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SUMMARY

Iridoids are non-canonical monoterpenoids produced by both insects and plants. An example is the cat-
attracting and insect-repelling volatile iridoid nepetalactone, produced by Nepeta sp. (catmint) and aphids.
Recently, both nepetalactone biosynthetic pathways were elucidated, showing a remarkable convergent evo-
lution. The iridoid, dolichodial, produced by Teucrium marum (cat thyme) and multiple insect species, has
highly similar properties to nepetalactone but its biosynthetic origin remains unknown. We set out to deter-
mine the genomic, enzymatic, and evolutionary basis of iridoid biosynthesis in T. marum. First, we generated
a de novo chromosome-scale genome assembly for T. marum using Oxford Nanopore Technologies long
reads and proximity-by-ligation Hi-C reads. The 610.3 Mb assembly spans 15 pseudomolecules with a
32.9 Mb N50 scaffold size. This enabled identification of iridoid biosynthetic genes, whose roles were verified
via activity assays. Phylogenomic analysis revealed that the evolutionary history of T. marum iridoid synthase,
the iridoid scaffold-forming enzyme, is not orthologous to typical iridoid synthases but is derived from its con-
served paralog. We discovered an enzymatic route from nepetalactol to diverse iridoids through the coupled
activity of an iridoid oxidase cytochrome P450 and acetyltransferases, via an inferred acylated intermediate.
This work provides a genomic resource for specialized metabolite research in mints and demonstration of the
role of acetylation in T. marum iridoid diversity. This work will enable future biocatalytic or biosynthetic pro-
duction of potent insect repellents, as well as comparative studies into iridoid biosynthesis in insects.

Keywords: biosynthesis, iridoids, mint family, comparative genomics, enzymology, Teucrium marum.

INTRODUCTION An example of a multi-kingdom volatile iridoid is

Plants and animals produce and emit a host of volatile
compounds for communication and defense (Rosenkranz
et al., 2021). In some circumstances, species from both
kingdoms can produce the same compounds, having
convergently evolved biosynthetic pathways for their for-
mation (Beran et al., 2019). One class of specialized metab-
olites found in multiple kingdoms are the iridoids, a form
of non-canonical cyclic monoterpenoids (Figure 1a),
observed in both asterids and insects (El-Naggar &
Beal, 1980; Jensen, 1991). In plants, beyond their role as
volatiles, iridoids can be found as glycosides and precur-
sors to complex monoterpenoid alkaloids (Figure 1a) (Miet-
tinen et al., 2014; O'Connor & Maresh, 2006).

© 2024 The Authors.

nepetalactone (Figure 1a), which is produced by plants
including Nepeta spp. (catmint), silver vine and valerian
(Bol et al., 2017), and by multiple aphid species, where it
acts as a sex pheromone (Birkett & Pickett, 2003; Dawson
et al., 1987). The specific function of nepetalactone in
plants is unresolved but its insect-repellent properties
make its likely role in protection against phytophagous
insects (Eisner, 1964). Remarkably, cats have evolved to be
attracted to and to anoint themselves with nepetalactone
due to these insect-repellent properties (Melo et al., 2021;
Uenoyama et al., 2021). Recently, the biosynthetic path-
ways to nepetalactone in both Nepeta spp. (Lichman
et al., 2019, 2020) and aphids (KolIner et al., 2022; Partridge
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Figure 1. Teucrium marum and iridoid metabolites.
(a) Chemical structures of major iridoids from mint family species.
(b) Above ground tissues of T. marum.
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(c) Iridoid pathway from geranyl pyrophosphate to deoxyloganetic alcohol, characterized across multiple species. GES, geraniol synthase; G8H, geraniol 8-
hydroxylase; 8HGO, 8-hydroxygeraniol oxidoreductase; ISY, iridoid synthase; 10, iridoid oxidase; AcT, acetyl transferase. Red arrows represent hypothesized but

uncharacterised steps.

et al., 2021) have been elucidated. In a remarkable example
of convergent evolution, the chemical steps are identical
but the enzymes are of distinct origins.

The compound dolichodial, another volatile iridoid,
bears notable similarities to nepetalactone (Figure 1a). It
can be found in the plant Teucrium marum (Figure 1a;
Figure S1), which, like Nepeta, is a member of the mint fam-
ily (Lamiaceae) (Pagnoni et al., 1976). It was first discovered
in ants (Cavill & Hinterberger, 1961) and stick insects (Mein-
wald et al., 1962), and later identified as a component of sex
pheromones in aphids (Dewhirst et al., 2008). In plants, con-
versely dolichodial likely acts as a defensive agent as it
repels ants, flies, and cockroaches (Eisner et al., 2000). Fur-
thermore, it has euphoria-inducing effects on cats akin to
Nepeta spp. (Poli et al., 2007) and hence T. marum is known
colloquially as ‘cat thyme'. These factors provide motiva-
tion for further investigation into dolichodial biosynthesis.

