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ABSTRACT

Plant-derived natural active products have attracted increasing attention for use in flavors and perfumes. These
compounds also have applications in insect pest control because of their environment-friendly properties. Holy
basil (Ocimum sanctum), a famous herb used in Ayurveda in India, is a natural source of medical healing agents
and insecticidal repellents. Despite the available genomic sequences and genome-wide bioinformatic analysis of
terpene synthase genes, the functionality of the sesquiterpene genes involved in the unique fragrance and
insecticidal activities of Holy basil are largely unknown. In this study, we systematically screened the sesqui-
terpenoid biosynthesis genes in this plant using a precursor-providing yeast system. The enzymes that synthesize
p-caryophyllene and its close isomer a-humulene were successfully identified. The enzymatic product of
0saTPS07 was characterized by in vivo mining, in vitro reaction, and NMR detection. This product was revealed as
(—)-eremophilene. We created a mutant yeast strain that can achieve a high-yield titer by adjusting the gene copy
number and FPP precursor enhancement. An optimized two-stage fed-batch fermentation method achieved high
biosynthetic capacity, with a titer of 34.6 g/L cyclic sesquiterpene bioproduction in a 15-L bioreactor. Further
insect-repelling assays demonstrated that (—)-eremophilene repelled the insect pest, fall leafworm, suggesting
the potential of (—)-eremophilene as an alternative to synthetic chemicals for agricultural pest control. This study
highlights the potential of our microbial platform for the bulk mining of plant-derived ingredients and provides
an impressive cornerstone for their industrial utilization.

1. Introduction

a sacred, traditional medicinal herb that has been used for over more
than 3000 years (Gupta et al., 2002). This plant was honored as “The
Queen of Herbs”, “The Mother Medicine of Nature”, and is clearly
recorded in Ayurveda and Unani (Rastogi et al., 2015). It was originally

Sesquiterpenes and sesquiterpenoids are C;5 hydrocarbons produced
by catalyzing the precursor Cis FPP through diverse sesquiterpene
synthases and/or enzymes that modify the hydrocarbon chain. Plant-
derived sesquiterpenoids have a distinct flavor, fragrance, antimicro-
bial, attractive, and repellent activities that provide plants survival traits
(Chen et al., 2002; Ahmed et al., 2020; Mateos Fernandez et al., 2021).

Holy basil (Ocimum sanctum) belongs to the Lamiaceae family and is

distributed in tropical areas, including India, Southeast Asian countries,
and the Hainan Province in south China. The medical and healing
properties of the plant are complemented by alternative applications,
such as in food as a flavorant and aromatic, which increase its com-
mercial value. Modern applications, which include religious, medicinal,
culinary, nutritional, aromatic, and ornamental applications, are
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Abbreviations

COSY homonuclear chemical shift

CSM complete synthetic medium

DMAPP dimethylallyl diphosphate

FPP farnesyl diphosphate

DO dissolved oxygen

HMBC  heteronuclear multiple bond correlation

HSQC  heteronuclear single-quantum correlation

HR-EI-MS high resolution electron bombard ionization mass
spectrometry

Hyg hygromycin

IPP isopentenyl diphosphate

MVA mevalonate

NMR nuclear magnetic resonance

NOESY nuclear overhauser effect spectroscopy

SD standard deviation

TPS terpene synthase

VVM air volume/culture volume/min

YPD yeast extract-peptone-dextrose

YPDG  yeast extract-peptone-dextrose with galactose

extended by the rich essential oils (Tangpao et al., 2018). Moreover,
essential oils from Holy basil have insecticidal, mosquito repellent, and
antileishmanial properties and are widely used as food additives and
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perfumes (Fig. 1). Analyzing the chemical composition of Holy basil
essential oil revealed multiple volatile terpenoids, of which sesqui-
terpenoids are the dominant constituents (Tangpao et al., 2018).
Bioactivity assays revealed that some sesquiterpenoids have significant
efficacy in controlling agricultural pests and pathogens (Zheljazkov
et al., 2008; da Silva et al., 2015).

Genomic sequencing of Holy basil and genome-wide detection of
terpene synthase genes have been recently performed (Rastogi et al.,
2015; Kumar et al., 2018). However, the products of these genes remain
unclear. Saccharomyces cerevisiae is generally recognized as a safe
(GRAS), robust, and an ideal compatible eukaryotic platform host for the
industrial production of high-value terpenoids (Bian et al., 2017; Ma
etal., 2019; Shi et al., 2019; Belcher et al., 2020; Ko et al., 2020; Li et al.,
2021; Liu et al., 2021). Therefore, we analyzed the function of the Holy
basil sesquiterpene synthases. Then, we identified novel or valuable
enzymes with fundamental sesquiterpene synthetic elements using the
yeast strains YZL141 and JCR27. These two strains provide sufficient
amounts of precursors and have been successfully utilized for gene
discovery in lycopene biosynthesis, PTTS mining (Ma et al., 2019; Chen
etal., 2021), and sesquiterpene Guaia-6,10 (14)-diene biosynthesis. This
molecule is a building block for the subsequent semisynthesis of
plant-derived Englerin A for industrial fermentation (Siemon et al.,
2020). These applications encouraged us to use S. cerevisiae to system-
atically screen plant terpenoid synthases.

In this study, we systematically evaluated 14 sesquiterpene synthases
from Holy basil and found six active synthases that produce different
compounds. The enzymes that synthesize the principal components
p-caryophyllene and its isomer a-humulene were successfully identified.

