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ABSTRACT: Plants contain a vast array of natural products yet to
be discovered, particularly those minor bioactive constituents.
Identification of these constituents requires a significant amount of
plant material, presenting considerable technical challenges.
Mugwort (Artemisia argyi) is a widely recognized insect repellent
herb, particularly renowned for its extensive usage during the
Dragon Boat Festival in China, but the specific constituent
responsible for its repellent activity remains unknown. Here, we
employed a gene-directed in vitro mining approach to characterize
mugwort terpene synthases (TPSs) systematically in a yeast
expression system. Based on the establishment of “Terpene
synthase-standard library”, we have successfully identified 54
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terpene products, including a novel compound designated as cyclosantalol. Through activity screening, we have identified that
(+)-intermedeol, which presents in trace amount in plants, exhibits significant repellent activity against mosquitoes and ticks. After

establishing its safety and efficacy, we then achieved its biosynthetic

production in a yeast chassis, with an initial yield of 2.34 g/L.

The methodology employed in this study not only identified a highly effective, safe, and commercially viable insect repellent derived
from mugwort but also holds promise for uncovering and producing other valuable plant natural products in future research

endeavors.

B INTRODUCTION

Plants harbor an untapped wealth of natural products,
including a multitude of minor bioactive compounds that
remain to be discovered.' Despite their low concentrations,
these subtle elements can immensely benefit pharmaceuticals,
agriculture, and are important drivers of interactions between
plants and the environment.” However, isolating and
identifying bioactive constituents from plants presents a
formidable scientific challenge, particularly when targeting
compounds that are volatile, unstable, or exist in trace
quantities. An iconic example illustrating this challenge is
artemisinin, an antimalarial compound derived from Artemisia
annua. Youyou Tu’s tenacity and pioneering discovery of
artemisinin earned her the Nobel Prize.”*

Mugwort (Artemisia argyi), referred to as “Ai Hao” in
Chinese, is a widely recognized traditional Chinese medicinal
herb with longstanding of global usage.”® An ensuring tradition
during the Dragon Boat Festival, celebrated on the fifth day of
the fifth lunar month in China, entails hanging mugwort on
doors or crafting sachets from its leaves. This cultural practice,
which has been perpetuated for thousands of years and
continues to be observed today, serves to ward off and protect
against evil, disease, and bad luck.”® The rationale behind this
practice could be related to pest control. As at this time of year,
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coinciding with early summer, brings with it a surge in warmth
and humidity, conditions conducive to insect proliferation.
And the mugwort’s robust, sage-like aroma could deter
detrimental insects, thus potentially preventing epidemic
outbreaks. Despite mugwort’s significant role in traditional
practices, there are surprisingly few insect repellent products
on the market derived from it, as the specific bioactive
components of mugwort, especially those effective against
common pests like mosquitoes and ticks, remain largely
unidentified.

Mosquitoes and ticks act as vectors of a wide range of
infectious agents, contributing to an increasing burden
worldwide with emerging diseases that affect both human
and animal health. Ticks, in particular, have been associated
with numerous fatalities in recent years, underscoring the
urgent need for the development of new repellents.” Recently,
there has been heightened interest in researching plant-derived
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Figure 1. Systematic functional screening of AaTPSs in a yeast chassis. (a) Phylogenetic analysis showcasing the classification and relationship of
terpene synthases (TPS) candidate genes from A. argyi. (b) Schematic depiction of the setup for the functional characterizations of AaTPSs
coexpressed with GPPS, FPPS, NPPS and Z,Z-FPPS. (c) Gas-chromatography (GC) spectrum profile of products of AaTPS10, AaTPS11,
AaTPS17, AaTPS26, and AaTPS27 coexpressed with GPPS (i), NPPS (ii), FPPS (iii) and Z,Z-FPPS (iv). (d) Tabulated products of AaTPS in
yeast strains that coexpressed with GPPS, NPPS, FPPS, and Z,Z-FPPS. Blue and red squares represent the monoterpene and sesquiterpene
products, respectively. Terpene products that are exclusively detected in AaTPS that coexpressed with NPPS or Z,Z-FPPS are highlighted in blue