The dolichodial biosynthetic pathway is unknown and
no biosynthetic genes have been identified from T. marum
or insect producers. However, dolichodial likely shares the
same early biosynthetic steps as other iridoids (Bellesia
et al., 1983a, 1983b; Collu et al., 2001; Geu-Flores et al.,
2012; Salim et al., 2014; Simkin et al., 2013) (Figure 1c). Iri-
doids are derived from geraniol which is generated from
the monoterpenoid precursor geranyl pyrophosphate (GPP)
catalyzed by geraniol synthase (GES). Subsequent oxida-
tions catalyzed by geraniol 8-hydroxylase (G8H) and 8-
hydroxygeraniol oxidoreductase (8HGO) cause formation of
8-oxogeranial. This linear dialdehyde is reduced by iridoid
synthase (ISY), and subsequent cyclization of the activated
intermediate (either with or without enzyme catalysis)
results in the formation of nepetalactol, the universal

precursor to iridoids. The pathway diverges at this point,
with alcohol oxidation of nepetalactol providing nepetalac-
tones (Hallahan et al., 1998; Lichman et al., 2019), whilst
hydroxylation of nepetalactol by iridoid oxidase (lO) leads
eventually to glycosides and alkaloids (Miettinen et al.,
2014; Salim et al., 2014).

The mechanism of dolichodial formation is less obvi-
ous as it lacks the typical bicyclic iridoid structure. It has
been proposed to be formed via the compound teucrein,
also found in T. marum (Bellesia et al., 1983a, 1983b; Eis-
ner et al., 2000) (Figure 1a,c). Dolichodial can be formed
non-enzymatically from teucrein in mildly alkaline condi-
tions (Bellesia et al., 1983a, 1983b), indicating that teucrein
can be a precursor of dolichodial (Eisner et al., 2000).
Structurally, teucrein appears to be derived from nepeta-
lactol via a single hydroxylation and double acetylation
(Figure 1c). Teucrein, which has no insect-repellent proper-
ties, is present at high concentrations in leaf buds yet doli-
chodial is present at high levels in mature leaves (Eisner
et al., 2000).

In Lamiaceae, iridoid glycosides are abundant, includ-
ing in Teucreum spp. (e.g. harpagide in T. canadense,
Figure 1c), but volatile iridoids have a more irregular dis-
tribution, with nepetalactone unique to Nepeta spp. and
teucrein/dolichodial unique to T. marum (Mint Evolution-
ary Genomics Consortium, 2018). Investigations into the
evolution of Nepeta nepetalactone biosynthesis revealed
that ISY, crucial for iridoid biosynthesis, was lost in the
Nepeta lineage and then re-emerged from a different
clade, in an example of independent, or parallel, evolution
(Lichman et al., 2020). The lineage-specific formation of
teucrein and dolichodial in . marum may have also been
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influenced by gene loss and gain, and other genomic
processes.

We set out to discover the biosynthetic pathway to
dolichodial in T. marum and to investigate its evolutionary
origins. We report on the chromosome-scale assembly and
annotation of the T. marum genome and gain insight into
its evolutionary relationship with selected mint species.
We use phylogenomics to identify gene candidates for the
iridoid biosynthetic pathway and validate these with
enzyme assays. We reveal the phylogenetic and genomic
origins of the atypical T. marum ISY. Finally, we discover a
combination of 10 and newly reported acetyltransferases
that result in the heterologous formation of diverse iridoids
from nepetalactol in Nicotiana benthamiana. This high-
lights the inferred contribution of acetylation in T. marum
iridoid biosynthesis and opens the door to the future heter-
ologous production of the potent insect-repellent dolicho-
dial and investigation into the animal pathway to the same
compound.

RESULTS
Genome assembly

To sequence the genome of T. marum, we first estimated,
by flow cytometry, the haploid genome size of T. marum
to be 720 Mb. Subsequently, we generated 33.2 Gb of
Oxford Nanopore Technology (ONT) long reads (>10 kb)
providing ~46x effective coverage (Table S1). These were
assembled using Flye into 12 008 contigs (1.19 Gb total,
N50 = 318 kb) (Table S2) (Kolmogorov et al., 2019). After
error-correction, the polished assembly contained 7203
contigs (1.13 Gb, N50 = of 345 kb) (Table S2). The larger
than anticipated assembly size and high duplicated Bench-
marking Universal Single-Copy Orthologs (BUSCO) (55.5%)
and heterozygosity revealed in the GenomeScope analysis
indicates the presence of haplotigs in the assembly
(Figure S2). Thus, the polished assembly was purged of
haplotigs (Roach et al., 2018) reducing the contig number
to 2499 (609 Mb, N50 = 428 kb) (Table S2).