Fig. 1. The major chemical constituents
of sesquiterpenoids and bioactivity of the
traditional herb Holy basil (Ocimum
sanctum). Holy basil essential oils have
insecticidal, mosquito repellent, and anti-
leishmanial (in purple) properties and are
widely used as food additives and perfume.
The known major sesquiterpenoids in the
derived essential oils (detected by GC-MS)
are: 1, p-caryophyllene; 2, caryophyllene
oxide; 3, a-selinene; 4, germacrene A; 5,
germacrene D; 6, eremophilene; 7, a-cube-
bene; 8, p-cubebene; 9, a-muurolene; 10,
S-cadinene; 11, a-copaene; and 12, a-humu-
lene. (For interpretation of the references to
color in this figure legend, the reader is
referred to the Web version of this article.)



X. Deng et al.

Notably, (—)-eremophilene is produced by OsaTPS07 and is a conformer
of valencene, which possesses a special scent distinct from valencene.
We overproduced this molecule in engineered yeast strains and achieved
a milestone titer of 25.5 g/L in a 1-L bioreactor and 34.6 g/L in a 15-L
steel fermentor. (—)-eremophilene has repelling activity against the
agricultural pest fall leafworm, which suggests that this unusual ere-
mophilene can be a novel alternative valuable chemical for the devel-
opment of perfume or insect repellant. Our work highlights the great
potential of the metabolically engineered microbial platform for bulk
mining plant-derived high-value ingredients and lays an impressive
cornerstone for industrial utilization.

2. Results
2.1. Bioinformatic analysis of O. sanctum-derived sesquiterpene synthases
The sequenced draft genome of O. sanctum and genome-wide

detection of terpene synthase genes in Holy basil shed light on the
characterization of the roles of terpenes and its clinical therapeutic
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effects (Rastogi et al., 2015; Jamshidi and Cohen, 2017; Kumar et al.,
2018). Since the major terpene components were sesquiterpenes, such as
p-caryophyllene, a-cubebene, f-elemene (the thermal conversion prod-
uct of germacrene A), and a-humulene, we focused on further charac-
terizing the associated sesquiterpene synthases. We carefully analyzed
the amino acid (aa) sequences of sesquiterpene synthases using
conserved terpene synthase domains (DDXXD/E and NSE/DTE) and
amino acid sequence length (510 aa - 600 aa). From this analysis, we
selected 11 candidates for comprehensive analysis. These Holy basil
sesquiterpene synthases were clustered into three subclades, TPS-a2,
TPS-b, and TPS-g (Fig. 2). Apart from OsaTPS44, which lacks the RR
(X)gW motif, the other candidate enzymes possessed conserved motifs
(DDXXD/E and NSE/DTE) and one additional RXR motif (Fig. S1).

2.2. Screening Holy basil sesquiterpene synthases using an effective
precursor-producing yeast chassis

To functionally characterize the predicted sesquiterpene synthases,
the precursor-producing yeast strain YZL141 was transfected with self-

Fig. 2. Phylogenetic analysis of Holy basil, Tomato, and Arabidopsis sesquiterpene synthases. The TPS-a (TPS-al and TPS-a2), TPS-b, TPS-c, TPS-e/f, and TPS-
g clades are shown in yellow (TPS-al represents a distinct clade of Arabidopsis TPS genes) and brown (TPS-a2), pink, blue, purple, and green, respectively. The
branch lengths and bootstrap values are presented at the nodes in black and blue, respectively. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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replicating expression vectors containing the synthesized genes (Ma
et al., 2019; Chen et al., 2021). Of these, only six enzymes produced
sufficient product for gas chromatography-mass spectrometry (GC-MS)
analysis (Fig. 3, Figs. 52-S5). Only OsaTPS10 produced multiple ses-
quiterpenoids. Cadinol, cubedol, and cubenol were the major oxygen-
ated sesquiterpene products. OsaTPS05, OsaTPS02, and OsaTPS12
produced major and minor products. Fortunately, the two major en-
zymes that synthesize sesquiterpenes in Holy basil, f-caryophyllene and
a-humulene, were identified as OsaTPS02 and OsaTPS12 when
compared to standard compound (Fig. S3). In addition, both OsaTPS44
and OsaTPS07 synthesized the main product. The product generated by
OsaTPS44 was trans-nerolidol was identified via retention time and mass
peaks, which were in line with the standards. However, the product
generated by OsaTPS07 (hereafter designated as compound I) was
difficult to determine because its retention time (14.34 min) did not
match valencene (14.40 min), despite the mass peaks being highly
similar (Fig. S6). Compound I might be a novel sesquiterpene with a
chemical structure that is highly similar to that of valencene, and re-
quires further investigation. Most impressively, the smell from the
engineered yeast strain harboring the OsaTPS07 gene was distinct from
the scents emitted from the other engineered strains, which prompted us
to identify its exact chemical properties and biological features.

2.3. Invitro engymatic reaction of OsaTPS07 with precursor FPP

In vitro enzymatic reactions were analyzed by mixing the purified
recombinant OsaTPS07 protein with the direct substrate FPP to verify
OsaTPS07 function in vivo. A clear peak that was identical to the one in
the in vivo experiment emerged in the GC-MS result of the OsaTPS07-
supplemented sample (Fig. 4, Fig. S6). In the in vivo and in vitro as-
says, similar retention times and highly similar mass fragments of the
OsaTPS07 enzymatic product were observed, which prompted us to
resolve its chemical structure and evaluate its features.

