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ABSTRACT OF DISSERTATION 
Wandering in genomes and probing biosynthetic machinery in pursuit of the evolutionary origins and 

diversification of octocoral terpenoids 

 

by 

 

Natalie Eve Grayson 

 

Doctor of Philosophy in Marine Biology 

University of California San Diego, 2025 

Professor Bradley S. Moore, Chair 

 

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 insight into 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 scaFolds. 

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 scaFold 

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 oa each other’s work discovering more and more about 

the world around us. I can’t speak for the motives of the coral, but as scientists I 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 I introduce 

the body of work I’ve accomplished during my PhD, I aim to weave together the stories of the “polyps” who came 

before me, scientists whose individual contributions provided the foundation from which I 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,1 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.2 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 
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interactions and, in the process, discovered a teeming wealth of novel scaaolds 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,3 and expanding to study the chemistry of gorgonian corals in the early 1980s.4 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 bacteria5 to marine sponge alkaloids.6 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,7,8 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.9–11  

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 
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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.12 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.13 Further, lophotoxin, produced by red 

gorgonians of the genus Leptogorgia, was identified as a neurotoxin that inhibits nicotinic acetylcholine 

receptors.4,14 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 I 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.15 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.16 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.17 Specifically, class I 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 I TCs share a common α-helical fold, allowing them to 

guide substrates through precise rearrangements that yield complex terpene scaaolds.  

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 ¹⁴C incorporation, suggesting enzymatic synthesis by the 

symbionts.18 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.19,20 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 Burkhardt19 in Brad Moore’s lab at SIO and Paul Scesa20 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 scaaolds, 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 
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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 α-helical fold of type 1 TCs, with spatially conserved catalytic motifs nearly identical to those of 

microbial TCs.19  

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.21,22 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-I 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 scaaolds, 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 
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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, I 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, I share the questions I have asked, and some that, with the help of excellent mentors and 

collaborators, I 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.1 Since that split, 

these classes have followed starkly diaerent 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.2–4 Octocorals, on the other hand, have radiated into 

nearly every oceanic habitat, from coastal reefs to the deep sea.5 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.6,7  Within Anthozoa hexacorals retain 

venomous nematocysts, octocoral do not. Instead, octocorals have evolved the capacity to produce terpenoid 

specialized chemistry,8,9 which act as feeding deterrents against generalist predators.10,11 In contrast, 

hexacorals rely primarily on physical defenses, most notably the evolution of calcified skeletons that provide 

both structural support and protection from grazers.12  

Across kingdoms, the evolution of novel metabolic pathways correlates with rapid niche diversification 

and habitat expansion.13,14 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 eaorts. 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 
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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 oashore 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 eaorts, I learned molecular cloning techniques to 

experimentally link genes to their products. During this cloning process, I 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. I 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 I 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 I also contributed to figure design and overall manuscript organization, while Dr. 
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Immo Burkhardt served as the primary author of the text. The DNA extraction was conducted by Johanna 

Gutleben, and the codon usage analysis was performed by Alexander B. Chase.  
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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 scaaolds, 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.1 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,2 with 75% of species living deeper 

than 50 m.3,4 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.5,6 Over 4000 octocoral-derived terpenoids have been described, many of which are of considerable 

medicinal and ecological interest due to their potent biological properties.7,8 Prominent examples include 

cristaxenicin (1), with nanomolar antiplasmodial activity,9 renillafoulin A (2), which inhibits barnacle larval 

settlement,10 the anti-inflammatory pseudopterosin A (3),11 the neuromuscular toxin lophotoxin (4),12 and 

eleutherobin (5), known for pharmacological activity similar to the anti-cancer drug Taxol (Figure 1).13 A large 

number of the octocoral terpenoids identified to date are diterpenoids that are structurally related to 

compounds 1-5.14 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.15–17 This disparity contrasts markedly with the numerous deep-sea-specific species.3,18 The primary 

reasons for this imbalance include diaiculty 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 suaicient biomass for chemical studies.19,20 

Recently, we14 and Scesa et al.21 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 I terpene cyclases (TCs). 

Class I TCs catalyze the first step in terpenoid biosynthesis, converting readily available oligoprenyl 

diphosphate precursors from central metabolism into specialized hydrocarbon structures.22 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.14,23,24 Notably, 

some of the initially characterized coral TCs produce diterpene (C20-scaaolds) or mono-alcohols closely 
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resembling the principal carbon scaaolds of compounds 1, 3, 4, and 5: xeniaphyllene (6), elisabethatriene (8), 

cembrene A (9), and klysimplexin R (10), respectively (Figure 1).14,21 These terpene hydrocarbons had previously 

been hypothesized25–27 or experimentally linked28 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 2.29 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.14,21  

 
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,30 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 I 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 

oashore 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 diaerent collection sites (Table 

S1), exhibited similar terpene profiles, consistent with species-specific chemical signatures previously 

observed in shallow-water corals such as Sarcophyton.31 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;14 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 scaaolds have been described.8 However, many structurally distinct diterpenoids likely arise 

from common biosynthetic intermediates, with scaaold diversification occurring in late-stage tailoring steps, 

as suggested by the frequent co-isolation of structurally related compounds or by chemical 

interconversion.26,27,32 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 

scaaolds (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 1.33 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.29 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 47. 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-I, 1-II and 1-IV 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 

in clade 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-I, klysimplexin R (10) synthases in 1-II, 

cembrene A (9) synthases in 1-III, and cembrene B (7) synthases in 1-V.14,21,29,34,35 Subclade 1-IV 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-II, 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-II produced 10; the two additional enzymes from clade 1-III produced 9; 

and two additional enzymes from clade 1-V produced 7 (Figure 3B, Figures S13-34). Clade 1-IV 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-III, 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-I to 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-II, 1-III, 1-IV, 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 diaerent 

products, for example the 12 and 13 synthases in clade 2 (79% amino acid identity) and the 18, 19, 21, and 13 

synthases in clade 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 

to clade 1.  We also identified an xeniaphyllene (6) synthase in clade 3, indicating that 6 synthases occur in 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 14 and (+)-9 36 by GC-MS on a homochiral stationary phase. This 

analysis showed that all cembrene A (9) synthases from clade 1-III produced (–)-9, whereas the two enzymes 

from clades 2 and 3 produced (+)-9, proving their products to be distinct from enzymes in clade 1-III (Figure 3B 

and C, Figure S40). Conversely, optical-rotation measurements of preparative amounts of xeniaphyllene (6) 

obtained from enzymes in clade 1-IV and clade 3 identified them as (–)-6, and hence proved them identical to 

the product of the previously characterized 6 synthase from clade 4.14 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-I 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-IV, but identified a phylogenetically distant 6 synthase with 

identical activity as the clade 1-IV 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-I 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 diaerences 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,37,38 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-II and 1-IV showing low divergence, 

while subclade 1-III 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 diaerences further contributed to variation in TC gene evolution. While mitochondrial genes 

showed no significant diaerences in nucleotide diversity (π) or allele frequency distributions (Tajima’s D) 

between the two octocoral orders (π: p = 0.8; Tajima’s D: p = 0.4), TC genes diaered significantly in both metrics 

(π: 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 A vs. T usage (PR2_AT: p = 0.03) but no diaerence 

in G vs. C usage (PR2_GC: p = 0.22; Figure 4A). Both gene sets showed a strong linear relationship between GC₃ 

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 eaective 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 diaerences between gene groups. At finer scales, relative 

synonymous codon usage (RSCU) analyses identified a subset of codons with significant inter-clade 

diaerences (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. 

