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Abstract

Background: (3-Caryophyllene, a kind of bicyclic sesquiterpene, is mainly used as a spice in the food and cosmetic
industries. Furthermore, it also has significant value in the pharmaceutical industry and is now considered to be used
as a new fuel. As a chemical energy heterotrophic microorganism, Escherichia coli can produce a large amount of
acetyl-CoA through aerobic respiration, and acetyl-CoA is the common precursor substance in the biosynthesis of all
terpenoids. Therefore, E. coli has the potential to be a cell factory to produce terpenoids.

Results: A new gene of 3-caryophyllene synthase (TPS7) was found by analyzing the genome of Nicotiana tabacum
L. using bioinformatics methods. The gene was overexpressed in engineered E. coli with a heterogeneous mevalonate
(MVA) pathway to build a recombinant strain CAR1. Subsequent cultivation experiments in shake flask of engi-
neered strain CAR1 verified that 16.1 mg/L 3-caryophyllene was detected from the fermentation broth in the shake
flask after induction for 24 h with IPTG. The toxic by-product of farnesyl acetate was detected during the process,

and CART showed a heavily cellular accumulation of product. We constructed an engineered strain CAR2, in which
the downstream genes of the MVA pathway were integrated into the E. coli chromosome, successfully increasing
B-caryophyllene production to 100.3 mg/L. The highest production of 3-caryophyllene during the fed-batch fermen-
tation was 4319 mg/L. Then we employed in situ extraction fermentation to successfully increase the production of
-caryophyllene by 20% to 5142 mg/L.

Conclusion: A new sesquiterpene synthase, TPS7, from tobacco was found to be able to produce 3-caryophyllene
with high efficiency. Based on this, an engineered £. coli was constructed to produce a much higher concentration of
-caryophyllene than the previous studies. During the fermentation process, we observed that 3-caryophyllene tends
to accumulate in intracellular space, which will eventually influence the activity of engineered E. coli. As a result, we
solved this by metabolism regulation and in situ extractive fermentation.
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Background
Terpenes, the largest class of secondary metabolites in
nature [1, 2], are mainly found in plants [3]. Terpenes play
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of other more expensive scents [6], as well as a kind of
potential aircraft fuel [7].

Generally, like other sesquiterpenes, the production of
[B-caryophyllene mainly relies on chemical synthesis and
extraction from plants. Despite the excellent quality and
natural activity, the plant extraction method is costly due
to the low content in the plant and the complex multi-
step extraction procedure. While the low cost of raw
materials is a benefit [8], the complexity of the process
and pollution of the environment push people to use
microbial synthesis rather than chemical synthesis [9].
Compared to traditional methods, microbial synthesis
will be a better choice due to its environmental friendli-
ness and sustainability [10].

The biosynthesis of all sesquiterpenes relies on the
same precursor of farnesyl diphosphate (FPP), which can
be produced through the mevalonate (MVA) pathway or
the methylerythritol 4-phosphate (MEP) pathway [11,
12]. Although the MEP pathway has a higher theoretical
yield, the exogenous MVA pathway in E. coli produces
terpenes more efficiently [13, 14]. The MVA pathway
generates isopentenyl pyrophosphates (IPP) and dimeth-
ylallyl pyrophosphate (DMAPP) from acetyl-CoA, both
of which are the common substrates for terpene biosyn-
thesis [11]. The geranyl diphosphate synthase catalyzes
IPP and DMAPP to geranyl diphosphate (GPP), and then
GPP is catalyzed to FPP by farnesyl diphosphate synthase
[15]. The FPP can be directly converted to sesquiterpenes
by sesquiterpene synthase (Fig. 1) [2, 15, 16].
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Many plant sesquiterpene synthases have been suc-
cessfully identified, characterized, and cloned to con-
struct engineered microorganisms for producing some
compounds, such as a-farnesene, longifolene, bisab-
olene, 3-sesquiphellandrene, and viridiflorol [17-23]. As
well, B-caryophyllene has been reported to be synthe-
sized in different engineered microorganisms. Reinsvold
et al. constructed an engineered cyanobacterium, Syn-
echocystis, in which the B-caryophyllene synthase gene
from Artemisia annua was inserted, and IPP and DMAPP
were provided by native MEP pathway, resulting in an
approximately 494 ng-L~'-week™' of P-caryophyllene
[22]. Yeast was also used to produce P-caryophyllene,
in which the optimized engineered strain achieved a
concentration of 104.7 mg/L in shake-flask culture [24].
Yang et al. introduced a B-caryophyllene synthase from
three different species of A. annua, Arabidopsis thali-
ana, and Zea perennis, respectively, into the engineered
E. coli containing the exogenous MVA pathway. The final
engineered strain with P-caryophyllene synthase from
A. annua achieved the highest production of 1.52 g/L in
the fed-batch fermentation condition [25]. However, the
concentration is not high enough to be put into industrial
application. Thus, in order to enhance the production to
make the bioprocess feasible for industrial production,
it is necessary to find a synthase with higher efficiency
and optimize the metabolic pathway of B-caryophyllene
by synthetic biology. Many tobaccos are rich in terpe-
nes which are the source of the aroma compositions. As
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Fig. 1 The heterologous MVA pathway introduced into E. coli to produce B-caryophyllene. Enzymes and some of the reaction intermediates
necessary for the production of 3-caryophyllene through the MVA pathway. Enzymes involved in the MVA and MEP pathway: MvaE
acetyl-CoA acetyltransferase/HMG-CoA reductase, MvaS HMG-CoA synthase, MK mevalonate kinase, PMK phosphomevalonate kinase,