2.4. Engineering yeast to overproduce the OsaTPS07 enzymatic product

To obtain an adequate amount of compound I for chemical structure
analysis, we integrated the OsaTPS07 gene into the precursor-enhancing
JCR27 yeast strain and iteratively engineered the mutant strain to
realize the full potential of OsaTPS07 in a heterologous and highly
adaptable system (Siemon et al., 2020) (Fig. 5A). First, the biosynthetic
OsaTPS07 gene was combined with the ERG20 gene using the GAL
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promoter. This construct was incorporated into the leu2 locus to
generate the JHM1 mutant strain (Fig. 5B and C). Owing to the FPP
precursor synthesized via the ERG20 enzymatic polymerization of IPP
and DMAPP in vivo, coupled with OsaTPS07 catalytic activity, we con-
centrations up to 231.4 mg/L of compound I in shake-flask conditions
(Fig. 5C). Increasing the gene copy number to enhance its expression is
an effective strategy for strengthening target metabolic pathway flux
(Xie et al., 2015; Ma et al., 2019). An additional OsaTPS07 gene was
added to the ura3 locus of JHM1 to generate the JHM2 mutant strain. As
a result, the compound I titer was significantly increased to 394.8 mg/L
in JHM2, approximately 1.7 times higher than the original JHM1 strain
using shake-flask conditions. Deleting the hyg-resistance gene in JHM2 to
generate the JHM3 mutant did not significantly affect the compound I
titer. To further boost the titer, an extra copy of the OsaTPS0O7 gene
combined with the hyg gene was inserted into the gal80 site of the JHM3
chromosome, and the recombinant strains were screened on
hygromycin-containing plates. The surviving mutant strain with the
correct disruption of the gal80 gene was designated JHM4, which was
induced by glucose deprivation instead of high galactose levels, sharply
reduced the manufacturing cost. The compound I titer increased to
576.5 mg/L, indicating that the transcript level of the OsaTPS07 gene in
these mutants was a vital factor for target compound biogenesis. After
recovery of the auxotrophic genes URA and TRP, the final engineered
strain JHM5 was constructed. The compound I titer in this strain
increased to 708.5 mg/L in shaken flasks (Fig. 5C). Two major factors
may have contributed to this high titer. The most important one is the
high purity of the OsaTPS07 enzyme and its high specific activity in
converting the precursor FPP, which was quite different from the mul-
tiple products observed after transformation with valencene synthase
and patchoulol synthase (Beekwilder et al., 2014; Liu et al., 2021).
Second, the robust yeast platform is highly suitable for OsaTPS07
expression. Thus, we exploited the advantages of the yeast system and
the heterologous enzyme in vivo (Zhang et al., 2020). Other strategies
using the current mutant strain JHM5 may improve present productivity
using shake flasks Liu et al., 2021.

2.5. Structural characterization revealed the OsaTPS7 product as
(—)-eremophilene
Compound I was a colorless, amorphous oil. Based on the HR-EI-MS

data ([M]" ion at m/z 204.18721, caled. 204.18725) (Fig. 6A), the
molecular formula was established as C;5Ha4, requiring four degrees of
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Fig. 3. Phylogenetic analysis and the function of the Holy basil sesquiterpene synthases. The main functional products of the Holy basil sesquiterpene genes
are listed and represented in distinct colors: cadinol, OsaTPS10, in blue; f-caryophyllene, OsaTPS02, in brown; selina-6-en-4-ol, OsaTPS05, in purple; a-humulene,
OsaTPS12, in bright green; trans-nerolidol, OsaTPS44, in dark green. The branch lengths and bootstrap values are presented at the nodes in black and blue,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. In vitro analysis of OsaTPS07
A 170kD M T P B - enzyme function. (A) Purified
130kD OsaTPS07 protein from recombinant
100KD i = Escherichia coli. M refers to the protein
70kD - - OPP Product marker, T refers to the total cell
disruption components, P refers to the
55kD - purified recombinant OsaTPS07 protein.
40kD — (B) In vitro reaction system used to
detect OsaTPS07 enzymatic function.
- (C) GC spectrum and the corresponding
35kD mass spectra of the OsaTPS07 enzymatic
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unsaturation. Analysis of 1H, 3¢ NMR, and HSQC data (Table 1)
revealed that this metabolite possessed three nonprotonated carbons
(including two sp2 carbons), three methines (including an sp2 carbon),
seven methylenes (including an sp2 methylene), and three methyl
groups. Further analysis of the 2D NMR data (Fig.6B, Figs. S7-S12)
revealed that compound I shared the same planar structure as

126

(+)-eremophilene (Schifrin et al., 2015; Burkhardt et al., 2016). A
detailed comparison of the 1D and 2D NMR data of compound I with
those of (+)-eremophilene revealed that they were identical. However,
their specific rotation values were opposite to one another {1:
[@]20-113.4 (c = 0.28, CHCl); (+)-eremophilene: [a]2 +131.7 (c = 1.00,
CHCl3)}. Thus, compound I was determined to be the enantiomer of
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Fig. 5. The titer of compound I in iterative mutant yeast strains in shake flasks. (A) The MVA pathway in the yeast system. The present chassis that produced
the FPP as the precursor for the subsequently engineered mutants to overproduce the sesquiterpene of interest (Compound I, the enzymatic product of OsaTPS07); (B)
The gene modules constructed for integrated expression. These expression modules were respectively integrated into the chromosomal sites of leu2 (module 1,
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iterative mutants. The engineered strain JHM1 that contained the expression module 1 (abbreviate as ‘M1°) has one copy of the OsaTPS07 gene. The engineered
strains JHM2 and JHM3 that contained the expression module 1 (‘M1”) and module 2 (‘M2’) have two copies of the OsaTPS07 gene. The engineered strains JHM4 and
JHMS5 that contained the expression module 1 (‘M1°), module 2 (‘M2’) and module 3 (‘M3’) have three copies of OsaTPS07. *P < 0.05; **P < 0.01; ***P < 0.001

(Student’s t-test: two-tailed, two-sample equal variance).