 

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 eaective codon number (Nc) 
versus third-position GC content (GC₃) 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 GC₃ 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 diaerences 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 diaerent products has evolved in 

diaerent plant species 39. 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 pathways29,40 

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,41,42 the ecological roles of terpene 

hydrocarbons, specifically sesquiterpenes that might not represent pathway intermediates, remain unclear.43 

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.44 

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-I, 1-II, 1-IV) 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-III, 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 diaerentiates 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 diaerences 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-III 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 14, 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.45 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 cyclases46 
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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. 

 

 

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

A: Diversification of diaerent 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 1,2. 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 × 0.25 mm, 

0.25 µ 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 µL, 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 C6D6 and were referenced against C6D6 (δ = 7.16 ppm) for 

1H-NMR and C6D6 (δ = 128.06 ppm) for 13C-NMR. Data for NMR spectra are reported as follows: shift (δ) in ppm, 

s = singlet, d = doublet, t = triplet, q = 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 km2 of the “Southern California Borderland” (SCB), an area oa the southwest coast of the 

US. The SCB extends from Point Conception to the border with Mexico and out to 300 km oashore. 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 oa-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 examined3. mtMutS sequences, which are a 

mitochondrial informative DNA barcode,4 were then extracted from the assemblies. The data were aligned with 

muscle in AliView v 1.26 5 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 oa 

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 6. 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 µL of EB buaer. 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. 
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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) 9, 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, nad4L, nad5, nad6) using diamond blastx 

(v2.1.6) 10 against a curated reference database of 184 octocoral mitochondrial genomes 11. To account for the 

incomplete nature of draft assemblies, we focused on a subset of seven mitochondrial markers (atp6, atp8, 

cox2, mutS, nad4, nad4L, 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 12 and concatenated into a 

multi-gene alignment. Phylogenetic relationships were reconstructed using RAxML-NG v1.2.0 13 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 14. 

Briefly, open reading frames (ORFs) were translated using getorf (EMBOSS v6.6.0.0) and screened with 

hmmsearch (HMMER v3.3.2) 15 against custom TC HMM profiles. Putative hits were identified by manual 

checking for the conserved motifs DDXXD, NSE, and RY 14, 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 16 using the Q.plant+I+R5 model selected by ModelFinder 17. 

Trees were visualized using iTOL v6 18. 

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 R² 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 (π), Tajima’s D, Watterson’s theta (θW), and dN/dS ratios using the 

PopGenome19, seqinr20, and ape21 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 (GC₃) 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) 23. To test for diaerences 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 24 analyses were performed following 

similar methodologies to investigate codon usage patterns in Demospongiae 25. 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 eaective 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 (CAI), a measure of codon usage similarity to a reference set, with higher values reflecting 

greater adaptation to presumed translational preferences. 
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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 26. 

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 NdeI (NEB) and 

XhoI (NEB) in CutSmart® buaer (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 DH5α 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 μM 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 buaer (20 mM Na2HPO4, 0.5 M NaCl, 20 mM imidazole, 1 mM 

MgCl2 at pH 7.4). Cells were lysed by sonication (2 seconds on, 2 seconds oa 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 μM syringe filter and loaded onto a Ni-NTA column pre-equilibrated 

with TC binding buaer. The resin was washed twice with 2 mL of binding buaer each time, and the protein was 

eluted with 2.7 mL of TC elution buaer (20 mM Na2HPO4, 0.5 M NaCl, 0.5 M imidazole, 1 mM MgCl2 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 buaer (50 mM Hepes, 5 mM MgCl2, 250 mM NaCl, 10% glycerol at pH 

7.8). The protein was then eluted with 3.5 mL of TC incubation buaer 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 O.D. was reached, the incubator was cooled to 18 °C, then induced with 400 μM IPTG and shaken at 
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200 RPM for 18 hours. Cells were pelleted using centrifugation (8,000 g for 15 min at 4 °C) and then resuspended 

in 60 mL of TC binding buaer (20 mM Na2HPO4, 0.5 M NaCl, 20 mM imidazole, 1 mM MgCl2 at pH 7.4). The cells 

were lysed via sonication (15 seconds on, 45 seconds oa, 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 supernatant was 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 μm syringe filter and loaded onto a 5 mL His-

Trap FF-NI column (GE). The column was washed with 40 mL of TC binding buaer (20 mM Na2HPO4, 0.5 M NaCl, 

20 mM imidazole, 1 mM MgCl2 at pH 7.4) and eluted with TS elution buaer (20 mM Na2HPO4, 0.5 M NaCl, 0.5 M 

imidazole, 1 mM MgCl2 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 buaer (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 buaer. 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 buaer (50 mM Hepes, 

5 mM MgCl2, 250 mM NaCl, and 10% glycerol at pH 7.8) with 3 µM enzyme and 0.25 mg mL⁻¹ of substrate (GPP, 

FPP, or GGPP) to test for mono, sesquiterpene, and diterpene synthase activity. Assays ran for 18 hours at room 

temperature. 200 µL 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 µL of the extract was carefully 

pipetted oa 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 mM in 15 mL) and 

added dropwise to 600 mL of TC incubation buaer (50 mM Hepes, 5 mM MgCl2, 250 mM NaCl, 10% glycerol at 

pH 7.8) with 3 µM 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 MgSO4 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]D
25.0 = −13.2 (c 0.17, CHCl3). 1H-NMR (500 MHz, C6D6): 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. 13C-NMR (125 MHz, CDCl3): 

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 14. 

 

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

 

Optical rotation: [a]D
25.0 = −9.3 (c 0.03, CHCl3). 1H-NMR (500 MHz, C6D6): 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. 13C-NMR (125 MHz, CDCl3): 

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 14. 
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Analytical data for NA124-218-TC-2 product (hinesene, 11):  

 

aCarbon numberings as shown above table; bchemical 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]D
28.0 = –11.8 (c 0.27, CHCl3). 

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

enantioselectively synthesized (–)-11 27. 

  

Ca 13Cb 1Hb 
1 122.1 5.35-5.33 (m, 1H) 
2 25.0 1.96-1.91 (m, 2H) 
3 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 - 
6 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, HZ) 

4.81 (s, 1H, HE) 
13 21.4 1.70 (s, 3H) 
14 20.1 1.67 (q, J = 1.9, 3H) 
15 16.6 0.88 (d, J = 6.8, 3H) 
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Analytical data for SCB84-TC-6 product (a-amorphene 21): 

 

 

 

 

 

aCarbon numberings as shown above; bchemical 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]D
28.0 = −41.6 (c 0.045, CH2Cl2). 

1H-NMR data and optical rotation are in agreement with reported values from the literature 28. 

  

Ca 13Cb 1Hb 
1 c 2.69 (br s, 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 (br s, 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, J = 6.6 Hz, 3H) 
13 21.7 0.90 (d, J = 6.6 Hz, 3H) 
14 20.9 1.65 (s, 3H) 
15 24.3 1.64 (s, 3H) 
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Determination of the absolute configuration of cembrene A (9), produced by diaerent 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 μm film). A 

suitable GC Program for separating (+)- and (–)-9 (increasing from 120°C at 0.9°C min-1 to 180°C and then 

increasing at 30°C min-1 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 29 and (–

)-9 14 synthases previously. The results are shown in Figure S40. 

Ancestral sequence reconstruction 

Amino acid sequences for ancestral nodes for the subclades 1-I to 1-V were determined using 

FireProtASR 30. However, using the full phylogeny as presented in the manuscript caused the software to crash. 

