
and TC8b) and just one on hapB; however, additional copies of TC8 were present in both hapA and hapB, but

frameshift mutations resulted in these enzymes being incomplete (Sl Fig 8).
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Figure 4-2: Phylogenetic relationship and genomic context of L. chilensis TCs.

A: Unrooted phylogenetic tree showing all publicly available octocoral TCs. Boxed are regions that L. chilenesis
TCs fall. Zoomed in branches containing these regions with TC clades annotated are depicted on the right. TC3
clades with C-type TCs. B: Select macro-synteny of phased assembly, only longest contigs and contigs
containing TCs and their syntenic partners are shown. Full synteny see Sl Fig 4. Syntenic blocks containing TC
encoding genes are highlighted and their respective contigs are labelled.
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Biochemical and Transcriptomic Exploration of TCs

To link the observed terpenes in the extract to the observed genomic potential we biochemically
characterized representative L. chilensis TCs from each of the nine groups (Fig 3). We heterologously expressed
targeted genes in Escherichia coli, purified the recombinant enzymes, and tested all TCs with the linear
precursors farnesyl diphosphate, FPP (18) and geranylgeranyl diphosphate, GGPP (19).* and the product
profiles were analyzed by GC-MS and NMR spectrometry (Sl Tables 5-6, Sl Figs 9-23, NMR Results Section,
Structural Elucidation Methods). All enzymes from different TC groups displayed unique functions. TC1
functioned as a germacrene B (8) cyclase, TC2a, made (+)-B-cubebene (9), TC3 functioned as a (-)-cembrene
A (7) cyclase, TC4a functioned as a (+)-B-caryophyllene (10) cyclase, TC5a generated guaia-11(12),6(14)-diene
(11), a previously unreported compound, TC6 was inactive, TC7a made (+)-y-curcumene (12), TC8 produced
(2)-a-farnesene (13), and TC9 functioned as a (+)-maaliene (14) cyclase (Fig 3).

When referencing our L. chilensis crude extract (Fig 1), we matched the products of TC2a, TC3, TC4a,
TC7a, and TC9 with five of the compounds identified in the coral’s tissue (Sl Fig 1). However, we could not find
all the detected terpene hydrocarbons from the extraction from L. chilensis tissue among the products of our
in vitro experiments, and we did not find the products produced by TC1, TC5a, or TC8a in the crude extract. To
determine if sequence divergent gene paralogs have neofunctionalized and hence could be responsible for the
unaccounted terpenes in the L. chilensis extract, we systematically expressed TCs that had duplicate copies:
TC2b, 4b, 5b and 5¢, and 7b. While TC8 was duplicated in hapA the sequences of the two copies were so similar
(98.31%) that we did not test the second copy. We found that while TC2a produced 9, the second paralog, TC2b,
made germacrene A (15), which was not present in the crude extract in detectable quantities. While TC5b had
the same function as TC5a, generating 11, which was not present in the crude extract, the third copy, TC5c,
formed (+)-a-gurjunene (16) from FPP, which was found in the coral’s tissue. Lastly, TC7a’s paralog, TC7b, made
a diterpene related to TC7a’s 7, forming (+)-prenyl-B-curcumene (17) from GGPP, which was also present in the
L. chilensis crude extract. Attempts to characterize TC4b failed due to apparent toxicity of the protein to E. coli.
However, by heterologously expressing 14 of the 24 TCs present in the L. chilensis genome, we were able to
reconstitute the complete suite of terpenes present in the coral’s crude extract (Sl Fig 1, Sl Table 7).

While our enzyme assays demonstrated the capacity of L. chilensis to produce 11 distinct terpene
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scaffolds, only 7 of these were detected in the crude coral extract. To better understand this discrepancy, we
examined the transcriptional activity of all L. chilensis terpene cyclases using our paired transcriptomic data.
All TCs that produced compounds detected in the crude extract, TC2a, TC3, TC4a, TC5¢c, TC7a, TC7b, and TC9
were transcriptionally active, and the six TCs with little to no expression, TC1, TC2b, TC4b, TC5a, TC5b, and

TC8a, produced compounds not observed in the organism’s tissue (Sl Tables 7-8).
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Figure 4-3: Products generated in enzyme assays.

All gene paralogs were tested. Due to high degree of identity across alleles, several were not tested as
annotated with nt. The color of the genes and annotation were assigned via phylogeny and PID (Fig 2, Sl Fig 3).
For structure elucidation and chromatographic data see SI Methods and Sl Figs 10-23. While genes and contig
lengths are not to scale, the order and relation to other genes on the contigs are depicted. Several pseudogenes
are also annotated along with information about their PID and degradation status based on the emoji used to
show the gene. Transcription activity of alleles was not differentiated, and the asterisk is indicating at least one
of the alleles was transcriptionally active for that gene.

Enzyme Mutagenesis
Among the four sets of TC paralogs in L. chilensis, as a pair, 7a and 7b were the most similar, with the
HapA alleles sharing 96.6% amino acid identity and the HapB alleles sharing 94.17%. However, biochemical

characterization revealed clear functional divergence: 7a acted exclusively as a sesquiterpene cyclase
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producing 12, whereas 7b primarily exhibited diterpene cyclase activity producing 17, with a diminished
capacity to produce 12 from FPP. Hence, we set out to pinpoint the molecular switch responsible for enabling
or restricting diterpene cyclase activity. A multiple sequence alignment with both alleles of TC7a and TC7b
revealed numerous cases that both TC7b’s contained a distinct AA at a given position compared to one of the
TC7a homologs. A four-way comparison of both 7a and 7b alleles allowed us to further restrict the number of
potentially responsible amino acid positions as there were only 6 AA differences that both TC7b’s exhibited
compared to both TC7a’s (Sl Fig 24).

To investigate the functional relevance of the differing amino acids, we introduced five individual
residue swaps into the diterpene synthase, substituting each position with the corresponding amino acid from
the sesquiterpene synthase. One pair of adjacent residues at positions 140 and 141 was not tested
independently due to their proximity. Of the five substitutions tested, only the swap at position 91 in which an
isoleucine replaced a serine in TC7b (TC7b-S911), disrupted diterpene synthase activity (SI Figs 25-28). We also
observed that TC7b-S911 showed higher sesquiterpene synthase activity compared to 7b-WT but exhibited still
lower activity than the native 7a’s FPP activity (Fig 4c). To explore whether this residue serves as a bidirectional
switch, we introduced the reciprocal mutation into the sesquiterpene synthase, replacing isoleucine with
serine at the same position (TC7a-191S). Indeed, TC7a-191S was able to act on GGPP to form 12 (Fig 4c).
However, while TC7a-191S showed a similar relative FPP turnover as TC7b-S91I, it showed a significantly lower
GGPP turnover compared to TC7b-WT (Fig. 4C). Given the pronounced effect of the swap at residue 91
compared to the limited impact of the other six residue swaps, we examined 3D protein models of the
sesquiterpene synthase TC7a and the diterpene synthase TC7b. Notably, only the amino acid at position 91
was predicted to be in the active site (Fig 4a). Further, the residues at this position differed in steric hindrance:
TC7a had an isoleucine, whereas TC7b had a serine (Fig 4b). Therefore, the difference in substrate preference
between 7a and 7b can be rationalized by a difference in active site volume, a phenomenon that has been
described previously in bacterial TCs.%¢%”

To further probe the steric importance of residue 91, we explored how substitutions with different sizes
affect diterpene synthase activity. We introduced glycine, alanine, and valine substitutions at position 91 into

7b, where glycine, alanine and valine substitutions maintained catalytic activity with GGPP, resulting in
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continued production of 17 (Sl Figs 25-28, Sl Table 9). As the valine sidechain was the largest, which still
permitted turnover of GGPP in LcTC-7b, we introduced a valine at position 91 in LcTC-7a. However, LcTC-7a-
S91V was not able to produce 17 from GGPP (Sl Figs 25-28, Sl Table 9). This suggests that while the size of
residue 91 plays a critical role in the functional divergence between LcTC-7a and 7b, there are additional, non-
active site mutations that are contributing through more subtle, long-range conformational shifts resulting in
slight changes in the contour of the active site or overall protein dynamics.
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Figure 4-4: Protein models and comparison of compound production of LcTC7 paralogs.

A: 3D model of the diterpene synthase with the 6 positions being different in the sesquiterpene synthase
highlighted in red. B: Active site of wild type sesquiterpene synthase (left) and diterpene synthase (right). Select
highly conserved active site residues have been included in grey and the active site residue distinguishing the
two enzymes at position 91 are highlighted in blue (7A) and yellow (7b). C: Quantitative comparison of
compound production across wild type and reciprocal residue 91 variants. Left: Box plots of all four enzymes,
acting on FPP to produce 12, while 7b-WT had the lowest production, there were still detectible amounts of
product formed. Right: Box plots of four enzymes, 7b-WT and 7a-191S produced 17 from GGPP, but 7a-WT and
7b-S911 had no diterpene activity. All assays were conducted in triplicate. GCMS integrated peaks from the
resulting enzyme assays were all normalized to the wildtype producing strain (7a-WT in the case of FPP
catalysis and 7b-WT in the case of GGPP catalysis). N.d. represents no detectable amount of compound. See
S| Figs 25-28for all relevant chromatograms.