MVD mevalonate pyrophosphate decarboxylase, IDI IPP isomerase, DXS 1-deoxy-D-xylulose-5-phosphate synthase, DXR 1-deoxy-D-xylulose
5-phosphate reductoisomerase, IspD 4-pyrophosphocytidyl-2-C-methyl-D-erythritol synthase, IspE 4-pyrophosphocytidyl-2-C-methyleryt

hritol kinase, IspF 2-C-methyl-D-erythritol 2,4-cyclopyrophosphate synthase, /spG 4-hydroxy-3-methylbut-2-enyl pyrophosphate synthase,

IspH 1-hydroxy-2-methyl-butenyl 4-pyrophosphate reductase, GPPS geranylgeranyl pyrophosphate synthase, FPPS farnesyl pyrophosphate
synthase. Intermediates involved in the MVA and MEP pathway: G-3-P glyceraldehyde 3-phosphate, DXP 1-deoxy-D-xylulose 5-phosphate, MEP
2C-methyl-D-erythritol 4-phosphate, COP-ME 4-diphosphocytidyl-2C-methylD-erythritol, MEcPP 2C-methyl-D-erythritol 2,4-cyclodiphosphate,
HMBPP 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate, A-CoA acetyl-CoA, AA-CoA acetoacetyl-CoA, HMG-CoA 3-hydroxy-3-methylglutaryl-CoA,
Mev-P mevalonate 5-phosphate, Mev-PP mevalonate 5-diphosphate, /PP isopentenyl pyrophosphate, DMAPP dimethylallyl pyrophosphate, GPP
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one of the major aroma compositions, B-caryophyllene
is often rich in some tobaccos [26, 27]. Thus, tobac-
cos may have the potential to contain a high-activity
[B-caryophyllene synthase.

In this study, a new [B-caryophyllene synthase gene
was found in Nicotiana tabacum L., which could synthe-
size B-caryophyllene with remarkable efficiency in engi-
neered E. coli containing the exogenous MVA pathway.
Subsequently, the synthesis pathway of -caryophyllene
was optimized to enhance the B-caryophyllene produc-
tion and reduce the accumulation of by-products. Finally,
in situ extraction fermentation was employed to alleviate
the intracellular accumulation of B-caryophyllene, thus
significantly improving the yield of B-caryophyllene.

Results and discussion

Analysis of gene tps7 from tobacco

NtTPS7 was obtained by PCR amplification using Nico-
tiana tabacum L. cDNA as the template, according to
the gene sequence from tobacco. The full-length 1671-bp
gene sequence encoding 556 amino acids was obtained,
and NCBI BLAST was used to align the gene and pro-
tein sequences. According to the results of NCBI BLAST,
the amino acid sequence (Additional file 1: Table S1) of
TPS7 from Nicotiana tabacum L. showed high similarity
with the sequences of various sesquiterpene synthases.
As shown in Figs. 2A and 3, the highest similarity was
germacrene-D synthase, followed by [-caryophyllene
synthase. The similarity of amino acid sequences was
about 40%, and the similarity of synthases from various
sources was significantly different. Furthermore, cluster
analysis was performed on TPS7 and other sesquiterpene
synthases with high sequence similarity from different
sources to verify the evolutionary relationship. As shown
in Fig. 1A, the evolutionary tree showed that TPS7 and
[B-caryophyllene synthase had a closer evolutionary rela-
tionship than other terpene synthases.

Similarly, the results of protein sequence alignment
(Fig. 2B) showed that although the similarity between
TPS7 and B-caryophyllene synthase was not the high-
est, there were many conserved sequences, especially in
the area between C232 and G315. TPS7, like all other
[B-caryophyllene synthases, contains several highly con-
servative amino acid sequences, which are the terpene
synthase active catalytic centers “DDXXD’, “RRX W, and
“NST/DTE” [28, 29]. Therefore, we speculated that TPS7
might have the function of synthesizing p-caryophyllene.

Expression and characterization of the TPS7 in E. coli

In general, terpene synthase from the plant was always
poorly expressed in E. coli [30]. Therefore, to determine
whether TPS7 can be normally expressed in E. coli, the
gene was cloned into the prokaryotic expression vector
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pET-28a(+), resulting in the recombinant plasmid pET-
tps7. The molecular weight of TPS7 is about 64 kDa. As
shown in Additional file 1: Fig. S1, SDS-PAGE analysis
showed that no substantial band matching the correct
molecular weight was found in control E. coli carry-
ing pET-28a(+). On the contrary, a specific band corre-
sponding to the size of the target protein was visible in E.
coli containing the plasmid pET-tps7, which showed that
TPS7 without codon optimization could be successfully
expressed in a soluble form in E. coli.

