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Abstract

The spatial organization of genes within plant genomes can drive evolution of specialized metabolic
pathways. In this study we investigated the origin and subsequent evolution of a diterpenoid biosynthetic
gene cluster (BGC) present throughout the Lamiaceae (mint) family. Terpenoids are important specialized
metabolites in plants with diverse adaptive functions that enable environmental interactions, such as
chemical defense. Based on core genes found in the BGCs of all species examined across the Lamiaceae,
we predict a simplified version of this cluster evolved in an early Lamiaceae ancestor. The current
composition of the extant BGCs highlights the dynamic nature of its evolution. We elucidate the terpene
backbones generated by the Callicarpa americana BGC enzymes, including miltiradiene and the novel
terpene (+)-kaurene, and show oxidization activities of BGC cytochrome P450s. Our work reveals the fluid
nature of BGC assembly and the importance of genome structure in contributing to the origin of novel
metabolites.

Introduction
Significance of biosynthetic gene clusters

Plants are renowned for their incredible diversity of specialized metabolites, which they use to interact
with and interpret their environment. These biosynthetic pathways are dynamic, facilitating constant
evolution of novel compounds. The rising number of high-quality plant genomes published in recent
years has led to the discovery that some metabolic pathways are organized into biosynthetic gene
clusters (BGCs). ABGC is a group of two or more different classes of non-homologous genes which are
physically close, transcriptionally linked, and functionally related’ ~®. Over 30 plant BGCs have been
functionally validated to date 7 since the discovery of the first BGC in maize®. The BGCs found in plants
are predominately involved in specialized rather than central metabolism® and range across multiple
classes of compounds including benzylisoquinoline alkaloids in poppy %', triterpenoid cucurbitacins in
Cucurbitaceae'?'3, and diterpenoid momilactones in Poaceae and other cereals'*~ 18,

How and why BGCs form is still a topic of discussion, although several hypotheses are emerging. In
bacteria and fungi, BGCs are common and aid in transference of the entire pathway during horizontal
gene transfer'?20. While there is no evidence of horizontal gene transfer of plant BGCs reported thus far,
BGCs still offer advantages in vertical inheritance of biosynthetic pathways®2'. The genetic linkage
conveyed by BGCs facilitates coinheritance, which can protect the integrity of the entire pathway?2724. In
some pathways, such as momilactone biosynthesis, loss of a single gene would result in a buildup of

toxic intermediates?3. Another fitness benefit of BGCs is the possibility of coregulation, such as by a
single transcription factor or regulatory region. This can provide an energetically favorable control of the
metabolite production in a tissue or developmental stage-specific manner®16:21.25-28 Regulation may
also take place at the chromatin level, with DNA and histone methylation regulating transcription of the

entire cluster?®29-31,
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Since the study of plant BGCs is still in its infancy, their origins and evolution are also not well
understood. So far, evidence supports that plant BGCs have likely arisen from gene or genome
duplication and/or genomic rearrangements®. BGC formation may be enhanced in highly active regions
of the genome, such as the recent work detailing assembly of the oat avenacin BGC in a sub-telomeric
region32. The birth of a gene cluster may begin with a single colocalized gene pair. Subsequent
colocalization of additional classes of enzymes can occur through chromosomal remodeling or
transposition®213033_Expansion of the cluster can also continue through tandem, local, or whole genome
duplication*033-35 The inherent promiscuity of enzymes involved in specialized metabolism enables
rapid neofunctionalization, promoting functional divergence of BGCs as they evolve through different
plant lineages®436-38 Recent work has shown conservation of core genes and diversification into new
functions/pathways when comparing BGCs across different plant families®3°.

Terpenoid metabolism

Terpenoids are a class of specialized metabolites that are well represented among the studied BGCs.
Plant terpenoids are incredibly diverse and encompass over 65,000 structures*®, making them the largest
known class of plant natural products. Plants rely on terpenoids for many interactions including
pathogen and herbivore defense, signaling, and pollinator attraction*'~3. People have harnessed them
for their medicinal properties**~4’ as well as for flavors, fragrances, and perfumes*®~>1. Terpene
synthases (TPSs) catalyze formation of terpene backbones from diphosphate isoprenoid precursors and
are classified into seven subfamilies (a-h) based on their phylogenetic relationships*'°%°3. The bicyclic
labdane-type diterpenes are typically formed by the sequential activity of a class Il followed by a class |
diterpene synthase (diTPS). Class Il diTPSs catalyze a proton mediated cyclization of a 20-carbon
isoprenoid diphosphate, usually geranylgeranyl diphosphate (GGPP), to form the characteristic decalin
core. A class | diTPS then cleaves the diphosphate and may further differentiate the diterpene backbone.
Diterpene backbones are functionalized by other enzyme classes through oxidation and subsequent
conjugation to increase bioactivity. Cytochromes P450 (CYPs), particularly in the expansive CYP71 clan,
often oxidize terpenes and have been found colocalized with TPSs either as pairs or as expanded