TCs are in TE-Rich Genomic Neighborhoods

After establishing that the terpene diversity in L. chilensis partially results from recent gene
duplications we investigated the mechanisms underpinning this observation. Transposable elements (TEs) are
generally thought to play a key role in genomic evolution of plants and animals.*® In plants specifically, where

secondary metabolism is better-investigated, different TE classes show elevated genomic abundance and
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display distinct spatial organization near genes involved in specialized metabolite biosynthesis. These
elements have been implicated in gene duplication, chromosomal rearrangements, biosynthetic gene cluster
(BGC) formation, and coordinated expression of biosynthetic genes.***° To determine if a similar scenario was
occurring in corals, we conducted a repetitive element analysis. We annotated TE classes in our phased
assemblies and calculated their genome-wide base pair contributions. We then examined 100 kbp windows
surrounding each TC gene to determine the local percentage of base pairs associated with each TE class and
compared these values to those from randomly sampled 100 kbp genomic regions. While terminal inverted
repeats (TIRs) accounted for an average of 9.61% of the L. chilensis genome, their abundance in TC
neighborhoods was 14.50%, reaching as high as 21.78% around TC2b (Fig 5), representing a significant
enrichment (Sl Table 10). A more detailed analysis of the TIR category revealed that CACTA, hAT, Mutator, and

PIF-Harbinger elements were particularly enriched near TC genes (Sl Table 10)."

*kk
Random 100kbp Region
204 TC 100kbp Region
1 *k *kk
D- 5 Kk
o
“C-Ul *kk
o 7.54
Q
O 104
o
X o
© o0 5.0
—
@
51 g
[}
o 254
X
07 0.0
helitron LINE LTR TR CACTA hAT Mutator PIF_Harbinger
Repeat Type Repeat Type

Figure 4-5: Distribution of different repeat classes in L. chilensis assembly.

In orange is the % repeat base pairs in the genomic neighborhood of all 24 TC genes defined as 100 kbp. In
green is the % repeat base pairs in randomly selected genomic neighborhoods (100 per haplotype) defined as
100 kbp regions. Each unique dot represents a genomic neighborhood. In general, TIRs were enriched in TC

regions, and more specifically, there was also significant local enrichment of CACTA, hAT, Mutator, and PIF-
Harbinger elements near TC genes (Sl Table 10).
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4.6 Discussion

This study provides a high-resolution view into TC evolution through the lens of a single, chemically
prolific octocoral species. By combining haplotype-resolved genomics with biochemical characterization, we
reveal how gene duplication, allelic heterozygosity, and amino acid-level divergence contribute to the
emergence of terpene scaffold diversity in L. chilensis. Our results demonstrate that even subtle sequence
changes can produce marked shifts in enzyme function, highlighting the high degree of evolvability within this
enzyme class.

Research on octocoral terpenoids is extensive, with over 4,000 sesqui- and diterpenoids reported to
date;*> however, much taxonomic identification supporting this work was based on morphological traits, which
often failed to distinguish cryptic species and has led to stark chemical variability and inconsistencies.
Molecular phylogenetics coupled with chemo-typing has since revealed that coral species produce
idiosyncratic terpenoid profiles.** While diverse hydrocarbons have been reported from multiple species within
the genus Leptogorgia,'*?®3 yet before this work it was unclear whether this was due to species-specific
profiles or simply an artifact of historical taxonomic identification limitations. Our analysis of Leptogorgia
chilensis revealed that compounds previously reported only in other species across the genus were also
present in this species, indicating they are not species-specific but instead conserved at the genus level. This
suggests that the genus maintains a shared core chemical repertoire, while individual species may also evolve
unique compounds, leading to both conserved scaffolds across species and lineage-specific chemical
diversification. We expect that other species within the genus likewise maintain this ancestral chemistry while
contributing their own innovations.

Our genomics work centers on how one species expanded and rewired terpene-biosynthetic pathways
to generate chemical diversity. Via our pseudo-phased genomic assembly, we were able to discover a
surprisingly high degree of TC heterozygosity. The relatively low overall heterozygosity (0.845%) in the coral
suggests distinct selective pressures acting on TC diversification. Further, our phylogenetic analysis of TCs
revealed numerous gene pairs that, given their high degree of sequence identity and physical proximity,
appeared to result from gene duplications (Fig 3). Duplicated enzyme-encoding genes can follow one of three

fates (Fig 6a).** In the first, one copy retains the original function while the other remains unchanged through
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gene conservation. In an alternative scenario, deemed subfunctionalization, one copy acquires a partial new
role alongside its original activity, or lastly, one copy evolves a completely novel function, a process called
neofunctionalization. However, because we cannot yet predict octocoral TC functions from sequences alone,
to determine which evolutionary trajectories the TC clades followed, biochemical characterization of the
closely related enzymes was necessary.

Our biochemical characterization of the diverse suite of TCs present in L. chilensis revealed
neofunctionalization and subfunctionalization arising from gene duplication events, each of which lends
subtle distinct insights to the mechanisms by which TCs evolve new selectivity. For example, TC2a and TC2b,
which share 89.37% protein identity, encode enzymes that produce 15 and 9, respectively. Despite their
sequence identity, these products arise via distinct reaction paths, that differ at the first step of their multi-step
cascade mechanisms (Fig 6b, Sl Fig 29).%>%¢ In another case, TC5 exhibits notable haplotype asymmetry, with
three paralogs present on one haplotype and only a single, start-codon-lacking copy on the other. Two paralogs
on haplotype A produce the previously undescribed guaiane-sesquiterpene 11, while the third cyclase, TC5c,
produces the aromadrendane-type sesquiterpene 16, despite its 92.29% identity to its neighboring paralog
TC5b. In both TC2 and TC5, neofunctionalization produced cyclases that not only generate novel products but
also maintain a high level of product specificity, a striking outcome given that evolutionary changes might be
expected to relax selectivity, leading to more promiscuous cyclization outcomes. Further, TC7a and TC7b share
94.17% of their amino acid sequence identity, but act on C15 and C20 precursors respectively to produce
sesqui- and diterpene isoprenologs of b-curcumene (Fig 6b).

Exploring the idea that octocoral TCs are easily impacted by subtle changes in active site architecture,
particularly residues that impose steric constraints within the binding pocket, we conducted enzyme
mutagenesis with the two TC7 gene paralogs. To pinpoint which amino acid changes drove the shift in product
specificity between the sesqui- and diterpene-producing paralogs, we individually swapped five of the six
differing residues between TC7a and TC7b. This revealed that changes at position 91 had the greatest impact
on function. We then introduced a range of alternative amino acids at this position and observed that the two

enzymes did not respond identically to these substitutions. This pattern suggests epistatic effects: while the
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other five residues did not independently alter function, they likely influence the enzyme’s behavior by shaping
the active site pocket, thereby modulating how changes at position 91 affect specificity.

Haplotype-specific variation in TC genes (Fig 3) underlies transcriptional regulation as a primary
mechanism shaping the terpene profile of L. chilensis. Specifically, TC2a produced 9 in vitro and in vivo, while
TC2b was transcriptionally silent and its characterized product, 15, was not detected in the crude extract.
However, given that the alleles of TC2a and TC2b had 100% sequence identity, itis probable that both functions
of these paralogs have undergone positive selection and are selectively expressed based on biotic and abiotic
factors. Additionally, in the case of TC5, hapA has three complete copies while hapB has none, and only one of
the paralogs, TC5c, is transcribed. The capacity to produce 16 therefore is limited to one haplotype.
Alternatively, TC7a and TC7b are both expressed in L. chilensis and their distinct products, the sesquiterpene
(12) and diterpene (17) analogs of curcumene, are present in the crude extract. Also of note, while TC9 on hapA
has a premature stop codon, TC9 on hapB is transcribed and its product 14 is detected in the crude extract.
These findings suggest that L. chilensis diversifies its terpene repertoire not only by duplicating genes, but also
by selectively expressing specific genes and alleles with distinct functions. However, because we sampled a
single individual from one location at one time point for transcriptional analysis, we presume that TC
transcriptionally activities might vary depending on biotic and abiotic stimuli.