(monoterpene) and red (sesquiterpene) fonts.
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Figure 2. Terpene product determination by constructing a terpene synthase-standard library. (a) Phylogenetic analysis showed clustering of plant-
derived (green), fungal-derived (red), bacterial-derived (blue), and insect-derived (purple) TPS, the brackets indicate the number of TPS genes. (b,
c) Gas chromatography—mass spectrometry (GC—MS) profile (m/z = 204) of AaTPS24 (b) and AaTPS26 (c) products was aligned with the TPS
products in the terpene synthase-standard library. The sesquiterpene structures determined by TPS-standard library (represented in red) or
through nuclear magnetic resonance (NMR) (indicated by the asterisk) are presented below. (d) Total ion chromatography (TIC) of gas
chromatography—mass spectrometry (GC-MS) profile of enzymatic products of AaTPS18, structure of F72—1, and X-ray Orthogonal Rank-
Ordered Test Evaluation Plot (ORTEP) drawing, '"H—'H COSY, HMBC, ROESY correlations of F72—2 (cyclosantalol). (e) Terpene products
from yeast strains that coexpressing AaTPSs with GPPS, FPPS, NPPS and Z,Z-FPPS. Compounds were determined either via the terpene synthase-
standard library (represented in black) or through NMR (represented in blue). Structure merely illustrates the relative configuration.

repellents, which are perceived as safer and more environ-
mentally benign. Despite decades of efforts by natural product
chemists to systematically isolate and characterize constituents
of mugwort, with a focus on the bioactivity of its essential

18,10 I
oil,”"" recent advancements have primarily centered on

sequencing its genome.é’11

Terpenes constitute the largest class of volatile organic
compounds emitted by plants, investigating the terpene
constituents of mugwort could significantly enhance our

understanding of its effectiveness in deterring mosquitoes.

30885

But the conventional method of direct extraction and
purification from plant tissues could potentially fail to capture
the volatile and minor components present in the plant.
Synthetic biology techniques and workflows offer significant
advantages in overcoming the longstanding challenges
associated with isolating and identifying terpene constituents."”
We have previously systematically mined and characterized
fungal terpene synthases (TPSs) to identify sesterterpene
products, bypassing the need to culture the fungal hosts under
laboratory conditions, and novel nonsqualene-triterpene
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J. Am. Chem. Soc. 2024, 146, 30883—30892
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synthases were also discovered.'”'* This methodology not
only enables the discovery of novel compounds via the
heterologous expression of TPS in microbial chassis but also
provides a systematic means to enhance the production of
specific chemicals, thereby laying the groundwork for
subsequent bioactivity evaluations.

In this study, by using a gene-directed in vitro mining
approach, we comprehensively examined the terpene compo-
sition of mugwort by structural elucidation of 54 terpene
products. With activity screenings and safety evaluations, we
have identified a superior insect-repellent constituent in
mugwort that is highly effective, safe, and commercially viable.