(+)-eremophilene. Eight conformational isomers involving (—)-ereme-
philene were predicted, as this eudesmane-type sesquiterpene harbors
three chiral centers. The compound produced by OsaTPS07 will enhance
our understanding of the enzymatic biosynthesis mechanism of these
eight enantiomers.

2.6. High-density fermentation for (—)-eremophilene overproduction

To match the characteristics of the GAL promoters used to control
(—)-eremophilene synthesis genes in the construction of strain JHM5
(the GAL promoter is turned off in the presence of glucose and turned on
when glucose is absent), the fermentation process was divided into two
stages. The main purpose of the first feeding stage was the rapid growth
of the strains. The products began to accumulate rapidly in the second
feeding stage. Using this two-stage fermentation, a balance between
healthy growth and product accumulation was achieved.

Given that the demand for O increases during the growth of the
engineered strains in fermenters, oxygen supply was increased by setting

127

the agitation speed to 200-700 rpm and controlling the ventilation from
1 to 2 vvm (air volume/culture volume/min, VVM) for the 1-L parallel
bioreactors. Since the 1-L parallel bioreactor that we used was made of
glass, which cannot be pressurized like a steel tank, the dissolved oxygen
(DO) in the 1-L bioreactor at the late stages of fermentation was
generally retained at a lower level from 0 to 10%. The final fermentation
cycle of the 1-L parallel bioreactor was thus longer than that of the steel
tank, and the titer of (—)-eremophlilene reached 25.5 g/L (Fig. 7A and
B). This result demonstrates the excellent high-yield performance of the
engineered strain. In the 15-L steel tank, in addition to increasing the
agitation speed and adjusting the ventilation volume, we also increased
the oxygen supply through the regulation of tank pressure. Tank pres-
sure at the beginning of the reaction was set to 0 MPa and was allowed to
reach a maximum value of 0.04 MPa. The DO in the 15-L steel tank in the
late stages of fermentation was maintained between 10% and 30%,
providing adequate oxygen for the desired fermentation. Thus,
enlarging the fermentation scale using a 15-L steel tank (Fig. 7C and D)
revealed that the strain performance in this volume is still very good.
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in this figure legend, the reader is referred to the Web version of this article.)

Table 1
1H NMR (600 MHz, CDCl3) and *C NMR (150 MHz) data for compound I in
CDCls.

Position Su o

1 5.36 (dt, J = 4.4, 2.1 Hz) 120.4d
2 2.03 (m); 1.96 (m) 25.4 t
3 1.45 (m) 27.1t
4 1.51 (m) 37.0d
5 - 38.0s
6 1.54 (d, 7.6) 39.7 t
7 2.05 (m) 38.5d
8 1.68 (m) 30.1t
9 2.40 (m); 1.96 (m) 28.4 t
10 - 144.0s
11 - 1499 s
12 4.72 (s); 4.75 s 108.2t
13 1.74 (s) 21.5q
14 0.93 (s) 20.2 q
15 0.87 (d, 6.5) 16.0 q
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Moreover, the pressure of the steel tank maintained the DO level, which
accelerated the life cycle of the JHMS5 strain. As shown in Fig. 7C, the
fermentation cycle was shortened to approximately 90 h, and the titer
increased to 34.6 g/L, which is the highest reported yield to date. Our
results were comparable to those of industrial production methods and
were close to the industrial production level of the sesquiterpene
amorphadiene (40 g/L) (Westfall et al., 2012). This study thus devel-
oped a new method for the future industrial production of (—)-eremo-
philene and provided new insights for the studies of other similar
high-value products of plant origin.

2.7. Characterization of the fragrance properties and bioactivity of
(—)-eremophilene

2.7.1. (—)-Eremophilene emits the unique aroma different to (+)-valencene

To assess the potential value of (—)-eremophilene as a flavoring
agent, we analyzed the aromatics from this molecule. The aroma was a
mix of leathery, woody, and herb scents. White smoke arose along with
an enhanced smell when the compound was heated, suggesting that it
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Fig. 7. Optimization of fed-batch fermentation of JHMS5. High-density fermentation of strain JHMS5 for (—)-eremophilene production. (A) Result of fermentation
in a 1-L parallel bioreactor. Time course of cell growth, (—)-eremophilene production, and residual concentrations of glucose and ethanol during fed-batch
fermentation were recorded. Error bars indicate the standard deviations of three biological replicates. (B) Fermentation broth in the 1-L bioreactor. The upper oil
phase contains estergel and (—)-eremophilene. (C) Result of fermentation in 15-L fermentor. (D) A photo of the 15-L fermentor in operation.

could be used as a base note ingredient and food flavor agent. This
unique fragrance was completely different from that of (+)-valencene,
which was evaluated and confirmed by a flavorist from the Flavor &
Fragrance Company (personal communication). Combined with the
moderate content of (—)-eremophilene in Holy basil, this unique
fragrance may play a fixative role in the fragrance of O. sanctum.