Hi-C reads were used to scaffold contigs into 15
chromosome-scale pseudomolecules. The final assembly
(ger.v1.0) comprised an N50 scaffold size of 32.9 Mb, with
a total size of 610 Mb, with 515 Mb contained within the 15
pseudomolecules (Table 1; Figure S3). The quality of the
ger.v1.0 assembly was confirmed by alignment of 99.97%
of the lllumina WGS reads, of which, 90.6% were properly
paired (Table S3). For mRNA-seq data, the overall align-
ment rates in paired-end mode ranged from 83.5% to
90.6% (Table S4). We also aligned cleaned ONT full-length
cDNA reads to the ger.v1.0 assembly, revealing 96.89% of
total mapped reads (Table S5). Benchmarking Universal
Single-Copy Orthologs (Manni et al., 2021) analysis with
1614 total BUSCO genes revealed 1529 (94.7%) complete
orthologs, of which, 1472 (91.2%) single-copy, 57 (3.5%)

© 2024 The Authors.
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duplicated, 14 (0.9%) fragmented, and 71 (4.4%) missing
orthologs (Table S6). These data demonstrate we gener-
ated a chromosome-scale genome assembly of T. marum.

Genome annotation

To annotate the genome assembly, a custom repeat library
was constructed and used to mask 68% of the assembly as
repetitive sequences, which included 31% retrotranspo-
sons and 2% DNA transposons. The repeat-masked assem-
bly was annotated using the BRAKER pipeline (v2.1.3)
(Hoff et al., 2019) and refinement of predicted gene models
using PASA2 (v2.4.1) (Haas et al., 2008; Pham et al., 2020)
resulting in a working set of 46 014 genes encoding 84 387
gene models (Table S7), of which, 73 468 gene models
from 36 053 genes were identified as high confidence
(Table S7). A total of 87% of the high confidence represen-
tative gene models were assigned to 15 pseudomolecules,
and while the gene density was highly enriched toward the
distal region of pseudomolecules ends, repeat density
(>1 kb repetitive sequence) was opposite of gene density
(Figure 2a). Karyotype analysis of T. marum revealed meta-
centric and submetacentric chromosomes (Castro &
Rosselld, 2007), consistent with gene enrichment on only
one end of some pseudomolecules. Assessment of the
annotation using BUSCO orthologs revealed 92.5% com-
plete in the working set, 91.9% complete in the high confi-
dence set, and 91.6% complete in the high confidence
representative set (87.9% complete and single copy, 3.7%
duplicated, 2.4% fragmented, 6.0% missing) (Table S6).

We also performed a more comprehensive analysis of
repetitive sequences in the T. marum genome assembly
using the Extensive de-novo TE Annotator (EDTA) software

Table 1 Metrics of the final Teucrium marum L. genome
assembly

Scaffold
Total assembly size (bp) 610 309 236
Number 1308
N50 size (bp) 32 980 994
L50 count 8
Maximum length (bp) 58 464 141
Minimum length (bp) 1000
Number of pseudomolecules 15
Total pseudomolecule size (bp) 515 839 546
Number of unanchored scaffolds 1293
Total unanchored scaffold size (bp) 94 469 690
Percentage of anchored scaffolds (%) 85
GC content (%) 38.57
Ns (%) 0.17
Contig
Total assembly size (bp) 609 272 736
Number 3381
N50 size (bp) 378 637
L50 count 393
Maximum length (bp) 7 154 970
Minimum length (bp) 1000
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Figure 2. Teucrium marum genome sequence and metabolite analysis.
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(a) Circos plot of the Teucrium marum genome assembly across 15 pseudomolecules in 1 Mb bins. Rings (outermost to innermost) represent 15 pseudomole-
cules in Mb, heatmap of gene density, total repeat density heatmap, Gypsy long terminal repeat retrotransposon (LTR) density, Copia LTR density, and Mariner

DNA transposon density. Exemplar photo of T. marum flower is in the center.

(b) Species tree constructed using a supermatrix of single-copy genes derived from genome assemblies and maximum-likelihood tree inference. All branches

have 100% support as judged by ultrafast bootstraps and SH-aLRT.

(c) Volatile iridoids (dolichodial and teucrein) concentrations across tissues measured by GC-MS. Each data point is a detected normalized peak area by compar-
ison to a verified standard. Bar heights are means, with standard deviation error bars. Letter grouping is based on Tukey tests at « = 0.05.

(Ou et al., 2019). A total of 66.8% of the genome assembly
was annotated as a transposable element (Table S8;
Figure 2a) with the dominant fraction of transposable ele-
ments being long terminal repeats (LTRs), of which, Gypsy
LTRs occupied 23.2% of the genome assembly (119.9 Mb,
82 230 elements) while Copia LTRs occupied 11.0% of the
genome assembly (56.8 Mb, 42 417 elements). There were
few DNA elements (9.0%) with the exception of Helitrons
which occupied 16.0% of the genome assembly (82.6 Mb)
with 213 391 elements.