To reduce 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 IQ-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 alignment 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-II, 1-III, 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 
[m] 

Latitude Longitude Cruise Terpenoids 
reported from 
genus 

NA124-045 Acanthogorgia sp. 884.2 33.036 -121.000 Nautilus 
2020 

yes (31, 32) 

NA124-047 Callistephanus 
simplex 

692.1 33.033 -120.998 Nautilus 
2020 

no 

NA124-141 Callistephanus 
simplex 

562.7 32.738 -120.023 Nautilus 
2020 

no 

NA124-195 Paragorgia cf. 
arborea 

1121.8 32.679 -118.122 Nautilus 
2020 

yes (33, 34) 

NA124-218 Balticina cf. 
californica 

109.0 33.353 -119.045 Nautilus 
2020 

no 

SCB-084 Victogorgia sp. 1269.0 33.146 -120.941 Falkor 
2021 

no 

SCB-144 Chrysogorgia sp. 2477.3 31.901 -120.036 Falkor 
2021 

no 

SCB-157 Chrysogorgia sp. 2415.6 31.899 -120.039 Falkor 
2021 

no 

SCB-216 Paragorgia jamesi 459.8 33.101 -117.881 Falkor 
2021 

yes (33, 34) 
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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-III 

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 73.1 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-IV 

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_cbTC 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-
1 

56.96 53.94 57.18 59.85 62.81 65.24 59.9 60.66 60.66 65.41 67.92 100 

 

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 caribaeorum1 K-type, B-type (36, 37) 1-II, 1-V, 2, 3 
Briareum asbestinum1 K-type, B-type (38, 39) 1-II, 1-V, 2 
Heliopora coerulea1 E-type, X-type (38, 39) 1-I, 1-IV, 2, 3 
Dichotella gemmacea1 B-type (40) 1-V 
Stylatula elongata1 B-type (43) 1-V 
Sarcophyton trocheliophorum1 C-type (45) 1-III 
Antillogorgia elisabethae1 E-type (58) 1-I, 3 
Antillogorgia bipinnata1 E-type, C-type (59) 1-I, 1-III, 3 
Callistephanus simplex NA124-0472 C-type 1-III, 3, 4 
Callistephanus simplex NA124-1412 C-type 1-III, 3, 4 
Acanthogorgia sp. NA124-0452 X-type 1-I, 1-III, 1-IV, 3, 4 
Victorgorgia sp. SCB-0842 C-type, X-type 1-III, 4 
Paragorgia cf arborea NA124-1952 X-type 1-IV, 1-V, 3 
Paragorgia jamesi SCB-2162 X-type 1-IV, 3 
Chrysogorgia sp. 1 SCB-1442 E-type, X-type 1-I, 1-II, 2, 3 
Chrysogorgia sp. 2 SCB-1572 E-type 1-I, 2, 3 
Balticina cf. californica NA124-2182 - 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.  



 46 

Table 2-S 9: Population genetic metrics of coral TCs and mitochondrial genes from investigated 
octocoral species. 

  

  
Number sites trans/ tranv Watterson (θ^w) nucleotide diversity (pi) Tajima's D dN/dS 

TC clade 1I 1263 1.925 141.039091 167.7583333 0.82965799 0.227922406 
 

1II 1236 1.617647 181.632653 183.9047619 0.073648255 0.665153741 
 

1III 1320 1.676301 142.393088 121.4666667 -0.653433697 0.212881189 
 

1IV 1188 1.651899 201.12 219.4 0.694513241 0.163847161 
 

1V 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 4.111111 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_045 TC1 FWD: ccgcgcggcagccatATGTCGTGTAGCAACGAAGT 
REV: cctggtgccgcgcggcagccatATGTCCTCATGTAATAACG 

72 

NA124_045 TC2 FWD: gcctggtgccgcgcggcagccatatgATGTCTTGCGATAACGATGT 
REV: gccggatctcagtggtggtggtggtggtgctcgagCTAATCACCTAAAATGTATTCAATT 

57 

NA 124_045 TC3 FWD: tgccgcgcggcagccatatgATGTCATGCAGTAAAGAAATTC 
REV: gatctcagtggtggtggtggtggtgctcgagTTAGCTGATGTCCAATTGTG 

58 

NA 124_045 TC4 FWD: tggtgccgcgcggcagccatATGGCGTGCAGTAAAGAATT 
REV:gtcgacggagctcgaattcggatccTCATTCTAGCAAAAGATTTGCATGC 

72 

NA 124_045 TC5 FWD: tgccgcgcggcagccatatgATGGCTTGCAGTAAACATATTCG 
REV:gatctcagtggtggtggtggtggtgctcgagTCAAAATGCGTAAAGCATTTTCATC 

62 

NA 124_47 TC2 FWD: cggcctggtgccgcgcggcagccatATGTCCTGTAGCAAGGTAGTTCGATATCCAAATG 
REV: tcgacggagctcgaattcggatccCTATGTAAACTGTCCAGATGCTGGAATCACGCCGG 

72 

NA 124_47 TC3 FWD:gcctggtgccgcgcggcagccatatgATGTCCTCATGTAATAACGC 
REV: cagccggatctcagtggtggtggtggtggtgctcgagTCAACTGCACAGCATATCAA 

59 

NA 124_47 TC4 FWD: tggtgccgcgcggcagccatATGGCGTGCTCCAAAGAATTG 
REV: cggagctcgaattcggatccTCAGAGATTTCCATGCATATTGACATCGCCGC 

72 

NA 124_141 TC1 FWD: tggtgccgcgcggcagccatATGGCGTGCTCCAAAGAACT 
REV: gcttgtcgacggagctcgaattcggatccTCAGGCTCTCAAAAGATTTGCAC 

72 

NA 124_141 TC4 FWD: cctggtgccgcgcggcagccatATGTCCTCATGTAATAACGCCGTACGTGTCCC 
REV: aagcttgtcgacggagctcgaattcggatccTCAACTGCACAGCATATCAACGACGTTGG 

72 

NA 124_141 TC5 FWD: tggtgccgcgcggcagccatATGGCGTGCTCCAAAGAATT 
REV: cgcaagcttgtcgacggagctcgaattcggatccTCAGAGATTTCCATGCATATTGAC 

72 

NA 124_195 TC1 FWD: tgccgcgcggcagccatATGTCGTGCAGCAAAGAAAT 
REV: cggagctcgaattcggatccTTATACTGGAATGAAATGTCCACGTGG 

72 

NA 124_195 TC3 FWD: tgccgcgcggcagccatatgATGGCTTGCAGTAAACACGTTCG 
REV: gatctcagtggtggtggtggtggtgctcgagTCAAAATGCATAAAGCCTTTTCATC 

62 

NA 124_195 TC5 
Exon 1 

FWD:gcctggtgccgcgcggcagccatatgATGTCGATGGACAGGAAAATCTACGTTCC 
REV: GTAACGGAATTCAGGAATTGTACGACCTTTGTTGCTGCATCGTCGAAATCAACTG 

69 

NA 124_195 TC5 
Exon 2 

FWD: GTTGATTTCGACGATGCAGCAACAAAGGTCGTACAATTCCTGAATTCC 
REV: ggatctcagtggtggtggtggtggtgctcgagTTAATCTAAGCCATAAAGAAAAACCATC 

65 

NA 124_218 TC1 FWD:tgccgcgcggcagccatatgATGTCAAGCCTGCACAC 
REV:gatctcagtggtggtggtggtggtgctcgagTTATTTACTCAATCCATAAAGAGCAATC 

60 

NA 124_218 TC2 FWD:tgccgcgcggcagccatatgATGTGGCGCACCGATGTT 
REV:gatctcagtggtggtggtggtggtgctcgagTCATGGGATACTGAATTGTCTATCTAC 