Whether through whole genome duplications (WGD) or TE-mediated sub-genomic duplications,
polyploid organisms leverage their extra set of genomic information to generate metabolic diversity. Sub-
genomic duplications can arise through two primary mechanisms. The first involves reverse transcription and
reintegration, an RNA-mediated process typically associated with LTR and LINE transposable elements. 38494748
The second is DNA-based duplication, which can result from unequal crossover, often producing clusters of
two or more paralogous sequences. The role of transposable elements in this DNA-based mechanism remains
less well understood.***® While plants have been found to utilize both WGDs and TEs to drive genomic
innovation,**®' invertebrates are known to maintain chromosomal stability over evolutionary timescales.%?
Further, specifically in L. chilensis, we identified numerous TC gene pairs in TE dense regions that, given their
high degree of sequence identity, appeared to result from gene duplications. Given the duplicated TC genes in

L. chilensis retain introns and are flanked by CACTA and Mutator transposable elements, neither of which are
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associated with RNA-mediated retrotransposition, an RNA-based mechanism is unlikely. While the exact role
of the TEs remains unclear, the evidence points to a DNA-based duplication process. Whether this TE-
associated mechanism is widespread across octocorals remains unknown, but it offers a compelling
hypothesis for how invertebrates may generate chemical novelty without large-scale genomic expansion.

We have previously reported the presence of BGCs related to terpenoid biosynthesis in octocorals,
which contain colocalized TCs, cytochrome p450s, and short chain dehydrogenases.? However, in the case of
L. chilensis, 22 of the 24 TCs are not located within genomic neighborhoods that include other biosynthesis
related genes, and only homologs of TC1 were found in putative BGCs. The absence of co-localized tailoring
enzymes near these rapidly evolving TCs suggests that cyclase diversification may be outpacing the evolution
of scaffold-specific tailoring machinery. It remains unclear whether octocoral terpenoid modifying enzymes
are broadly promiscuous and capable of acting on a range of nascent scaffolds, or whether more tightly
integrated pathways evolve only after a scaffold becomes ecologically or functionally entrenched.

Given the limited number of octocoral genomes currently available, comprehensive patterns of
biosynthetic gene evolution remain largely unresolved. The diverse set of TCs identified in L. chilensis
represents one of the first examples to be explored in detail and provides a foundation for understanding the
origins and diversification of specialized metabolism in animals. A diverse terpenoid repertoire in these corals
may serve functions beyond predator deterrence, potentially functioning as indicators of individual identity,
reproductive status, or other social cues unique to their life history. Future work at the population level will be
essential to uncover whether terpene profiles correlate with ecological or biological traits such as sex, colony
maturity, or spatial structure. Together, our findings shed light on the genomic and evolutionary strategies by
which a single octocoral lineage generates extraordinary chemical diversity. They also raise important
questions about the pace and mode of metabolic innovation in animals. As additional octocoral genomes are
sequenced and their biosynthetic capacity explored, these systems may reveal fundamental principles of

enzyme evolution and open new doors for sustainable discovery and engineering of bioactive natural products.
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Figure 4-6: Suggested outcome of duplicated genes and comparison of paralog functions.

A- Outcomes of a duplicated gene. B- Product differentiation of three cases of neofunctionalized LCTCs. Each
case providing unique insights into potential evolved specificity. For proposed mechanism of TC2 cyclizations
see Sl Fig 29.
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4.8 Supplementary Information

Methods

Sample collection.
Divers collected Leptogorgia chilensis specimen from La Jolla, CA by hand in accordance with federal

and state laws with the required license using non-invasive methods. We sampled small portions of a larger
colony using a knife. We then transported the sample back to the lab where it was washed 3 times for 5 min
each with Ca*- and Mg*'-free artificial seawater within 24 hours of collection then flash frozen with liquid
nitrogen as a live organism. At the time of flash freezing, an aliquot was preserved in RNA-later. All biologic

material was and kept at -80 °C for less than 2 weeks until DNA extraction and RNA extraction.

Genomic DNA Extraction and Sequencing.
High molecular weight (HMW) DNA was isolated from tissue from L. chilensis as previously described.’

In brief, tissue was homogenized by mortar and pestle while frozen with liquid nitrogen. The Qiagen genomic-
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tip kit 500/G (Cat# 10262) was used, following the protocol for the “Preparation of Tissue Samples” with the
recommendations of tissue amounts for mouse tail. DNA purity was determined using a BioDrop pLITE
(BioDrop, Holliston, MA, USA), confirming that the OD 260/280 was 1.8 and the OD 260/230 was between 2.0-
2.2. DNA concentrations were assessed using the dsDNA HS assay on a Qubit fluorometer v3.0 (Thermo Fisher
Scientific, Singapore). DNA fragment size distribution was assessed with a TapeStation (Agilent 4150, Santa
Clara, CA, USA). The high molecular weight (HMW) DNA was sequenced using three technologies: Illumina
(San Diego, CA, USA), Oxford Nanopore Technologies (ONT; Oxford, United Kingdom), and Pacific Biosciences
(PacBio) HiFi (Menlo Park, CA, USA). For the Illumina libraries, DNA was acoustically sheared with a Covaris, a
library processed with the Illumina DNA library prep (20060059) and sequenced on a NovaSeq6000.
Specifically, the sample was sequenced on a S4 300 cycle run which generated 448 million reads (Salk Institute
for Biological Studies). For long read sequencing, the DNA was further cleaned and short fragments removed
by using a 0.4x Ampure cleanup along with the Short Read Eliminator XS kit (Cat# 102-208-200, Circulomics-
PacBio, Menlo Park, CA, USA). The cleaned HMW DNA was then sequenced with ONT LSK-112 chemistry (SQK-
LSK112) on an R10.4.1 flow cell. For PacBio sequencing, the cleaned HMW DNA was sheared at “Speed 31)”
using Megaruptor 3 (Diagenode, Seraing, Belgium, Cat# B06010003) and processed for library preparation
(SMRTbell 3.0, Cat #. (In addition, the cleaned HMW DNA was library also sequenced using PacBio HiFi using

SMRTbell 3.0 (Cat# 102-182-700) on a Revio instrument.

Transcriptomic Extraction and Sequencing.
RNA was extracted from the tissues of L. chilensis preserved in RNA-later as previously described.??

In brief, the RNeasy Plant Mini Kit was used (Qiagen, Cat # 74904) including the optional step of an on column
DNAse digestion. Quality and quantity were both assessed via Nanodrop spectrophotometric and Qubit
fluorometric methods as described in DNA extraction. cDNA libraries were prepared from total RNA with
Ilumina TruSeq Stranded Total RNA kit (Cat # 20020599) with rRNA depletion steps, barcoded with IDT TruSeq

RNA indexes (Cat # UDI-20022371).

Genome size estimation.
Genome size was estimated by K-mer frequency distribution analysis. First, the short reads were

filtered using FastP (v0.19.4 & v23.2)* with default parameters and quality checked with FastQC (v 0.11.9).%
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Subsequently, the K-mers (k=21 bp) were counted using Jellyfish (v 2.2.10)® with the parameters “-C -m 21 -s
1G -t 50”. The output histogram file was then analyzed with GenomeScope’ to estimate the genome size with
parameters k=21, ploidy= 2. The K-mer frequency distribution displayed a characteristic bimodal pattern,
consistent with a diploid genome exhibiting low heterozygosity (see Sl Table 11 for all bioinformatic tools and
version used). GenomeScope estimated the haploid genome size to be ~194.3 Mb, with approximately 0.86%
heterozygosity and ~34% of the genome composed of repetitive elements. The model achieved a fit between

70.1% and 91.1%, and the estimated sequencing error rate was 0.35% (Sl Table 1, Sl Fig 2).

Genome Assembly.
Nanoplot (v 1.41.0)® was used to determine the quality of the long read sequencing data obtained for

L. chilensis. In the case of the ONT reads generated, filtlong (v 0.2.1) was used to remove reads that were
shorter than 30kb and had an average phred quality score of at lower than 10 (maintaining 27K reads of the
original 7M reads- less than 0.5%). The ultralong reads from ONT and the PacBio reads were assembled with
Hifiasm (v 0.16.1)° with the -ul parameter. The assembled genome was checked for duplication (D%) rate and
completeness (C%) with Benchmarking Universal Single-Copy Orthologs (BUSCO v 5.4.7)' using a metazoan

database as reference. Assembly contiguity was determined by QUAST (v 5.2.0).™

Gene Annotation and Collinearity.
We first curated a repeat library using RepeatModeler (v 2.0.7)'? on each haplotype of the genome.