B RESULTS

Systematic Functional Screening of Artemisia argyi
Terpene Synthase in a Yeast Chassis. An in-depth
screening of the gene models from Artemisia argyi genome
unveiled 127 protein sequences classified as AaTPS.
Phylogenetic analysis further divided these AaTPS into four
distinct subgroups: TPS-a, TPS-b, TPS-c/e/f, and TPS-g,
based on previously established plant terpene synthase
classification (Figure S1)."> As the Artemisia argyi genome
has experienced several rounds of whole-genome duplication,"®
there is a presence of highly similar TPS gene sequences
(homologues). To ensure that our study included a
comprehensive yet nonredundant set of TPS genes, we
adopted a criterion of 90% amino acid sequence similarity to
cluster these genes. From each cluster, we selected the TPS
genes that showed higher expression levels based on the
Artemisia argyi transcriptome data. Additionally, we filtered out
any TPS genes that were not expressed in any of the tissues
analyzed. Through this refined approach, we identified a total
of 29 representative TPS genes that provide a broad coverage
of the TPS gene family across the entire Artemisia argyi
genome (Figure 1a). The 29 representative TPS genes were
codon-optimized and synthesized for subsequent functional
assessments. We previously engineered the yeast strain JCR27,
which exhibits proficiency in synthesizing terpene precursors,
particularly elevated levels of IPP (isopentenyl diphosphate)
and DMAPP (dimethylallyl diphosphate), the fundamental CS
building blocks essential for terpene biosynthesis."’~'” These
precursors, upon interaction with GPPS (geranyl diphosphate
synthase) and FPPS (farnesyl diphosphate synthase), produce
GPP and FPP, which function as substrates for the biosynthesis
of monoterpenes and sesquiterpenes, respectively. Prior studies
have demonstrated that plant TPS possess the capability to
generate terpene products when supplied with NPP (nerolidyl
diphosphate) or Z,Z-FPP (ZZ-farnesyl diphosphate) as
substrates.”’™>> To fully exploit the catalytic potential of
mugwort TPS, we constructed a series of yeast expression
vectors by pairing each AaTPS (AaTPS1-29) with GPPS,
FPPS, NPPS (nerolidyl diphosphate synthase), or Z,Z-FPPS
(Z,Z-farnesyl diphosphate synthase). Harnessing the precision
and efficiency of automated high-throughput biofoundry
techniques, we generated 116 unique yeast strains (Figure
S2). Subsequently, upon fermenting these engineered strains,
the resulting compounds were analyzed using gas chromatog-
raphy—mass spectrometry (GC-MS) (Figure 1b,c).

Terpene products of representative genes that coexpressed
with GPPS, NPPS, FPPS, and Z,Z-FPPS were displayed in
Figure lc, while others are detailed in Figures S3 and S4.
Among the examined AaTPS, AaTPSI, 2, 3, and 29, which
were classified within the TPS-c/e/f group, showed no

response in producing any mono- or sesquiterpene products,
but AaTPS4—28 vyielded a total of 27 monoterpenes (T1—
T27) and 75 sesquiterpenes (F1—F75) (Figure 1d). All nine
AaTPSs categorized under the TPS-b group (AaTPS4—6, 8—
13) synthesized monoterpene products when coexpressing
GPPS or NPPS. While AaTPS10 generated a diverse mixture
of 12 monoterpenes, others produced between one and four
products. In contrast, AaTPSs from the TPS-a group
(AaTPS14—26) exhibited significant substrate promiscuity.
Out of the 13 TPSs analyzed, 11 were able to accept a variety
of substrates, resulting in the production of both mono- and
sesquiterpene products. Many of these enzymes generated
multiple products; for instance, AaTPS17 synthesized up to 16
sesquiterpenes and 11 monoterpenes (Figure 1c). Based on
their exclusive detection in yeast coexpressing AaTPS and
NPPS or Z,Z-FPPS, monoterpenes TS, T6, T10, T19, T20,
and T25, along with sesquiterpenes F16, F20, F22, F27, F30,
F36, F38, F39, F47, F54, and F75 were identified (Figure 1d).
Notably, upon comparing the terpene products with extracts
from mugwort, we observed that 62 terpene products,
including all the aforementioned products, were absent in
the terpene extract derived from the leaf, stem, or root samples
of the mugwort plant (Figures 1d, S5—S7).