2.7.2. Volatile (—)-eremophlilene repels third instar Spodoptera frugiperda
larvae

Sesquiterpenoids protect plants against insect infestation (Alquézar
et al., 2021; Mateos Fernandez et al., 2021). In particular, (—)-5-epier-
emophilene, an enantiomer of (—)-eremophilene, is a deterrent to the
pest, cotton bollworm (Helicoverpa armigera) (Luo et al., 2020). Another
pest, fall leafworm (Spodoptera frugiperda), which belongs to the Noc-
tuidae family, causes significant damage to crop production in China.
Our results showed that the feeding areas of leaves after (—)-eremo-
philene treatment were significantly lower than those of control leaves
(Table S4, Fig. S15). The repellant effect of (—)-eremophilene was as
high as approximately 90% using 50 pg/mL (—)-eremophilene (Fig. 8).
These data suggest that this plant-derived compound possesses an insect
repellent activity and could represent an alternative green antifeedant to
insect pests. Therefore, (—)-eremophilene, an active ingredient in Holy
basil, confers a distinctive fragrance and effective bioactivities.
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Fig. 8. The antifeedant activity of (—)-eremophlilene against third instar
Spodoptera frugiperda larvae. Data are mean + SE. Each treatment was tested
with five replicates. Different letters above the columns indicate significant
differences (at P<0.05 level). Statistical differences were analyzed using
Duncan’s new multiple range test.
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3. Discussion

In this study, we developed an approach to systematically identify
the genes involved in sesquiterpenoid biosynthesis in the traditional
herb, Holy basil, by heterologous expression in an efficacious precursor-
producing yeast system. Compared with traditional methods utilizing
prokaryotic expression and in vitro reactions or transgenic over-
expression in model plants to identify plant terpene synthases (Falara
et al.,, 2011; Zhou and Pichersky, 2020), our strategy expedites the
identification of plant-derived terpene synthases and can realize the
potential industrial production of natural compounds.

Using this rapid strategy, we successfully identified the genes
involved in the biosynthesis of f-caryophyllene and its close isomer
a-humulene, OsaTPS02 and OsaTPS12, respectively. p-caryophyllene
and a-humulene are the major terpene constituents that are responsible
for the principal aromas emitted from O. sanctum leaves (Tangpao et al.,
2018). These two compounds also possess potent oviposition deterrent
effects against Aedes aegypti (da Silva et al., 2015) and effective anti-
leishmanial activity (Zheljazkov et al., 2008). The existence of
OsaTPS02, OsaTPS12, and their catalytic products can partly explain the
characteristic fragrance of Holy basil and its antileishmanial efficacy.
Therefore, OsaTPS02 and OsaTPS12 are novel gene resources for
generating these two valuable compounds. To the best of our knowl-
edge, trans-nerolidol has not been identified in Holy basil extracts
(Zheljazkov et al., 2008; Padalia and Verma, 2011; Tangpao et al.,
2018). The evidence that OsaTPS44 generates trans-nerolidol indicates
that OsaTPS44 expression is strictly controlled in O. sanctum. A similar
biological phenomenon involving (—)-5-epieremophilene is observed in
Salvia miltiorrhiza (Fang et al., 2017). Since trans-nerolidol has antioxi-
dant, antibacterial, and antifungal activities, the protective roles of the
OsaTPS44 gene in Holy basil need further investigation.

(—)-eremephilene was first reported in Petasites albus in 1968 (Kre-
pinsky et al., 1968). However, its characterization and application are
largely hindered by its low concentration in plants, and the enzymes that
synthesize this specific compound are largely unknown. (—)- ereme-
philene theoretically has eight conformational isomers, since this
eudesmane-type sesquiterpene harbors three chiral centers (Zhao et al.,
2004b; Xu and Dickschat, 2020). Of these, four conformational isomers
have been identified (Sharon-Asa et al., 2003; Liicker et al., 2004;
Greenhagen et al., 2006; Bleeker et al., 2011; Beekwilder et al., 2014;
Schifrin et al., 2015; Burkhardt et al., 2016; Fang et al., 2017). The
enzymes responsible for the biosynthesis of the other four isomers
remain unclear. The Holy basil OsaTPS07 enzyme identified in the
present work was found to synthesize (—)-eremophilene for the first
time. The discovery of (—)-eremophilene-synthesizing enzymes will help
elucidate the biosynthetic mechanisms of additional conformational
isomers. OsaTPS7 from Holy basil exhibited extraordinarily high purity
and high activity, making it an excellent biosynthetic element. It facil-
itated the biosynthetic ability of the optimized yeast mutant JHMS5. The
full potential of JHM5 productivity was realized during fed-batch
fermentation. In literature reports (Table S5), the highest titer of
linear sesquiterpene p-farnesene reached approximately 130 g/L in
S. cerevisiae and was achieved by Amyris (Meadows et al., 2016). The
highest reported titer of its isomer, a-farnesene, is 10.4 g/L in
S. cerevisiae (Wang et al., 2021). Recently, another linear sesquiterpene
trans-nerolidol was produced at a titer of 7.01 g/L (Li et al., 2021). In
addition, the highest titer of the bicyclic sesquiterpene amorpha-4,
11-diene, that is 40 g/L, was also reported by Amyris (Westfall et al.,
2012; Paddon et al., 2013). Our (—)-eremophilene, the bicyclic sesqui-
terpene, achieved a titer of 34.6 g/L, very close to the reported titer of
the similar bicyclic sesquiterpene amorpha-4,11-diene. Benefitting from
the high titer in fed-batch fermentation, we easily obtained this com-
pound for deep characterization of its aroma and bioactivity. The unique
fragrance of (—)-eremephilene may boost the slow release of the domi-
nant aroma of f-caryophyllene and a-humulene in Holy basil. The
mixture of these constituents could naturally form the characteristic
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fragrance that Holy basil emits. In particular, the significant deterrent
efficacy of (—)-eremephilene against the pest, fall leafworm (Spodoptera
frugiperda), suggests that it could be a promising alternative to synthetic
insecticides from plant-derived natural products.