Next, we used RepeatModeler using our genomic database and created a soft masked genome with
RepeatMasker (v4.1.2). We predicted gene models with the TSEBRA pipeline (using Brakerv 2.1.6)."*'* We used
an existing developed Snakemake workflow for running TSEBRA, available here: https://gitlab.com/salk-
tm/snake_tsebra. The specific protein library we used contained proteomes from 15 different cnidaria:
Acropora digitifera, Exaiptasia diaphana, Orbicella faveolate, Stylophora pistillata, Pocillopora damicornis,
Dendronephthya gigantea, Actinia tenebrosa, Acropora millepora, Xenia sp. Carnegie-2017, Acropora
muricata, Pocillopora verrucosa, Montipora capricornis, Montipora foliosa, Nematostella vectensis, Porites
lutea. We also used the RNA-seq data generated from the L. chilenesis tissue to enhance our gene model. The
RNA-seq reads were aligned to the genome with Hisat2 (v 2.2.1)."® Putative functional annotations of gene

models were assigned using eggnog-mapper (v2.0.1)."7"'® Overall gene model quality and completeness was
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assessed by proteome BUSCO (v 5.4.7)" scores. With the gene models from each haplotype, we next ran

Orthofinder (v 2.5.4)," then found and visualized syntenic blocks with jcvi-tools (v 1.5.6).%°

Transcriptomic De Novo Assembly and Alignment Based.
The trimmed and adapter removed (FastQC and FastP with default parameters) cDNA sequences from

L. chilensis were assembled with Trinity (v 2.8.5)%' using default parameters. The processed cDNA sequences

were also mapped to the assembled genomes using HiSat2 (v 2.2.1).%®

TC Mining and Haplotype Difference Validation.
To identify terpene cyclases in the L. chilensis genome assembly, we used the program getorf (EMBOSS

v 6.6.0.0)* to find and translate ORFs. The translated AA sequences were then searched against the curated
octocoral TC hmmfile provided by Burkhardt et al.?, utilizing the HMMER hmmsearch program (version: HMMER
3.3.2 Nov 2020)* to identify amino acid sequences assigned to terpene cyclases. Results with an E-value

below the threshold of 2.3x10-8 were considered for further analysis.

Heterologous strain growth conditions and expression on analytical scale.
For all TC characterization we used E. coli BL21 strains transformed with the targeted gene for

expression in a pET-28a vector following the methods in Burkhardt et al. AL TC encoding sequences were either
cloned out of genomic DNA or ordered as original nucleotide sequences (Twist Biosciences). In brief, we grew
up our target gene containing strains in TB media and induced protein production with IPTG (400 mM final
concentration). After 12-18 hours of protein production at 18 °C we pelleted the cells with centrifugation and
subsequently resuspended the lysis with cold TC binding buffer. We then disrupted the cells with sonification
and pelleted the cell debris with centrifuge. We then purified the proteins using Ni-NTA columns with TC binding

and elution buffers. Lastly, we used PD-10 columns to solubilize our TCs in TC incubation buffer.

In vivo TC enzyme assays on analytical scale.
We determined the concentration of all purified proteins by Bradford assay using manufacturing

standard protocols. TC enzyme assays were set up as previously established in Burkhardt et al. However,
because no monoterpenes were present in the crude extract, we tested each enzymes ability to act on FPP and
GGPP as substrates. In brief, both FPP and GGPP were suspended in 50 mM ammonium bicarbonate at a

concentration of 3.75 mg/mL. Reactions for each enzyme and substrate were prepared each containinga 1 mM
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enzyme solution in 1.490 mL TC reaction buffer and 10 mL of each substrate stock solution (0.25mg/mL end
concentration). After a 12-18 hour incubation at room temperature reactions were extracted with 200 mL of
hexane and analyzed by GCMS (Agilent 7890A gas chromatograph with an Agilent 5975C mass spectrometer
using an Rtx-5Sil 30 m x 0.25 mm, 0.25-pm column). The used temperature oven program was as follows: Hold
70°C for 3 min, 10 °C min-1 to 325°C and hold at 325 °C for 3 min. The flow rate was 1 ml min™, and the
injection volume was 1 pul. The splitless injection inlet temperature was 270°C, the MS transfer line

temperature was 280 °C, the MS source temperature was 230 °C and the MS quad temperature was 150 °C.

Heterologous expression preparative scale.

In the cases that a standard was not readily available, or a reasonable database hit could not be found,
we set up large scale enzyme assays and conducted subsequent product purification. Full detailed methods
can be found in Burkhardt et al. In short, for all large-scale TC characterizations we used the original E. coli
BL21 strains transformed with the targeted gene for expression as mentioned in the above preparative scale
assays. 3x 1L of TB medium were inoculated with 1% E. coli BL21 culture. Cultures were grown to an O.D. of
0.6-0.8 at 37 °C with shaking. We then induced protein production with IPTG (400 mM final concentration) and
after 12-18 hours of protein production at 18 °C we pelleted the cells with centrifugation (8,000 g for 15 min at
4 °C) and subsequently resuspended the lysis with cold TC binding buffer (20 mM Na,HPO,, 0.5 M NaCl, 20 mM
imidazole, 1 mM MgCl, at pH 7.4). We then disrupted the cells with sonification (15 seconds on, 45 seconds
off, for a total of 7 minutes on-time) and pelleted the cell debris with centrifugation (11,000 g for 20 mins at 4
°C). The cell pelleting was repeated a second round with the addition of 1-2 mg of DNAse | (Roche Diagnostics).
We then filtered the proteins with a 0.45 pm syringe and loaded them onto a 5 mL HisTrapFF-Ni columns (GE)
for purification. We used a peristaltic pump at a flow rate of ~4 mL per min in conjunction with the column. We
washed the protein with TC binding buffer (40 mL) and eluted with TC elution buffer (20 mM Na,HPO,, 0.5 M
NaCl, 0.5 M imidazole, 1 mM MgCL, at pH 7.4), collecting in 2 mL fractions. Fractions were pooled and loaded
onto a PD-10 column, pre-equilibrated with 25 mL TC incubation buffer (50 mM Hepes, 5 mM MgCl,, 250 mM

NaCl, 10% glycerol at pH 7.8) in 2.5 mL batches. Each column was eluted with 3.5 mL of TC incubation buffer
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(50 mM Hepes, 5 mM MgCl,, 250 mM NaCl, 10% glycerol at pH 7.8). The protein was then used in enzyme

assays or flash-frozen in liquid nitrogen and stored at -80 °C.

TC enzyme assays on preparative scale.

Given that we had at this point already characterized all TCs with both FPP and GGPP, we set up the
enzyme assay with our substrate of interest to generate the necessary unknown products. FPP (80 mg) was
dissolved inammonium bicarbonate solution (50 mMin 15 mL) and added dropwise to 600 mL of TC incubation
buffer with 3 uM enzyme concentration over 5 hours. We determined the concentration of all purified proteins
by Bradford assay using manufacturing standard protocols. After a 12-18 hour incubation at room temperature,
the reactions were extracted with pentane (3 x 200 mL). Organic fractions containing terpene were dried over
MgSO, and filtered. The resulting filtrate was then concentrated to ~1 mL. The crude fraction was then purified
using silica gel chromatography (100% pentane). Individual fractions were checked with thin layer
chromatography (silica plate, 100% hexane mobile phase) and stained with phosphomolybdic acid. Fractions

containing the product were pooled, concentrated to dryness, and analyzed with NMR.

Heterologous expression using co-expression plasmid.

In the case of LcTC7b-HapB, we conducted our scale up protein expression using a co-expression
plasmid. The plasmid used and subsequent methods have been adapted from Xu et al.?* In brief, we used an
E. coli BL21 strain co-transformed with the plasmid PCDF-MK14, which encodes for the overproduction of
GGPP, and the pET-28a plasmid containing LcTC7b-HapB. 6x 1L medium were inoculated with 1% of this E. coli
BL21 culture. Cultures were grown to an O.D. of 0.6-0.8 at 37 °C with shaking (~4 hours). We then induced
protein production with IPTG (400 mM final concentration per culture) and isoprenol (4 mL per culture) and
incubated the cultures for 24 hours with shaking at 18 °C for sufficient protein production. Cells were pelleted

by centrifugation (15,0008, 10 min, 4 °C) and either frozen and stored at -80 °C or extracted immediately.

Purification of terpene product from co-expression.

Cell pellets from in vivo scale up terpene production were extracted with 50mL acetone with stirring at room
temperature overnight. The extract was filtered and concentrated to dryness. The filtrate was then resuspended

in 10 mL of water and partitioned with 2 mL of hexanes. Liquid partitioning was repeated three times in total.
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The organic terpene containing fraction was then purified by silica gel chromatography with the same methods
as out in vitro scale up purification process. Fractions containing products were pooled, concentrated to

dryness, and analyzed using NMR spectroscopy.

GCMS analysis of L. chilensis crude extract.

300 mg of frozen L. chilensis tissue was thawed and then macerated in 2 mL MeOH/CH,Cl, 2:1. The
mixture was stirred for 12 hours in a closed 20 mL scintillation vial at room temperature. The resulting
suspension was diluted with water (10 mL), 1 mL of hexane was added, and the sample mixed by vortexing for
10 seconds. After layer separation, the top layer was carefully pipetted off into GCMS vials and directly
subjected to GCMS analysis (Agilent 7890A gas chromatograph with an Agilent 5975C mass spectrometer
using an Rtx-5Sil 30 m x 0.25 mm, 0.25-pm column). The used temperature oven program was as follows: Hold
70°C for 3 min, 10 °C min-1 to 325°C and hold at 325 °C for 3 min. The flow rate was 1 ml min™, and the
injection volume was 1 pul. The splitless injection inlet temperature was 270°C, the MS transfer line

temperature was 280 °C, the MS source temperature was 230 °C and the MS quad temperature was 150 °C.