Structure Determination of Terpene Products and
Discovery of a Novel Compound Cyclosantalol. The
elucidation of a compound’s structure is pivotal for under-
standing its biological functionality. While isolating and
purifying each terpene followed by structural elucidation
using nuclear magnetic resonance (NMR) offers precision, it
is labor-intensive, especially for minor terpene constituents
found in trace amounts. In our effort to discern the structure of
AaTPS terpene products, we built a local terpene synthase-
standard library. This involved heterologously expressing TPSs
that had been functionally characterized within our yeast
chassis designated for terpene precursor provision (Figures 2a,
S8, Table S1). Overall, the standard library confirmed 21
monoterpene and 106 sesquiterpene products by cross-
referencing with the literature (Figure S9). Among these
terpene products, 54 (42.5%) were validated through NMR,
while 47 (37.0%) were authenticated against certified stand-
ards (Table S1, Figures S10 and S11). These verified terpenes
were subsequently designated as benchmark standards for
identifying AaTPS products.

Expression of AaTPS24 in our yeast chassis resulted in seven
sesquiterpene products (Figure 2b). Notably, the main
product, F34, displayed retention time and mass matching
those of the sesquiterpene product from LT61, previously
confirmed as epi-isozizaene through NMR analysis,”” therefore,
F34 was identified as epi-isozizaene (Figure S12). Similarly,
products F56, F57, and F61 aligned in retention time and mass
with those of LT90, LT84, and LT1S5, respectively, and were
identified as p-curcumene, (Z)-y-bisabolene, and (E)-a-
bisabolene®*™*° (Figure S12). Furthermore, F29 and F56
were isolated and purified, with their structures determined as
p-cedrene and f-curcumene, respectively, through NMR
analysis (Figure 2b, Tables S2—S5). Expression of AaTPS26
in our yeast chassis yielded ten distinct sesquiterpene products
(Figure 2c). Among these, F26, F37, F41, FS3, FS7, and F58
exhibited identical retention times and masses as products
derived from LT69, LT37, LT21, LTS3, LT84, and LT26,
respectively (Figure S13). Based on previous structural
determinations of these gene products, they were identified
as f-caryophyllene, a-humulene, y-curcumene, (S)-f-bisabo-
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(a) Schematic depiction of the setup for the hand-in-cage assay employed for

initial repellent activity screening of yeast crude extracts and the primary metabolite of AaTPS19. (b) Initial activity screening of yeast crude extract
of AaTPS16—27 that coexpresses FPPS. (i). Activity screening of the sesquiterpene products of AaTPS18, AaTPS19, and AaTPS24 against

mosquitoes at the concentrations of 500 ppm (N = 3)(ii). (c) X-ray

Orthogonal Rank-Ordered Test Evaluation Plot (ORTEP) drawing, 'H—'H

COSY, HMBC, ROESY correlations of (+)-intermedeol (i). Assessment of the repellent rate of F73 against mosquitoes at various dosages. DEET
(200,000 ppm) was used as a positive control (ii). (d) Schematic depiction of a Y-tube olfactometer setup for dual-choice assay of ticks nymphs
(Haemaphysalis longicornis; N = 3) (i). Assessment of the repellent rate of F73 and nootkatone against ticks nymphs at various dosages. DEET
(20%) was used as a positive control (N = 3) (ii). (e) Biochemical blood analysis of mice under dermal administration (i) and gavage
administration (ii). Concentrations of alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea (BUN), and creatinine
(CREA) were compared (N = 4). Gray box indicates the normal range. (f) GC-MS analysis for mugwort root extracts and the standard of
(+)-intermedeol. For the bar plot, each dot indicates one replicate. Bars and error bars indicate means =+ s.d. Student’s ¢ test was employed, ns, not
significant; *, P < 0.1; **, P < 0.01; **% P < 0.001; **¥* P < 0.0001.

lene, (Z)-y-bisabolene, and §-cadinene, respectively (Figure 2c,
Tables SZ—SS).18’19’25’27_30

