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Abstract
Background: Cembranoids are one kind of diterpenoids with multiple biological activities. The tobacco
cembratriene-ol (CBT-ol) and cembratriene-diol (CBT-diol) have high anti-insect and anti-fungal activities,
which is attracting great attentions for their potential usage in sustainable agriculture. Cembranoids were
supposed to be formed through the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway, yet the
involvement of mevalonate (MVA) pathway in their synthesis remains unclear. Exploring the roles of MVA
pathway in cembranoid synthesis could contribute not only to the technical approach but also to the
molecular mechanism for cembranoid biosynthesis.

Results: We constructed vectors to express cembratriene-ol synthase (CBTS1) and its fusion protein (AD-
CBTS1) containing an N-terminal GAL4 AD domain as a translation leader in yeast. Eventually, the
modi�ed enzyme AD-CBTS1 was successfully expressed, which further resulted in the production of CBT-
ol in the yeast strain BY-T20 with enhanced MVA pathway for geranylgeranyl diphosphate (GGPP)
production but not in other yeast strains with low GGPP supply. Subsequently, CBT-diol was also
synthesized by co-expression of the modi�ed enzyme AD-CBTS1 and BD-CYP450 in the yeast strain BY-
T20.

Conclusions: We demonstrated that yeast is insensitive to the tobacco anti-fungal compound CBT-ol or
CBT-diol and could be applied to their biosynthesis. This study further established a feasibility for
cembranoid production via the MVA pathway and provided an alternative bio-approach for cembranoid
biosynthesis in microbes.

Background
Cembranoids are a group of natural carbocyclic diterpenes structurally composed of a 14-carbon
cembrane ring. This kind of compounds were �rstly identi�ed in conifer plants and have been found to
widely present in nature [1,2]. So far, hundreds of cembranoids have been isolated from plants, insects,
alligators, and marine organisms [3,4]. Cembranoids possess multiple bioactivities, such as anti-fungal
[5-7], anti-insect [8], anti-cancer [9,10], anti-in�ammatory [11-13], neuroprotection [14,15], etc. and have
great attractions not only to pharmacology but also to agrochemistry. Tobacco is the land plant most
abundant in cembranoids whose abundance could signi�cantly affect the aromatic property of tobacco
[16]. Cembratriene-ol (CBT-ol) and cembratriene-diol (CBT-diol) are two major cembranoids in tobacco.
And, they are synthesized and secreted by the glandular trichomes of tobacco [3].

As one type of diterpenoids, tobacco CBT-ol and CBT-diol are derived from geranylgeranyl diphosphate
(GGPP) under the sequential catalyzation by CBTS1 (cembratriene-ol synthase) and CYP450 (cytochrome
P450 hydroxylase) (Figure 1) [17-19]. And, CBT-ol and CBT-diol each have two structural isomers (i.e., α
and β isomers) [18-20]. In plant, GGPP are synthesized through two common biological pathways, i.e., the
mevalonate (MVA) pathway that occurs in the cytoplasm of eukaryotes [8,18,21,22] and the 2-C-methyl-D-
erythritol-4-phosphate (MEP) pathway that presents in the plastids [23]. In the MVA pathway, MVA is
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derived from acetoacetyl-CoA, which is formed by condensation of two molecules of acetyl-coenzyme A
(Acetyl-CoA), under the catalyzation by 3-hydroxy-3-Methylglutaryl synthase (HMGS) and HMG-CoA
reductase [24]. Then, MVA is converted through MVA 5-diphosphate to isopentenyl diphosphate (IPP), and
the IPP is converted to dimethylallyl pyrophosphate (DMAPP). IPP and DMAPP are catalyzed by
geranylgeranyl pyrophosphate synthetase (GGPPS) to produce GGPP for terpenoid synthesis [24]. In the
start of MEP pathway, the pyruvate-derived (hydroxyethyl) thiamin and the C1 aldehyde group of D-
glyceraldehyde 3-phosphate (GA-3P) are condensed to generate 1-deoxy-D-xylulose-5-phosphate (DXP),
which is then converted to methylerythritol 4-phosphate (MEP), then MEP is catalyzed in sequential steps
to form 4-hydroxy-3-methylbut-2-enyldiphosphate (HMBPP). Eventually, HMBPP is reduced to IPP and
DMAPP [25,26], which act as general precursors for terpenoid formation and can be catalyzed to produce
the general precursors GGPP for diterpenoids, such as CBT-ol [27].

Previous studies demonstrated that tobacco CBT-ol and CBT-diol have high anti-insect and anti-fungal
activities [5-7], respectively, and their potential application in sustainable agriculture is expected in near
future. Even though their application in agricultural is greatly anticipated [8,28,29], it is currently limited by
the high cost of preparation from natural resources. The production of CBT-ol and CBT-diol using tobacco
plants is of high cost and are far from meeting the commercial demands [30,31]. The chemical
approaches for cembranoid synthesis have not been established so far, thus their industrial production is
unable to be realized in a short period. Furthermore, chemical synthesis always yields high environmental
pollution, which goes against the concept of sustainable agriculture. On the other hand, metabolic
engineering of microbes for synthesizing natural plant products has recently made a great progress [32-
36], which provides a way to produce natural compounds via fermentation method [27]. And, a number of
terpenoid compounds have been successfully synthesized in metabolic engineered bacteria or fungi,
such as artemisinic acid [37], tanshinones [38,39], resveratrol [40], ginsenoside [41]. Therefore, the
biosynthetic approach is a practicable way to produce cembranoids under mild condition with lower cost.