Comparison of TC7 paralogs.

Using all four LcTC 7s (HapA-7a, HapA-7b, HapB-7a, HapB7b), we performed a multiple sequence
alignment with kalign2 (v 2.04).2> We manually inspected the output alignment to identify point differences
between all 4 enzymes. We also made protein models of a representative forming (+)-prenyl-B-curcumene (17)
synthase, LcTC7b-HapB, and a (+)-y-curcumene (12) synthase, LcTC7a-HapB. The web-based Swiss-model?®
interface with the crystal structure of EfTC1® as the template was used to generate the two models. The

resulting pdb files were visualized with pymol (v 3.1.0).

Enzyme mutagenesis.

The point mutants of the forming 17 synthase, LcTC7b-HapB, and y-curcumene synthase, LcTC7a-
HapB were made using standard molecular cloning techniques. In short, template DNA of each of the two
enzymes was used as the starting material for PCR based mutant generation. Primers specific to the DNA
encoding the AA residues of interest were designed (Sl Table 5). Two rounds of PCR reactions were set up

according to a standard protocol (Phusion High-Fidelity DNA Polymerase Master Mix, Thermo Scientific) based
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on the template DNA size and primer design. The first round was to insert the point mutants at a site of interest,
FWD and REV primers contained the desired mutation and amplified out from the mutant position. The second
round of PCR, the products of the first rounds were used as the template and the primers were the start and
ends of the entire TC sequence, joining the two partial sequences generated in the first round. An example of

the PCR conditions is reported in Sl Table 6.

The resulting products were purified via a gel purification kit (Zymoclean Gel DNA Recovery Kit
(ZymoResearch). Next, the purified mutant terpene cyclase encoding genes were inserted into the E. coli
expression vector pET28a(+). Subsequently, the plasmid was transformed into E. coli DH5a using chemically
competent cells using the heat shock transformation method. Successful cloning and transformation of the
template DNA was checked by sequencing the mini prepped plasmids (Quick-DNA Miniprep Kit,
ZymoResearch). The plasmids were then transformed into E. coli BL21 (DE3) strains for heterologous

expression of proteins.

TC Specific TE Analysis

EDTA (v 1.9.697)* was used to identify TEs in the L. chilensis genome using the following command:
EDTA.pl --genome {inputFastaFile} --anno 1 --threads 20. Bedtools (v 2.26.0)*® was used to pull out 100kbp
regions surrounding all TC coding genes and 100 kbp random regions across both haplotypes. The intersect
feature was then used to find all regions in the 100 kbp windows that contained TEs. The output from this

command was formatted and processed in Microsoft excel and visualized with R studios ggplot2 package.?®

Structure elucidation of TC products

General methods

Allchemicals and solvents were used as received from the commercial supplier (SigmaAldrich, Fisher,
or TCI). The substrates GPP, FPP, and GGPP were synthesized as reported previously. Thin layer
chromatography was performed with thin layer chromatography plates purchased from Merck (silica gel 60
F254, glass plates). Column chromatography and normal phase HPLC was performed using a Flash EZ prep
combiflash system (Teledyne ISCO). NMR spectra were recorded on a Bruker Avance lll spectrometer

(600 MHz) using a 1.7-mm inverse detection triple resonance (H-C/N/D) cryoprobe or a JEOL ECZ spectrometer
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(500 MHz) and were referenced against deuterated benzene (6=7.16 ppm) or deuterated chloroform
(6=7.26 ppm) for 1H-NMR and deuterated benzene (6=128.06ppm) or deuterated chloroform
(6=77.16 ppm) for *C-NMR. Data for NMR spectra are reported as follows: shift (3) in ppm; s, singlet; d,
doublet; t, triplet; g, quartet; m, multiplet or unresolved; br, broad signal; J, coupling constant(s) in Hz. Data
were analyzed using MestreNova 12.0.0. Optical rotation measurements were performed using a Jasco P-2000

polarimeter.

Derivatization of cubebene-containing mixture and isolation of derivative S1.

The main product of TC2a (likely B-cubebene according to its MS spectrum) was unstable on silica and
could not be separated from the side products. We derivatized it to its nor-oxo derivative by oxidative double

bond cleavage® to assure its identity and determine its absolute configuration.

For this, the terpene hydrocarbon mixture obtained from the preparative scale TC2a reaction (6 mg,
0.029 mmol, 1 eq) was dissolved in 1.5 mL acetone/ water (10:1). Subsequently, 2,6-lutidine (6.3 mg, 0.058
mmol, 2.0 eq), 4-methylmorpholine N-oxide (5.2 mg, 0.044 mmol, 1.5 eq) and osmium tetroxide (4% in water,
3.75 L, 0.6 umol, 0.02 eq) were added and the resulting mixture was stirred at room temperature untilno more
hydrocarbons were detected in the mixture by TLC (2 hours reaction time). Next, (Diacetoxyiodo)benzene (20
mg, 0.059 mmol, 2.0 eq) was added and stirring was continued for 18 hours before the reaction was quenched
with aqueous sodium thiosulfate (saturated, 3 mL). The resulting mixture was diluted with water (10 mL) and
extracted with EtOAc (3x 3 mL). The organic layer was dried over MgSQO,, concentrated in vacuo and purified by
flash column chromatography (hexane/EtOAc 95:5). Compound S1 was obtained as a colorless oil (1.5 mg,

0.007 mmol, 25%).
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Analytical data for synthetic derivative of the TC2a product (S1):

)

NMR: 'H-NMR (500 MHz, CDCly): 3 = 2.18-2.12 (m, 2H), 2.08-2.01 (m, 1H), 1.86-1.79 (m, 2H), 1.69-1.60 (m,
2H), 1.51-1.45 (m, 1H), 1.48 (d, J = 2.2 Hz, 1H), 1.26 (t, J = 2.7, 1H), 1.21-1.14 (m,1H), 0.99-0.90 (m, 1H), 0.98
(d, ) =6.5Hz, 3H), 0.93 (d, ) = 6.7 Hz, 3H), 0.90 (d, ] = 6.8 Hz, 3H), 0.58 (tdd, J = 13.6, 11.6, 2.4 Hz, 1H) ppm.
13C-NMR (125 MHz, CDCLy): 214.8, 43.5, 40.5, 39.9, 33.5, 33.4, 32.7, 31.5, 30.9, 26.8, 26.1, 20.1, 19.6, 19.1
ppm.

Optical rotation: [a]p®°=+12.7 (¢ 0.05, CHCL).

NMR data agree with reported values for the stereo-selectively synthesized compound. The absolute
configuration of compound S1, and therefore (+)-B-cubebene (9), was set comparing the determined optical
rotation of the compound to the value form the same report.®'*2

Analytical data for TC4 ((+)-B-caryophyllene 10):

NMR: 'H-NMR (500 MHz, CsDs): & = 5.40-5.33 (m, 1H), 5.03 (s, 1H), 4.87 (s, 1H), 2.42-2.24 (m, 2H), 2.21-2.11
(m, 1H), 2.08-1.80 (m, 4H), 1.75-1.66 (m, 2H),1.60-1.45 (m, 1H), 1.56 (s, 3H), 1.42-1.28 (m, 2H), 1.00 (s, 3H),
0.94 (s, 3H) ppm. *C-NMR (125 MHz, CDCL,): 154.6, 135.3, 124.8, 112.2, 53.8, 48.9, 40.7, 40.3, 35.1, 33.1,
30.2, 29.7, 28.8, 22.8, 16.5 ppm.

Optical rotation: [a]p*®°=+5.7 (¢ 0.16, CHCL,).

"H-NMR data are in agreement with reported values from the literature.® The absolute configuration was
assigned by comparing the determined optical rotation to the literature.®’
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Analytical data for TC5a and TC5b product (guaia-11(12),6(14)-diene 11):

Ca ‘ISCb ‘IHb
1 48.7 2.69-2.62 (m, 1H)
2 28.3 1.81-1.70 (m, 2H)
3 32.6 1.65-1.57 (m)
1.26 (ddt,2/=12.4,%/=8.4,%/=5.6)
4 38.9 1.93-1.86 (m)
5 40.8 2.03(dddd,®/=10.7,%/=8.4,%/=6.6,%/=2.2)
6 27.3 1.48 (ddd, %/ =14.4,%=4.5,3)=2.4)
1.38(ddd,%/=14.3,%/=11.0,%/=5.4)
7 42.6 2.27-2.20 (m, 1H)
8 31.8 1.91-1.82 (m, 1H)
1.57-1.51 (m, 1H)
9 34.4 2.27-2.20 (m, 1H)
2.37-2.29 (m, 1H)
10 153.4 -
11 149.7 -
12 109.7 4.86 (brs, 1H)
4.839 (brs, 1H)
13 22.1 1.66 (s, 3H)
14 109.5 4.91 (brs)
4.842 (brs)
15 15.9 0.86 (d, 3/ =5.4, 3H)

aCarbon numberings as shown above table; °chemical shifts are given in ppm, coupling constants are given
in Hertz, multiplicity: m = multiplet, s = singlet, d = doublet, t = triplet, q = quartet, br = broad.