BGCs°4°%,

Terpenoid diversity is particularly rich in the Lamiaceae (mint) family®®>’, one of the largest families of
angiosperms including aromatic herbs such as peppermint, basil, and sage. Genome assemblies for
approximately 20 different species (Supplemental Table 1) have been published to date, revealing BGCs

for at least two classes of terpenoids: monoterpene-derived nepetalactones from catnip (Nepeta sp.)>®
and diterpenoid tanshinones in the Chinese medicinal herb Danshen (Salvia miltiorrhiza)?*°%0.
Tanshinones are well studied for their potent pharmacological activities, and as a result much of the
biosynthetic pathway has been elucidated (Fig. 1)24°9768 The terpene backbone of the tanshinones is
miltiradiene, a labdane diterpene formed by a class Il (+)-copalyl diphosphate ((+)-CPP) synthase
followed by the class | miltiradiene synthase. The abietadiene-type miltiradiene is the likely terpene

precursor to a wide array of bioactive diterpenoids that are common throughout the Lamiaceae and
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beyond®®. The antimicrobial effects demonstrated for many of these terpenoids suggest a native role in
plant defense, although most studies have focused on their numerous medicinal uses®®~73. Carnosic acid
is another abietane diterpenoid found in several Lamiaceae species with powerful antioxidant and
anticancer properties’4. The biosynthesis of carnosic acid and related diterpenoids has been elucidated
in Rosmarinus officinalis, Salvia pomifera and Salvia fruticosa (rosemary and sages)’>’® and involves
many CYPs orthologous to those involved in tanshinone biosynthesis (Fig. 1).

The miltiradiene gene cluster

Previous studies of the S. miltiorrhiza genome have found two BGCs that together contain the
miltiradiene diTPSs and two CYP76AHs involved in tanshinone biosynthesis?4°%€0_ A third locus
containing an array of CYP71Ds includes the two enzymes (CYP71D375 and CYP71D373) responsible
for the D-ring heterocycle of the tanshinones. Recent publication of additional Lamiaceae genomes
revealed syntenic BGCs in four other species: Tectona grandis, Salvia splendens and Scutellaria
baicalensis (teak, scarlet sage and Chinese skullcap, respectively)?46777 Additionally, we previously
reported the presence of a large cluster in Callicarpa americana (American beautyberry) which contains
orthologs of the miltiradiene diTPSs as well as multiple CYP76AHs and CYP71Ds’8. The divergence of
these five species indicates that this BGC may be present ubiquitously throughout the Lamiaceae.

To explore the prevalence and evolution of the miltiradiene BGC, we surveyed a representative panel of 10
Lamiaceae genome assemblies (Table 1). We focused on synteny with the BGC in C. americana, which is
one of the largest yet discovered, spanning approximately 400 Kb and encompassing seven diTPSs and
twelve CYPs. Our syntenic analysis showed conservation of core miltiradiene biosynthetic genes
throughout all species studied while highlighting lineage-specific diversification of the BGC in five
subfamilies. Phylogenetic analysis supports common ancestry of each enzyme class and enabled
reconstruction of a minimal ancestral cluster. Functional characterization of the C. americana BGC
revealed the presence of two discretely regulated diterpene pathways. We found that this BGC has
evolved bifunctionality, providing the scaffold of the previously unidentified diterpene (+)-kaurene in
addition to miltiradiene. This opens new biosynthetic avenues towards novel diterpenes in addition to
highlighting an instance of BGC bifunctionality, which is rarely observed in plants'®/°. We also
discovered complex miltiradiene BGCs in four additional species, laying the foundation for the elucidation
of new diterpenoid pathways. Comparing the evolutionary trajectory of a BGC across a plant family
illustrates how genomic organization can serve as a basis for expanding metabolic diversity.

Results

Syntenic analysis reveals ubiquity of the miltiradiene
biosynthetic gene cluster
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C. americana provided a unique opportunity to investigate the evolution of a family-wide diterpenoid BGC
since itis in a sister lineage to the rest of the Lamiaceae and has a large, dense BGC. We analyzed nine
Lamiaceae genomes against our anchor species, C. americana, to determine synteny with its miltiradiene
BGC (Fig. 2). We chose our genome panel based on their assembly quality and contiguity as well as
subfamily representation (i.e., phylogenetic placement). In addition to three species with previously
reported syntenic BGCs, we selected four species with published genomes. To increase the diversity of
representatives across the phylogeny, we sequenced three new genomes (Supplemental Table 2,
Supplemental Table 3). In total, these ten species represent five of the twelve currently recognized

subfamilies with a most recent common ancestor estimated at 60—70 million years ago®°-82,

Out of the 10 species sampled, all contained diTPSs orthologous to known (+)-CPP and miltiradiene
synthases. In seven species these diTPSs were within syntenic BGCs (Fig. 3). The genomes of Prunella
vulgaris, Plectranthus barbatus, and R. officinalis were too fragmented to determine whether they were
part of a larger cluster. Four of the BGCs in this analysis have not been previously reported, showing that
this cluster is even more conserved than originally described. All BGCs except that in S. baicalensis
contain multiple CYP76AH genes. Five species, C. americana, T. grandis, S. miltiorrhiza, Hyssopus
officinalis, and Leonotis leonurus, also had at least one copy of a CYP71D gene.