In previous studies, tobacco cembranoids were hypothesized to be formed through the MEP pathway, and
the bioengineered synthesis of CBT-ol was achieved in Escherichia coli via the metabolic engineered MEP
pathway [29]. Whether there is a possibility for synthesizing tobacco cembranoid via the MVA pathway
remains unknown. Exploring the roles of MVA pathway in cembranoid synthesis could contribute not only
to the technical approach but also to the molecular mechanism for cembranoid biosynthesis.

Materials And Methods
Determination of theeffect of tobacco cembranoids on Saccharomyces cerevisiae and Botrytis
cinereagrowth

To determine the growth effects of tobacco cembranoids on Saccharomyces cerevisiae, YPD agar
medium (1% yeast extract, 2% peptone, 2% glucose, 1.5% agar) plates with the indicated amount of CBT-
ol or CBT-diol were prepared, and a cell suspension of S. cerevisiae BY4742 (OD600=0.2) was spread onto
the plates by 0.5 mL/plate. Plates free of CBT-ol or CBT-diol were prepared as mock treatment control by
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adding the same volume of pure solvent (i.e., 95% ethanol) as that for CBT-ol and CBT-diol plates, and
inoculated with the equal amount of yeast cells. After 4 days of cultivation at 30℃ incubator, the growth
of yeast cells was observed and photographed.

To determine the effect of tobacco cembranoids on B. cinerea, PDA (Potato Dextrose Agar) medium
plates with indicated amount of CBT-ol or CBT-diol were prepared, and a cube (⌀=5mm) of B. cinerea
mycelium was inoculated onto each plate. Plates for mock treatment control were prepared in a similar
method as described above and inoculated with mycelium cube. After 4-6 days of cultivation at 26℃
incubator, the growth of B. cinerea was observed and photographed. CBT-ol and CBT-diol for preparing the
YPD agar and PDA plates were isolated from tobacco trichomes as previously described [28].

Vector construction and yeast transformation

In order to express the tobacco cembranoid synthase CBTS1 (GenBank: AAS46038.1) in yeast, the
corresponding gene sequence was codon-optimized (Additional �le 1: Table S1) and fully synthesized by
Sangon Biotech (China). To construct pGADT7-CBTS1-His vector for expressing CBTS1 (GenBank:
AAS46038.1), the corresponding DNA fragment was ampli�ed using CloneAmp™ HiFi PCR Premix
(Takara, Japan) with speci�c primers and then cloned by In-Fusion® (Takara, Japan) cloning method into
a vector modi�ed from pGADT7 (Clontech, USA) by deleting the AD (GAL4 activation domain) region, and
a fragment encoding 6×His tag was introduced to the downstream of CBTS1 for protein detection by
Western Blot via the primers for gene ampli�cation. And, the gene fusion encoding CBTS1-His was set
under the control of ADH1 promoter in the modi�ed vector. To construct pGADT7-CBTS1 vector, the
synthesized CBTS1 gene was cloned into the original pGADT7 vector (Clontech, USA) to express a fusion
protein of AD-CBTS1, in which AD serves as an expression leader for enhancing the protein expression
level in yeast. In a similar method, the gene sequence of CYP450 (GenBank: AF166332) was synthesized
after codon-optimization (Additional �le 1: Table S1) and cloned into pGBKT7 vector to express a fusion
protein of BD-CYP450, in which BD (GAL4 DNA binding domain) serves as an expression leader for
expression of CYP450 in yeast. The primers used for gene ampli�cation and vector construction are listed
in Additional �le 1: Table S2.

The derived vectors were introduced into the indicated yeast strains, including BY4742 (MATα, his3Δ1,
leu2Δ0, lys2Δ0, MET15, ura3Δ0) [42], BY-T1 (MATa, trp1Δ, his3Δ1, leu2Δ0, lys2Δ0, MET15, ura3Δ0,
δDNA::PPGK1-tHMG1-TADH1-PTEF1-LYS2-TCYC1) [43], and BY-T20 (MATα, trp1Δ0, leu2Δ0, ura3Δ0,trp1::HIS3-
PPGK1-BTS1/ERG20-TADH1-PTDH3-SaGGPS-TTPI1-PTEF1-tHMG1-TCYC1) [44] for required protein expression
assays as well as CBT-ol and CBT-diol synthesis. And, the yeast transformants were selected by
cultivation on SD (synthetic de�ned) medium plates with desired dropout (DO) supplements (Takara,
Japan).

Detection of yeast expressed CBTS1 protein by Western Blot

Western Blot assay was applied to determine the expression of 6×His-tagged and AD-tagged fusion
proteins of CBTS1 in yeast cells using SDS-PAGE gel for protein isolation. The CBTS1-His protein was
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detected with an HRP-conjugated mouse anti His-tag antibody (CoWin Biosciences, China) and visualized
by ECL (enhanced chemiluminescence) method, with a protein Marker containing 6×His-tagged proteins
(Sangon Biotech, C510010-0500) as positive control. The AD-CBTS1 protein was detected with a mouse
anti AD-tag primary antibody (Clontech, USA) and an HRP-labeled goat anti-mouse IgG secondary
antibody for ECL visualization, with yeast expressing AD only as control.