E. coli was able to maintain a small FPP pool, which
was created via the native MEP pathway and served as a
substrate for the catalysis of sesquiterpenoids synthesis
[31]. To further characterize the biochemical functions
of TPS7, the strain CARO (BL21/pET-tps7) and con-
trol E. coli carrying pET-28a(+) were cultured in shake
flasks for accumulating target product. After incuba-
tion at 30 C for 48 h, ethyl acetate was used to extract
the culture broth. The upper organic phase was separated
and used for gas chromatograph—mass spectrometry
(GC-MYS) analysis. The peak at 14.7 was confirmed to be
B-caryophyllene by employing the relative retention time
and mass spectra in comparison to an external standard.
The peaks at 14.2 and 15.2 were identified as a-humulene
and B-elemene by GC-MS, respectively, which were pre-
sent in trace amounts. According to the standard curve,
the pB-caryophyllene titer reached 0.81 mg/L in a shake
flask. This shows that the enzyme of TPS7 from tobacco
is further identified as f-caryophyllene synthase.

To avoid confusion by isomerides of B-caryophyllene,
we purified the crude product by TLC to get the pure
product (Additional file 1: Fig. S2). Then the puri-
fied product was analyzed by NMR to affirm the actual
structure. Comparing the analysis results of the purified
product with the standard compound of B-caryophyllene
(Additional file 1: Fig. S3), we found that the number
and chemical shift of the two substances were abso-
lutely the same so that the product could be identified as
B-caryophyllene.

Overexpression of exogenous MVA pathway in engineered
E. coli to improved B-caryophyllene production

Although B-caryophyllene was produced utiliz-
ing the endogenous MEP pathway of E. coli and
B-caryophyllene synthase, the native MEP pathway
control mechanism restricts the supply of its precur-
sor components IPP and DMAPP [32]. Recent inves-
tigations have demonstrated that the MVA pathway is
more efficient for synthesizing IPP and DMAPP than
the MEP pathway [14, 17]. As a result, a heterologous
MVA pathway was introduced into E. coli to boost the
production of the precursors IPP and DMAPP. In our
previous work, the genes of the MVA pathway had
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been cloned into two plasmids, pACY-mvaE-mvaS
which contains the genes of mvaE, mvaS from Entero-
coccus faecalis, and pYJM14 which contains the genes
of MVK, PMK, MVE, and IDI from Saccharomyces.
cerevisiae [33]. Subsequently, the ispA gene encod-
ing GPP and FPP synthase and the ¢ps7 gene encoding
B-caryophyllene synthase were cloned into the plas-
mid pACY-mvaE-mvasS, resulting in p-miT7. The strain
CARI1 carrying the recombinant plasmids p-miT7 and
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pYJM14 was cultured in shake flasks to test its ability
for B-caryophyllene production.

The time-course profile of p-caryophyllene accu-
mulation in the shake flask is shown in Fig. 4A. The
B-caryophyllene titer of strain CAR1 with a heterogene-
ous MVA pathway reached 18 mg/L (15.4 mg/g DCW)
after induction for 28 h, which was 22-fold higher than
strain CARO with the native MEP pathway. However, as
shown in Fig. 4B, the introduction of the MVA pathway

(1) THG15768.1 hypothetical protein TEA 029004 of Camellia sinensis var. sinensis
A (4) AYQ58359.1 Germacrene-D synthase of Camellia sinensis
(2) AFE56211.1 terpene synthase of Camellia sinensis
(12) KAA8526915.1 hypothetical protein FO562 008856 of Nyssa sinensis
(57 (16) KAA8526909.1 hypothetical protein F0562 008862 of Nyssa sinensis
(5) ANB66346.1 terpene synthase 3 of Camellia sinensis
(10) THG00897.1 hypothetical protein TEA 026266 of Camellia sinensis var. sinensis
(28) PIN14350.1 (-)-germacrene D synthase of Handroanthus impetiginosus
(29) TXG46284.1 hypothetical protein EZV62 028212 of Acer yangbiense
[ (45) AGB14625.1 germacrene-D synthase of Malus domestica
(78 (13) KAA8526917.1 hypothetical protein F0562 008854 of Nyssa sinensis
(74 (19) THG11728.1 hypothetical protein TEA 012657 of Camellia sinensis var. sinensis
(27) XP 010092292.1 (-)-germacrene D synthase of Morus notabilis
(30) XP 010092286.1 (-)-germacrene D synthase of Morus notabilis
(46) AARS99061.1 (-)-germacrene D synthase of Populus trichocarpa x Populus deltoides
(39) BBD88588.1 beta-caryophyllene synthase of Zanthoxylum piperitum
92 (22) KAA8544975.1 hypothetical protein F0562 019808 of Nyssa sinensis
(38) BBE32330.1 beta-caryophyllene synthase of Chengiopanax sciadophylloides
(84 (44) AGL98420.1 germacrene-D synthase of Lavandula angustifolia
(73 (11) KAA8523780.1 hypothetical protein F0562 010203 of Nyssa sinensis
(66 (15) AIO10964.1 TPS01 of Liquidambar formosana
(24) RVW61713.1 (-)-germacrene D synthase of Vitis vinifera
@8 (42) AGB14624.1 beta-caryophyllene synthase of Malus domestica
@7 (47) KAB2630557.1 germacrene-D synthase Pyrus ussuriensis x of Pyrus communis
s (14) QBL52483.1 beta-caryophyllene synthase of Vitis vinifera
(54) NP 001268213.1 (-)-germacrene D synthase of Vitis vinifera
(6) CAN83470.1 hypothetical protein VITISV 030783 of Vitis vinifera
(8) RVW94686.1 (-)-germacrene D synthase of Vitis vinifera
(9) AEP17005.1 (E)-beta-caryophyllene synthase of Vitis vinifera
(32) E)-beta-caryophyllene synthase of Vitis vinifera
(53) CAN68620.1 hypothetical protein VITISV 013313 of Vitis vinifera