An unknown compound designated as F72 was identified as
the predominant product of AaTPS18 (Figure 2d). Intrigu-
ingly, our analytical investigations revealed that F72 is not a
singular entity but rather a complex mixture of two distinct
compounds (Figure S14). Notably, these two constituents
exhibit such similar properties that they have proven refractory
to separation by conventional high-performance liquid
chromatography (HPLC) and gas chromatography—mass
spectrometry (GCMS) techniques. Through successive rounds
of preparative thin-layer chromatography (TLC), we achieved
the isolation and purification of two distinct compounds,

designated as F72—1 and F72—2. F72—1 was determined as
compound rel-(1R,25,3R,4S5)-2,3-Dimethyl-3-(4-methyl-3-
penten-1-yl) bicyclo[2.2.1]heptan-2-0l by analysis of NMR
spectroscopy” " (Figure 2d). F72—2 has a molecular formula of
C,sH;0 as revealed by the high-resolution electrospray
ionization mass spectrometry (HRESIMS), the 'H and “C
NMR data resembled those of epicyclosantalal,”” the HMBC
correlations from Me-12 and Me-13 to C-10 and C-11
indicated that the side chain at C-10 is replaced by isopropanol
(Figures S15—S18). Furthermore, a single-crystal X-ray
diffraction analysis was performed for F72—2 by using Cu
Ka radiation, which not only confirmed the undescribed planar
structure of F72—2, but also determined the absolute
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configuration of F72—2 to be 152S,35,4R,10S (Figure 2d).
Through a literature review, we identified F72—2 as a
previously undescribed compound, which we have designated
as cyclosantalol. The biosynthetic mechanism for cyclosantalol
was proposed through a 1,6-cyclization of nerolidyl pyrophos-
phate, the isomer of FPP (Figure S19). Notably, neither F72—
1 nor F72—2 have been previously reported as constituents of
the mugwort plant.

The same analysis has been conducted for the other AaTPS
products (Figure S13). In summary, utilizing our local terpene
synthase-standard library, we confidently identified a total of
15 monoterpene and 31 sesquiterpene products derived from
AaTPSs (Table S2). Additionally, we isolated and purified ten
sesquiterpenes, including F74, F66, F45, F60, FS2, F29, F56,
F44, F26, and F68. Their structures were determined through
NMR analysis as (1R,6R,7S)-2,10-bisaboladien-1-ol, copabor-
neol, 7-epi-selina-4,11-diene, 7-epi-a-selinene, (+)-bicycloger-
macrene, f-cedrene, f-curcumene, y-humulene, fS-caryophyl-
lene, and (15,4S,5R,10S)-guai-6-en-10-ol, respectively (Figure
2e, Tables S3—S5).

Identification of (+)-Intermedeol as an Insect-
Repellent Constituent. To investigate the potential insect-
repellent properties of the metabolites synthesized by AaTPS,
we initially screened repellent activity using yeast crude
extracts derived in strains that express AaTPSs. Following
fermentation, these yeast crude extracts were extracted and
adjusted to a concentration of 10,000 ppm using acetone as the
solvent. Their repellent activity against mosquitoes (Aedes
aegypti) was then assessed using a hand-in-cage experiment
(Figure 3a). Of the tested cell extracts, the cell extracts of
AaTPS18, AaTPS19, and AaTPS24 that coexpressing with
FPPS exhibited robust repellent activities, deterring mosqui-
toes at a rate of more than 80% (Figure 3b). The products of
AaTPS18, identified as F72—1 and F72—2, were determined as
described above. The AaTPS19 predominantly synthesized
compound F73, which was identified as intermedeol
corroborated by our terpene synthase-standard library (Figure
S20). Meanwhile, F34, F56, and F61, the products of
AaTPS24, were determined as epi-isozizaene, J-curcumene
and a-bisabolene (Figure S$20, Tables S3—SS). Subsequently,
we conducted large-scale fermentation to extract and isolate
these six compounds, their mosquito-repellent activities were
further assessed at a concentration of 500 ppm. The results
indicated that while F56 exhibits a low repellent rate, F72—1,
F72—-2, and F34 showed repellent activities above 50%,
compound F73 exhibited the most remarkable repellent
activity at 93% (Figure 3b). Our subsequent research has
been focused on the compound F73.