NMR: See Table. Optical rotation: [a]5?%° = -0.57 (¢ 0.37, CHCLy).
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Analytical data for TC5c product ((+)-a-gurjunene 16):

Ca ‘ISCb ‘IHb

1 26.1 1.13-1.09 (m, 1 H)

2 136.4 -

3 137.6 -

4 36.7 2.35-2.26 (m, 1 H)
2.21-2.14 (m, 1 H)

5 29.4 1.88-1.81 (m, 1 H)
1.63-1.53 (m, 1 H)

6 49.1 2.76-2.70 (m, 1 H)

7 32.9 1.91-1.83 (m, 1 H)
1.42-1.33 (m, 1 H)

8 32.6 1.80-1.73 (m, 1 H)

9 21.9 1.83-1.75 (m, 1 H)
1.40-1.28 (m, 1 H)

10 28.7 0.79-0.73 (m, 1 H)

11 22.0 -

12 29.0 1.11 (s, 3 H)

13 16.7 0.92 (s, 3H)

14 18.7 1.07 (d, J = 7.1 Hz, 3H)

15 14.8 1.69 (m, 3 H)

aCarbon numberings as shown above table; °chemical shifts are given in ppm, coupling constants are given in
Hertz, multiplicity: m = multiplet, s = singlet, d = doublet, t = triplet, q = quartet, br = broad.

NMR: See Table. Optical rotation: [a]p?%° = +77.9 (c 0.018, CHCL,).

The absolute configuration was assigned by comparing the determined optical rotation to the literature.®
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Analytical data for HapB TC7a product ((+)-B-curcumene 12):

12

Ca ‘ISCb ‘IHb

1 118.4 5.46 (s, 1H)

2 32.0 2.57-2.51 (m, 2H)

3 131.2 -

4 119.3 5.44 (s, 1H)

5 26.9 2.60-2.54 (m, 2H)

6 139.1 -

7 40.7 2.18-2.09 (m, 1H)

8 35.4 1.54-1.45 (m, 1H)
1.38-1.29 (m, 1H)

9 26.6 2.07-1.97 (m, 2H)

10 125.4 5.25-5.20 (m, 1H)

11 131.0 -

12 25.9 1.69 (s, 3H)

13 17.8 1.56 (s, 3H)

14 19.9 1.02(d, ¥/ =10.7, 1H)

15 23.2 1.61 (s, 3H)

aCarbon numberings as shown above table; °chemical shifts are given in ppm, coupling constants are given in
Hertz, multiplicity: m = multiplet, s = singlet, d = doublet, t = triplet, q = quartet, br = broad.

NMR: See Table. Optical rotation: [a]p?%° = +11.6 (c 0.25, CHCls).

The absolute configuration was assigned by comparing the determined optical rotation to the literature.®*
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Analytical data for HapB TC7b product ((+)-prenyl-B-curcumene 17):

NMR: 'H-NMR (500 MHz, C¢De): 8 = 5.48-5.45 (m, 1H), 5.45-5.42 (m, 1H), 5.30-5.22 (m, 2H), 2.62-2.49 (m,
4H), 2.23-2.07 (m, 5H), 2.04 (q, ) = 7.5, 2H), 1.69 br. S, 3H), 1.61 (s, 3H), 1.60 (s, 3H), 1.57 (s, 3H), 1.55-1.46
(m, 1H), 1.38-1.20 (m, 1H),1.03 (d, J = 6.9, 3H) ppm. *C-NMR (125 MHz, CsDs): 138.8, 134.6, 130.89, 130.86,
125.0, 124.7,119.0, 118.1, 40.4, 40.0, 35.1, 31.7, 26.9, 26.6, 26.2, 25.6, 22.9, 19.6, 17.5, 15.8 ppm.

Optical rotation: [a]p®°=+12.1 (¢ 0.018, CH,CL,).

NMR data are in agreement with reported values from the literature.® The absolute configuration was
assigned by comparing the determined optical rotation to the literature.
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Analytical data for TC9 product ((+)-maaliene 14):

13

Ca ‘ISCb ‘IHb

1 34.7 -

2 41.0 1.37-1.30 (m, 1H)
1.09 (dt, J=13.4, 4.4 Hz, 1H)

3 24.2 1.65(qt, /= 13.4, 4.1 Hz, 1H)
1.53-1.47 (m, 1H)

4 38.3 2.39 (ddt, J=13.0, 4.3, 2.1 Hz, 1H)
2.00 (dt, J=12.8, 4.7 Hz, 1H)

5 150.2 -

6 44.5 1.56 (brd, J=6.1 Hz, 1H)

7 20.5 0.87-0.84 (m, 1H)

8 19.9 0.58-0.53 (m, 1H)

9 15.9 1.80 (ddt, J= 13.0, 4.3, 2.1 Hz, 1H)
1.56-1.50 (m, 1H)

10 38.9 1.19(ddd, J = 13.5, 8.3, 1.7 Hz, 1H)
0.94-0.86 (m, 1H)

11 17.5 -

12 29.4 1.04 (s, 3H)

13 15.6 0.92 (s, 3H)

14 17.4 0.85 (s, 3H)

15 106.3 4.99-4.97 (m, 2H)

aCarbon numberings as shown above table; °chemical shifts are given in ppm, coupling constants are given in
Hertz, multiplicity: m = multiplet, s = singlet, d = doublet, t = triplet, q = quartet, br = broad.

NMR: See Table. Optical rotation: [0]p?%° = +9.8 (c 0.32, hexane).

The absolute configuration was assigned by comparing the determined optical rotation to the literature.®
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Supplemental Tables

Table 4-S 1: Sequencing statistics

Total Sequences Rea 0
Sequences Ba:::i(lc-b) flagged as ST::etnhce %GC Cm;t)a(;age Length Ag::\:s
(M) poor quality g N50 (kb)
Short Read
Genomic 450 68 151 38 276 - -
Sequencing
ONT Sequencing 7.1 15.8 - - 64.4 4.66 47.2
Filtered ONT
Sequencing 0.027 1.13 - - 4.6 40.4 52.6
(Ultra Long)
PacBio 2.7 21.6 - - 88 9.4 100
Sequencing
Short Read
Transcriptomic 1,100 112.8 101 41 460 - -
Sequencing
Table 4-S 2: Data availability sources
Data Type Platform BioProject BioSample Accession Repository / DOI
"l”Te'::sRNA NCBISRA PRINA1338264 SAMN52403426 pending -
ONT reads NCBISRA  PRINA1338264  SAMN52403426 pending -
PacBio reads NCBISRA  PRIJNA1338264 SAMN52403426 pending -
Genome Figshare B B B 10.6084/m39.figsh
assembly g are.30296743
Gene model Figshare - - - 10.6084/mS figsh

are.30296743
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Table 4-S 3: Assembly and gene model statistics

Total BUSCO # of Genes Protein HiSat
N50 GC . Total %
. (Y%oComplete/ Predicted BUSCO RNA Read
(Mbp) (%) Contigs genes . Repeats .
(Mbp) %Duplicated) (k) (%Complete) Alignment
Collapsed5.4 37.49 245 282 15 89.3/4.6 - - -
HapA 3.3 37.44 236 379 14 89.6/2.9 23.4 30 94.6 92.88
HapB 2.5 37.43 226 276 88.1/2.7 23 40 92.3 91.82

Table 4-S 4: NTlink (v 1.3.11)%” Scaffolding for all HapA (using ONT reads with size 30 kbp and longer.