In conclusion, our work presents a promising approach that can be
utilized for the bulk mining of sesquiterpene synthases and realizes high-
yield production of high-value sesquiterpenes that are difficult to extract
or synthesize via regio- and stereoselective chemosynthesis. This study
confirms the suitability of expressing terpene synthases using our effi-
cient precursor-producing yeast system. Using this system, we identified
six active sesquiterpenes from Holy basil, including the dominant ses-
quiterpenoid components p-caryophyllene and its close isomer,
a-humulene. We also identified the sesquiterpene-synthesizing enzyme,
OsaTPS07. The structure of the OsaTPS07 product was identified as
(—)-eremophilene for the first time. Then, we evaluated the unique
aroma of this compound and determined that (—)-eremophilene has
considerable repellant bioactivity against fall leafworms. Our study
shows that our heterologous robust precursor supply platform can
accelerate the application of diverse plant terpene synthases and their
synthesis products. Our (—)-eremophilene biomanufacturing approach
promises to provide green and sustainable solutions for stable and
scalable requirements through renewable resource consumption and
provides a promising alternative to produce plant-derived natural
chemicals compared to direct phytoextraction.

4. Materials and methods
4.1. Strains, medium, and chemicals

S. cerevisiae YZL141 and JCR27 reported previously were the back-
ground strains for the constructs (Ma et al., 2019; Siemon et al., 2020).
Mutant strains were selected on SC medium [0.67% yeast nitrogen base
(YNB), proper amino acid drop-out mix and 2% glucose]. YPDG medium
(with 1% galactose) was used for yeast cultivation. DNA polymerase was
purchased from Takara (Beijing, China). Restriction endonucleases and
T4 ligase were respectively purchased from Thermo Fisher Scientific
(Waltham, MA) and New England BioLabs (Ipswich, MA). The primers
were purchased from GENECREATE (Wuhan, China). The authorized
standard a-humulene (J&K Scientific, #562868, CAS: 6753-98-6),
trans-nerolidol (Sigma-Aldric/Merck, #18143, CAS: 40716-66-3),
p-caryophyllene (Macklin, #C832338, CAS: 87-44-5) and valencene
(Sigma-Aldric/Merck, #75056, CAS:4630-07-3) were purchased from
the commercial chemical companies.

4.2. Bioinformatic analysis of the sesquiterpene synthase from Ocimum
sanctum

The amino acids of the fourteen sesquiterpene synthases (OsaTPS01,
0saTPS2, OsaTPS04, OsaTPS05, OsaTPS07, OsaTPS08, OsaTPS09,
0OsaTPS10, OsaTPS11, OsaTPS12, OsaTPS20, OsaTPS22, OsaTPS23, and
OsaTPS44) from Ocimum sanctum were aligned by ClustW. A maximum-
likelihood phylogenetic tree was generated by using MEGA-X software
based on the Jones-Taylor-Thornton matrix-based model. The conserved
motifs of the sesquiterpene synthases from Holy basil were aligned by
ClustW and subsequently analyzed by ESPript 3 (Robert and Gouet,
2014).

4.3. Evaluation of the Holy basil sesquiterpene synthases in yeasts

The coding regions of OsaTPS01, OsaTPS2, OsaTPS04, OsaTPS05,
OsaTPS07, OsaTPS08, OsaTPS09, OsaTPS10, OsaTPS11, OsaTPS12,
0OsaTPS20, OsaTPS22, OsaTPS23, and OsaTPS44 genes were optimized
and introduced into the yeast vector pRS426 under the GAL1 promoter.
The recombinant plasmids were transformed into YZL141 to generate
yeast mutant strains JVA41, JVA29, and JVA30 and JDX1-11. The cul-
ture conditions were according to the methods described previously (Ma
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et al.,, 2019). Briefly, the mutant yeasts were inoculated in 5 mL of
SC-URA medium at 30°C overnight. Thereafter, approximately 0.5 ml
strains were added into 50 mL of YPDG in a 250 mL shaken-flask for
another 3-d cultivation at 30°C. Finally, the strains were harvested and
extracted with an equal volume of hexane three times. The organic layer
was then applied for GC-MS detection.

4.4. Functional characterization in Escherichia coli

The coding region of the OsaTPS07 was inserted into the Ncol/Xhol
restriction site of the pET32a (+4) vector (Merck Millipore) to generate
plasmid pDX012. The plasmid was transformed into BL21 (DE3) and
cultivated in LB medium overnight at 37°C. Thereafter, 0.5 mM iso-
propyl-1-thio-$-D-galactopyranoside (IPTG) was used to induce recom-
binant protein expression when the OD600 reached approximately 0.6
and further cultivation at 16°C overnight. Cells were collected and
resuspended in Buffer A, subsequently lysed by ultrasonication and the
soluble proteins in the supernatant were purified by Ni-NTA affinity
chromatography column and assayed by SDS-PAGE. In vitro enzyme
assay was carried out in 200 pL reaction buffer (PBS, 2 mM Mg>")
typically containing 50 pg of purified proteins and 10 pM FPP at 30°C
overnight. The reaction products were extracted by hexane for GC-MS
analysis, the negative control without the targeted recombinant pro-
tein and the positive standard valencene were also performed GC-MS
analysis.