Orthogroup and species tree

To determine the species relationships of T. marum, we
obtained 11 genome assemblies from Lamiaceae alongside
two genome assemblies from the wider Lamiales, and the
genome assembly of the outgroup Catharanthus roseus
(Gentianales) (Table S9). Single-copy genes were obtained,
their alignments concatenated and a maximume-likelihood
tree inferred from the resulting super-matrix (Figure 2b). The
resulting species tree had full support on each branch and
the relationships matched previous species trees (Mint Evo-
lutionary Genomics Consortium, 2018). T. marum was placed
in a clade with Volkameria inermis (syn Clerodendrum
inerme), with both genera being part of Ajugoideae (Mint
Evolutionary Genomics Consortium, 2018) (Figure 2b).

Metabolite profiling

To identify the type and location of iridoids in T. marum,
we performed metabolic profiling of open flowers, closed
flowers, leaves, stems, and roots. GC-MS was used to
explore the levels of the volatiles dolichodial and teucrein
(Figure 2c; Figure S4) (Eisner et al., 2000). Dolichodial and
teucrein were highest in closed flowers and leaves. Open
flowers had high levels of dolichodial but very low quanti-
ties of teucrein, suggesting conversion of teucrein to doli-
chodial during flower development. We did not detect
dolichodial and teucrein in roots, consistent with the pro-
duction of essential oils only in aerial parts of Teucrium
species (Djabou et al., 2013).

Whilst volatile iridoids like dolichodial and nepetalac-
tone are thought to play a role in repelling insect herbi-
vores, the structurally and biosynthetically related iridoid
glucosides damage the gut of herbivores in a manner akin
to the mustard oil bomb of glucosinolated (Dobler
et al., 2011). Other species in the Teucrium genus such as

© 2024 The Authors.

T. canadense and T. chamaedrys are known to produce iri-
doid glucosides but do not produce volatile iridoids. No iri-
doid glucosides have been reported in T. marum. To
examine whether volatile iridoids have usurped iridoid glu-
cosides in T. marum, we investigated the presence of iri-
doid glucosides by high-resolution LC-MS. We identified
putative iridoid glucosides by selecting peaks with high-
resolution masses matching entries in an iridoid database,
which demonstrated characteristic glucosyl fragmentation
in the MS? spectrum (Rodriguez-Lépez et al., 2022). We
identified 15 compounds matching these criteria, primarily
identified in aerial tissues (Table S10, Figure S5). The most
abundant iridoid glucoside (by peak area) was annotated
as 7-deoxyloganic acid based on mass and fragmentation
pattern (Figure S6) (Anici¢ et al., 2021).

Identification of iridoid synthase

We set out to identify the genes involved in the biosynthe-
sis of the volatile iridoids dolichodial and teucrein. The
early iridoid biosynthetic pathway consists of the steps
from geranyl pyrophosphate to nepetalactol, the first mole-
cule containing the characteristic bicyclic iridoid scaffold
(Figure 1c). Genes in this pathway were first identified in C.
roseus (Miettinen et al., 2014) but appear to be ortholo-
gous across the majority of known iridoid-producing spe-
cies in the asterids (Alagna et al., 2016; Kang et al., 2021;
Lichman et al., 2020; Mint Evolutionary Genomics
Consortium, 2018).

The first committed step into the iridoid pathway is
catalyzed by iridoid synthase (ISY), the scaffold-forming
enzyme, so we elected to first identify the gene encoding
this enzyme (Figure 3a) (Geu-Flores et al., 2012).
Orthogroup and BLAST analysis revealed two gene candi-
dates closely related to C. roseus ISY (Teum.06G020140
and Teum.05G025680). These genes were cloned, and
expressed in E. coli with a hexahistidine tag, and their pro-
tein products were purified through nickel affinity chroma-
tography (Figure S7a). Both enzymes demonstrated in vitro
NADPH-dependent reduction of 8-oxogeranial to the mix-
ture of products, including cis-trans-nepetalactol, charac-
teristic of this enzyme (Figure 3b; Figure S7) (Kries
et al., 2017; Lichman et al., 2019). After 30 min of reaction,
Teum.06G020140 produced more product and consumed
more substrate than Teum.05G025680, though over 3 h no
significant difference was observed (Figure S7b).
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respectively.
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Gene ID PCC
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GES_N 13G015640
BAHD2 09G023700
8HGO 10G002150
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Figure 4. Co-expressed iridoid genes. Tissue gene expression pattern of key iridoid biosynthesis genes and candidates. Genes are ordered according to the

Pearson correlation coefficient (PCC) relative to ISY.

Furthermore, the more active homolog, Teum.06G020140,
had a pattern of expression matching teucrein accumula-
tion (rs = 0.9), with expression absent in root, low in stem
and open flower, and high in leaf and closed flower
(Figure 3c). The other gene, Teum.05G025680, did not
show this pattern of expression (r; = —0.9).