63 

SCB 84 TC1 FWD: tgccgcgcggcagccatATGTCGTGTAGCAAGGAAGTTC 
REV: cggagctcgaattcggatccCTATTTACTAAGTAAACTAAGTAAACTGTCCACAGACCGA 

72 

SCB 84 TC2 FWD: gcgcggcagccatATGTCGTGTAGCAAGGCAGT 
REV: cggagctcgaattcggatccCTATTCATTAAGTAAACTAAGTACACTGTCCACAGAC 

72 
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Table 2-S 10: Primers used in this study (Continued) 

SCB 84 TC3 FWD: gcctggtgccgcgcggcagccatatgATGCGAGTGTACAATTCATG 
REV: cagccggatctcagtggtggtggtggtggtgctcgagCTAAATTATACTGCAACCGTAC 

58 

SCB 84 TC5 FWD:tggtgccgcgcggcagccatATGCATAAGCACAACTTGAT 
REV: cttgtcgacggagctcgaattcggatccTTAATTAAGTAAATTGTCAACTGCACG 

72 

SCB216 TC1 FWD: tgccgcgcggcagccatatgATGGCTTGCAGTAAACACGTTCG 
REV: gatctcagtggtggtggtggtggtgctcgagTCAAAATGCATAAAGCCTTTTCATC 

62 

SCB 144 TC1 FWD: tggtgccgcgcggcagccatATGGCGTGCAGTAAACCGGA 
REV: gcaagcttgtcgacggagctcgaattcggatccTCATGTTGGTACAAAATGTCCACACG 

72 

SCB 144 TC3 FWD: tgccgcgcggcagccatatgATGTCGTGCAGCAAGCC 
REV: gatctcagtggtggtggtggtggtgctcgagTTATTTATCCAGTGTTTTTATTAACTGTCC 

62 

SCB 144 TC4 FWD: ccgcgcggcagccatATGGCGTACAGTAAACCAAT 
REV: cggagctcgaattcggatccTCATACAACGTTATATAATCCATCCTC 

72 

SCB 144 TC7 Exon 
1 

FWD: tggtgccgcgcggcagccatATGCTGTCCACGTATGTTGT 
REV: AACAGCGCCTCCAAAGCATGTCACCTTCAGTCACATTGGC 

72 

SCB 144 TC7 Exon 
2 

FWD: GCCAATGTGACTGAAGGTGACATGCTTTGGAGGCGCTGTTT 
REV: cggagctcgaattcggatccCTAATTTTTAAACAGACCTTCTCCATCAGT 

72 

SCB 157 TC2 FWD: cgcgcggcagccatATGGCGTACAGTAAGCCAGA 
REV: cggagctcgaattcggatccTCATGTTGGCACAAAATGTC 

72 

SCB 157 TC3 FWD: tgccgcgcggcagccatatgATGTCGTGCAGTAAACCG 
REV: gatctcagtggtggtggtggtggtgctcgagTTATTCATCTAACACAAGTGTTTTTATTAA 

61 

SCB 157 TC5 FWD: ggcagccatATGGCGTATAGTAAACCAATACATGCTCCAAGTGTATGGGTAAA 
REV: gtggtggtgctcgagTCATACAACGTTATACAATCCATCTTCTTTGTATGCAGATATTTT 

72 

SCB 157 TC6 FWD: gcctggtgccgcgcggcagccatatgATGGCATACAGTAAACCAATACAT 
REV: ggatctcagtggtggtggtggtggtgctcgagTTATATGTCATACAATCCATCTTTTTGG 

61 

SCB 157 TC8 FWD: gcctggtgccgcgcggcagcgcctggATGGCATACAGTATCCCAG 
REV: gccggatctcagtggtggtggtggtggtgctcgagTTATATGTCATAAAATCCATCATCC 

59 
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Supplementary Figures 

 

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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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. 

 

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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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. 

 

 

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.  



 52 

 

Figure 2-S 6: GCMS analysis of hexane extract derived from Balticina cf. californicum NA124-218.  

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

 

 

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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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. 

 

 

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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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 11 continued. 
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Figure 2-S 12: SDS-PAGE analysis of heterologously produced enzymes. 
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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 NA124-141-TC-4 in vitro incubations with GPP (top), FPP 
(middle), and GGPP (bottom).  

Mass spectra of enzymatically produced terpenes are shown. 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-I 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-II 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-III 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-IV 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 ErTC-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-I to 
1-V). Dashed lines show linear regressions for each clade; slope and adjusted R² values indicate relative 
evolutionary rates. The grey dashed line (slope = 1.0) reflects the expected divergence based on mitochondrial 
phylogeny. B) Nucleotide diversity (π) 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. 

  



 88 

 

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 (GC₃) 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 GC₃ and overall GC content, consistent with mutational bias 
influencing codon composition. However, these genes are systematically elevated in both overall GC and GC₃ 
relative to typical mitochondrial values, suggesting gene-specific diaerences in mutational pressures or base 
composition constraints. B) Relationship between eaective codon number (Nc) and codon adaptation index 
(CAI). Lower Nc values correspond to stronger codon bias, while higher CAI values indicate increased codon 
usage bias. TC genes cluster in the high Nc, low CAI 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 
diaerences in synonymous codon usage and overall codon composition between gene groups. 
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NMR spectra 

 
1H-NMR spectrum (500 MHz) of 11 in C6D6. 
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13C-NMR spectrum (125 MHz) of 11 in C6D6. 
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1H,1H-COSY spectrum (500 MHz) of 11 in C6D6. 
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1H,13C-HMBC spectrum (500 MHz) of 11 in C6D6. 
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1H,13C-HSQC spectrum (500 MHz) of 11 in C6D6. 
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1H,1H-NOESY spectrum (500 MHz) of 11 in C6D6.  
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13C-NMR spectrum (125 MHz) of 21 in C6D6. 
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13C-NMR spectrum (125 MHz) of 21 in C6D6. 
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1H,13C-HSQC spectrum (500 MHz) of 21 in C6D6. 
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1H,13C-HMBC spectrum (500 MHz) of 21 in C6D6. 
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1H,1H-COSY spectrum (500 MHz) of 21 in C6D6. 



 100 

 
1H,1H-NOESY spectrum (500 MHz) of 21 in C6D6. 
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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 diaerent 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 eaort, 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 aaord to work in isolation. 

During COVID, when most labs had paused non-COVID research and in-person conferences were oa 

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 cluster in a sea 

pansy,1 while Paul, at the time a postdoc in the Schmidt lab, uncovered a homologous region in an encrusting 

Erythropodium gorgonian soft coral.2 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. I was mentored by Dr. 
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Immo Burkhardt, as I took the reins on sequencing, assembling, and genome mining eaorts. While I 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 γ-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, I played a major role in the data 

generation, analysis, and writing of the manuscript. Specifically, I 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 eaort, I prepared the initial draft and 

coordinated its integration across all contributors. 

3.2 Chapter 3 Introduction References 
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Chem. Biol. 2022, 18 (6), 664–669. https://doi.org/10.1038/s41589-022-01026-2. 