4.5. Construction of the plasmids and yeast mutants

The primer sequences used for desired plasmids were listed in Sup-
plementary Table S1. All strains and plasmids are summarized in Sup-
plementary Tables S2 and S3. The fourteen Holy Basil sesquiterpene
synthases genes were referred to the previous study (Kumar et al., 2018).
The OsaTPS08 gene was amplified by PCR using high-fidelity DNA Po-
lymerase with gene-specific primers P1/P2, the common expression
cassette including ERG20 gene was amplified using primers P3/P4 from
the pZY141 plasmid described before (Ma et al., 2019) and used as the
same fragment for subsequent plasmids construction. The OsaTPS08
gene fragment and the fragment containing ERG20 gene and the pRS426
backbone fragment were ligated to form the complete vector pKZ745 by
the homologous recombination methods. The pKZ746 and pKZ747 were
constructed similarly to pKZ745 using the primers P5/P6 and P7/P8,
respectively. The plasmids from pDX001 to pDX011 were constructed
similarly with different primers pairs (P9/P10, OsaTPS01; P11/P12,

OsaTPS02; P13/P14, OsaTPS04; P15/P16, OsaTPS05; P17/P18,
OsaTPS10; P19/P20, OsaTPS11; P21/P22, OsaTPS12; P23/P24,
OsaTPS20; P25/P26, OsaTPS22; P27/P28, O0saTPS23; P29/P30,

OsaTPS44). For pDX012 vector construction, the OsaTPSO7 gene was
obtained by PCR using primers P31/P32 from the pKZ747 plasmid and
was assembled into the expression vector pET32a. The OsaTPS07 gene
fragment, the homologous arm of URA loci, the expression cassette
fragment containing HMG1 gene and the fragments including the HIS
selective gene were obtained respectively using distinctive templates
pKZ747 plasmid with primer pairs P33/P34, and pZY161 plasmid with
primers P35/P36 and P39/P40, and pZY141 plasmid with primers
P37/P38. All these fragments were assembled with the pRS426 back-
bone fragment to generate another complete vector pHMO0O01. Similarly,
the OsaTPSO7 gene expression cassette fragment was amplified with
specific primers P41/P42, the hyg resistant gene fragment was amplified
from pTM36 plasmid with primers P43/P44, the homologous arm of
GALB80 were respectively amplified from the CEN.PK2-1D DNA template
with the specific primers P45/P46 and P47/P48. Thereafter, these spe-
cific fragments were assembled with the pRS426 backbone fragment to
form the pHMOO03 plasmid. The final fragments containing the homol-
ogous arm of YPRCdeltal5 loci and the URA and TRP genes were ob-
tained from the CEN.PK2-1D DNA using P49/P50, P51/P52, P53/P54,
and P55/P56 as specific primer pairs, and from pRS426 or pZY141
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plasmids, these fragments were used for the subsequent templates for
homologous recombination.

For preliminary OsaTPSO7 expression cassette insertion in the plat-
form strain JCR27, the abovementioned pKZ747 plasmid was digested
by Pmel restriction enzyme, the purified fragment containing the correct
OsaTPS07 gene expression cassette was further transformed into JCR27
strain by PEG/LiCl method and the correct recombinant strains were
confirmed by colony-PCR and sequencing, thus generated the first-
generation yeast mutant strain JHM1. Another copy of the OsaTPS07
expression cassette was achieved by digestion of the pHM001 plasmid
with Pmel, followed by an introduction of the correct new OsaTPS07
gene expression cassette into the JHM1 strain via homologous recom-
bination. The resultant second-generation strain JHM2 was denoted
after colony-PCR and sequencing confirmation. JHM3 was constructed
after the excision of the hyg resistant gene for its subsequent recycled.
The JHM4 strain was obtained by inserted the correct fragment con-
taining an extra copy of OsaTPS0O7 gene expression cassette after
digestion of the pHMO003 by Pmel with the same methods mentioned
above. Finally, the JHM5 mutant strain was supplemented with the URA
and TRP expressions genes by introducing the fragment that bearing the
YPRCdeltal5 homologues arms via PEG/LiCl transformation method.

4.6. Shake-flask fermentation

Recombinant strains were activated on the plate and inoculated into
5 mL of YPD medium for further overnight cultivation at 30°C. There-
after, approximately 0.5 ml strains were added into 50 mL of YPDG in
250 mL shaken-flask for another 3-d cultivation at 30°C. The estergel
was used as an organic extractant. Cell growth was measured at the
fermentation end-point.

4.7. Fed-batch fermentation

4.7.1. Fermentation in 1-L bioreactor for strain characterization

For strain characterization, a 1-L parallel bioreactor (T&J-Mini Box
1L*8, Shanghai T&J Bio-engineering Co., LTD) containing a 300 mL
batch medium was adopted. The media used for this work were derived
from the process described previously (Shi et al., 2019). The complete
synthetic medium (CSM) contained per liter: glucose 40 g, (NH4)2SO4
15 g, KH2PO4 8 g, MgS04e7H0 6.15 g, vitamin solution 12 mL, trace
metals solution 10 mL, NH3eH»0 was used to adjust pH to 5.0. Vitamin
solution contained per liter: biotin 0.05 g, calcium pantothenate 1 g,
nicotinic acid 1 g, myo-inositol 25 g, thiamine eHCI 1g, pyridoxal eHCl
1 g, and p-aminobenzoic acid 0.2 g. Trace metals solution contained per
liter: EDTA 15 g, ZnSO4e7H50 5.75 g, MnClye4H;0 0.32 g, anhydrous
CuSO4 0.5 g, CoClye6H50 0.47 g, NapMoO4e2H,0 0.48 g, CaCl,e2H,0
2.9 g, FeSO4e7H,0 2.8 g.