Comparison of the BGCs provides insight into the formation and maintenance of this cluster in divergent
lineages (Fig. 3). The S. baicalensis BGC uniquely contains no CYPs but appears to have tandem
duplications of a class Il diTPS and an additional non-syntenic class | diTPS. Non-syntenic diTPS and
CYP genes are present in most of the BGCs, pointing toward dynamic assembly and independent
refinement in each species. There are also several diTPS and CYP pseudogenes presumably present from
past tandem duplications. Interestingly, there are few interrupting genes in these BGCs. The H. officinalis
and C. americana BGCs encompass large genomic regions with more intergenic space, while others such
as Pogostemon cablin and L. leonurus are compact and gene dense. The presence of two related BGCs in
both S. miltiorrhiza and L. leonurus may award the plant evolutionary flexibility with a duplicated
pathway. It is evident that each BGC, while maintaining the core miltiradiene genes, has assembled and
disassembled in a lineage-specific manner.

Phylogenetic evidence of an ancestral miltiradiene cluster
in Lamiaceae

To better understand evolution of genes from each BGC, we estimated phylogenetic relationships for

each enzyme subfamily in the BGCs along with a set of functionally characterized reference genes from
Lamiaceae, except in the 71D clade where few characterized Lamiaceae sequences are available (Fig. 4,
Supplemental Table 4). Consistent with other angiosperm labdane-type diTPSs, those diTPSs with class
[l function cluster in the TPS-c subfamily while those with class | function cluster in the TPS-e subfamily.

As expected, syntenic diTPSs in both subfamilies have common ancestry. Recent tandem duplications in
the TPS-e and TPS-c families are evident in all examined species and contribute to lineage-specific BGC
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expansion (Fig. 4, Fig. 5). The phylogenies also highlight the more distant origins of several non-syntenic
diTPSs. The presence of divergent class | and Il sequences points to independent acquisition as part of
the diversification that occurred during speciation. Close inspection of phylogenetic relationships with
characterized diTPSs can offer clues to likely functions. All class Il diTPSs syntenic to CamTPS6
phylogenetically cluster in clade TPS-c.2.2, which contains all known Lamiaceae (+)-CPP synthases as
well as some diTPSs which yield labdanes in the (+)-configuration. The two divergent class | enzyme
sequences, Sb.71 and Pc.28, cluster in TPS-c.1 which produces compounds in the ent rather than (+)-
configuration, so it is likely that these two enzymes follow suit.

Consistent with their expected role in specialized metabolism, no BGC class | enzymes clustered in clade
TPS-e.1. This clade contains mostly entkaurene synthases, which are integral to gibberellin metabolism.
All BGC class | diTPSs cluster in TPS-e.2, which contains enzymes that generally accept (+)-CPP as a
substrate. Enzymes syntenic with CamTPS9 are grouped in clade TPS-e.2.1, which contains all but one of
the Lamiaceae enzymes known to catalyze formation of miltiradiene. Also characteristic of this clade is
the loss of the internal y domain, which is retained in most diTPSs but lost in mono- and sesqui-TPSs.
The non-syntenic enzyme sequences are split between clades TPS-e.2.2 and TPS-e.2.3, which encompass
only a few characterized sequences with unique functions. The functional heterogeneity of these clades
makes it difficult to draw conclusions as to the likely function of these BGC enzymes but does offer
intriguing possibilities for discovery of novel terpene backbones.

While phylogenetic classification is not a perfect predictor of TPS function®’83, previous work has

demonstrated a high level of clade specific consistency that allows us to draw tentative conclusions
about the function of the BGC diTPSs®’. Phylogenetic evidence supports that these BGCs likely have at
minimum a (+)-CPP synthase and a miltiradiene synthase, enabling production of miltiradiene in each
plant (Fig. 4). Moreover, several BGCs contain diTPSs from clades that may offer distinctive chemistries.

CYPs in the 76 AH subfamily exhibit close phylogenetic clustering across the species analyzed. Several
functionally characterized CYP76AHs have been found to oxidize miltiradiene in critical steps towards
tanshinone and carnosic acid biosynthesis®364. Although we were unable to identify a BGC in R.
officinalis due to a fragmented assembly, the close relationship between the RoCYP76AH enzymes and
those the other BGCs supports common ancestry. Nearly all CYP76AHs in the BGCs have paralogs within
each cluster, highlighting the role of tandem duplication in expanding this subfamily®>84. However, there
are several BGC CYP76AHs that are highly divergent from the syntelogs. The C. americana enzymes
CYP76AH65, CYP76AH66, and CYP76AH67 are phylogenetically distinct, showing only 50-60% sequence
similarity to other BGC CYP76AHSs. These enzymes are more related to the clade of CYP76AKs, which
have not been found in this BGC but are part of the tanshinone and carnosic acid oxidation networks.