Iridoid synthase is part of the progesterone 5p-reduc-
tase/iridoid synthase-like enzymes (PRISE) family of short-
chain reductase/dehydrogenases, and the ability to reduce
8-oxogeranial is a common promiscuous activity of PRISE
family members beyond verified ISYs (Munkert et al.,
2014; Nguyen & O’Connor, 2020). Analysis of orthologous
groups of genes from related plants revealed that PRISE
genes are grouped into three clades (Figure 3d). Iridoid
synthase from C. roseus (CRO 07G007680, CrISY) and its
tandem paralog (CRO 07G007670, CrISP) form the base for
the ISY and ISP (iridoid synthase paralog) clade, respec-
tively. Iridoid producers Callicarpa americana, Antirrhinum
majus, and Paulownia fortunei (all Lamiales) similarly have
tandemly duplicated orthologs in each of these clades that
reside in a colinear region (Figure 3e). T. marum and Volk-
ameria inermis (syn Clerodendrum inerme), however, only
have a single gene in this colinear block with phylogenetic
analysis revealing it to be a member of the ISP clade.
V. inermis has a non-syntenic ortholog for ISY outside of
the colinear region, whereas T. marum lacks an ISY ortho-
log entirely. Species in Scutellaria sp. and Nepetoideae do
not make iridoids (except Nepeta) and all lack orthologs in
the ISY or ISP clade. The third clade in the PRISE tree,
comprises P5(3R-like genes, except for the independently
evolved Nepeta spp. ISYs (Lichman et al., 2020).

Analysis of a T. canadense transcriptome shows the
presence of both ISY and ISP orthologs (c79935 and ¢9221,

© 2024 The Authors.

respectively) (Figure 3d) (Mint Evolutionary Genomics Con-
sortium, 2018). However, without a genome assembly
available it is unknown whether these genes are tandem or
dispersed (as in V. inermis). Regardless, the presence of
both genes in T. canadense indicates that the canonical
ISY was lost specifically within the T. marum lineage, and
its function was replaced by ISP (Teum.06G020140), now
the T. marum iridoid synthase (TmISY). The role of ISP in
typical iridoid-producing plants is unknown but, as shown
here, they tend to co-occur as tandem duplicates
(Figure 3e).

Therefore, in both the Nepeta lineage and the
T. marum lineage, volatile iridoid biosynthesis emerged
independently (Lichman et al., 2020). Furthermore, this
was accompanied by the parallel evolution of ISYs,
wherein the canonical ISY was lost and its function
replaced by a PRISE enzyme from a different clade.

Early iridoid biosynthetic pathway

Using homology and co-expression analysis, we identified
candidate genes for other steps in the early iridoid biosyn-
thetic pathway (Figure 4). Cytochrome-P450 genes ortholo-
gous to G8H (Teum.01G014300) and 10 (Teum.14G002320)
were highly expressed and correlated tightly to ISY expres-
sion (PCC = 0.90 and 0.93). The gene orthologous to 8HGO
was also highly expressed and had a high ISY expression
correlation (PCC = 0.97). To verify its function, we cloned
the gene, expressed it recombinantly in E. coli, and dem-
onstrated the purified enzyme product could oxidize 8-
hydroxygeraniol in vitro dependent on the NAD® cofactor
(Figure S8).

Next, we identified a gene candidate for GES, the
first step in the iridoid biosynthetic pathway. The genome
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annotation incorrectly split the gene model in two
(Teum.13G015640 for the N-terminus and Teum.13G015650
for the C-terminus), but despite this, both parts correlated
with ISY expression (PCC = 0.99). Based on transcriptome
assembly data and manual curation, the full gene model
was determined (Table S11). This gene was cloned and the
enzyme heterologously expressed in E. coli as a GST-
tagged N-terminal truncate. The purified enzyme formed
geraniol from geranyl pyrophosphate in vitro, validating its
function as a geraniol synthase (Figure S9).

Iridoid oxidase

In typical iridoid glucoside biosynthesis, |0 is hypothesized
to catalyze the three-step oxidation from nepetalactol to
deoxyloganetic acid via the alcohol and aldehyde interme-
diates (Miettinen et al., 2014; Salim et al., 2014). It is in this
context that we propose that teucrein biosynthesis pro-
ceeds via a single oxidation of nepetalactol, a hydroxylation
to 7-deoxyloganetic alcohol, without subsequent formation
of the aldehyde or acid, catalyzed by an ortholog of 10
(Figures 1c and 5a). We identified two genes in T. marum
that cluster to the 10 clade as defined by C. roseus |0
(Teum.14G002320.1 and Teum.14G002400.1) (Figure S10a).
Comparative genomics showed colinear regions harboring
10 homologs throughout the Lamiaceae, with at least four
copies of 10 and its co-linear region present in the family’s
most recent common ancestor (Figure S10b). Only one
T. marum 10 paralog (Teum.14G002320) had high expres-
sion in iridoid-producing tissues and was co-expressed
with other iridoid pathway genes (Figure 4; Figure S10),
indicating it is the iridoid active enzyme. Its high similarity
(97.4% pairwise nucleotide identity) and physical proximity
to the other paralog (Teum.14G002400) indicates a local
duplication of 10 occurred in the T. marum lineage (purple
clade of Figure S10b).