Yeast cultivation and cembranoid extraction

The positive colonies of yeast transformant were inoculated into 5 mL liquid SD/-Leu medium (for yeast
expressing CBTS1) or SD/-Leu/-Trp medium (for yeast expressing both CBTS1 and CYP450), and
cultured at 30℃, 220 r/min for 48 h as the seed culture. For shake-�ask cultivation, the seed culture was
inoculated into YPD liquid medium (2% glucose, 1% yeast extract, 2% peptone) or the optimized medium
(15% glucose, 1.5% yeast extract, 3% peptone, 1% KH2PO4) at a ratio of 5%, and cultured at 30°C and 220
r/min for the indicated time period [45]. For bioreactor cultivation, the seed culture was inoculated into a
bioreactor containing 1 L of optimized medium mentioned above and cultured at 30°C, with the dissolved
oxygen above 30% of atmospheric oxygen and the pH maintained at 5.8. Concentrated glucose solution
(80%, w/v) was fed periodically to provide adequate carbon source.

For yeast growth monitoring and cembranoid extraction, 1 L of each cell culture was collected at the
indicated cultivation period and centrifuged to separate yeast cells and the cultivation broth. The yeast
cells were weighed and then grounded into �ne powder in liquid nitrogen, dissolved in 20 mL ddH2O, and
further lysed for 20 min in an ultrasonic cell disruptor. The cell lysate was extracted three times with the
equal volume of ethyl acetate for 30 minutes at 30℃ with agitation. After centrifugation, the upper
organic phase of each extraction was collected and combined for further concentration. The cultivation
broth was directly extracted with ethyl acetate in the same method. The extract was dried in a rotary
evaporator at 40℃, and dissolved in 5 mL of ethyl acetate for further analyses.

Determination of CBT-ol and CBT-diol by GC-MS

The cembranoid extract obtained by above method was dried in nitrogen �ow, and then dissolved in 1 mL
ethyl acetate for GC-MS assay. In GC-MS assay, the sample was loaded onto the HP-5ms column (30 m ×
250 μm × 0.25 μm) of a HP7890B Gas Chromatography coupled with HP5977A Mass Spectrometer
(Agilent, USA). The column temperature was initially set at 80℃ and maintained for 1 min, and increased
to 200℃ at a temperature gradient of 15℃/min to maintain for another 1 min. Then, the column
temperature was increased to 240℃ by 4℃/min and kept for additional 2 min. The mass spectra were
acquired in the m/z 50−650 range at 70 eV (EI) using negative ionization mode. CBT-ol and CBT-diol were
identi�ed by comparing their retention times and mass spectra with those of the standards and the mass
spectra data at NIST Database.

Measurement of CBT-ol and CBT-diol by UPLC
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For UPLC assay, the cembranoid extract was dried in nitrogen �ow and then dissolved in 1 mL of 70%
acetonitrile. In the UPLC assay, 5 µL sample was injected into ultra-performance liquid chromatography
(UPLC; Waters, USA) under following optimized conditions: BEH C18 column (1.7 µm, 2.1 mm × 100 mm)
with the column temperature of 40°C, a gradient mobile phase as indicated in Additional �le 1: Table S3
at the �ow rate of 0.3 mL/min, and a UV detector for detection of CBT-ol and CBT-diol at 208 nm. The lab-
available authentic standards CBT-ol and CBT-diol, which were isolated and puri�ed from a 95% EtOH
extract of tobacco trichomes using a preparative HPLC system (Waters Technologies Ltd., USA) equipped
with a ultraviolet-visible light detector and a Prep C18 OBD (19  mm × 250  mm column, 10  μm) as
previously described [28], were used to distinguish the corresponding peaks in the UPLC chromatograms
of the samples.

Results And Discussion
Feasibility of S. cerevisiae as the host strain for cembranoid synthesis

As mentioned above, tobacco cembranoids possess highly active anti-fungal activities against mold or
mildew fungus [26,28], and may limit the construction of fungal system for cembranoid synthesis.
Whereas, their effects on yeast (a type of fungus) are still unknown. To explore the possibility of
synthesizing tobacco cembranoids in yeast, we examined the growth inhibitory effects of tobacco CBT-ol
and CBT-diol on S. cerevisiae BY4742 [42] with mold fungus B. cinerea as control. The results showed
that the growth of B. cinerea on PDA (Potato Dextrose Agar) plate was extremely suppressed by tobacco
CBT-diol at 200 μM comparing to control on the plate without CBT-diol, and tobacco CBT-ol displayed a
much weaker suppression on the growth of B. cinerea than CBT-diol (Figure 2). However, neither CBT-diol
nor CBT-ol exhibited an observable suppressive effect on the growth of yeast (Figure 2). These �ndings
suggest that tobacco CBT-diol may function with different patterns in yeast compared to their action in
the mold fungus B. cinerea, and that yeast could be adopted as a fungal host for synthesizing tobacco
CBT-ol and CBT-diol.