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

miltiorrhiza, which was implicated in furan ring formation for the tanshinones?4. SmCYP71D410 is a
previously unrecognized member of the BGC Sm-b that phylogenetically clusters with HoCYP71D724 and
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PbCYP71D381 enzymes. PbCYP71D381 can oxidize the forskolin precursor (13R) manoyl oxide, a close
structural relative of miltiradiene®®. One enzyme from T. grandis stands out as much less related than the
rest, with only 40—-50% sequence similarity to other BGC CYP71Ds. This enzyme is likely another recent
independent acquisition, although it is the only one observed in the CYP71D subfamily. All BGCs
containing CYP71Ds also have at least one duplication, once again highlighting the importance of
duplication in the diversification of these pathways®®.

Close phylogenetic clustering of most enzymes in all four subfamilies provides compelling evidence for a
common ancestral origin and subsequent lineage-specific duplications. We analyzed presence/absence
of syntelogs and proposed a model for a minimal cluster using ancestral state reconstruction (Fig. 5,
Supplemental Fig. 1, Supplemental Fig. 2). High levels of sequence conservation between syntelogs
supports a minimal ancestral cluster that contains a (+)-CPP synthase, a miltiradiene synthase, a
CYP76AH, and a CYP71D. The dynamic nature of this BGC over millions of years of evolution is evident
through the gene loss, presence of pseudogenes, and addition of non-syntenic genes observed in these
extant Lamiaceae. Despite these differences, the high degree of conservation of the ancestral cluster is
notable.

Since the miltiradiene BGC was present in nearly every Lamiaceae species sampled, we also investigated
the synteny in Erythranthe lutea (yellow monkeyflower; formerly Mimulus luteus), a closely related
Lamiales outgroup8987.88 We found a syntenic block which contains a class Il diTPS as well as a class |
diTPS but no CYPs. The class Il diTPS, EI.13152, is in clade TPS-c.2, showing some similarity with the (+)-
CPP synthases. The class | enzyme, EI.13874, is within TPS-e.2.1, but distinct from the rest of the clade
and surprisingly retains the y domain (Fig. 4). This domain loss has occurred multiple times in the
evolution of plant TPSs®?, so it is conceivable that El.13874 represents the three-domain Lamiaceae
miltiradiene synthase shared by the most recent common ancestor. While the E. /utea cluster provides a
glimpse into an ancestral state of the Lamiaceae BGC, a more widespread examination of additional
Lamiales genomes would be an interesting avenue for future work and could more firmly establish the
timeline of gene acquisition and loss.

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

Though increasing numbers of computationally predicted BGCs have been identified in plants, only a few
are functionally characterized. So far, coregulation has proven to be a greater predictor of functional
relationship in BGCs than colocalization alone®®. Previous analysis of the two BGCs in S. miltiorrhiza, Sm-
a and Sm-b, found that each had divided expression between root and aerial tissues. The diTPSs from
Sm-a and CYP76AHs from Sm-b were expressed exclusively in root tissues and found to be vital steps in
the root tanshinone biosynthetic pathway®°. Additionally, an array of root-specific CYP71Ds were also
integral to tanshinone biosynthesis but located elsewhere in the genome?*. Another example where
differentially expressed diTPSs and CYPs were reported in distinct specialized metabolite pathways
despite being colocalized is the bifunctional gene clusters of phytocassanes/oryzalides found in Oryza
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sativa (rice)’® and the noscapine/morphinan biosynthesis in Papaver ssp. (poppy)''°®. Divergence in
expression may be one way in which plants exploit some of the benefits of genomic organization while
creating unique pathways based on regulation.

Given the unprecedented size and complexity of the BGC identified in C. americana, we sought to
investigate whether it is a metabolically unified BGC. We first analyzed RNA expression in 8 tissue types
to determine the expression pattern of the BGC (Fig. 6)78. This revealed a clear divergence between the
first and second halves of this BGC. The first half is preferentially expressed in fruit and root tissue and
contains a (+)-CPP synthase (CamTPS6)’8, the predicted miltiradiene synthase (CamTPS9), and several
CYP76AHs. The second half is more strongly expressed in flower and young leaf tissues and contains a
non-orthologous class | diTPS (CamTPS10), another predicted (+)-CPP synthase (CamTPS7), and two
CYP71Ds as well as partial fragments of a CYP76AH (Ca.26-27). The presence of a diTPS class Il/class |
pair as well as CYPs in each module suggests that this BGC may have evolved divergent diterpenoid
pathways.