(31) TPS7
_‘%{—E(ss) AFR23370.1 beta-caryophyllene synthase of Phyla dulcis
(43) AGD80137.1 beta-caryophyllene synthase partial of Achillea millefolium

(36) RDX83842.1 Beta-caryophyllene synthase partial of Mucuna pruriens
(94 (40) PHT98093.1 Beta-caryophyllene synthase of Capsicum chinense
(7) AAX16121.1 germacrene-D synthase of Actinidia deliciosa

(911_’:(3) PSS16245.1 (-)-germacrene D synthase of Actinidia chinensis var. chinensis

(68 (23) AGS16741.1 sesquiterpene synthase of Panax ginseng
(52) PIN14350.1:20-556 (-)-germacrene D synthase of Handroanthus impetiginosus
(49) AAX16121.1:25-563 germacrene-D synthase of Actinidia deliciosa
(51) XP 010092292.1:18-567 (-)-germacrene D synthase of Morus notabilis
(48) PKU80372.1 (-)-germacrene D synthase of Dendrobium catenatum
(50) PHT87246.1:6-549 (EE)-germacrene B synthase of Capsicum annuum
(37) AKA94109.1 beta-caryophyllene synthase of Ocimum kilimandscharicum
(33) beta-caryophyllene synthase of Mikania micrantha
(34) APAS8660.1 (+)-beta-caryophyllene synthase of of Nocardia seriolae
(18) PSS06307.1 (-)-germacrene D synthase of Actinidia chinensis var. chinensis
(17) CDP05817.1 unnamed protein product of Coffea canephora
(21) CDP05818.1 unnamed protein product of Coffea canephora
(25) PHT87246.1 (EE)-germacrene B synthase of Capsicum annuum
(41) BAN81914.1 beta-caryophyllene synthase of Artemisia absinthium
(20) RVW14969.1 (-)-germacrene D synthase of Vitis vinifera
(26) RVW14963.1 (-)-germacrene D synthase of Vitis vinifera

Fig. 2 Bioinformatic analysis of sequence of protein and gene. A Evolutionary tree of tps7 and genes of terpene synthase. B Sequence alignment of
TPS7 and B-caryophyllene synthases from other species
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Fig. 2 continued

negatively affected cell growth. The cell density of CAR1
overexpressing the MVA pathway was significantly lower
than that of CARO with the origin MEP pathway during
the cultivation process (Fig. 4B). We anticipated that the
overexpression of the multi-gene pathway maybe resulted
in the accumulation of intermediates, hence increas-
ing the host’s metabolic burden. From detecting the

fermentation broth of the shake flask, we found a series
of by-products related to the biosynthetic process (Addi-
tional file 1: Fig. S4). Among these by-products, we iden-
tified one compound as farnesyl acetate, which is toxic
to cells and inhibits DNA replication [34], synthesized
from the substrate FPP. We speculated that the farnesyl
acetate was produced due to the inherent low activity of
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[B-caryophyllene synthase and the abundant availability of
precursor FPP caused by MVA pathway overexpression.
Nonetheless, these results also demonstrated that intro-
ducing the heterogeneous MVA pathway in E. coli could
effectively increase the titer of 3-caryophyllene.

Optimization of B-caryophyllene biosynthetic pathways
Although introducing the heterogeneous MVA path-
way in E. coli could improve [-caryophyllene produc-
tion, the downstream operon in engineered strain CAR1
was initiated by a high copy number plasmid, result-
ing in a great amount of the intermediates, such as IPP,
DMAP, and farnesyl acetate, which can be toxic to cells
and lower the yield of the desired product. Compared to
using free plasmids to produce desired products, chro-
mosomal integrated metabolic pathways can improve the
stability of foreign genes in cells, alleviate the metabolic
burden on the host, and reduce the use of antibiotics in
the production process [35]. In our prior work, a strain
CM2 was created by integrating the MVK, PMK, MVD,
and IDI genes into E. coli BL21(DE3) [36]. The plasmid
of p-miT7 was transformed into strain CM2 to create a
recombinant CAR2 for producing p-caryophyllene. The
resulting strain was then tested for B-caryophyllene in
shake flasks. Surprisingly, the shake-flask fermentation of
CAR?2 provided satisfactory results. Under the same cul-
tivation conditions as CAR1, the B-caryophyllene titer of
strain CAR2 was increased by sixfold in 24 h, from 16.1
to 100.3 mg/L, and the biomass of strain CAR2 improved
by 1.5 times compared with strain CAR1 (Fig. 4A). The
specific production and productivity of B-caryophyllene
from CAR2 with the optimized MVA pathway reached
68.5 mg/g DCW and 4.3 mg/L/h, respectively, which
was greater than that from CARO and CARI1 (Fig. 4C).
The result was consistent with the previous studies that
the integrated strain CM2 was beneficial for the pro-
duction of terpenoids [36, 37]. Meanwhile, it was found
that the concentration of farnesyl acetate was dramati-
cally decreased (Additional file 1: Fig. S4). This result
revealed that the appropriate down-regulation of the
expression of the MVA pathway reduced the accumula-
tion of intermediate metabolites for improving the yield
of B-caryophyllene and the biomass, as well as alleviated
the by-product accumulation.