Expression of cembranoid synthase CBTS1 in yeast

To construct vector for expressing tobacco cembratriene-ol synthase CBTS1 (GenBank accession:
AAS46038.1) in yeast, the corresponding gene sequence was fully synthesized after codon-optimization
for yeast expression, which was �rstly cloned under the control of ADH1 promoter in a vector modi�ed
from pGADT7 (Clontech, USA) by deletion of the GAL4 AD domain fragment. And, a 6×His-tag was placed
at the C-terminal of CBTS1 for protein detection (Additional �le 1: Figure S1). However, no protein
expression could be detected by Western Blot when the obtained vector pGADT7-CBTS1-His was
introduced into yeast (Figure 3A). To conquer the protein expression problem, we then cloned CBTS1 into
the original pGADT7 vector to express a CBTS1 fusion protein with AD domain at the N-terminus to act as
an expression leader (Additional �le 1: Figure S1). Western Blot showed that the fusion protein AD-CBTS1
was successfully expressed in yeast strain BY-T20 with the obtained vector pGADT7-CBTS1 (Figure 3B),
suggesting that the addition of an N-terminal expression leader is helpful to improved the protein
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expression level of CBTS1 in yeast. Thus, this vector was employed for production of CBT-ol or CBT-diol in
yeast. Using a similar method, the codon-optimized CYP450 (GenBank accession: AF166332) gene was
synthesized and cloned into pGBKT7 vector (Clontech, USA) to express BD-CYP450 fusion protein in
yeast for CBT-diol production. The constructed vector was designated as pGBKT7-CYP450.

Selection of yeast strain for cembranoid synthesis

Tobacco cembranoids are derived from the terpenoid precursor GGPP which may be produced via MEP
pathway or MVA pathway in plants (Figure 1). To develop microbes for tobacco cembranoid synthesis
through the MVA pathway, the yeast strain BY4742 and its engineered strains BY-T1 and BT-T20 were
utilized to develop the cembranoid synthetic systems. BY-T1 is a yeast strain expressing a truncated
HMG-CoA reductase gene (tHMG1) to increase the upstream carbon �ux to MVA pathway [43], and BY-
T20 is a yeast strain with high e�ciency GGPP production by expressing an engineered gene module
composed of tHMG1, BTS1-ERG20 gene fusion and SaGGPS (GGPS from Sulfolobus acidocaldarius)
[44]. Initially, pGADT7-CBTS1 vector was introduced into the yeast strain BY4742, BY-T1 and BY-T20
respectively for tobacco CBT-ol synthesis. And, 1 L of 50 h shake-�ask culture for each yeast strain was
subjected to CBT-ol extraction and chromatography assays using GC-MS (Gas Chromatography-Mass
Spectroscopy). The results showed that yeast strain BY-T20 harboring the AD-CBTS1-expressing vector
could produced CBT-ol (Figure 3C; Additional �le 1: Figure S2A), while the production of CBT-ol was
undetectable in strain BY4742 or BY-T1 harboring the same vector (Figure 3C). In accordance, a strong
peak for GGPP was detected in the sample from BY-T20 harboring the AD-CBTS1-expressing vector by
GC-MS assay, while no corresponding peak could be detected in the sample from BY4742 or BY-T1
harboring the same vector (Figure 3C; Additional �le 1: Figure S2B). These evidences suggest that
tobacco CBT-ol could be synthesized through the MVA pathway in yeast BY-T20 by expressing CBTS1,
and the abundance of GGPP in yeast is a key factor manipulating the formation of CBT-ol.

Production of CBT-ol in yeast strain BY-T20

To measure the CBT-ol production in yeast, a standard curve was plotted based on the UPLC (Ultra-
Performance Liquid Chromatography) detection data from a serial dilutions of CBT-ol standard, which
was isolated and puri�ed from tobacco trichomes [28], and the CBT-ol content of the samples was
determined according this standard curve. Figure 4A shows the UPLC spectra of CBT-ol standard and that
for the extract from AD-CBTS1-expressing yeast. The yeast growth and CBT-ol production were monitored
through a 72 h shake-�ask cultivation in YPD medium or the optimized medium. And, the yeast growth
could reach a maximal yield after 60 h of cultivation (Additional �le 1: Figure S3A). The production of
CBT-ol was determined by measuring its content in both yeast cells and the cultivation broth from 1 L
yeast culture. The results turned out that the yield of CBT-ol in AD-CBTS1-expressing BY-T20 was 692.73
μg/L in cells and 863.95 μg/L in cultivation broth, accounting for a total production of about 1.56 mg/L
(Figure 4C). Interestingly, a considerable amount of GGPP still presents in the AD-CBTS1 expressing yeast
BY-T20 (Figure 3C; Additional �le 1: Figure S2B), and higher CBT-ol yield is expected by further
optimization of the CBTS1 enzyme. A bioreactor cultivation was also carried out to determine the yeast
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growth and CBT-ol production with the same yeast expression system, which produced over 50 g/L wet
cells 10.02 mg/L of CBT-ol production in a 72 h of fermentation (Figure 4B). And, the CBT-ol production is
highly correlated with the yeast yield.