LINK Contig 1 Gap size Contig 2 Gap size Contig 3 Gap size Contig 4
ntLink_0 h1tg000145l- 21N h1tg000112l+ 21N h1tg000089l- 21N h1tg000303l+
ntLink_1 h1tg000078l+ 21N h1tg000310l+ 21N h1tg000054l- 10025N | h1tg000098l-
ntLink_2 h1tg0000571- 21N h1tg000111L- 21N h1tg000084l+ 21N h1tg0001271-
ntLink_3 h1tg000008l- 21N h1tg000016Ll+ 966N h1tg0000651+ 21N h1tg000010L-
ntLink_4 h1tg000120l- 21N h1tg000263l- 2892N h1tg000219l+
ntLink_5 h1tg000032(+ 21N h1tg0002571- 21N h1tg0000671+
ntLink_6 h1tg000027(+ 21N h1tg0002061+ 3270N h1tg000134l-
ntLink_7 h1tg000025(+ 21N h1tg000072l+ 21N h1tg000051L-
ntLink_8 h1tg000018l- 21N h1tg000122L- 21N h1tg000030Ll+
ntLink_9 h1tg000013l- 21N h1tg0001911+ 12058N h1tg000058L-

ntLink_10 h1tg000009l- 21N h1tg000176Ll+ 21N h1tg000320L-
ntLink_11 h1tg000275l- 21N h1tg000289l-
ntLink_12 h1tg000245(+ 21N h1tg000352L-
ntLink_13 h1tg000164c- 21N h1tg000281L-
ntLink_14 h1tg000159l- 21N h1tg000286l-
ntLink_15 h1tg000139l- 21N h1tg000168l+
ntLink_16 h1tg000108l- 21N h1tg000110l+
ntLink_17 h1tg0000911- 21N h1tg000094l-
ntLink_18 h1tg0000791+ 21N h1tg0001521+
ntLink_19 h1tg0000771+ 1025N h1tg000279l-
ntLink_20 h1tg000048(+ 2074N h1tg000135l-
ntLink_21 h1tg000042(+ 21N h1tg0000851+
ntLink_22 h1tg000036l- 21N h1tg000231L-
ntLink_23 h1tg000035l- 21N h1tg000055L-
ntLink_24 h1tg000026l- 21N h1tg000031L-
ntLink_25 h1tg000023l- 2067N h1tg000090L-
ntLink_26 h1tg0000171+ 21N h1tg000095l-
ntLink_27 h1tg0000150+ 21N h1tg000103l+
ntLink_28 h1tg000012l- 21N h1tg000118l-
ntLink_29 h1tg000006+ 21N h1tg000056l-
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Table 4-S 5: PCR conditions

Repetitions Temperature Time

I
1x

3x

1x

98°C 0:30 min
98°C 0:10 min
56-70°C 0:30 min
72°C 0:50 min
72°C 5:00 min

Table 4-S 6: Primers used

Gene

Fwd Primer

Rev Primer

7b_S91l

TACTTGTGCTTAACCA ATGAACGACGA

TCGTCGTTCATAAAAATGGTTAAGCACAAGTA

7b_R141K AGCAGTCATTAAAAGTGAAAAAGGTTAATGAAAAGATC  GATC CATTAACCTTTTTCACTTTTAATGACTGCT
7b_N174D AGGAAATTTCTCGCAAGAAGATGTGAGGCATTACTGGAG CTCCAGTAATGCCTCACATCTTCTTGCGAGAAATTTCCT
7b_K282E TACTGTCAGAGATAAACAGGAAAACAAGGAATGTTCTG CAGAACATTCCTTGTTTTCCTGTTTATCTCTGACAGTA

7b_R294Q ATGATTTCGAAGC CAAAAATCTCTTCGAATTACC

7b_S91A
7b_S91V
7b_S91G
7a_191S
7a_191V

TACTTGTGCTTAACCGCTTTTATGAACGACGA
TACTTGTGCTTAACCGTTTTTATGAACGACGA
TACTTGTGCTTAACCNNKTTTATGAACGACGA
TACTTGTGCTTAACCATTTTTATGAACGACGA
TACTTGTGCTTAACCGTTTTTATGAACGACGA
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GGTAATTCGAAGAGATTTTTGAAAAGCTTCGAAATCAT
TCGTCGTTCATAAAAGCGGTTAAGCACAAGTA
TCGTCGTTCATAAAAACGGTTAAGCACAAGTA
TCGTCGTTCATAAAMNNGGTTAAGCACAAGTA
TACTTGTGCTTAACCAGTTTTATGAACGACGA
TCGTCGTTCATAAAAACGGTTAAGCACAAGTA



Table 4-S 7: TC activities

Transcribed Compound Produced Compound in L. chilensis Crude

TC1a N 8 N
TC2a Y 9 Y
TC2b N 15 N
TC3a Y 7 Y
TC4a Y 10 Y
TC4b N NA N
TC5a N 11 N
TC5b N 11 N
TC5c Y 16 Y
TC6 N NA N
TC7a Y 12 Y
TC7b Y 17 Y
TC8a Y 13 Y
TC8b Y nt NA
TC9 Y 14 Y
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Table 4-S 8: TPMs for TCs

TPM Hap Observation TC

0 hap1 not_found TC1
0 hap2 not_found TC1
0.701464 hap1 in_crude TC2a
0.160385 hap2 in_crude TC2a
0 hap1 not_found TC2b
0 hap2 not_found TC2b
0.24868 hap1 in_crude TC3
0.166739 hap2 in_crude TC3
4.467161 hap1 in_crude TC4a
3.138854 hap2 in_crude TC4a
0 hap1 not_found TC4b
0 hap2 not_found TC4b
0 hap1 not_found TCb5a
0.462848 hap1 in_crude TC5b
0 hap1 not_found TC5c
0 hap1 not_found TC6
2.990755 hap1 in_crude Tc7a
12.477757 hap2 in_crude TC7a
34.637796 hap1 in_crude TC7b
5.426189 hap2 in_crude TC7b
0 hap1 not_found TC8a
0 hap2 not_found TC8a
0 hap1 not_found TC8b
3.628644 hap2 in_crude TC9
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Table 4-S 9: Mutant TC enzyme activities

TC Product From FPP Product From GGPP
7a-WT 12 NA
7b-WT 12 17
7b_S91I 12 NA
7b_R141K 12 17
7b_N174D 12 17
7b_K282E 12 17
7b_R294Q 12 17
7b_S91A 12 17
7b_S91V 12 17
7b_S91G 12 17
7a_191S 12 17
7a_191V 12 NA
Table 4-S 10: Complete TE stats

HapA HapB Average TC Region WILCOXON-TEST p -value
LINE 2.12% 1.81% 1.97% 2.40% 0.05
LTR 10.98% 7.32% 9.15% 11.20% 0.001
TIR (DNA) 7.99% 9.59% 8.79% 14.50% 2x10”-5
Helitron 4.45% 5.58% 5.02% 5.59% 6x107-3
CACTA 0.93% 1.42% 1.18% 1.93% 1x107-3
hAT 2.82% 3.07% 2.95% 4.51% 3x10*-3
PIF_Harbinger 1.16% 1.19% 1.18% 2.61% 5x10*-4
Mutator 2.93% 3.82% 3.38% 7.97% 6x10”-5
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Table 4-S 11: Bioinformatics tools used and versions

Tool Version
fastp v0.19.4 & v 23.2
Fastqc v0.11.9
Jellyfish v2.2.10
GenomeScope v2.0.1
Nanoplot v1.41.0
Filtlong v0.2.1
Hifiasm v0.16.1
BUSCO v5.4.7
QUAST v5.2.0
RepeatModeler v2.0.7
RepeatMasker v4.1.2
TSEBRA Brakerv2.1.6
hisat2 v2.2.1
eggnog-mapper v2.0.1
orthofinder v2.54
jevi-tools v1.5.6
EDTA v 1.9.697
trinity v2.8.5
Emboss v6.6.0.0
HMMER v3.3.2
kalign2 v2.04
pymol v 3.1.0
swiss-model NA
bedtools v2.26.0
samtools v1.3.1
ggplot2 v3.5.2
minimap2 v217
salmon v0.14.2
Igtree v2.1.4
rstudio v 2023.12.1+402
msa v1.34.0
corrplot v 0.95
ntLink v1.3.11
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Supplemental Figures
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Figure 4-S 1: Annotated chromatogram of crude extract

GC-MS chromatogram of L. chilensis tissue extracted with CH,Cl,:MeOH (2:1). All terpene and terpenoid peaks
as validated either by database hits, ordered chemical standards, in house chemical standards, or scaled up
enzyme assays and structural elucidation are annotated and structures provided in panel below.

Sesquiterpene and diterpene regions, based on common retention times for the respective masses of these
classes, are highlighted.
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p=2

k=21

property min max

Homozygous (aa) 99.12% 99.15%
Heterozygous (ab) 0.85% 0.88%

Genome Haploid
Length

Genome Repeat
Length

Genome Unique
Length

Model Fit

Read Error Rate

194,217,992 bp
66,547,052 bp

127,670,940 bp
70.12%
0.35%

194,411,649 bp
66,613,407 bp

127,798,242 bp
91.11%
0.35%

Figure 4-S 2: GenomeScope visualization of heterogeneity

Jellyfish (v 2.2.10) was used to calculate K-mer (21-mers) count distribution. The resulting heterogeneity was
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Figure 4-S 3: Heat map of sequence similarity across all L. chilensis TCs

Sequence similarity matrix of all complete TCs from both L. chilensis haplotypes. Deep red color indicates a
high degree of similarity, up to 100%, while pale yellow denotes a lower degree of similarity, as low as 20%.