The 10 candidate Teum.14G002320 was selected for
recombinant expression and characterization. We initially
attempted to use Saccharomyces cerevisiae to examine
activity but with both in vivo and microsomal preparations
we were unable to identify reaction products after feeding
nepetalactol. The gene was then cloned and transiently
expressed in N. benthamiana via agrobacteria transforma-
tion. Discs were excised from transformed leaves and
fed with nepetalactol. In leaf discs transformed with
Teum.14G002320, LC-MS analysis showed consumption of
the substrate, and formation of a new peak (Figure 5, TmIO
trace). This peak had a molecular mass and MS? fragmen-
tation matching the glucose ester of the triple oxidation
product 7-deoxyloganetic acid (Figure S11). We were
unable to observe peaks related to the single oxidation
product. It has previously been shown that N. benthamiana
contains native glycosyltransferases that act on 7-
deoxyloganetic acid causing the formation of this off-
pathway product (Dudley et al., 2022).

Discovery of iridoid acetyltransferases

The final proposed step of the teucrein biosynthetic path-
way is the double acetylation of the intermediate com-
pound 7-deoxyloganetic alcohol (Figure 5a) (Eisner
et al.,, 2000). We used co-expression analysis to identify
acyltransferase candidates that correlate with ISY expres-
sion (Figure 4a). Five of these (BAHD1-5) were cloned and
transiently co-expressed alone and with 10 in N. benthami-
ana. We excised discs from transformed leaves and fed
these with nepetalactol. In samples containing 10 coex-
pressed with BAHD2, BAHD4, or BAHD5, we saw no notable
differences compared to the 10-only sample (Figure 5).
However, in samples coexpressing 10 with BAHD1 or
BAHD3 we were able to observe reduction in the peak area
of the 7-deoxyloganetic acid glucose ester (Figure 5b,c),
along with the accumulation of multiple peaks with
149.096 m/z (C;oH130") (Figure 5b; Figure S12). In our LC-
MS positive mode detection method, iridoids undergo in-
source dehydration, with the dominant ion being
[M-H,0 + HI". Hence, we observe nepetalactol (CqoH160,)
as 151.112 m/z (C1oH450") and dolichodial (C1oH140,) as
149.096 m/z (Figures S13 and S14). Therefore the peaks
with 149.096 m/z are diverse oxidized iridoids, structurally
related to dolichodial, that undergo in-source dehydration
or fragmentation to yield the characteristic ion.

To identify the new 149.096 m/z compounds formed in
the enzyme assays, we compared them to teucrein and doli-
chodial standards. We could not detect the formation of teu-
crein in our enzyme assays. The dolichodial standard
appeared as two peaks in LC-MS due to its reaction with
methanol during extraction (Figure S14). One peak from the
dolichodial standard matched the retention time and MS?
fragmentation pattern of one of the newly formed peaks
(Figure 5b; Figure S15). To verify the identity of dolichodial
produced in the enzyme assays, we spiked the standard into
the assays and observed the product peak increase
(Figure S15). Despite this evidence, we cannot be certain of
the assignment due to the high density of isobaric com-
pounds and the lack of a second dolichodial peak in the
non-spiked assays.

The 149.096 m/z is a characteristic fragment of oxi-
dized iridoids, and peaks containing this mass are likely to
be structural isomers of dolichodial (e.g., dolicholactone
and teucrimulactone). Specific BAHD acyltransferases plus
10 are required for the accumulation of dolichodial isobars:
they are very low in no enzyme, 10-only, or BAHD-only
controls. Furthermore, the reduction of 7-deoxyloganetic
acid glucose ester concentration indicates flux is being
diverted away from the |0 product by the BAHDs (Figure 5).
This suggests that an oxidized and acylated intermediate is
present in the pathway, presumably teucrein. However, as
teucrein cannot be detected in our N. benthamiana enzyme
assays we infer it presents as a ‘cryptic’ intermediate,
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Figure 5. Formation of iridoids from nepetalactol in N. benthamiana leaf disc assays.
(a) Reaction scheme. Blue arrows: route to 7-deoxyloganetic Glu-ester via 10 and promiscuous glucosyltransferase activity. Red arrows: route to dolichodial and
diverse iridoids via coupled 10 and acyltransferase activity and inferred teucrein intermediate.
(b) LC-MS analysis of metabolites present in N. benthamiana leaf discs. Left column has nepetalactol highlighted, peak confirmed by the verified standard (top).
Middle column depicts a 7-deoxyloganetic acid Glu-ester (Figure S11). Right column features dolichodial isomer highlighted, with coeluting peak highlighted
(see Figure S15). Nepetalactol and dolichodial standard peak intensities are scaled to enable comparison.