Production of CBT-diol in yeast strain BY-T20

Subsequently, the production of CBT-diol in yeast was investigated by introducing both AD-CBTS1 and
BD-CYP450 into the yeast strain BY-T20. And, the GC-MS analysis showed a successful synthesis of CBT-
diol (Figure 5A, 5B). The production of CBT-diol was also determined by measuring its content in both
cells and cultivation broth of 1 L yeast culture. Monitoring the yeast growth and CBT-diol production
through a 72 h shake-�ask cultivation in YPD medium or the optimized medium revealed that the growth
of AD-CBTS1 and BD-CYP450 co-expressing yeast BY-T20 could reach the maximal yield after 50 h of
cultivation (Additional �le 1: Figure S3B). In the UPLC analysis, two peaks consistent with the retention
time of α-CBT-diol and β-CBT-diol standards were detected in the sample from yeast co-expressing AD-
CBTS1 and BD-CYP450 (Figure 5D), showing the production of both α-CBT-diol and β-CBT-diol. To
measure the production of CBT-diol, a standard curve was constructed based on the UPLC detection data
from a serial dilutions of CBT-diol, which was isolated and puri�ed from tobacco trichomes [28], and was
applied to the determination of CBT-diol content in the samples. The results showed that the production
of α-CBT-diol was 13.72 μg/L in cells and 50.10 μg/L in cultivation broth, and that the production of β-
CBT-diol was 13.05 μg/L in cells and 72.76 μg/L in cultivation broth. Thus, the total production of CBT-
diol was about 0.15 mg/L (Figure 5E). Further bioreactor cultivation resulted a production of over 50 g/L
wet cells and 1.05 mg/L of CBT-diol in a 72 h fermentation (Figure 5C).

Conclusion
This study shows that tobacco CBT-ol and CBT-diol, which are anti-fungal compounds, have no
observable suppressive effect on the yeast growth, and that yeast could be used for synthesizing
cembranoids. And, a new method to synthesize tobacco CBT-ol and CBT-diol via the MVA pathway in
yeast was further established. The biosynthesized CBT-diol showed different distribution patterns in yeast
cells and the cultivation broth, which may be resulted from their different solubility or cell transportation.
Currently, the production of CBT-ol and CBT-diol in yeast is 1.56 mg/L and 0.15 mg/L under shake-�ask
cultivation and 10.02 mg/L and 1.05 mg/L by bioreactor cultivation, respectively. But, greater yield is
expected by improving enzyme expression level and strengthening the enzymatic activity. In conclusion,
this work has demonstrated a feasibility for cembranoid production via the MVA pathway and
established an alternative bio-approach for synthesizing tobacco cembranoids, which may promote their
application in sustainable agriculture and other aspects.

Abbreviations
CBT-ol: cembratriene-ol; CBT-diol: cembratriene-diol; MEP: 2-C-methyl-D-erythritol-4-phosphate; MVA:
mevalonate; GGPP: geranylgeranyl diphosphate; CBTS1: cembratriene-ol synthase; CYP450: cytochrome



Page 10/20

P450 hydroxylase; Acetyl-CoA: acetyl-coenzyme A; HMGS: 3-hydroxy-3-Methylglutaryl synthase; IPP:
isopentenyl diphosphate; DMAPP: dimethylallyl pyrophosphate; GA-3P: D-glyceraldehyde 3-phosphate;
DXP: 1-deoxy-D-xylulose-5-phosphate; HMBPP: 4-hydroxy-3-methylbut-2-enyldiphosphate; GC-MS: Gas
Chromatography-Mass Spectroscopy; UPLC: Ultra-Performance Liquid Chromatography.

Declarations
Acknowledgements

We thank Prof. Xueli Zhang (Tianjin Institute of Industrial Biotechnology, Chinese Academy of Sciences)
and Prof. Yi-Xin Huo (School of Life Science, Beijing Institute of Technology) for sharing the yeast strains.

Authors’ contributions

Y.Z., and H.Z. conceived and designed the study. Y.Z., B.S., X.L., F.N., C.W., and Y.L. performed the
experiments. Y.Z., H.Z., Y.D, M.P. and Z.Z. drafted the manuscript.

Funding

This work was supported by the Science and Technology Innovation Program of Chinese Academy of
Agricultural Sciences (Elite youth program to H.Z., ASTIP-TRIC05), Yunnan Tobacco Company
(2018530000241001), and Sichuan Tobacco Company (SCY201916).

Availability of data and materials

All material listed in the manuscript is available from the corresponding author.

Ethics approval and consent to participate

Not applicable

Competing interests

The authors declare no competing �nancial interest.

Consent for publication

All authors have read and approved the current version of the manuscript.

Authors’ information

Corresponding Author

Hongbo Zhang−Tobacco Research Institute, Chinese Academy of Agricultural Sciences, Qingdao 266101,
China; Email: zhanghongbo@caas.cn;

mailto:zhanghongbo@caas.cn;


Page 11/20

Zhongfeng Zhang−Tobacco Research Institute, Chinese Academy of Agricultural Sciences, Qingdao
266101, China; Email: zhangzhongfeng@caas.cn;

Authors

Yu Zhang−Tobacco Research Institute, Chinese Academy of Agricultural Sciences, Qingdao 266101,
China;

Shiquan Bian−Tobacco Research Institute, Chinese Academy of Agricultural Sciences, Qingdao 266101,
China;

Xiaofeng Liu−Tobacco Research Institute, Chinese Academy of Agricultural Sciences, Qingdao 266101,
China;

Ning Fang−Tobacco Research Institute, Chinese Academy of Agricultural Sciences, Qingdao 266101,
China

Chunkai Wang−Tobacco Research Institute, Chinese Academy of Agricultural Sciences, Qingdao 266101,
China;

Yanhua Liu−Tobacco Research Institute, Chinese Academy of Agricultural Sciences, Qingdao 266101,
China;

Yongmei Du−Tobacco Research Institute, Chinese Academy of Agricultural Sciences, Qingdao 266101,
China;

Michael P. Timko−University of Virginia, 485 McCormick Road, Charlottesville, VA 22904, USA;

Author details

aTRI of CAAS-UVA Joint Laboratory of Synthetic Biology, Tobacco Research Institute, Chinese Academy
of Agricultural Sciences, Qingdao 266101, China.

bDepartment of Biology, University of Virginia, Charlottesville, VA 22904, USA.