(2) Scesa, P. D.; Lin, Z.; Schmidt, E. W. Ancient Defensive Terpene Biosynthetic Gene Clusters in the Soft 
Corals. Nat. Chem. Biol. 2022, 18 (6), 659–663. https://doi.org/10.1038/s41589-022-01027-1. 
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3.3 Reprint of “A widespread metabolic gene cluster family in metazoans” 
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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).1 They have long served as the textbook examples of 

terpene biosynthetic diversity,2 with some species, such as Eucalyptus grandis and Eucalyptus 

globulus encoding 113 and 106 terpene cyclases (TCs), respectively.3 However, this richness creates its own 

challenges. With so many TCs present, it becomes diaicult 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, I 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 scaaold 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, I 

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, I also moved 

closer to the enzymes themselves through biochemical validation. By functionally testing a gene that we 

initially predicted to be subfunctionalized, I 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, I 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 I 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 I assembled the reads into 

genomes and, with the support of Nicholas Allsing, generated gene models to facilitate bioinformatic analyses. 

I served as the primary author of the manuscript, preparing the main text and figures with input and revisions 

from all collaborators. 

4.2 Chapter 4 Introduction References 
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e2100361119. https://doi.org/10.1073/pnas.2100361119. 

(2) Jiang, S.-Y.; Jin, J.; Sarojam, R.; Ramachandran, S. A Comprehensive Survey on the Terpene Synthase Gene 
Family Provides New Insight into Its Evolutionary Patterns. Genome Biol. Evol. 2019, 11 (8), 2078–2098. 
https://doi.org/10.1093/gbe/evz142. 

(3) Külheim, C.; Padovan, A.; Hefer, C.; Krause, S. T.; Köllner, T. G.; Myburg, A. A.; Degenhardt, J.; Foley, W. J. 
The Eucalyptus Terpene Synthase Gene Family. BMC Genomics 2015, 16 (1), 450. 
https://doi.org/10.1186/s12864-015-1598-x. 
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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 scaaolds, 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 scaaolds 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.1,2 While the terpenoid 

chemistry produced by octocorals has been studied for decades,3,4 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.5–7 These bioactivities have also attracted interest for pharmaceutical and commercial 

applications.8,9 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,10,11 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 plant12 and microbial13 terpene biosynthesis has been extensively studied, the genes encoding 

terpene cyclases (TCs) have only recently been discovered in sessile marine invertebrates like octocorals,14,15 

and sponges.16 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 scaaolds. Across all octocoral genomes sequenced to 

date, spanning diverse ecological niches, terpene synthases are universally present and diverse in sequence 

and function.14,17–20 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 diaerences can catalyze entirely diaerent cyclization reactions.21  

Conversely, enzymes with no significant sequence homology can produce identical products,22,23 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 genes12,24 through 

processes such as whole-genome25 and sub-genomic duplications, tandem duplication driven by unequal 

crossing over,26 and regulatory evolution.27 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 scaaolds (2–6) have also been identified across diaerent Leptogorgia species.10,28–33 This 

breadth of chemistry among closely related corals led us to investigate whether the diversity of terpenoid 

scaaolds in the genus arises because diaerent species each produce distinct sets of compounds, or whether 

individual species are capable of synthesizing the wide range of scaaolds 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, SI 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.  

 

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 diaerent 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 SI 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 (SI 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 (SI 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 diaerences 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 (SI Table 3).   

Table 4-1: Statistics of phased genome assemblies 

 Haplotype A Haplotype B 

Assembly Size 235 Mb 225 Mb 

Contig N50 3.3 Mb 2.5 Mb 

# 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 Illumina 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 (SI 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, SI Table 3).  

 Mining the L. chilensis haplotypes for TC encoding genes, we found 24 genes containing the canonical 

octocoral TC motifs.14,15 This number includes allelic copies across haplotypes and given the low overall 

heterozygosity of the genome (SI 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 (SI 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-III 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 (SI 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 (SI Fig 3).  

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

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 scaaolded 

our assembly using ultra-long ONT reads and the NtLink34 pipeline, which combines minimizer-based mapping, 

overlap detection, gap-filling, and iterative scaaolding to order, orient, and merge fragmented contigs (SI Table 

4). Upon closer inspections of TC containing syntenic blocks, we found haplotype specific TC duplications and 

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 

TC6 B 0 1 

TC7 D 2 2 

TC8 C 2 1 

TC9 A 1 0 
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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 (SI 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 (SI 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 (SI Fig 8). 

 

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 SI 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).35 and the product 

profiles were analyzed by GC–MS and NMR spectrometry (SI Tables 5-6, SI Figs 9-23, NMR Results Section, 

Structural Elucidation Methods). All enzymes from diaerent TC groups displayed unique functions. TC1 

functioned as a germacrene B (8) cyclase, TC2a, made (+)-β-cubebene (9), TC3 functioned as a (–)-cembrene 

A (7) cyclase, TC4a functioned as a (+)-β-caryophyllene (10) cyclase, TC5a generated guaia-11(12),6(14)-diene 

(11), a previously unreported compound, TC6 was inactive, TC7a made (+)-γ-curcumene (12), TC8 produced 

(Z)-α-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 (SI 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 5c, 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 (+)-α-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-β-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 (SI Fig 1, SI Table 7). 

While our enzyme assays demonstrated the capacity of L. chilensis to produce 11 distinct terpene 
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scaaolds, 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, TC5c, 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 (SI Tables 7-8). 

 

 
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, SI Fig 3). 
For structure elucidation and chromatographic data see SI Methods and SI 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 diaerentiated, and the asterisk is indicating at least one 
of the alleles was transcriptionally active for that gene. 
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Among the four sets of TC paralogs in L. chilensis, as a pair, 7a and 7b were the most similar, with the 
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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 diaerences that both TC7b’s exhibited 

compared to both TC7a’s (SI Fig 24).  

To investigate the functional relevance of the diaering 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-S91I), disrupted diterpene synthase activity (SI Figs 25-28). We also 

observed that TC7b-S91I 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-I91S). Indeed, TC7a-I91S was able to act on GGPP to form 12 (Fig 4c). 

However, while TC7a-I91S 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 eaect 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 diaered in steric hindrance: 

TC7a had an isoleucine, whereas TC7b had a serine (Fig 4b). Therefore, the diaerence in substrate preference 

between 7a and 7b can be rationalized by a diaerence in active site volume, a phenomenon that has been 

described previously in bacterial TCs.36,37  

 To further probe the steric importance of residue 91, we explored how substitutions with diaerent sizes 

aaect 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 (SI Figs 25-28, SI 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 (SI Figs 25-28, SI 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.  

 
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 diaerent 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-I91S produced 17 from GGPP, but 7a-WT and 
7b-S91I 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 
SI 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.38 In plants specifically, where 

secondary metabolism is better-investigated, diaerent TE classes show elevated genomic abundance and 

N
or
m
al
iz
ed

γ-Curcumene Production Prenylcurcumene Production

LcTC7a-WT LcTC7b-WTBA

C

S91 K282

R294

R141
K140

N174

N
or
m
al
iz
ed

n.d. n.d.



 212 

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.39,40 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 (SI 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 (SI Table 10).41  

 

 
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 (SI 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 scaaold 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;42 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.43 While diverse hydrocarbons have been reported from multiple species within 

the genus Leptogorgia,10,28–33 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 scaaolds 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).44 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 diaer at the first step of their multi-step 

cascade mechanisms  (Fig 6b, SI Fig 29).45,46 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 

diaering 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 eaects: 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 aaect 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, it is 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.38,40,47,48  

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.49,50 While plants have been found to utilize both WGDs and TEs to drive genomic 

innovation,44,51 invertebrates are known to maintain chromosomal stability over evolutionary timescales.52 

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 oaers 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.20 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 scaaold-specific tailoring machinery. It remains unclear whether octocoral terpenoid modifying enzymes 

are broadly promiscuous and capable of acting on a range of nascent scaaolds, or whether more tightly 

integrated pathways evolve only after a scaaold 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 diaerentiation of three cases of neofunctionalized LCTCs. Each 
case providing unique insights into potential evolved specificity. For proposed mechanism of TC2 cyclizations 
see SI 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 Ca2+- and Mg2+-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.1 

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 μLITE 

(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.2,3 

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 

Illumina 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)4 with default parameters and quality checked with FastQC (v 0.11.9).5 
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Subsequently, the K-mers (k=21 bp) were counted using Jellyfish (v 2.2.10)6 with the parameters “-C -m 21 -s 

1G -t 50”. The output histogram file was then analyzed with GenomeScope7 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 SI 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% (SI Table 1, SI Fig 2). 