F73 was extracted and isolated as colorless oil, its molecular
formula was determined to be C,;H,;,O based on HRESIMS
data. Detailed comparison of '"H NMR and *C NMR spectra
of F73 with those of (+)-intermedeol revealed that they share
the same planar structure.”® Additionally, a well-formed crystal
of F73 was successfully grown by slow evaporation from a
solution of petroleum ether. Crystallographic analysis con-
firmed the structure of F73 as (+)-intermedeol, marking the
first report of the single-crystal structure for this compound
(Figures 3c, S21—S24). We further evaluated its repellent
properties by subjecting (+)-intermedeol in various dosages,
and 20% DEET (N,N-Diethyl-meta-toluamide), a concen-
tration considered highly effective for widespread use as insect
repellent, was included as positive control.*>* At the
concentration of 100 ppm, (+)-intermedeol has a repellent

rate of 60.5%. This rate notably rises to 88.7% when the
concentration was increased to 500 ppm (Figure 3c, Table S6).
However, no further improvement in repellency when the
concentration is increased to 5000 ppm, with the rate
remaining at 88.4%. This suggests that the optimal repellent
effect of (+)-intermedeol is achieved at a concentration of 500
ppm (Figure 3¢, Table S6). Although the 0.05% (500 ppm)
concentration of (+)-intermedeol has a slightly lower repellent
rate than 20% DEET, it exhibits high activity at this low
concentration, offering better safety and environmental
benefits due to its reduced dosage. Through a preliminary
transcriptome study of mosquitoes, we identified 101 differ-
entially expressed genes (DEGs) when mosquitoes were
treated by (+)-intermedeol. Notably, odorant binding proteins
(OBPSS and OBP27) exhibited significant down-regulation
subject to (+)-intermedeol exposure, suggesting their potential
involvement in chemosensory response to (+)-intermedeol
(Figure S25).

Ticks are able to transmit various pathogen species and
represent a growing threat to public health and agricultural
systems worldwide. We extended our investigation of
(+)-intermedeol’s effectiveness in repelling ticks by comparing
it with nootkatone, which is the active ingredient in the
commercially available tick repellent, NootkaShield, and 20%
DEET was also included as a positive control. Using dual-
choice tests with nymphs of the Asian longhorned tick
(Haemaphysalis longicornis), we found that (+)-intermedeol
exhibited a dose-dependent repellency. Specifically, repellent
rates of 81.66 and 95.20% were observed at concentrations of
10,000 ppm and 50,000 ppm, respectively. And the repellent
effect of (+)-intermedeol persisted for at least 6 h at various
concentrations (Figure 3d). In contrast, nootkatone showed no
repellent effect on this tick species (Figures 3d, $26, Table S7).
Similar results were observed in tests involving the brown
planthopper (Nilaparvata lugens) and Adelphocoris suturalis,
primary pests affecting rice (Oryza sativa) and cotton
(Gossypium hirsutum), respectively.”*° Only 16.79% of the
brown planthopper nymphs and 18.67% of A. suturalis
gravitated toward plants treated with SO0 ppm (+)-inter-
medeol, significantly less than the solvent control (72.87 and
69.33%; P < 0.0001) (Figure S27, Table S6). Thus,
(+)-intermedeol exhibits substantial repellency against mos-
quitoes, ticks, and agricultural pests.

To assess its prospective application, we conducted a
biosafety evaluation of (+)-intermedeol. Using the highest
recommended dosage according to GB 15670—1995 guide-
lines, no toxic effects were observed in mice following acute
dermal and oral treatments (Figure S28). Hematological and
serum biochemical parameters of (+)-intermedeol-treated
groups were similar to the untreated group, and histopatho-
logical examination of vital organs showed no major changes
(Figures 3e, $29). These findings confirm the nontoxic nature
of (+)-intermedeol, supporting its potential as a safe and
effective insect repellent.