We successfully cloned from cDNA and tested the following members of the C. americana cluster:
CamTPS7, CamTPS8, CamTPS9, CamTPS10, CamCYP76AH64, CamCYP76AH65, CamCYP76AH67,
CamCYP76AH68, CamCYP76AH69, CamCYP71D716, and CamCYP71D717. Combinations of all genes
were transiently expressed in Nicotiana benthamiana to evaluate enzyme function and potential
promiscuity. All gene constructs were co-infiltrated with two genes encoding rate-limiting steps in the
upstream 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway: P barbatus 1-deoxy-D-xylulose-5-
phosphate synthase (PbDXS) and GGPP synthase (PbGGPPS) to boost production of the diterpene
precursor GGPP?192. DiTPS functions were determined by comparison of mass spectra and retention
time by GC-MS with published diTPS activities or using NMR for previously unpublished activity (Fig. 7).
CamTPS7 was confirmed to be a (+)-CPP synthase (Supplemental Fig. 3). CamTPS9 is a miltiradiene
synthase, with some abietatriene resulting from spontaneous aromatization in p/antae consistent with
previous observations®3. CamTPS10, when paired with a (+)-CPP synthase, forms (+)-kaurene, a
previously unknown diTPS activity (NMR: Supplemental Fig. 4). The biological relevance of this activity is
supported by the structure of the diterpenoid calliterpenone, which is derived from the (+)-kaurene
backbone and has been documented in multiple Callicarpa species®*. Calliterpenone has been
investigated for its potential as a plant growth promoting agent®®, and thus represents an interesting
biosynthetic target. Discovery of this (+)-kaurene synthase will enable biosynthetic access to this group
of metabolites as well as to non-natural diterpenoids that may have useful bioactivities®2. The physical
grouping and similar expression patterns of CamTPS70 and CamTPS7 supports that this cluster has
diverged into two metabolically distinct modules through the duplication of a (+)-CPP synthase, the
recruitment of an additional class | diTPS, and a shift in tissue-specific gene expression.

After establishing routes to the formation of the C. americana diterpene backbones, we tested each CYP
against all possible diterpene intermediates found in this plant (Fig. 8): entkaurene (CamTPS12;

Supplemental Fig. 5) and kolavenol’® formed by diTPSs outside the cluster, and (+)-kaurene and
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miltiradiene from the BGC. No activity was detected with kolavenol or entkaurene. With miltiradiene,
CamCYP76AH67 formed six different oxidation products. Based on m/z of the molecularions and
comparison of mass spectra with each other and the NIST database, two match oxidations of
abietatriene and the other four of miltiradiene (Supplemental Fig. 6). We were unable to separate these
products by column chromatography, preventing complete structural elucidation. CamCYP76AH68
dramatically shifted the product profile towards abietatriene and afforded a small amount of oxidized
abietatriene (Supplemental Fig. 6). This indicates that CamCYP76AH68 may be hydroxylating the c-ring
of miltiradiene, which then undergoes water loss to form abietatriene more readily than the spontaneous
aromatization of miltiradiene alone (Fig. 9). In previous work characterizing enzymes involved in
tanshinone and carnosic acid biosynthesis, the ferruginol synthases showed a preference for abietatriene,
but enzymatic conversion of miltiradiene to abietatriene was not observed. It was suggested that the
aromatization is spontaneous and possibly driven by sunlight®3. The discovery of CamCYP76AH68
indicates that at least in C. americana an enzyme may assist in the conversion of miltiradiene to
abietatriene. When we expressed each CYP with CamTPS6 and CamTPS10to evaluate CYP activity with
the (+)-kaurene backbone, we observed a new peak with expression of CamCYP71D717. Upon further
investigation, however, we realized this enzyme apparently catalyzes formation of (+)-manool (6) from
(+)-copalol (5), the dephosphorylation product of (+)-CPP (Fig. 8, Supplemental Fig. 7). Each CYP/TPS
combination that resulted in observable products was then expressed in combination with all other CYPs.
CamCYP76AH67 combined with CamCYP76AH68 and miltiradiene yielded at least one new oxidized
compound (Fig. 8, Supplemental Fig. 6). The combination of CamTPS6 with CamCYP71D716 and
CamCYP71D717 resulted in full conversion of (+)-manool to 3-oxy-manool, which was confirmed by NMR
(Fig. 8, NMR: Supplemental Fig. 8).

No abietane-type diterpenoids were previously found in C. americana, which has been primarily studied
for clerodane diterpenoids produced in leaves®®~28. Other Callicarpa species, including C. bodinieri and C.
macrophylla®®, produce a wide variety of medicinally relevant abietane diterpenoids (Fig. 9), indicating
that the abietane skeleton is a key intermediate for at least

some plants in this genus’3°°. We analyzed methanol extracts of C. americana root, fruit, and leaf tissue
for evidence of diterpenoids. All extracts showed peaks with distinct retention times and MS/MS
fragmentation patterns consistent with diterpenoids (Supplemental Fig. 9).