Genome Assembly.  
Nanoplot (v 1.41.0)8 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)9 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)10 using a metazoan 

database as reference. Assembly contiguity was determined by QUAST (v 5.2.0).11  

Gene Annotation and Collinearity. 
We first curated a repeat library using RepeatModeler (v 2.0.7)12 on each haplotype of the genome. 

Next, we used RepeatModeler using our genomic database and created a soft masked genome with 

RepeatMasker (v 4.1.2). We predicted gene models with the TSEBRA pipeline (using Braker v 2.1.6).13–15 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 diaerent 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).16 Putative functional annotations of gene 

models were assigned using eggnog-mapper (v2.0.1).17,18 Overall gene model quality and completeness was 
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assessed by proteome BUSCO (v 5.4.7)10 scores. With the gene models from each haplotype, we next ran 

Orthofinder (v 2.5.4),19 then found and visualized syntenic blocks with jcvi-tools (v 1.5.6).20   

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)21 using default parameters. The processed cDNA sequences 

were also mapped to the assembled genomes using HiSat2 (v 2.2.1).16  

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

v 6.6.0.0)22 to find and translate ORFs. The translated AA sequences were then searched against the curated 

octocoral TC hmmfile provided by Burkhardt et al.3, utilizing the HMMER hmmsearch program (version: HMMER 

3.3.2 Nov 2020)23 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. All 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 buaer. 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 buaers. Lastly, we used PD-10 columns to solubilize our TCs in TC incubation buaer.  

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 containing a 1 mM 
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enzyme solution in 1.490 mL TC reaction buaer 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 × 0.25 mm, 0.25-µm 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–1, and the 

injection volume was 1 µl. 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 buaer (20 mM Na2HPO4, 0.5 M NaCl, 20 mM 

imidazole, 1 mM MgCl2 at pH 7.4). We then disrupted the cells with sonification (15 seconds on, 45 seconds 

oa, 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 I (Roche Diagnostics). 

We then filtered the proteins with a 0.45 μm 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 buaer (40 mL) and eluted with TC elution buaer (20 mM Na2HPO4, 0.5 M 

NaCl, 0.5 M imidazole, 1 mM MgCl2 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 buaer (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 buaer 
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(50 mM Hepes, 5 mM MgCl2, 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 in ammonium bicarbonate solution (50 mM in 15 mL) and added dropwise to 600 mL of TC incubation 

buaer with 3 µM 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 

MgSO4 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.24 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 suaicient protein production. Cells were pelleted 

by centrifugation (15,000g, 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/CH2Cl2 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 oa 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 × 0.25 mm, 0.25-µm 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–1, and the 

injection volume was 1 µl. 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).25 We manually inspected the output alignment to identify point diaerences 

between all 4 enzymes. We also made protein models of a representative forming (+)-prenyl-β-curcumene (17) 

synthase, LcTC7b-HapB, and a (+)-γ-curcumene (12) synthase, LcTC7a-HapB. The web-based Swiss-model26 

interface with the crystal structure of ErTC13 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 γ-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 (SI 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 SI 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 DH5α 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)27 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)28 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.29  

Structure elucidation of TC products 

General methods 

All chemicals 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 III 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 (δ = 7.16 ppm) or deuterated chloroform 

(δ = 7.26 ppm) for 1H-NMR and deuterated benzene (δ = 128.06 ppm) or deuterated chloroform 

(δ = 77.16 ppm) for 13C-NMR. Data for NMR spectra are reported as follows: shift (δ) in ppm; s, singlet; d, 

doublet; t, triplet; q, 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 β-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 cleavage30 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 µL, 0.6 µmol, 0.02 eq) were added and the resulting mixture was stirred at room temperature until no 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 MgSO4, 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: 1H-NMR (500 MHz, CDCl3): δ = 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, J = 6.5 Hz, 3H), 0.93 (d, J = 6.7 Hz, 3H), 0.90 (d, J = 6.8 Hz, 3H), 0.58 (tdd, J = 13.6, 11.6, 2.4 Hz, 1H) ppm. 
13C-NMR (125 MHz, CDCl3): 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: [α]D
28.0 = +12.7 (c 0.05, CHCl3). 

NMR data agree with reported values for the stereo-selectively synthesized compound. The absolute 
configuration of compound S1, and therefore (+)-β-cubebene (9), was set comparing the determined optical 
rotation of the compound to the value form the same report.31,32 

 

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

 

 

 

 

NMR: 1H-NMR (500 MHz, C6D6): δ = 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. 13C-NMR (125 MHz, CDCl3): 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: [α]D
28.0 = +5.7 (c 0.16, CHCl3). 

1H-NMR data are in agreement with reported values from the literature.31 The absolute configuration was 
assigned by comparing the determined optical rotation to the literature.31  
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Analytical data for TC5a and TC5b product (guaia-11(12),6(14)-diene 11):  

 

 aCarbon numberings as shown above table; bchemical 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: [α]D
28.0 = –0.57 (c 0.37, CHCl3). 

 

  

Ca 13Cb 1Hb 
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, 2J = 12.4, 3J = 8.4, 3J = 5.6) 
4 38.9 1.93-1.86 (m) 
5 40.8 2.03 (dddd, 3J = 10.7, 3J = 8.4, 3J = 6.6, 3J = 2.2) 
6 27.3 1.48 (ddd, 2J = 14.4, 3J = 4.5, 3J = 2.4) 

1.38 (ddd, 2J = 14.3, 3J = 11.0, 3J = 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, 3J = 5.4, 3H) 
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Analytical data for TC5c product ((+)-α-gurjunene 16):  

 

Ca 13Cb 1Hb 
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, 3 H) 
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; bchemical 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: [α]D
28.0 = +77.9 (c 0.018, CHCl3).  

The absolute configuration was assigned by comparing the determined optical rotation to the literature.33 
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Analytical data for HapB TC7a product ((+)-β-curcumene 12):  

 

Ca 13Cb 1Hb 
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, 3J = 10.7, 1H) 
15 23.2 1.61 (s, 3H) 
   

aCarbon numberings as shown above table; bchemical 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: [α]D
28.0 = +11.6 (c 0.25, CHCl3). 

The absolute configuration was assigned by comparing the determined optical rotation to the literature.34 
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Analytical data for HapB TC7b product ((+)-prenyl-β-curcumene 17):  

 

 

 

NMR: 1H-NMR (500 MHz, C6D6): δ = 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, J = 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. 13C-NMR (125 MHz, C6D6): 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: [α]D
28.0 = +12.1 (c 0.018, CH2Cl2). 

NMR data are in agreement with reported values from the literature.35 The absolute configuration was 
assigned by comparing the determined optical rotation to the literature.35 
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Analytical data for TC9 product ((+)-maaliene 14): 

 

 

Ca 13Cb 1Hb 
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, J = 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 (br d, 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; bchemical 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: [α]D
28.0 = +9.8 (c 0.32, hexane). 