Intracellular or extracellular distribution

of B-caryophyllene

To investigate the distribution of B-caryophyllene in the
shake flask, after 48 h of induction, the culture broth was
centrifuged, and the cell and supernatant were extracted
with ethyl acetate, respectively. For the first 23 h, 80 per-
cent of B-caryophyllene was deposited in the intracel-
lular space, and only 20% of the product was released
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Fig. 3 Analysis and identification of the product by GC-MS. A Total
ion current chromatogram of the E. coli carrying pET-28a(+). B Total
jon current chromatogram of the 3-caryophyllene standard (the peak
of B-caryophyllene was marked with an arrow corresponding to the
retain time 14.6 min). C Total ion current chromatogram of the E. coli
carrying pET-tsp7. D Mass spectra of the 3-caryophyllene standard. E
Mass spectra of the fermentation product
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Fig. 3 continued

into the culture broth, as shown in Fig. 5A. As the cul-
tivation time goes by, the concentration of extracellular
[B-caryophyllene gradually decreases due to the volatil-
ity of B-caryophyllene. Only 5% of B-caryophyllene was
detected in the extracellular after 42 h. Although most
of the sesquiterpenoids are not suitable for intracellular
accumulation due to their characteristics, such as cyto-
toxicity, evaporability, or secretion [38], our research
showed that the p-caryophyllene primarily accumulated
in the intracellular.

Subsequently, the culture volume was scaled up to
2 L in a 5-L bioreactor for fed-batch fermentation with
the engineered E. coli. The cell growth rate in high-den-
sity cultivation was relatively stable and did not show
significant fluctuation. Cell density grew stably dur-
ing the fermentation process, which showed the engi-
neered strain kept highly active in the synthesis process
of B-caryophyllene. During the fermentation process of
CAR?2 (Fig. 5B), the production rate of B-caryophyllene
was low in the first few hours and accelerated from about
4 h after induction. Then the product kept accumulating
at high speed until the peak production, which appeared
to be coupled with the cell growth and reached a high-
est concentration of 4319 mg/L with productivity of

67.5 mg/L/h in 60 h after induction. The maximum bio-
mass reached an ODy, of 210 during the high cell den-
sity fermentation. Simultaneously, the intracellular or
extracellular distribution of p-caryophyllene was deter-
mined. In contrast to shaking flasks (Fig. 5A), roughly
50% of the product is released into the extracellular
medium during the early phases of fed-batch fermenta-
tion (4—24 h). After 24 h, it is consistently maintained at
around 600 mg/L (Fig. 5B). However, with increasing cell
density, the intracellular titer of p-caryophyllene gradu-
ally increased, resulting in a decrease in extracellular
B-caryophyllene content to 16% and an increase in intra-
cellular concentration to more than 80%. We anticipated
that P-caryophyllene’s solubility in water can readily
exceed the threshold in an aqueous medium, resulting in
most of the products in intracellular. Due to the exces-
sive intracellular aggregation of P-caryophyllene, nega-
tive feedback regulation or changes in cell shape occur,
preventing future product improvement.

To observe the changes in cell morphology with the
accumulation of products in the intracellular, samples
were collected and studied using transmission electron
microscopy (TEM) at various points during the fermen-
tation process (Fig. 6). Normal E. coli morphology was
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detected in the engineered strain CAR2 at 0 and 12 h
with a normal rod shape, but a big white droplet has been
observed in the cells after 24 h (Fig. 6C), which seems
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to cover about half of the cells, although the cell retains
its native shape. However, some of the modified E. coli
were almost filled with white droplets after 36 h, and the
morphology became irregular or even ruptured to form
cell fragments (Fig. 6D). This may be due to the exces-
sive accumulation of B-caryophyllene in the intracellular,
which causes damage to the cells, ultimately affecting the
production of B-caryophyllene.

In situ extraction fermentation

Most monoterpenoids or sesquiterpenoids are volatile
and secreted outside the cells [39]. If the product is not
excreted or only excreted in an insufficient quantity, then
in situ extraction fermentation can be leveraged to boost
or initiate product release due to cell permeabilization
[40]. B-Caryophyllene has weak polarity and intense vola-
tility, which may be responsible for product accumulat-
ing in the cells and escaping in a large amount. Therefore,
the in situ extraction fermentation, in which the organic
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(D)

(E)

Fig. 6 TEM observation of £. coli during fermentation process. A0 h; B 12 h; C 24 h; D 36 h; E 48 h. Arrowpoint point to the droplet. Amplifications
were x 40,000 for A, B and C and x 50,000 for D and E

solvent was added into the fermentation broth for in situ
extraction, was employed to extract products and pre-
serve the product spillage. Based on this, the effects of
organic solvent n-dodecane, octane, heptane, and iso-
propyl myristate on the production of B-caryophyllene
and the cell growth of the engineered CAR2 were inves-
tigated. As shown in Fig. 7A, compared to the control
group without an extraction agent, the -caryophyllene
titer of in situ extraction using n-dodecane, isopropyl
myristate, octane, and heptane was 253, 206, 151, and
78 mg/L, representing 2.8-fold, 2.3-fold, 2.0-fold and 0.8-
fold improvements, when compared with that achieved
in no-solvent cultures (92 mg/L). The B-caryophyllene
mainly accumulated in the extracellular (organic phase)
and was barely detectable in the intracellular (Fig. 7A).
Although the two-phase fermentation decreased the
cell growth, the B-caryophyllene titer was significantly
increased compared to the single-phase culture. It is
verified that in situ extraction fermentation is useful
for improving the yield of B-caryophyllene by relieving
the end-product feedback repression. Due to the addi-
tion of n-dodecane having a significant effect on the

improvements of B-caryophyllene titer and slight nega-
tive on the cell growth, we selected n-dodecane as the
organic solvent in situ extractive fermentation.