C. americana contains over 600 predicted CYPs, and it is likely that the BGC CYPs are part of a larger
metabolic network with peripheral modifying enzymes elsewhere within the genome’®. However, the
functional activities we report here validate the biological significance of the BGC and its divergent
modules. The CYPs showed a marked preference for the (+)-copalol and miltiradiene backbones over
other diterpenes present in the plant. Within the two modules, the miltiradiene and (+)-kaurene synthases
were differentially expressed along with their respective (+)-CPP synthases. The CYP76AHs were more
active towards miltiradiene, whereas the CYP71Ds utilized (+)-copalol. Functionalization of (+)-kaurene
may require oxidations catalyzed by non-clustered enzymes.
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Discussion

In this study we found that the miltiradiene BGC, previously identified in only a few species, is present
across five divergent Lamiaceae subfamilies. The preserved enzyme sequences and gene order in the
cluster provide strong evidence for an ancestral cluster in an early Lamiaceae ancestor. From this core
cluster, these species have retained the diTPSs necessary to form the signature miltiradiene backbone but
tailored their chemical diversity through tandem duplication, sequence divergence, gene acquisition, and
gene loss. We can speculate that the metabolic products from the ancestral cluster have diversified as the
Lamiaceae family diverged and populations adapted to new environments. Gene duplication appears to
be a major driver of the evolution and expansion of the vast diversity of TPSs and CYPs in
plants241.100.107 ‘and the Lamiaceae miltiradiene cluster exemplifies this. This is notable in the C.
americana cluster where tandem duplication has generated five sequential CYP76AH genes. However,
every species examined had at least one apparent duplication event, supplying the material for evolution
toward metabolic diversification. There is also a striking example of cluster expansion through
recruitment of CamTPST70in C. americana. The discovery of the (+)-kaurene synthase showcases another
example of a bifunctional BGC with divergent transcription patterns. The presence of phylogenetically
distinct diTPSs in other newly discovered miltiradiene BGCs similarly suggests multifunctionality.

Conservation of the miltiradiene backbone suggests strong selective pressures for retention in the
Lamiaceae and beyond, as illustrated by the recently discovered clustered pair of diTPSs forming the
same backbone in Tripterygium wilfordiiin the distant Celastraceae'%2. Surprisingly little is known about
how plants use abietane diterpenoids, but they are mostly thought to be involved in pathogen responses
due to their antibacterial activities®®'93. However, abietanes have been extensively studied for their
importance to human health. They exhibit a range of bioactivities from anti-tumor to antimicrobial to anti-
inflammatory, among others®®~72.104 Nearly 500 abietane diterpenoids have been reported to date in
Lamiaceae species??19%_Earlier investigations of these diterpenoids in Lamiaceae have taken a
metabolite-guided approach, which has yielded much progress towards the biosynthesis of tanshinones,
carnosic acid, and related compounds. The findings of this study establish a framework for a genomics-
guided investigation of additional abietane diterpenoids throughout the Lamiaceae. The functional
characterization of part of the C. americana BGC supports the presence of a miltiradiene diterpenoid
network in this plant despite the lack of previously documented abietanes. Further characterization of the
other newly identified miltiradiene BGCs in H. officinalis, P cablin, and L. leonurus could similarly lead to
the discovery of new chemistries.

A deeper understanding of the enzymatic activities encompassed by BGC genes will also help to
elucidate how BGCs drive expansion of metabolic diversity. It is clear from the conservation of the
miltiradiene BGC in at least five extant Lamiaceae subfamilies that gene colocalization is an important
contributor to plant specialized metabolism. Genomic organization is also of special interest in synthetic
biology, as understanding natural BGCs can provide a blueprint for the construction and control of
synthetic clusters in heterologous systems'?®. This study presents one of the first examples of a BGC

Page 10/30



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

Material And Methods
Collinearity analysis

The BLAST function makeblastdb (E-value of 1e”19, 5 alignments) %/ was used to create protein
databases between C. americana and each other species examined. Peptide sequences and genome
annotation files were obtained through respective data repositories. Syntenic analysis between C.
americana and every other species discussed was performed using the standard MCScanX pipeline
(Match score = 50; Match size = 5; Gap penalty = -1; Overlap window = 5; E-value = 1e” °; Max gaps =
25)198 Results were visualized using SynVisio'%°. Synteny was manually curated using sequence identity
from BLASTp and ClustalOmega alignments (version 1.2.4)110,

Ancestral state reconstruction

Extant character states were collected into a single document coded as 1 for presence and 0 for absence
of each gene. Ancestral state analysis was performed using the phytools R package version 0.7-80 1.
Evolutionary models were selected using information from the fit M K () function. Ancestral states were

determined with the ace() function.