The absolute configuration was assigned by comparing the determined optical rotation to the literature.36 
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Supplemental Tables  

Table 4-S 1: Sequencing statistics 

 
Total 

Sequences 
(M) 

Total 
Bases (Gb) 

Sequences 
flagged as 

poor quality 

Sequence 
length %GC Coverage 

(X) 

Read 
Length 

N50 (kb) 

%Reads 
Q>15 

Short Read 
Genomic 

Sequencing 
450 68 0 151 38 276 - - 

ONT Sequencing 7.1 15.8 - - - 64.4 4.66 47.2 

Filtered ONT 
Sequencing 
(Ultra Long) 

0.027 1.13 - - - 4.6 40.4 52.6 

PacBio 
Sequencing 2.7 21.6 - - - 88 9.4 100 

Short Read 
Transcriptomic 

Sequencing 
1,100 112.8 0 101 41 460 - - 

 

Table 4-S 2: Data availability sources 

Data Type Platform BioProject BioSample Accession Repository / DOI 

Illumina RNA 
reads NCBI SRA PRJNA1338264 SAMN52403426 pending – 

ONT reads NCBI SRA PRJNA1338264 SAMN52403426 pending – 

PacBio reads NCBI SRA PRJNA1338264 SAMN52403426 pending – 

Genome 
assembly Figshare – – – 10.6084/m9.figsh

are.30296743 

Gene model Figshare – – – 10.6084/m9.figsh
are.30296743 
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Table 4-S 3: Assembly and gene model statistics  

 

N50 
(Mbp) 

GC 
(%) 

Total 
length 
(Mbp) 

# 
Contigs 

TC 
genes 

BUSCO 
(%Complete/ 
%Duplicated) 

# of Genes 
Predicted 
(k) 

Total % 
Repeats 

Protein 
BUSCO 
(%Complete) 

HiSat 
RNA Read 
Alignment 

Collapsed 5.4 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 11 88.1/ 2.7 23 40 92.3 91.82 

 

Table 4-S 4: NTlink (v 1.3.11)37  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 h1tg000057l- 21N h1tg000111l- 21N h1tg000084l+ 21N h1tg000127l- 
ntLink_3 h1tg000008l- 21N h1tg000016l+ 966N h1tg000065l+ 21N h1tg000010l- 
ntLink_4 h1tg000120l- 21N h1tg000263l- 2892N h1tg000219l+   

ntLink_5 h1tg000032l+ 21N h1tg000257l- 21N h1tg000067l+   

ntLink_6 h1tg000027l+ 21N h1tg000206l+ 3270N h1tg000134l-   

ntLink_7 h1tg000025l+ 21N h1tg000072l+ 21N h1tg000051l-   

ntLink_8 h1tg000018l- 21N h1tg000122l- 21N h1tg000030l+   

ntLink_9 h1tg000013l- 21N h1tg000191l+ 12058N h1tg000058l-   

ntLink_10 h1tg000009l- 21N h1tg000176l+ 21N h1tg000320l-   

ntLink_11 h1tg000275l- 21N h1tg000289l-     

ntLink_12 h1tg000245l+ 21N h1tg000352l-     

ntLink_13 h1tg000164c- 21N h1tg000281l-     

ntLink_14 h1tg000159l- 21N h1tg000286l-     

ntLink_15 h1tg000139l- 21N h1tg000168l+     

ntLink_16 h1tg000108l- 21N h1tg000110l+     

ntLink_17 h1tg000091l- 21N h1tg000094l-     

ntLink_18 h1tg000079l+ 21N h1tg000152l+     

ntLink_19 h1tg000077l+ 1025N h1tg000279l-     

ntLink_20 h1tg000048l+ 2074N h1tg000135l-     

ntLink_21 h1tg000042l+ 21N h1tg000085l+     

ntLink_22 h1tg000036l- 21N h1tg000231l-     

ntLink_23 h1tg000035l- 21N h1tg000055l-     

ntLink_24 h1tg000026l- 21N h1tg000031l-     

ntLink_25 h1tg000023l- 2067N h1tg000090l-     

ntLink_26 h1tg000017l+ 21N h1tg000095l-     

ntLink_27 h1tg000015l+ 21N h1tg000103l+     

ntLink_28 h1tg000012l- 21N h1tg000118l-     

ntLink_29 h1tg000006l+ 21N h1tg000056l-     
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Table 4-S 5: PCR conditions 

Repetitions Temperature Time 

1x 98°C  0:30 min 

3x 98°C  0:10 min 

  56-70°C 0:30 min 

  72°C  0:50 min 

1x 72°C  5:00 min 

 

Table 4-S 6: Primers used 

Gene Fwd Primer Rev Primer  
7b_S91I TACTTGTGCTTAACCATTTTTATGAACGACGA TCGTCGTTCATAAAAATGGTTAAGCACAAGTA 
7b_R141K AGCAGTCATTAAAAGTGAAAAAGGTTAATGAAAAGATC GATCTTTTCATTAACCTTTTTCACTTTTAATGACTGCT 
7b_N174D AGGAAATTTCTCGCAAGAAGATGTGAGGCATTACTGGAG CTCCAGTAATGCCTCACATCTTCTTGCGAGAAATTTCCT 
7b_K282E TACTGTCAGAGATAAACAGGAAAACAAGGAATGTTCTG CAGAACATTCCTTGTTTTCCTGTTTATCTCTGACAGTA 
7b_R294Q ATGATTTCGAAGCTTTTCAAAAATCTCTTCGAATTACC GGTAATTCGAAGAGATTTTTGAAAAGCTTCGAAATCAT 
7b_S91A TACTTGTGCTTAACCGCTTTTATGAACGACGA TCGTCGTTCATAAAAGCGGTTAAGCACAAGTA 
7b_S91V TACTTGTGCTTAACCGTTTTTATGAACGACGA TCGTCGTTCATAAAAACGGTTAAGCACAAGTA 
7b_S91G TACTTGTGCTTAACCNNKTTTATGAACGACGA TCGTCGTTCATAAAMNNGGTTAAGCACAAGTA 
7a_I91S TACTTGTGCTTAACCATTTTTATGAACGACGA TACTTGTGCTTAACCAGTTTTATGAACGACGA 
7a_I91V TACTTGTGCTTAACCGTTTTTATGAACGACGA TCGTCGTTCATAAAAACGGTTAAGCACAAGTA 
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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 TC5a 
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_I91S 12 17 
7a_I91V 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% 6x10^-3 

CACTA 0.93% 1.42% 1.18% 1.93% 1x10^-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 v 0.19.4 & v 23.2 
Fastqc v 0.11.9 
Jellyfish v 2.2.10 
GenomeScope v 2.0.1 
Nanoplot v 1.41.0 
Filtlong v 0.2.1 
Hifiasm v 0.16.1 
BUSCO v 5.4.7 
QUAST v 5.2.0 
RepeatModeler v 2.0.7 
RepeatMasker v 4.1.2 
TSEBRA Braker v 2.1.6 
hisat2 v 2.2.1 
eggnog-mapper v 2.0.1 
orthofinder v 2.5.4 
jcvi-tools v 1.5.6 
EDTA v 1.9.697 
trinity v 2.8.5 
Emboss v 6.6.0.0 
HMMER v 3.3.2 
kalign2 v 2.04 
pymol v  3.1.0 
swiss-model NA 
bedtools v 2.26.0 
samtools v 1.3.1 
ggplot2 v 3.5.2 
minimap2 v 2.17 
salmon v 0.14.2 
Iqtree v 2.1.4 
rstudio v 2023.12.1+402 
msa v 1.34.0 
corrplot v 0.95 
ntLink v 1.3.11 
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Supplemental Figures 

 

Figure 4-S 1: Annotated chromatogram of crude extract 

GC-MS chromatogram of L. chilensis tissue extracted with CH2Cl2: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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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 
0.845%. The peak at 50 coverage provides evidence of the genomes haploid state.  
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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%. 