References
1 Yan N, Du YM, Liu XM, Zhang, HB, Liu YH, Zhang P, Gong DP, Zhang ZF. Chemical structures,
biosynthesis, bioactivities, biocatalysis and semisynthesis of tobacco cembranoids: An overview. Ind
Crop Prod. 2016;83:66-80.

2 Yan N, Du YM, Liu XM, Zhang HB, Liu YH, Zhang ZF. Bioactivities and medicinal value of solanesol and
its accumulation, extraction technology, and determination methods. Biomolecules. 2019;9:30-38.

mailto:zhanghongbo@caas.cn;


Page 12/20

3 Sui JK, Wang CK, Liu XF, Fang N, Liu YH, Wang WJ, Yan N, Zhang HB, Du YM, Liu XM, Lu TG, Zhang ZF,
Zhang HB. Formation of α- and β-cembratriene-diols in tobacco (Nicotiana tabacum L.) is regulated by
jasmonate-signaling components via manipulating multiple cembranoid synthetic genes.
Molecules.2018;23:2511.

4 Yang B, Zhou, XF, Lin XP, Liu J, Peng Y, Yang XW, Liu YH. Cembrane diterpenes chemistry and biological
properties. Curr Org Chem. 2012;16:1512-1539.

5 Aqil F, Zahin M, El Sayed KA, Ahmad I, Orabi KY, Arif JM. Antimicrobial, antioxidant, and antimutagenic
activities of selected marine natural products and tobacco cembranoids. Drug Chem Toxicol.
2011;34:167-179.

6 Ishii T, Kamada T, Vairappan CS, Asian J. Three new cembranoids from the Bornean soft coral

Nephthea sp. Nat Prod Res. 2016;18:415-422.

7 Zhao M, Yin J, Jiang W, Ma MS, Lei XX, Xiang Z, Dong JY, Huang KW, Yan PC. Cytotoxic and
antibacterial cembranoids from a south china sea soft coral, Lobophytum sp. Mar Drugs. 2013;11:1162-
1172.

8 Wang E, Wang R, DeParasis J, Loughrin J, Gan SS, Wagner G. Suppression of a P450 hydroxylase gene
in plant trichome glands enhances natural-product-based aphid resistance. Nat Biotechnol. 2001;19:371-
374.

9 Nacoulma AP, Megalizzi V, Pottier LR, Lorenzi MD, Thoret S, Dubois J, Vandeputte OM, Duez P, Vereecke
D, Jaziri ME. Potent antiproliferative cembrenoids accumulate in tobacco upon infection with
Rhodococcus fascians and trigger unusual microtubule dynamics in human glioblastoma cells. PLoS
ONE. 2013;8:e77529.

10 Li G, Li H, Zhang Q, Yang M, Gu YC, Liang LF, Tang W, Guo YW. Rare cembranoids from chinese soft
coral Sarcophyton ehrenbergi: Structural and stereochemical studies. J Org Chem. 2019;84:5091-5098.

11 Rodriguez JW, Rodriguez-Martinez M, Ferchmin PA, Rios-Olivares E, Wang D, Nath A, Eterovic VA.
Tobacco cembranoid 4R attenuates HIV neurotoxicity by glutamate release reduction independent of viral
replication and in�ammation. J Neuroimmune Pharmacol. 2011;6:S56-S57.

12 Huang PC, Tseng CC, Peng BR, Hu CC, Lin NC, Chen NF, Chen JJ, Wen ZH, Wu YC, Sung PJ. Briaviodiols
B-E, new anti-in�ammatory hydroperoxy furan cembranoids from Briareum violaceum. Tetrahedron.
2019;75:921-927.

13 Ren J, Wang YG, Wang AG, Wu LQ, Zhang HJ, Wang WJ, Su YL, Qin HL. Cembranoids from the gum
resin of boswellia carterii as potential antiulcerative colitis agents. J Nat Prod. 2015;78:2322-2331.



Page 13/20

14 Martins AH, Hu J, Xu Z, Mu C, Alvarez P, Ford BD, El SK, Eterovic VA, Ferchmin PA, Hao J.
Neuroprotective activity of (1S,2E,4R,6R,-7E,11E)-2,7,11-cembratriene-4,6-diol (4R) in vitro and in vivo in
rodent models of brain ischemia. Neuroscience. 2015;291:250-259.

15 Vélezcarrasco W, Green CE, Catz P, Furimsky A, O'Loughlin K, Eterović VA, Ferchmin PA.
Pharmacokinetics and metabolism of 4R-cembranoid. PLoS ONE. 2015;10:e0121540.