Align with our findings, (+)-intermedeol, previously isolated
and identified from leaves of American (Callicarpa americana)
and Japanese (Callicarpa japonica) beautyberry (Verbenaceae),
has also been demonstrated to possess mosquito repellent
properties.”” Interestingly, as described by the author, the
residents in northeast Mississippi have traditionally used fresh
crushed leaves of beautyberry as a topical treatment for draft
animals to repel filies and other biting insects for several
decades. This practice strikingly parallels the traditional use of
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Figure 4. Titer of (+)-intermedeol in iterative mutant yeast strains cultivated in shake flask conditions and fed-batch fermentation. (a) Schematic
depiction of the sequential engineering of mutants designated for overproduction of (+)-intermedeol within a yeast chassis featuring an
overexpressed mevalonate (MVA) pathway. (b) Quantification of (+)-intermedeol production in engineered mutants. Bars and error bars indicate
means =+ s.d. of three replicates. Student’s t-test was employed to compare the titers of mutant strains with the initial (+)-intermedeol-producing
mutant JA191(¥*P < 0.01; ***P < 0.001; ****P < 0.0001). Cell density was measured as the optical density at 600 nm (ODgy,). Dots with bars
represent means = s.d. of three replicates. Each “+” indicates one gene copy integrating into the yeast chromosomes. (c) Fed-batch fermentation
result of JA197 in a 5 L parallel bioreactor. Changes in glucose (dark blue, g/L), ethanol (dark green, g/L), dry cell weight (DCW, black, g/L), and

(+)-intermedeol titer (red, mg/L) were shown in a time-course manner, s.d. were shown as shaded areas (N = 3).

mugwort in China. However, despite (+)-intermedeol being
recognized as a mosquito repellent as early as 2005, there has
been a paucity of subsequent research in this area. The
compound’s scarcity in plants may have impeded compre-
hensive studies on its efficacy, as well as the ability to conduct
thorough safety assessments, and potentially hindered its
broader application and commercialization.

(+)-Intermedeol has been reported as a constituent in the
essential oils of certain plants in Asteraceae, Verbenaceae, or
Lamiaceae,”®*’ but to the best of our knowledge, the presence
of (+)-intermedeol within the chemical constituents of
mugwort has never been documented. We found (+)-inter-
medeol exists in notably minute quantities in mugwort roots
(273.6 ng g™' of fresh weight) (Figures 3f and S30). This
aligns with our findings demonstrating its potent repellent
properties even at a minimal concentration of 500 ppm.
However, these trace amounts pose significant challenges for
isolation and utility using conventional phytochemical method-
ologies, thus the gene-directed in vitro mining approach we
employed here showed significant advances. Additionally, we
synthesized (+)-intermedeol by transiently expressing
AaTPS19 in Nicotiana benthamiana leaves (Figure S31),
indicating the feasibility of biosynthesizing (+)-intermedeol
by AaTPS19 in planta.

Overproduction of (+)-Intermedeol by Metabolic
Engineering in Yeast Chassis. To enable large-scale
production of (+)-intermedeol, essential for its application as
an insect repellent, we employed metabolic engineering in
yeast chassis (Figure 4a). Beginning with the JCR27 strain, we
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integrated AaTPS19 and ERG20 (FPPS) into the leu2 locus.
Additional modifications included incorporating extra copies of
AaTPS19 along with the tHMGI gene, a key enzyme in the
MVA pathway. To alleviate competition for FPP substrates
triggered by ERGY, we attenuated the Upstream Activating
Sequences (UAS) of the ERG9 promoter. Subsequently,
utilizing Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) technology, we introduced three additional
copies of AaTPS19 into the yeast chromosome, resulting in a
titer increase up to 167.98 mg L™ in the JA196 mutant strain,
approximately 8.85-fold higher than the original JA191 strain
cultivated in shake-flask conditions. Furthermore, we identified
a mutant strain with disrupted Gal80 gene, allowing expression
induction by glucose instead of galactose, thus reducing
production costs. These metabolic engineering strategies
collectively elevated (+)-intermedeol titer to 186.16 mg L™
(Figure 4b, Table S8), indicating its commercial viability.