In situ extraction was then used in the high-density
fermentation of CAR2. The better-performed extraction
agent, n-dodecane, was added into the fermenter with a
ratio of 10% (v/v) at 2 h after induction. From the moni-
toring of the process (Fig. 7B), the addition of organic sol-
vent increased the production of B-caryophyllene by 20%,
effectively inhibiting the loss of B-caryophyllene. The
highest B-caryophyllene titer reached 5142 mg/L with
corresponding productivity of 80.3 mg/L/h in 64 h after
induction, which was 2.7 times of the highest reported
titer [25]. The maximum cell density reached 140 of
ODyg, a 30% decrease over the single-phase fermenta-
tion (210 of ODyg). This result further showed that the
addition of organic solvent adversely affected the growth
of the strain [41].

In both shake-flask cultivation and fed-batch fermen-
tation, in situ extraction fermentation enhanced the
production of P-caryophyllene relative to single-phase
fermentation. However, the p-caryophyllene titer just
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increased by 19% in fed-batch fermentation, which was
significantly lower than the 2.5-fold increase rate in the
shake-flask fermentation. It might be caused by the vari-
ation in cultivation conditions, such as in fed-batch fer-
mentation, where the severe agitation and continuous
aeration may be conceived to promote product secre-
tion from intracellular to culture broth. Therefore, the
percentage of p-caryophyllene in extracellular was
maintained at approximately 20% during the fed-batch
fermentation, whereas only 5% of pB-caryophyllene was
identified in the extracellular in shake flask (Fig. 5). The
above results help to explain why adding organic solvent
in the shake flask was more effective in enhancing the
yield of B-caryophyllene than the fed-batch fermentation.

Correspondingly, the P-caryophyllene titer and cell
density were just 1520 mg/L and 42 of ODy,, respec-
tively, in engineered E. coli under the fed-batch fermenta-
tion condition reported by Yang et al. [25]. Tracing back
to the source, apart from the different sources of terpene
synthase, this main reason is that the accumulation of

Page 10 of 14

toxic intermediates IPP and FPP leads to the imbalance
of the MVA metabolic pathway, which was further con-
firmed by the comparison of cell density (ODg, of 210
Vs. ODg, of 40). To the best of our knowledge, this is
the highest titer reported so far for p-caryophyllene in
a microbial host [10, 22, 25]. Additionally, due to the
addition of n-dodecane in the fermentation process,
the p-caryophyllene accumulated nearly entirely in the
organic phase, providing considerable convenience for
the product separation and collection in the downstream
processing. This finding indicated that the engineered
strain had significant potential for industrial production
of B-caryophyllene.

Despite the -caryophyllene production in E. coli being
hugely elevated by metabolic pathway optimization and
in situ fed-batch fermentation, the conversion efficiency
of glucose to B-caryophyllene (gram to gram) in the met-
abolically engineered strain is only 4.4% in the high cell
density fermentation. In the future studies, several strate-
gies will benefit the production and conversion efficiency
of B-caryophyllene, such as: (1) at the level of enzyme
engineering strategy, by altering critical amino acid resi-
dues involved in the catalytic function to enhance the
activity of TPS7; (2) at the level of metabolic engineer-
ing strategy, by utilizing more potent promoters or rais-
ing the copy number to improve the expression level of
TPS7 to limit the buildup of the intermediate metabolite
FPP; (3) using a modular metabolic engineering strategy
to separate the metabolic pathway into many modules,
fine-tuning the expression level of inter and intra-mod-
ules to improve the metabolic flux [42]; (4) at the level
of fermentation optimization strategy, the fermentation
process can be monitored in real-time and online accord-
ing to “Industry 4.0” [43] to collect and analyze signifi-
cant amount of data from the metabolic process of the
engineered strain, and take corrective actions to opti-
mize the fermentation, resulting in further enhancing
[-caryophyllene production.

Conclusions

In this study, we found a novel B-caryophyllene synthase
from tobacco with high activity of synthesis. Based on
this, we constructed an engineered E. coli strain CAR2
that could produce p-caryophyllene with high effi-
ciency. Through fed-batch fermentation and two-phase
fermentation of engineered strain, the artificial syn-
thetic pathway based on TPS7 can produce 5142 mg/L
B-caryophyllene utilizing glucose as a carbon source,
which is the highest production in the biosynthesis pro-
cess by now. This finding indicated that the engineered
strain had significant potential for industrial production
of B-caryophyllene.
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Table 1 Strains and plasmids used in the study
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Name Relevant genotype/property Source

Strains

E. coliBL21(DE3) F~ompT hsdS(rgmg~) gal dcm (DE3) TransGen Biotec

E. coli Trans5a F~80d lac ZAM15 AllacZYA-argF) U169 end AT recAT hsdR17(r,~, m,*) supE44)- thi-1 gyrA96 relA1 TransGen Biotec
phoA