Phylogenetic trees

Sequences used in all protein phylogenies were obtained from annotated peptide sequences from their
respective species. A list of reference sequences used can be found in Supplemental Table 4. CYP
annotation was kindly provided by David Nelson (University of Tennessee). All protein phylogenies were
generated with the alignment software Clustal-Omega (version 1.2.4)'% and phylogenetic support was
provided by maximum likelihood by RAXML (version 8.2.12)"2 with support from 1000 bootstrap
replicates. The tree graphic was rendered using the Interactive Tree of Life (version 6.5.2;13.

Genome sequencing, assembly, and annotation of three
Lamiaceae species

High molecular weight DNA was isolated from mature leaves from L. leonurus, P barbatus, and R vulgaris
and used to construct a 10x Genomics library using the Genome and Gel Bead Kit v2 (10x Genomics,
Pleasanton, CA). Libraries were sequenced on an lllumina NovaSeq 6000 (lllumina, San Diego, CA) in
paired end mode, 150nt. Libraries were made and sequenced by the Roy J. Carver Biotechnology Center
at the University of lllinois at Urbana-Champaign. The genomes were assembled using 10x Supernova
(version 2.1.1)"4. The script ‘supernova run’ was run with default settings except -maxreads was set to
360000000 (P, vulgaris), 531000000 (P barbatus) or 297550000 (L. /leonurus), which yielded the best
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results for genome contiguity and percent of estimated genome size after testing multiple coverage
levels. To obtain fasta files, ‘supernova mkoutput’ was run with the parameters, ‘—style = pseudohap?2’ and
‘~headers = full'. Genes were predicted with Augustus (version 3.3)'"° with the parameter, ~UTR = off’, and
the ‘—species’ and ‘c—extrinsicCfgFile parameters to use training results from closely related species,
Hyssopus officinalis (P barbatus, P vulgaris) or Tectona grandis (L. leonurus). Assembly statistics were
calculated using the tool assembly-stats v1.0.1'1®. BUSCO v5.2.2'"7 was run in genome mode using the
lineage dataset 'embryophyta_odb10.

PCR and cloning

Synthetic oligonucleotides, GenBank accession numbers, and sequences of all enzymes characterized or
discussed in this study are listed in Supplemental Table 4. Candidate enzymes were PCR-amplified from
root, fruit, leaf, and flower cDNA, and coding sequences were cloned and sequence-verified. Constructs
were then cloned into the plant expression vector pEAQ-HT 178 and used in transient expression assays in
N. benthamiana.

Transient expression in N. benthamiana

Transient expression assays in N. benthamiana were carried out as previously described®’. N.
benthamiana plants were grown for 5 weeks in a controlled growth room under 16 h light (24°C) and 8 h
dark (17°C) cycle before infiltration. Each candidate was co-expressed with Plectranthus barbatus
(formerly Coleus forskohli)) DXS and P barbatus GGPPS®? in pEAQ-HT. Constructs for co-expression were
separately transformed into Agrobacterium tumefaciens strain LBA4404. Cultures were grown overnight
at 30°C in LB with 50 pg/mL kanamycin and 50 pg/ml rifampicin. Cultures were collected by
centrifugation and washed twice with 10 mL water. Cells were resuspended and diluted to an OD¢gq of
1.0 in water with 200 yM acetosyringone and incubated at 30°C for 1-2 h. Separate cultures were mixed
in a 1:1 ratio for each combination of enzymes, and 4-5 week old plants were infiltrated with a 1 mL
syringe into the underside (abaxial side) of N. benthamiana leaves. Plants were returned to the controlled
growth room (76°C, 12H diurnal cycle) for 5 days. Approximately 200 mg fresh weight from infiltrated
leaves was extracted with 1 ml hexane (TPS products) or ethyl acetate (CYP products) overnight at 18°C.
Plant material was collected by centrifugation, and the organic phase was removed for GC-MS analysis.
Each experiment was performed in triplicate. Data shown are from single experiments representative of
the replicates.

GC-MS

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

Product scale-up and NMR

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

spectra, respectively.
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Figure 1

Oxidation positions for CYPs involved in the biosynthesis of tanshinones (S. miltiorrhiza), carnosic acid
(S. pomifera, S. fruticosa, R. officinalis), and related diterpenoids. These CYPs have been shown to be part
of a metabolic network, and intermediates required for sequential oxidation are condensed here for
brevity. Aromatization of miltiradiene to abietatriene, the precursor for most oxidations shown, is
presumed to be spontaneous®3. Enzymes from different species that oxidize at the same position are
also orthologous.
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Nepetoideae .
Lamioideae Species Common Subfamily (Tribe) Publication Genome Size
Scutellarioideae Name (as reported)
Tectonoideae
Callicarpoideae Hyssopus Nepetoideae Lichmanet.al.,
Outgroup officinalis Hyssop (Nepetinae) 2020 341Mb
. Common Nepetoideae .
a1 Prunella vulgaris self-heal (Prunellinae) This work
Rosmarinus Nepetoideae Bornowski et. al.,
. officinalls Rosemary (Salviinae) 2020 L1Gh
R L , Nepetoideae Songet. al., 2020
Salvia miltiorrhiza Danshen (Salviinae) Ma et. al,, 2021 600 Mb
Plectranthus Nepetoideae .
bart Coleus (Ocimeae) Thiswork
63
32 Leonotis leonurus Lion'stail Lamioideae Thiswork
36 Pof:‘;if;:w” Pachouli Lamioideae He et.al,, 2018 1.9Gb
65 lari i
scutellaria chinese Scutellariodeae Xuet. al., 2020 440 Mb
baicalensis skullcap
Tectona grandis Teak Tectonoideae Zhaoet. al,, 2019 325 Mb
104 MYA
Callicarpa American . . Hamilton et. al.,
americana beautyberry Callicarpoideae 2020 538 Mo
Mimulus luteus Monkey flower F'_hr\,rmaceae, BioArchive 680 Mb
Lamiales outgroup
Figure 2