The engineered yeast strain precultured in the CSM medium with 50
mM succinate (pH 5.0) was used as the seed culture. To obtain the seed
culture, single colonies were grown in 5 mL CSM medium overnight at
30°C, 220 rpm, after which 1% of the seed culture was transferred to a
500-mL flask containing 200 mL CSM medium and cultured at 30°C with
shaking at 220 rpm for 16 h-18 h. 10% of the seed culture was then
inoculated into 300 mL CSM medium in the fermentor for fed-batch
fermentation at 30°C. The dissolved oxygen was kept at about 20% by
adjusting the agitation speed from 200 to 700 rpm and the airflow rate
from 1 vvm-2vvm. The pH was controlled at 5.0 by the automatic
addition of NH3eH50.

A two-stage fed-batch strategy was employed according to the GAL-
regulation system for (—)-eremophilene bioproduction. When the re-
sidual glucose was below 1 g/L, the feeding solution I consisting of 500
g/L glucose, 9 g/L KHoPOy, 5.12 g/L MgS0y4, 3.5 g/L K504, 0.28 g/L
NaySO4 was used to ensure rapid cell growth. The feeding rate was
adjusted to control the glucose concentration by about 1 g/L. When OD
reached 150, the solution I feeding was stopped, and the culture was
overlaid with estergel (20% volume) to facilitate (—)-eremophilene
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accumulation. During the second feeding stage, feeding solution II
ethanol was used as the carbon source to stimulate the (—)-eremophi-
lene accumulation. Ethanol residual concentration was controlled by
about 5 g/L by adjusting the solution II feeding rate. The fermentation
stopped when the (—)-eremophilene titer was not increasing.

4.7.2. Fermentation in 15-L fermentor for (—)-eremophilene
overproduction

After strain evaluation in a 1-L bioreactor, the fermentation scale was
enlarged to a 15-L stainless steel fermentor. Fermentation medium and
process control are essentially the same as in the 1-L bioreactor. The
difference is that there is a pressure in the steel fermentor, which is
maintained at 0.03-0.04 MPa during fermentation.

4.8. Metabolite extraction and analysis

Glucose and ethanol concentrations were determined by a Bio-
analyzer (SBA-40C, Shandong Academy of Sciences, China) according to
the standard instructions. The yield of the targeted sesquiterpene was
quantified using the valencene and (—)-eremophilene as the quantita-
tion standard.

To determine the fine chemical structure of the product of OsaTPS07,
the crude extracts were initially purified by silica gel column chroma-
tography using petroleum ether/ethyl acetate. The refined compound
was obtained using an Ultimate 3000 HPLC equipment with RP C18
column. The distinct peaks were confirmed by GC-MS. The refined
compound was finally analyzed by NMR. The optical activity and optical
rotation were analyzed by Rudolph Research Analytical Autopol IV
Automatic Polarimeter in CDCl3 solution.

The GC-MS assessment was performed on Thermo TRACE GC Ultra
combined with a TSQ Quantum XLS MS. The oven temperature was
initially set at 50°C for 1 min, increased to 280°C at 15°C/min, held for
1 min, then subsequently increased to 300°C at 20°C/min, and held for
2 min. The injector and transfer lines were maintained at 240°C and
270°C, respectively. Compounds were identified by comparison with the
NIST database (National Institute of Standards and Technology) library
and the retention indices (Fang et al., 2017).

1D and 2D NMR data were recorded using an Agilent (Santa Clara,
CA, USA) DD2NMR spectrometer (400 MHz or 600 MHz). CDCl; was
used for NMR measurements. Chemical shifts were recorded in ppm
downfield from tetramethylsilane. The shifts for 'H-NMR were reported
relative to the proton resonance of CHCls. The shifts for 13C-NMR were
reported relative to the carbon resonance of CDCls. The chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, Q = quartet, m =
multiplet, br = broad), coupling constant (Hz), and integration were
recorded as well.

4.9. Bioactivity assay

The antifeedant activity of (—)-eremophilene to the injurious insect
was conducted according to the methods (Chen et al., 2002; Luo et al.,
2020). The leaf disc dipping method was carried out to evaluate the
antifeedant activity of the (—)-eremophilene. The insect corn leafworm
(Spodoptera frugiperda) was bred and used for the bioactivity assay in
Plant Protection Research Institute, Guangdong Academy of Agricul-
tural Sciences. The compound (—)-eremophilene was dissolved in
acetone and five concentration gradients 50, 100, 200, 500, and 800
pg/mL were tested. The tested fresh peanut (Arachis hypogaea) leaf discs
were cut by a borer (15 mm in diameter) and painted in the above five
acetone solutions respectively for 5 s, the control leaf discs were treated
with acetone alone as well. Then, two control leaf discs and two tested
ones were placed together in alternating permutation in the Petri dish
(150 mm in diameter). Thereafter, 3rd instar larvae that were starved for
6 h were put at the center of the above Petri dish. Each treatment was
tested with five replicates. The feeding areas of the leaf discs were
measured when feeding for 24 h. The selective antifeedant rate (%) is
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calculated as (C—T)/(C + T) x 100, where C refers to the average
feeding area of the control group and T refers to the average feeding area
of the treated group. The statistical analysis was performed by using
SPSS19.0 and Duncan’s new multiple range test.
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