M2 BL21(DE3):Trc-Low (36]

CARO BL21(DE3)/pET-tps7 This study

CAR1 BL21(DE3)/pYIM14, p-miT7 This study

CAR2 CM2/p-miT7 This study

plasmids

pET-28a(+) oripBR322 laclT7p, Kan' Novagen

pEASY-tps7 pEASY-Blunt derivative carrying gene tps/, T7 promoter, AmpR Kan® Laboratory preserved

pYJM14 pTrcHis2B derivative carrying genes MVK, PMK, MVE, and IDI, Trc promoter, AmpR [33]

pACY-mvaE-mvaS pACYCDuet-1 derivative carrying genes mvak and mvas, 7 promoter, Cm* [33]

p-miT7 PACYCDuet-1 derivative carrying genes mvak, mvas, ispA and tps7, T7 promoter, Cm® This study
p-iT7 pACYCDuet-1 derivative carrying genes ispA and tps7, T7 promoter, Cm*® This study
pET-tps7 PET-28a(+) derivative carrying gene tps7, T7 promoter, Kan® This study

Materials and methods

Gene analysis

By genome sequence analysis of Nicotiana tabacum L.,
several genes that may be related to terpene synthesis
were found. These genes were analyzed by NCBI BLAST,
and among these, a gene named tps7 similarity with
sequences of [B-caryophyllene synthases was selected.
From BLAST, genes that had similarities with ¢ps7 and
had the function of terpene synthesis were all selected to
draw an evolutionary tree with tps7 by MEGAG.

Protein sequences of germacrene-D synthases and
B-caryophyllene synthases from different species
(ZpTPS7, GenBank: BBD88588; NsDTPS7, GenBank:
APA98660; VvIPS7, GenBank: AEP17005.1; LnTPS7,
GenBank: XP_019181134.1) were selected and used
DNAMAN to test the similarity between TPS7 and these
synthases.

Plasmid and strain construction

All restriction enzymes used in this study were purchased
from Thermo Fisher Scientific (Shanghai, China). PCR
amplification was implemented using PrimeSTAR Max
DNA Polymerase (TaKaRa, Beijing, China). All strains
and plasmids used in this study are shown in Table 1.
Primers used in this study were synthesized by GeneWiz
(Suzhou, China) (Additional file 1: Table S2).

Total RNA was extracted using the Plant Total RNA Kit
(Nobelab Biotechnology Co. LTD, Beijing, China). The
mRNA was purified by oligo dT-cellulose affinity chro-
matography using the FastPure® Cell/Tissue Total RNA
Isolation Kit V2 (TransGen Biotech, Beijing). A cDNA
library was constructed using the Transcript Green

One-Step qRT-PCR Supermix (TransGen Biotech, Bei-
jing). The tps7 gene was amplified from ¢cDNA by PCR
with primers and cloned into the plasmid pEASY-Blunt,
resulting in pEASY-tps7.

The tps7 gene and plasmid were amplified from
pEASY-tps7 and pET-28a(+), respectively, and the two
fragments were ligated using the pEASY-Blunt Zero
Cloning Kit (TransGen Biotech, Beijing), resulting in
the recombinant plasmid pET-tps7. Amplify the gene
tps7 from the plasmid pEASY-tps7 with primer tps7-F2
and tps7-R2 by PCR. The ispA gene was amplified from
E. coli BL21(DE3) using primer ispA-F2 and ispA-R2.
Gene segments of tps7 and ispA were put into plasmid
pACYCDuet-1, cut by the restriction endonuclease Nde
I and Xho I, by homologous recombination, the recom-
binant plasmid was named p-iT7. Gene fragment mvaE-
mva$ was amplified from vector pACY-mvaE-mvaS using
primer MMG-F2 and MMG-R2, and put into plasmid
p-iT7 cut by restriction enzyme Nco I and Not I to consti-
tute plasmid p-miT7. Verified the recombinant plasmid
with colony PCR using primers ispA-F2 and T7-ter and
double digestion.

Medium and culture conditions

Transform plasmid p-miT7 and pYJM14 into E. coli
BL21(DE3) competent cell, pick out single colony
and culture it with 5 mL LB medium (10 g/L tryptone,
5 g/L yeast extract, 10 g/L NaCl) with 50 pg/mL ampi-
cillin and 34 pg/mL chloramphenicol overnight at
37 °C, 200 rpm. Add 1 mL above culture into 50 mL M9
medium (15.3 g/L NaH,PO,-12H,0, 3 g/L KH,PO,, 1 g/L
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NH,C], 0.5 g/L NaCl, and adding 20 g/L glucose, 100 uL
1 M MgSO, when using) with 50 pg/mL ampicillin and
34 pg/mL chloramphenicol, culture it at 37 “C, 200 rpm,
induce the fermentation broth with 0.3 mM isopropyl-
B-D-thiogalactopyranoside (IPTG) when ODy, reaches
0.6, then keep on culturing for 24 h in 30 °C.