16 Cui H, Zhang ST, Yang HJ, J H, Wang XJ. Gene expression pro�le analysis of tobacco leaf trichomes.
BMC Plant Biol. 2011;11:76.

17 Ennajdaoui H, Vachon G, Giacalone C, Besse I, Sallaud C, Herzog M, Tissier A. Trichome speci�c
expression of the tobacco cembratrien-ol synthase genes is controlled by both activating and repressing
cis-regions. Plant Mol Biol. 2010;73:673-685.

18 Guo ZH, Wanger GJ. Biosynthesis of cembratrienols in cell-free extracts from trichomes of Nicotiana
tabacum. Plant Sci.1995;110:1-10.

19 Wang EM, Wagner GJ. Elucidation of the functions of genes central to diterpene metabolism in
tobacco trichomes using posttranscriptional gene silencing. Planta. 2003;216:686-691.

20 Robers DL, Rowland RL. Macrocyclic diterpenes α and β-4,8,13-duvatriene-1,3-diols from tobacoo. J
Org Chem. 1962;27:398-392.

21 Rohmer M, Knani M, Simonin P. Isoprenoid biosynthesis in bacteria: a novel pathway for the early
steps leading to isopentenyl diphosphate. Biochem J. 1993;295:517.

22 Lange BM, Rujan T, Martin W, Croteau R. Isoprenoid biosynthesis: the evolution of two ancient and
distinct pathways across genomes. Proc Natl Acad Sci. USA 2000;97:13172-13177.

23 Eva V, Diana C, Wilhelm G. Structure and dynamics of the isoprenoid pathway network. Mol Plant.
2012;5:318-333.

24 Vranova E, Coman D, Gruissem W. Network analysis of the MVA and MEP pathways for isoprenoid
synthesis. Annu Rev Plant Biol. 2013;64:663-700.

25 Fang N, Wang CK, Liu XF, Zhao X, Liu YH, Liu XM, Du YM, Zhang ZF, Zhang HB. De novo synthesis of
astaxanthin: from organisms to genes. Trends Food Sci Tech. 2019;92:162-171.

26 Menetrez ML, SpurrJr HW, Danehower DH, Lawson DR. In�uence of tobacco leaf surface chemicals on
germination of Peronospora tabacina adam sporangia. J Chem Ecol. 1990;16: 1565-1576.

27 Patrick S, Ilke U, Sven K, Bernhard L, Ville RIK, Thomas B. Exploring the catalytic cascade of
cembranoid biosynthesis by combination of genetic engineering and molecular simulations. Comput
Struct Biotec. 2020;18:1819-1829.



Page 14/20

28 Yang Q, Wang J, Zhang P, Xie SN, Yuan XL, Hou XD, Yan N, Fang YD, Du YM. In vitro and in vivo
antifungal activity and preliminary mechanism of cembratrien-diols against Botrytis cinerea. Ind Crop
Prod. 2020;154:112745.

29 Mischko W, Hirte M, Roehrer S, Engelhardt H, Mehlmer N, Minceva M, Bruck T. Modular
biomanufacturing for a sustainable production of terpenoid-based insect deterrents. Green Chem.
2018;20:2637-2650.

30 Ajikumar PK, Xiao WH, Tyo KEJ, Wang Y, Simeon F, Leonard E, Mucha O, Phon TH, Pfeifer B,
Stephanopoulos G. Isoprenoid pathway optimization for taxol precursor overproduction in Escherichia
coli. Science. 2010;330:70-74.

31 Chang PC, Yu Y, Wang Y, Li C. Combinatorial regulation strategies for e�cient synthesis of terpenoids
in Saccharomyces cerevisiae. Chem Ind Eng Pro. 2019;38:598-605.

32 Jan M, Michael B. Metabolic engineering of microorganisms for the synthesis of plant natural
products. J Biotechnol. 2013;163:166-178.

33 Huang BB, Guo J, Yi B, Yu XJ, Sun LN, Chen WS. Heterologous production of secondary metabolites as
pharmaceuticals in Saccharomyces cerevisiae. Biotechnol Lett. 2008;30:1121-1137.

34 Emmanouil T, Nickolas P, Filippos V. Metabolic engineering of the complete pathway leading to
heterologous biosynthesis of various �avonoids and stilbenoids in Saccharomyces cerevisiae. Metab
Eng. 2009;11:355-366.

35 Christine Nicole S S, Mattheos K, Gregory S. Optimization of a heterologous pathway for the
production of �avonoids from glucose. Metab Eng. 2011;13:392-400.

36 Frank K, Jules B, Barbara C, Adele H, Robert DH, Dirk B, Antonius J A van M, Jack TP, Jean-Marc D. De
novo production of the �avonoid naringenin in engineered Saccharomyces cerevisiae. Microb Cell Fact.
2012;11:578-587.

37 Paddon CJ, Westfall PJ, Pitera DJ, Benjamin K, Fisher K, McPhee D, Leavell MD, Tai A, Main A, Eng D,
Polichuk DR, Teoh KH, Reed DW, Treynor T, Lenihan J, Fleck M, Bajad S, Dang G, Dengrove D, Diola D,
Dorin G, Ellens KW, Fickes S, Galazzo J, Gaucher SP, Geistlinger T, Henry R, Hepp M, Horning T, Iqbal T,
Jiang H, Kizer L, Lieu B, Melis D, Moss N, Regentin R, Secrest S, Tsuruta H, Vazquez R, Westblade LF, Xu L,
Yu M, Zhang Y, Zhao L, Lievense J, Covello PS, Keasling JD, Reiling KK, Renninger NS, Newman JD. High-
level semi-synthetic production of the potent antimalarial artemisinin. Nature. 2013;496:528-532.