(C) Peak areas of nepetalactol, 7-deoxyloganetic Glu-ester, and iridoid peak coeluting with a dolichodial peak. Dots represent single experiments and bars are
the mean of three or four samples (see Figure S12 areas of other iridoid peaks).
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being formed and immediately hydrolyzed into dolichodial
and other unknown isomers (Eisner et al., 2000). Promiscu-
ous N. benthamiana enzymes may also be contributing to
the chemical diversity formed. This data describes acyl-
transferases contributing to iridoid chemical diversity and
their coordinated activity with 10.

DISCUSSION

We set out to investigate how T. marum produces iridoids
including dolichodial, a potent insect repellant that is also
produced de novo by insects, and teucrein, its proposed
acetylated precursor. We obtained a chromosome-level
assembly of T. marum that enabled identification of iridoid
biosynthetic genes (GES, 8HGO, ISY, and 10), whose roles
were verified via activity assays. Phylogenomic analysis
revealed the evolutionary history of TmlISY. Finally, we
identified acyltransferases capable of working together
with 10 to produce multiple iridoids, including a peak
matching the retention time and mass spectrum of doli-
chodial. This work describes partial genetic elucidation of
the dolichodial biosynthesis pathway, providing future
metabolic or biocatalytic access to this potent anti-
insectan.

The similarity of T. marum (cat thyme) and Nepeta sp.
(cat mint) was evident at the onset of this work, with both
species making volatile iridoids with cat attractant and
insect repellent properties (Birkett & Pickett, 2003), and
both having acquired this ability relatively recently in their
species and genus lineages respectively (Mint Evolutionary
Genomics Consortium, 2018). We now reveal that these
similarities are also observed in the parallel evolution of
ISY, the iridoid scaffold-forming enzyme. In both species,
the canonical ISY, orthologous in the majority of plant iri-
doid producers, is absent, and its function has been
replaced by a PRISE enzyme from a different clade (Lich-
man et al., 2020). In the case of Nepeta sp., the new ISY
originated from the P5BR clade, whilst in T. marum it was
from the ISP clade (Figure 3d). Whilst the P5pR clade has
no known association with iridoid biosynthesis beyond
Nepeta sp., the ISP clade appears to be ancestrally related
to iridoid biosynthesis.

ISP is conserved in the majority of iridoid-producing
plants and typically appears as a tandem paralog to ISY
(Figure 3e). In C. roseus, it has a similar catalytic efficiency
to ISY and is co-expressed with iridoid biosynthetic genes
(Li et al., 2023; Munkert et al., 2014). However, silencing
ISP did not cause accumulation of putative iridoid precur-
sors as silencing ISY did (Munkert et al., 2014). Whilst ISP
appears to be functionally redundant, its conservation may
indicate a specific but as yet unknown function. However,
in T. marum this apparent backup ISY has taken on the
major role.

Therefore, it seems that ISYs have had three origins
from within the PRISE family: the canonical and

presumably ancestral ISY, then two parallel cases of gene
loss and acquisition of new function. Curiously, in both
Nepeta sp. and T. marum, the gene evolution has occurred
with a shift of end-point metabolite type or function (i.e.,
formation of volatile iridoids), which may relate to changes
to gene regulation during metabolic evolution (Shoji, 2019).
Iridoid synthase activity in vitro has been demonstrated in
PRISE family enzymes across all land plants, including
non-iridoid producers (Nguyen & O’Connor, 2020). This
may account for multiple instances of functional iridoid
synthases arising from this family.

Using the genome sequence, homology, and co-
expression, we were able to identify 10 and acyltrans-
ferases contributing to iridoid biosynthesis in T. marum.
We examined their function by converting nepetalactol into
diverse iridoids in co-infiltrated N. benthamiana leaf discs.
Whilst we detected a peak with the same retention time
and mass spectrum as the dolichodial standard, the com-
plexity of the analytics prevented confident assignment of
identity. The identity of the new peaks as iridoids is sup-
ported by the presence of a key mass fragment
(149.096 m/z, Figure 5; Figure S12), MS? matches to vali-
dated iridoid standards (Figure S15), and concomitant
reduction of the iridoid precursor (nepetalactol) and shunt
product (7-deoxyloganetic acid glucose ester) (Figure 5).

Whilst the N. benthamiana system was instrumental
in identifying coupled activity of 10 and acyltransferases
with nepetalactol, native enzymes appear to be interfering
with the heterologous pathway, such as the native gluco-
syltransferases that modify the 10 product (Figure 5) (Dud-
ley et al., 2022; Miettinen et al., 2014). The absence of
detectable acylated intermediates indicates native hydro-
lase activity, and the multiple iridoid peaks may also be
indication of some other native enzyme activity. We are
working toward increasing the yield and specificity of iri-
doid accumulation through de novo formation of nepeta-
lactol and optimizing infiltration ratios. Modifying the
chassis through genome editing might ultimately be
required to reduce interfering native enzyme activities
(Dudley et al., 2022). Further exploration of alternative
expression systems may also be fruitful.