To evaluate industrial viability, we subjected the JA197
strain to fed-batch fermentation in a S L bioreactor (Figure
4c). The fermentation process comprised two phases: growth
and product accumulation. The growth phase initiated with a
glucose concentration of 40 g L', gradually reduced to
approximately 1 g L™' to optimize strain proliferation.
Subsequently, the product accumulation phase began, over-
laying isopropyl myristate (IPM) onto the medium at the 24-h
mark, while managing ethanol concentrations within the range
of 2—5 g L™ to enhance gene expression. The fermentation
process concluded when no further increments in product
accumulation were observed. Remarkably, this approach

https://doi.org/10.1021/jacs.4c08857
J. Am. Chem. Soc. 2024, 146, 30883—30892


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08857/suppl_file/ja4c08857_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08857/suppl_file/ja4c08857_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08857/suppl_file/ja4c08857_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c08857?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c08857?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c08857?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c08857?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c08857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

elevated fermentation titers to 2.34 g L7 demonstrating
significant potential for commercial-scale production.

B DISCUSSION

Here, (+)-intermedeol demonstrates superior repellent activity
against mosquitoes at an exceptionally low concentration of
0.05%, outperforming other commercial repellents.**™*
Notably, (+)-intermedeol has demonstrated exceptional
repellent activity against ticks, which have been associated
with a significant number of fatalities in recent years. Given the
scarcity of commercial tick repellent products, this finding
underscores the pressing need for the development of novel
and effective tick repellents. Additionally, (+)-intermedeol is
biological safety and odorless, making it highly suitable for
commercial applications. Through a series of metabolic
engineering strategies, we scaled up its biosynthetic production
in yeast chassis to 2.34 g L', future efforts may focus on
enhancing productivity through additional metabolic engineer-
ing strategies.

Also, we have identified 54 terpene products, including the
previously unreported compound cyclosantalol and the
bioactive constituent (+)-intermedeol. To the best of our
knowledge, neither of these compounds has been previously
documented as constituents of mugwort. This discovery
implies that there may be a multitude of compounds within
the plant kingdom that remain unidentified, including bioactive
substances present in low concentrations and intermediates in
the complex metabolic pathways of plants. The gene-directed
in vitro mining approach that we conducted in this study,
allows scalable production and facile purification of target
compounds without relying on direct plant material extraction.
This approach is particularly valuable for species facing
endangerment or legal restrictions, offering an alternative
pathway for successful research, development, and commerci-
alization of valuable natural products.

The precise elucidation of a compound’s structure is pivotal
for understanding its biological functionality. However, the
fragment ions of terpenes exhibit striking similarities, distinct
mass spectrometers may yield disparate fragment ion profiles
for an identical compound, rendering the exclusive reliance on
its mass spectrum for structural interpretation problematic.
Additionally, the repetitive identification of known terpene
structures by various research groups contributes to the
inefficiency in discovering novel compounds. Here, we have
developed a terpene synthase-standard (TPS-Standard) library
by compiling well-characterized terpene synthases. In contrast
to traditional compound-based standard libraries, our gene-
based library offers reproducibility and ease of expansion,
making it readily shareable among the scientific community.
Most notably, this library enables the efficient filtering of
known TPS products, thereby significantly enhancing the rate
of novel compound discovery, including new skeletal
structures.

B CONCLUSIONS

In summary, our investigation has identified (+)-intermedeol
as an insect-repellent constituent in mugwort, a herb that has
been traditionally used as a natural insect repellent. By
employing a gene-directed in vitro mining approach, and
establishing of “Terpene synthase-standard library”, we
identified 54 terpene products from mugwort, including a
novel compound cyclosantalol. After establishing the safety
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and efficacy of (+)-intermedeol, we achieved its biosynthetic
production in a yeast chassis. Our study not only validates the
efficacy of (+)-intermedeol from mugwort but also establishes
a promising workflow for discovering and commercially
developing additional high-value plant natural products in
future research.
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