38 Dai ZB, Liu Y, Huang LQ, Zhang XL. Production of miltiradiene by metabolically engineered
Saccharomyces cerevisiae. Biotechnol Bioeng. 2012;109:2845-2853.

39 Zhou YJJ, Gao W, Rong QX, Jin GJ, Chu HY, Liu WJ, Yang W, Zhu ZW, Li GH, Zhu GF, Huang LQ, Zhao
ZBK. Modular pathway engineering of diterpenoid synthases and the mevalonic acid pathway for



Page 15/20

miltiradiene production. J Am Chem Soc. 2012;134:3234-3241.

40 Sydor T, Schaffer S, Boles E. Considerable increase in resveratrol production by recombinant industrial
yeast strains with use of rich medium. Appl Environ Microb. 2010;76:3361-3363.

41 Dai ZB, Liu Y, Zhang XA, Shi MY, Wang BB, Wang D, Huang LQ, Zhang XL. Metabolic engineering of
Saccharomyces cerevisiae for production of ginsenosides. Metab Eng. 2013;20:146-156.

42 Brachmann CB, Davies A, Cost GJ, Caputo E, Li JC, Hieter P, Boeke JD. Designer deletion strains
derived from Saccharomyces cerevisiae S288C: a useful set of strains and plasmids for PCR-mediated
gene disruption and other applications. Yeast. 1998;14:115–132.

43 Dai ZB, Wang BB, Liu Y, Shi MY, Wang D, Zhang XN, Liu T, Huang L, Zhang XL. Producing aglycons of
ginsenosides in bakers’ yeast. Sci. Rep-UK 2014;4:3698.

44 Hu TY, Zhou JW, Tong YR, Su P, Li XL, Liu Y, Liu N, Wu XY, Zhang YF, Wang JD, Gao LH, Tu LC, Lu Y,
Jiang ZQ, Zhou YJ, Gao W, Huang LQ. Engineering chimeric diterpene synthases and isoprenoid
biosynthetic pathways enables high-production of miltiradiene in yeast. Metab Eng. 2020;60:87-96.

45 Vandermies M, Patrick F. Bioreactor-scale strategies for the production of recombinant protein in the
yeast Yarrowia lipolytica. Microorganisms. 2019;7:40.

Figures



Page 16/20

Figure 1

A schematic diagram of CBT-ol/CBT-diol synthesis in tobacco. Tobacco GGPP could be formed via MEP
or MVA pathway. The MEP pathway derived GGPP was shown to be the precursor of CBT-ol/ CBT-diol, but
it is unknown whether GGPP from the MVA pathway could act as their precursor. Formation of CBT-ol
from GGPP is catalyzed by CBTS1, and further synthesis of CBT-diol is catalyzed by CYP450. Both CBT-ol
and CBT-diol have two structural isomers.

Figure 2

Growth of B. cinerea and S. cerevisiae on the medium plates with mock treatment CBT-ol, or CBT-diol.
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Figure 3

Production of CBT-ol in yeast. (A) Detection of CBTS1-His protein by Western Blot with anti-6×His
antibody. M indicates the lane of protein Marker which contains 6×His-tagged proteins and serves as a
positive control. Labels at left indicate the molecular weights. (B) Detection of AD-CBTS1 protein by
Western Blot with anti-AD antibody. Labels at left indicate molecular weights, and arrows at right show
the proteins of AD-CBTS1 and AD only. (C) GC-MS spectrums of extracts from AD-CBTS1-expressiong
yeast strains BY4742, BY-T1 and BY-T20, respectively. The GC-MS peaks for CBT-ol and GGPP are
indicated, and those of unidenti�ed compounds are unlabeled.
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Figure 4

Production of CBT-ol in AD-CBTS1-expressiong yeast strains BY-T20. (A) UPLC detection of CBT-ol in the
extract of yeast culture. The peak for CBT-ol is indicated. (B) Yeast growth and CBT-ol production by
bioreactor cultivation in the optimized medium. WW=Wet weight. (C) Content of CBT-ol in the indicated
yeas cells or cultivation broth. Each values is the average of triplicates. N.D. indicates not detected, and
bars indicate mean + SD.
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Figure 5

Production of CBT-diols in yeast strain BY-T20 expressing AD-CBTS1 and BD-CYP450. (A) GC-MS
spectrums of yeast extract. The GC-MS peak for CBT-diol is indicated. (B) The associated mass peaks of
the yeast produced CBT-diol. Bold numbers indicate the speci�c mass peaks discriminating CBT-diol from
CBT-ol. (C) Yeast growth and CBT-diol production by bioreactor cultivation in the optimized medium.
WW=Wet weight. (D) UPLC detection of CBT-diols in the extract of yeast culture. Peaks for α-CBT-diol and
β-CBT-diol are indicated. (E) Content of CBT-diols in the indicated yeast culture or cultivation broth. Each
values is the average of triplicates. N.D. indicates not detected, and bars indicate mean + SD.
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