Species and genome assemblies used in this study. The phylogram shows evolutionary relationships
between the species studied. Numbers at the nodes represent estimations of clade age in millions of

years (MYA)80-82_ Figure created using BioRender.com.
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Figure 3

Syntenic relationships of a miltiradiene biosynthetic gene cluster present across the Lamiaceae. Genes
are represented with arrows and pseudogenes are represented with boxes. A core set of genes are
common to many species examined, including a TPS class Il (+)-CPP synthase, a TPS class | miltiradiene
synthase, and CYP450s in the 76AH and 71D subfamilies. Notably, there is divergence in gene number,
cluster length, and unique genes, indicating lineage-specific evolution. MCScanX software was used to
determine synteny between each species, shown here with colored curves. Species tree adapted from

Mint Evolutionary Genomics Consortium 2018''°. Figure created using BioRender.com.
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Figure 4

Phylogenetic evidence shows the relatedness of each gene class in the clusters. Enzymes present in each
cluster with syntenic support from MCScanX and sequence identity from BLASTp are highlighted in red
(TPS-e), orange (TPS-c), light blue (CYP76AH), and dark blue (CYP71D). TPSs characterized in previous
reports are highlighted in pink and periwinkle ((+)-CPP synthases for TPS-c and miltiradiene synthases for
TPS-¢, respectively). Reference enzymes are bolded. Black solid dots at the base of the nodes represent
80% bootstrap confidence. Circles around clade nodes represent the expansion point for syntelogs and
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share approximately 70% or more sequence similarity. TPS trees are rooted to PpEKS, and CYP trees are
rooted to AtCYP701A3.
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Figure 5

Predicted Lamiaceae minimal ancestral BGC and species-specific expansion of each. Based on
maximum parsimony, we suggest that a cluster containing a class Il diTPS, class | diTPS, CYP76AH, and
CYP71D gene was formed in an early Lamiaceae ancestor. Linage-specific expansion and refinement are
evident from the number and composition of genes in each gene family present in the extant species
studied.
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Tissue specific expression of a miltiradiene biosynthetic gene cluster in C. americana obtained from RNA-
sequencing. Functional characterization of these enzymes refers to this study. This figure represents
Chr10:21.92-22.33 Mb. Approximate location on the chromosome is indicated. Two differentially
expressed metabolic clusters are highlighted. Pseudogenes and non-related genes are colored

respectively. Data obtained from Hamilton et a/, 202078.
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Figure 7

GC-MS analysis of C. americana BGC diTPS products. CamTPS9 was confirmed to be a miltiradiene
synthase by comparison with the retention time and mass spectra of PbTPS3%44/ products when both
were expressed with the (+)-CPP synthase CamTPS6’8, forming miltiradiene (1) and abietatriene (2).
CamTPS10 was found to generate 4 from (+)-CPP but not entCPP (CamTPS1)”8. This product has a
different retention time but similar mass spectrum to entkaurene (3), formed by the combination of
CamTPS1 and CamTPS 12 (Supplemental Fig. 5). All chromatograms shown are total ion
chromatograms. Each combination includes DXS+GPPS, shown as a control in gray.
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GC-MS chromatograms showing oxidation products of C. americana BGC CYPs. (a) oxidation products of
the CamCYP76AHSs from 1 and 2, assigned based on analysis of mass spectra (Supplementary Fig. 6).
(b) CamCYP71D717 catalyzes the production of (+)-manool (6), likely from (+)-copalol (5)
(Supplementary Fig 7) and the addition of CamCYP71D716 results in 3-hydroxy-(+)-manool (7).
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(a) Proposed mechanism for enzyme-assisted conversion of 1 to 2, followed by an additional oxidation
of 2 to form 2c. Mass spectra supports assignment of the hydroxy group in 2c to the c-ring
(Supplementary Fig. 6). (b) Proposed conversion of 5to 6 by CamCYP71D717, and oxidation of 6 by
CamCYP71D716. This occurs in the same position as a keto group on calliterpenone, which is derived
from (+)-kaurene. (c) Structures of abietane diterpenoids found in two other species of Callicarpa.
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Figure 9
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