H a pA: [e==—=eses === =aia==akElEasalEEaEEEnnEhiE i e

H a p B . =SS EEEEIEEIECIIEIENNREIEERNNIIEEECE00E10 0100100000000 00aNoNEnnooan e

Figure 4-S 4: Full synteny plot of HapA and HapB

All contigs present in each phased assembly are depicted. Synteny lines in grey highlight genomic regions

conserved across the two haplotypes.
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Figure 4-S 5: Semi-scaffolding of TC5 contigs

Micro-synteny of TC5 containing contigs. HapA contig 29 contains TC5a, HapA contig 103 contains TC5b and
TC5c. Syntenic analysis have found homologous genes on HapA contig 29 and HapB 8 and HapA contig 103
and HapB 8. While the analysis was able to find a homolog to HapA TC5a, the degraded copy of HapB TC5a, no
homologs were found for TCs 5b or 5c.
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Figure 4-S 6: Semi-scaffolding of TC8 contigs

Micro-synteny of TC58 containing contigs. HapA contig 6 contains TC8a, HapA contig 83 contains TC8b.
Syntenic analysis have found homologous genes on HapA contig 6 and HapB 140 and HapA contig 83 and HapB
140. While the analysis was able to find a homolog to HapA TC8a, the HapB TC8a, no homologs were found for
HapA TC8b.
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Figure 4-S 7: Semi-scaffolding of TC6 contigs

Micro-synteny of TC6 containing contig. HapA contig 15 contains TC6, HapB contig 8 contains pseudogenized
TC6. Notably, syntenic analysis was able to find homologous genes surrounding TC6, and the pseudogenized

copy on HapB.
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Figure 4-S 8: Semi-scaffolding of TC9 contigs

Micro-synteny of TCO containing contig. HapA contig 26 contains pseudogenized TC9, HapB contig 19 contains
TC9. While syntenic analysis were able to find homologous genes surrounding TC9, no HapA TC9 homologs

was found.
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Figure 4-S 9: SDS gel of all proteins

SDS gel of all enzymes tested in this study. Associated ladder is depicted. Both 7b-S91V lanes shown in gels 2
and 3 correspond to the same purified enzyme preparation.
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Figure 4-S 10: GCMS total ion chromatograms of HapA_TC1

In vitro incubations with FPP (top) and GGPP (bottom). Mass spectrum of enzymatically produced terpene is
shown. Signals marked with asterisks are non-enzymatic degradation products of substrates. The identity of 8
has been verified using a commercially available authentic standard.
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Figure 4-S 11: GCMS total ion chromatograms of HapB_TC1

161.1000

In vitro incubations with FPP (top) and GGPP (bottom). Mass spectrum of enzymatically produced terpene is
shown. Signals marked with asterisks are non-enzymatic degradation products of substrates. The identity of 8
has been verified using a commercially available authentic standard.
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Figure 4-S 12: GCMS total ion chromatograms of HapA_TC2a

204.2000

In vitro incubations with FPP (top) and GGPP (bottom). Mass spectrum of enzymatically produced terpene is
shown. Signals marked with asterisks are non-enzymatic degradation products of substrates. The structure of
9 was verified by NMR structure elucidation of purified, derivatized compound from a large-scale in-vitro assay.
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Figure 4-S 13: GCMS total ion chromatograms of HapA_TC2b

| 204.1200

In vitro incubations with FPP (top) and GGPP (bottom). Mass spectrum of enzymatically produced terpene is
shown. Signals marked with asterisks are non-enzymatic degradation products of substrates. The identity of
15 has been verified using a commercially available authentic standard.
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Figure 4-S 14: GCMS total ion chromatograms of HapB_TC3

In vitro incubations with FPP (top) and GGPP (bottom). Mass spectrum of enzymatically produced terpene is

shown. Signals marked with asterisks are non-enzymatic degradation products of substrates. The identity of

compound 7 was confirmed by comparison to the ErTC-2 enzymatic product, which we previously isolated and

structurally characterized.®
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Figure 4-S 15: GCMS total ion chromatograms of HapA_TC4

In vitro incubations with FPP (top) and GGPP (bottom). Mass spectrum of enzymatically produced terpene is

shown. Signals marked with asterisks are non-enzymatic degradation products of substrates. The identity of

10 has been verified using a commercially available authentic standard.
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Figure 4-S 16: GCMS total ion chromatograms of HapA_TC5a

In vitro incubations with FPP (top) and GGPP (bottom). Mass spectrum of enzymatically produced terpene is
shown. Signals marked with asterisks are non-enzymatic degradation products of substrates. The structure of
11 was verified by NMR structure elucidation of purified compound from a large-scale in-vitro assay.
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Figure 4-S 17: GCMS total ion chromatograms of HapA_TC5b

In vitro incubations with FPP (top) and GGPP (bottom). Mass spectrum of enzymatically produced terpene is
shown. Signals marked with asterisks are non-enzymatic degradation products of substrates. The structure of
11 was verified by NMR structure elucidation of purified compound from a large-scale in-vitro assay.
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Figure 4-S 18: GCMS total ion chromatograms of HapA_TC5c

In vitro incubations with FPP (top) and GGPP (bottom). Mass spectrum of enzymatically produced terpene is

shown. Signals marked with asterisks are non-enzymatic degradation products of substrates. The structure of

16 was verified by NMR structure elucidation of
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Figure 4-S 19: GCMS total ion chromatograms of HapA_TC7a

In vitro incubations with FPP (top) and GGPP (bottom). Mass spectrum of enzymatically produced terpene is

shown. The structure of 12 was verified by NMR
in-vitro assay.

structure elucidation of purified compound from a large-scale
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Figure 4-S 20: GCMS total ion chromatograms of HapB_TC7a

In vitro incubations with FPP (top) and GGPP (bottom). Signals marked with asterisks are non-enzymatic
degradation products of substrates. Mass spectrum of enzymatically produced terpene is shown. The structure
of 12 was verified by NMR structure elucidation of purified compound from a large-scale in-vitro assay.
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Figure 4-S 21: GCMS total ion chromatograms of HapB_TC7b

1
05 I ‘ 2572000 272.2000
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In vitro incubations with FPP (top) and GGPP (bottom). Signals marked with asterisks are non-enzymatic
degradation products of substrates. Mass spectrum of enzymatically produced terpene 17 is shown. Mass
spectra of 12 matched HapB_TC7a’s spectra. The structure of 17 was verified by NMR structure elucidation of
purified compound from a large-scale in-vitro assay.
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Figure 4-S 22: GCMS total ion chromatograms of HapA_TC8a

In vitro incubations with FPP (top) and GGPP (bottom). Mass spectrum of enzymatically produced terpene is
shown. The identity of compound 13 was confirmed by comparison to the LsTPS-1 enzymatic product, which
we previously isolated and structurally characterized.*®
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Figure 4-S 23: GCMS total ion chromatograms of HapB_TC9
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In vitro incubations with FPP (top) and GGPP (bottom). Signals marked with asterisks are non-enzymatic
degradation products of substrates. Mass spectrum of enzymatically produced terpene is shown. The identity
of 13 has been verified by NMR structure elucidation of purified compound from a large-scale in-vitro assay.
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Figure 4-S 24: Multiple sequence alighment of TC7s

Alignment generated by kalign2 (v 2.04) of all four TC7s.
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Figure 4-S 25: GCMS total ion chromatograms of TC7a and TC7b site swap mutagenesis with FPP

GCMS total ion chromatograms of TC7a and TC7b site swap mutant in vitro incubations with FPP. The enzyme
used in each assay is denoted on the upper left corner of the chromatogram. All product producing assay have
respective peaks annotated. The identity of 12 has been verified by NMR structure elucidation of purified
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Figure 4-S 26: GCMS total ion chromatograms of TC7a and TC7b site swap mutagenesis with GGPP

GCMS totalion chromatograms of TC7a and TC7b site swap mutantin vitro incubations with GGPP. The enzyme
used in each assay is denoted on the upper left corner of the chromatogram. All product producing assay have
respective peaks annotated. The identity of 17 has been verified by NMR structure elucidation of purified
compound from a large-scale in-vitro assay.
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Figure 4-S 27: GCMS total ion chromatograms of TC7a and TC7b residue 91 mutagenesis with FPP

GCMS totalion chromatograms of TC7a and TC7b residue 91 mutant in vitro incubations with FPP. The enzyme
used in each assay is denoted on the upper left corner of the chromatogram. All product producing assay have
respective peaks annotated. The identity of 12 has been verified by NMR structure elucidation of purified
compound from a large-scale in-vitro assay.
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Figure 4-S 28: GCMS total ion chromatograms of TC7a and TC7b residue 91 mutagenesis with GGPP

GCMS total ion chromatograms of TC7a and TC7b residue 91 mutant in vitro incubations with GGPP. The
enzyme used in each assay is denoted on the upper left corner of the chromatogram. All product producing
assay have respective peaks annotated. The identity of 17 has been verified by NMR structure elucidation of
purified compound from a large-scale in-vitro assay.
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Figure 4-S 29: Proposed mechanisms of TC2a and TC2b reactions
Proposed cyclization mechanisms for paralogs of TC2. TC2a acts on S3 rather than 18 to generate the

carbocation S4, and via a series of steps ultimately generated 9. TC2b instead acts on 18 to form S2 which is
quenched via cyclization into 15.
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