 

 

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. 

HapB:

HapA:
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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. 

 

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. 

 

Figure 4-S 8: Semi-scaffolding of TC9 contigs 

Micro-synteny of TC9 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. 

 
Figure 4-S 11: GCMS total ion chromatograms of HapB_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 12: GCMS total ion chromatograms of HapA_TC2a 

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. 

 
Figure 4-S 13: GCMS total ion chromatograms of HapA_TC2b 

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.3 

 
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. 

 

 
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 purified compound from a large-scale in-vitro assay. 

 
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 structure elucidation of purified compound from a large-scale 
in-vitro assay. 
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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. 

 
Figure 4-S 21: GCMS total ion chromatograms of HapB_TC7b 

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.38  

 
Figure 4-S 23: GCMS total ion chromatograms of HapB_TC9 

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 alignment of TC7s 

Alignment generated by kalign2 (v 2.04)25 of all four TC7s.  

 

  

MACSKELRVPKEWSKYHHDLVNEAINPELFSEDELINFAIALGLSDNKAKPKKYLYTCRPYHMNRYVYVFIPDNPMSKNIFKRFAYLCLTSFMNDDLMEAFSESEMRQVC 110

MACSKELRVPKEWSKYHHDLVNEAINPELFSEDELINFAIALGLSDNKAKPKKYLYTCRPYHMNRYVYVFIPDNPMSKNIFKRFAYLCLTSFMNDDLMEAFSESEMRQVC 110

MACSKELRVPKEWSKYHHDLVNEAINPELFSEDELINLAIALGLSDNKAKPKKYHYTCRPYHMNRYVYVFIPDNPMSKNIFKRFAYLCLTIFMNDDLMEAFSESEMRQVC 110

MAYSKELRVPKEWSKYHHDLVNEAISPELFSEDELINFAIALGLSDNKAKPEKYLNTCRPYHMNRYVYVFIPDNLMSKNIFKRFAYLCLTIFMNDDLMEAFSETEMRQVC 110

DAFQKMDVEICEQFPRFPTLAQMKQSLKVKRVNEKIIPNVLNLLEFTNSVAKDLIEEGNFSQEDVRHYWRRLVMVVGFYVEGAKSESIQGVTTTTDEYLWRRVMSGAIIV 220

DAFQKMDVEICEQFPRFPTLAQMKQSLKVKRVNEKIIPNVLNLLEFTNSVAKDLIEEGNFSQENVRHYWRRLVMVVGFYVEGAKSESIQGVTTTTDEYLWRRVMSGAIIV 220

DAFQKMDVEICEQFPRFPTLAQMKQSLKVRKVNEKVIPNVLNLLEFTNSVAKDLIEEGNFSQEDVRYYWRRLVMVVGFYVEGAKSESIQGVTTTTDEYLWRRVMSGAIIL 220

DAFQKMDGEICEQFPRFPTLAEMKQSLKVKKVNEKIIANVLNLLEFTNSVAKDLLEEGNFSKEDVRHYWRRLVMVVGFYVEGAKSESIRGVTTTTDEYLWRRVMSGAIIV 220

WMYGHEVMSEMLGKLDGTQISFIHELYGLTAIFCLIVNDIYSYEREKIIGKRVMNTVRDKQKNKECSDDFEAFRKSLRITNAIIKVMYQKIESAKQESPGDAEFHKLLDN 330

WMYGHEVMSEMLGKLDGTQISFIHELYGLTAIFCLIVNDIYSYEREKIIGKRVMNTVRDKQKNKECSDDFEAFRKSLRITNAIIKVMYQKIESAKQESPGDAEFHKLLDN 330

WMYGHEVMSEMLGKLDGTQISFIHELYGLTAIFCLIVNDIYSYEREKIIGKRVMNTVRDKQENKECSDDFEAFQKSLRITNAIIKVMYQKIESAKQESPGDAEFHKLLDN 330

WMYGHELMSEMLGKLEGTQISFIHELYGLTAIFCLIVNDIYSYEREKIIGKRVMNTVRDKQENKECSDDFEAFQKSLRITNAIIKVMYQKIEHAKQESPGNAEFHKLLDN 330

IGKGTVGTFFFHDKCSRYNETKWRLTLVEADGMELEEWKKSEVVEEFDTVQHFLQDASPKAKRMDEAIKRCVLDMNANVLPA. 412

IGKGTVGTFFFHDKCSRYNETKWRLTLVEADGMELEEWKKSEVVEEFDTVQHFLQDASPKAKRMDEAIKRCVLDMNANVLPA. 412

IGKGTVGMFFFHDKCSRYNETKWRLTLVEVDGMELEEWKKSKVVEEFDTVQHFLQDASPKAKRMDEAIKRCVLNMNANVLPA. 412

IGKGTVGTFFFHDKCSRYNETKWRLTLVEADGMELEEWKKSEVVEEFDTVRHFLQDASPKAKRMDKAIKRCVLNMNANVLPA. 412
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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 
compound from a large-scale in-vitro assay. 
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Figure 4-S 26: GCMS total ion chromatograms of TC7a and TC7b site swap mutagenesis with GGPP 

GCMS total ion chromatograms of TC7a and TC7b site swap 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 27: GCMS total ion chromatograms of TC7a and TC7b residue 91 mutagenesis with FPP 

GCMS total ion 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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NMR Spectra 

 
1H-NMR spectrum of S1 in CDCl3. 
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13C-NMR spectrum of S1 in CDCl3. 
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1H-NMR spectrum of 10 in C6D6. 
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13C-NMR spectrum of 10 in C6D6. Signal marked with asterisk is a contamination in the used batch of C6D6. 
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1H-NMR spectrum of 11 in C6D6. 
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13C-NMR spectrum of 11 in C6D6.  
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1H,13C-HSQC spectrum 11 in C6D6. 
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1H,13C-HMBC spectrum 11 in C6D6. 
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1H,1H-COSY spectrum 11 in C6D6. 
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1H,1H-NOESY spectrum 11 in C6D6. 
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1H-NMR spectrum of 16 in C6D6. 
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13C-NMR spectrum of 16 in C6D6. 
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13C-DEPT spectrum of 16 in C6D6. 
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1H,13C-HSQC spectrum 16 in C6D6. 
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1H,13C-HMBC spectrum 16 in C6D6. 
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1H,1H-COSY spectrum 16 in C6D6. 



 278 

 
1H,1H-NOESY spectrum 16 in C6D6. 
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1H-NMR spectrum of 12 in C6D6. 
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13C-NMR spectrum of 12 in C6D6. 
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1H,13C-HSQC spectrum 12 in C6D6. 
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1H,13C-HMBC spectrum 12 in C6D6. 
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1H,1H-COSY spectrum 12 in C6D6. 
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1H,1H-NOESY spectrum 12 in C6D6. 
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1H-NMR spectrum of 17 in C6D6. 
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13C-NMR spectrum of 17 in C6D6. 
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1H-NMR spectrum of 14 in C6D6. 
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13C-NMR spectrum of 14 in C6D6. Signal marked with asterisk is a contamination in the used batch of C6D6. 
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1H,13C-HSQC spectrum 14 in C6D6. 
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1H,13C-HMBC spectrum 14 in C6D6. 
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1H,1H-COSY spectrum 14 in C6D6. 
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1H,1H-NOESY spectrum 14 in C6D6. 
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