The challenges encountered with the N. benthami-
ana system highlight two aspects of the biosynthetic
pathway with unresolved complexity: the oxidation of
nepetalactol and the hydrolysis of teucrein (Figure 5a).
The pathway requires the single hydroxylation of nepeta-
lactol into deoxyloganetic alcohol. This is catalyzed by
10, but the same enzyme can also perform up to three
oxidations on nepetalactol, forming deoxyloganetic acid.
This over-oxidation is occurring in N. benthamiana
assays with 10 and nepetalactol in the absence of active
acyltransferases (Figure 5b). To form teucrein/dolichodial,
acyltransferases must capture the IO product after the
first hydroxylation. Therefore, to optimize dolichodial
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formation the overoxidation by |0 must be minimized. It
is possible such a balancing act is occurring in the native
plant: we observed 7-deoxyloganic acid, a triple oxidation
product, accumulating in the same tissues as teucrein
(Figures S5 and S6). Teucrein accumulation correlates to
10 expression, and it is therefore possible that 10 cata-
lyzes the formation of both single and triple oxidation
products, at the branch point between volatile iridoids
and iridoid glucosides (Figure 5a).

The control of this branch point could be via a com-
plex mechanism. For example, there may be physical inter-
actions between the BAHDs and |0 which ensure single
oxidation products are channeled into teucrein biosynthe-
sis. Alternatively, there may be additional enzymes in
planta that promote the second and third oxidation steps,
as known in equivalent three-step oxidation in artemisinin
biosynthesis (Paddon et al., 2013; Teoh et al., 2009). A
complete understanding of how the oxidation of nepetalac-
tol by 10 is catalyzed will enable increased yields of doli-
chodial and also has implications in iridoid-derived
alkaloid pathway metabolic reconstructions where putative
helper enzymes have been employed to increase the effi-
ciency of this oxidation step (Brown et al., 2015; Zhang
et al., 2022).

The final step of dolichodial biosynthesis is hydrolysis
of teucrein (Figures 1c and 5a). In our heterologous recon-
structions, we could not detect teucrein, presumably
because its hydrolysis was occurring spontaneously, either
through chemical processes or promiscuous enzymatic
hydrolases. It is also leading to multiple iridoid products.
To control teucrein hydrolysis in heterologous systems, we
must understand how it is catalyzed in T. marum. We
found that teucrein to dolichodial conversion was
enhanced in open compared to closed flowers (Figure 2c)
and previous reports suggest it is increased as leaves
mature (Eisner et al., 2000). These observations could aid
in the future discovery of a specific hydrolase. The biosyn-
thetic origin of dolichodial in insects is not known but pre-
sumably has similarities to insect nepetalactone
biosynthesis (Kollner et al., 2022). However, teucrein has
never been observed in insects and it is unknown whether
they use this as an intermediate to dolichodial.

There are multiple examples of ‘cryptic’ acetylation
steps in plant-specialized metabolite biosynthesis. In nos-
capine biosynthesis, an acetyl group acts as a hydroxyl-
protecting group prior to deacetylation and rearrangement
(Dang et al., 2015). In other examples akin to dolichodial
biosynthesis, the addition of an acetyl group converts a
hydroxyl into a favorable leaving group. This occurs in the
morphine biosynthesis pathway (Lenz & Zenk, 1995) and in
Lycopodium alkaloid biosynthesis (Nett et al., 2023).

Iridoids are distributed widely in insects and in the
asterid clade of flowering plants, and they have important
roles in defense and communication. In this study, we have
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determined and reconstituted the T. marum enzymatic
route to iridoids and have analyzed the evolutionary origins
of key pathway genes. The unique contribution of acyltrans-
ferases to iridoid diversity in T. marum highlights how dif-
ferent species have employed different enzyme types and
mechanisms to access diverse chemistries from a shared
scaffold.

EXPERIMENTAL PROCEDURES

The T. marum genome was sequenced and assembled into
chromosome-scale pseudomolecules using a combination of
ONT, lllumina whole-genome shotgun, and Hi-C sequencing.
Transcripts from different tissues were sequenced from cDNA
libraries with both Illumina short-reads and ONT. These
sequences were used, in combination with other databases and
gene prediction algorithms, to obtain high-confidence gene
models. Phylogenomic analysis was conducted using ortholo-
gous group identification, microsynteny analysis, and maximum
likelihood tree inference. Chemical standards were isolated from
T. marum tissues and validated with NMR spectroscopy. For
metabolite profiling, tissues were extracted with hexane or
methanol and analyzed by GC-MS or LC-MS respectively.
Recombinant enzyme production was performed in E. coli or N.
benthamiana. For E. coli expression, enzymes were isolated
using His-tag purification, assayed in vitro, and the reaction ana-
lyzed by GC-MS. For N. benthamiana transient expression,
plants were infiltrated with agrobacteria containing plasmids
encoding genes of interest. Leaf discs of infiltrated plants were
isolated, and incubated with substrates and then the metabolites
were extracted and analyzed by LC-MS. Detailed methods and
materials with associated references can be found in Supple-
mentary Information.
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