Fed-batch fermentation for B-caryophyllene biosynthesis
Fed-batch cultures for engineered E. coli were car-
ried out in a 5 L glass fermenter (BIOSTAT B plus
MOS5L, Sartorius, Germany). The engineered E. coli
was cultured for 8 h at 37 ‘C in 250-mL shake flask,
filled with 100 mL LB medium as inoculum. The
inoculum was added to 2 L fermentation medium
(9.8 g/L K,HPO,-3H,0, 0.5 g/L yeast extract, 2 g/L
MgSO,-7H,0, 2.1 g/L citric acid monohydrate and
0.3 g/L ferric ammonium citrate) supplemented with
20 g/L glucose, and 1 mL/L trace elements (3.7 g/L
(NH,)¢Mo,0,,-4H,0, 2.9 g/L ZnSO,-7H,0, 24.7 g/L
H;BO,, 2.5 g/L CuSO,-5H,0, 15.8 g/L MnCl,-4H,0).
The temperature was kept at 37 “C, and the 26% ammo-
nia solution was added automatically to keep the pH
at 7.0. The dissolved oxygen level was monitored and
maintained at 30% saturation by adjusting the stirring
speed. When the initial glucose was exhausted, keeping
the stirring speed at 800 rpm, 50% glucose was added
into the fermentation at a rate of 2—4.5 g/L/h to main-
tain the dissolved oxygen (DO) level at 40-50%. Once
the cell density reached 20 of ODy, the fermenta-
tion system was then cooled to 30 ‘C and induced with
0.3 mM IPTG.

During in situ extraction fermentation, engineered
E. coli was cultured under the same conditions, and
organic solvent at a final concentration of 10% was
added to the fermentation broth at 2 h after induction.

Intracellular and extracellular distribution

of B-caryophyllene

To investigate the intracellular and extracellular dis-
tribution of B-caryophyllene, the cell and supernatant
were separated by centrifugation of 5 mL of fermenta-
tion broth, and the cellular precipitate was resuspended
with 5 mL sterile water. An equal volume of ethyl
acetate was added to the cell suspension and superna-
tant, respectively, and vortexed for 4 min to extract the
product. Then, the mixture was centrifuged at 13,000 g
for 2 min to obtain the organic phase with the desired
product.

TEM analysis of engineered E. coli
Solve 25.79 g Na,HPO,12H,0 and 437 g
NaH,PO,-2H,0 into 500 mL ddH,O as PB buffer, add
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5 mL 50% glutaraldehyde into 50 mL PB buffer and fix
the volume to 100 mL with ddH,O as 2.5% glutaralde-
hyde solution. The cultures were sampled at 0, 12, 24,
36 and 48 h, and the supernatant was discarded after
centrifugation at 4000 rpm for 2 min. The cellular pre-
cipitate was resuspended and rinsed with 5 mL PB
buffer, followed by fixation with 2.5% glutaraldehyde
solution overnight at 4 °C. The mixtures were centri-
fuged at 4000 rpm for 2 min, and the supernatant was
removed. The obtained sample was rinsed twice with
PB buffer and then analyzed with a TEM [44, 45].

Purification and NMR analysis of 3-caryophyllene

After fermentation, add 500 mL ethyl acetate into the
broth, thoroughly mix it and centrifuge the mix at
10,000 rpm for 5 min, then collect all the organic phase
and rotary evaporate the extract. Using TLC to purify the
left liquid, load 5 mL raw product on the silica gel plate
and develop with n-heptane. After the solvent reaching
1-2 cm away from the top of the gel plate, take out and
dry the plate, then drop anisaldehyde at one side and heat
at 200 °C for 5 min to determine the position of the prod-
uct, collected the target band with the blade and crush it,
solve the product with 10 mL ethyl acetate. Rotary evap-
orate the solution at 30 °C until there was no distillate and
use a nitrogen blower to dry out the remaining liquid.
Add 10 pL purified product into 500 pL chloroform-d,
NMR analyzed the product.

'H-NMR and !*C-NMR spectra were recorded on
Bruker NMR spectrometers (600 MHz). 'H-NMR chemi-
cal shifts (8H) and ®*C-NMR chemical shifts (8C) are
quoted in parts per million (ppm) downfield from trime-
thyl silane (TMS), and coupling constants (J) are quoted
in Hertz (Hz).

Analytical methods

Cell density was monitored by measuring the absorb-
ance at 600 nm (ODg,,) with a spectrophotometer (Var-
ian Cary 50 UV-Vis). During the fermentation processes,
glucose concentration was determined using the YSI
2900 Biochemistry Analyzer.

For quantification and analysis of -caryophyllene and
by-products in the culture broth, the samples were added
identical volume of ethyl acetate, vortexed briefly for
2 min, and centrifuged to separate the phases. Then the
organic phase was filtered by a 0.22 um filter membrane
and analyzed by a GC-MS. The instrument was a Shi-
madzu GC-2010 Pro equipped with a triple-quadrupole
mass spectrometer (TQ8050, Shimadzu, Kyoto, Japan).
The GC equipped with an Rtx-5 ms capillary column
(30 m x 0.25 mm x 0.25 pm, Restek, Bellefonte, PA, USA)
was used to detect the product using an FID detector. The
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injection volume was 1 pL and the split ratio was 10:1 at
240 °C. The N, was used as the carrier gas with a linear
velocity of 1 mL/min. The column temperature profile was
50 °C for 3 min, 10 C /min increase to 290 ‘C and holding
for 5 min. The injector and transfer line temperature were
240 and 250 C, respectively. The compound concentrations
were calculated by interpolating with a standard curve pre-
pared by standard -caryophyllene. The mass spectrometer
was operated in EI mode with complete scan analysis (m/z
50-230) [22, 25].
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