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increase of geraniol production was obtained when four 
copies of tCaGPPS and one copy of tCaGES were intro-
duced into E. coli. The following fermentation conditions 
optimization, including removal of organic layers and 
addition of new n-decane, led to a 74.6  ±  6.5  mg  L−1 of 
geraniol production. The present study suggested that the 
gene copy number optimization, i.e., the ratio of tCaGPPS 
and tCaGES, plays an important role in geraniol produc-
tion in the recombinant E. coli. The removal and addition 
of organic solvent are very useful for sustainable high-yield 
production of geraniol in the recombinant E. coli in view of 
that the solubility of geraniol is limited in the fermentation 
broth and/or n-decane.

Keywords  Geranyl diphosphate synthase · Camptotheca 
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Introduction

Geranyl diphosphate (GPP, Fig. S1, Supplementary Mate-
rials), a ten-carbon containing compound, is biosynthe-
sized from the universal five-carbon precursor isopentenyl 
diphosphate (IPP, Fig. S1, Supplementary Materials) and 
its isomer dimethylallyl diphosphate (DMAPP, Fig. S1, 
Supplementary Materials) via the head-to-tail condensation 
reaction that is catalyzed by homomeric and/or heteromeric 
GPP synthase (GPPS, Fig. S1, Supplementary Materials) 
[10, 19]. The above-mentioned five-carbon units are origi-
nated from the plastidial 2-C-methylerythritol 4-phosphate 
(MEP) pathway and/or the cytoplasmic mevalonic acid 
(MVA) pathway [9, 19]. GPP is the committed precursor 
for all monoterpenes and their derivatives, for instance, 
geraniol, an acyclic monoterpene alcohol, is a hydrolysis 

Abstract  Geranyl diphosphate (GPP), the unique pre-
cursor for all monoterpenoids, is biosynthesized from iso-
pentenyl diphosphate and dimethylallyl diphosphate via 
the head-to-tail condensation reaction catalyzed by GPP 
synthase (GPPS). Herein a homomeric GPPS from Camp-
totheca acuminata, a camptothecin-producing plant, was 
obtained from 5′- and 3′-rapid amplification of cDNA ends 
and subsequent overlap extension and convenient PCR 
amplifications. The truncate CaGPPS was introduced to 
replace ispA of pBbA5c-MevT(CO)-MBIS(CO, ispA), a de 
novo biosynthetic construct for farnesyl diphosphate gen-
eration, and overexpressed in Escherichia coli, together 
with the truncate geraniol synthase-encoding gene from 
C. acuminata (tCaGES), to confirm CaGPPS-catalyzed 
reaction in vivo. A 24.0 ± 1.3 mg L−1 of geraniol was pro-
duced in the recombinant E. coli. The production of GPP 
was also validated by the direct UPLC-HRMSE analyses. 
The tCaGPPS and tCaGES genes with different copy num-
bers were introduced into E. coli to balance their catalytic 
potential for high-yield geraniol production. A 1.6-fold 
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product of GPP (Fig. S1, Supplementary Materials). As a 
commercially important small alcohol, geraniol is widely 
used in the flavor, fragrance, and energy industries [6, 15, 
26, 27, 45].

In our previous report [5], a geraniol synthase-encoding 
gene from Camptotheca acuminata, CaGES, was cloned, 
overexpressed in Escherichia coli, and functionally char-
acterized in  vitro and in  vivo. The truncate CaGES was 
employed to produce geraniol in E. coli via the integration 
of the encoding genes involved in the whole MVA bio-
synthetic pathway for generation of IPP and DMAPP and 
ispA(S80F), a mutant of farnesyl diphosphate (FPP) syn-
thase, that can produce GPP. The geraniol was accumulated 
to 48.5  ±  0.9  mg  L−1 under the mentioned experimental 
conditions [5]. Herein we report the molecular cloning, 
heterologous overexpression, and functional characteriza-
tion of a homomeric GPPS-encoding gene from C. acumi-
nata, a camptothecin-producing plant in which GPP is the 
biosynthetic precursor of geraniol, secologanin, and sub-
sequent camptothecin (Fig. S1, Supplementary Materials). 
The open reading frame of CaGPPS was obtained from 5′- 
and 3′-rapid amplification of cDNA ends and subsequent 
overlap extension and convenient PCR amplifications. The 
heterologous overexpression of truncate CaGPPS, together 
with tCaGES and the encoding genes of the entire de novo 
biosynthetic pathway for FPP generation in which ispA, an 
FPP synthase-encoding gene, was replaced by tCaGPPS, 
in E. coli led to a 24.0 ± 1.3 mg L−1 of geraniol produc-
tion in the fermentation broth, which confirmed the cata-
lytic potential of tCaGPPS in  vivo. The production of 
GPP was also confirmed by direct UPLC-HRMSE analy-
ses of the fermentation broth. To optimize the gene copy 
numbers of tCaGPPS and tCaGES for high-yield geraniol 
production, tCaGPPS and tCaGES with different copies 
were introduced into E. coli and the resultant recombinant 
strains were fermented. A 1.6-fold of geraniol production 

was increased when four copies of tCaGPPS and one copy 
of tCaGES were introduced into E. coli. The following fer-
mentation conditions optimization led to a 3.1-fold increase 
of geraniol production, i.e., 74.6 ± 6.5 mg L−1, comparing 
with that of the original recombinant E. coli. The present 
study suggested that the ratio of tCaGPPS and tCaGES 
plays an important role in high-yield geraniol production in 
the engineered E. coli. Also removal of organic layer and 
addition of new n-decane are very useful for sustainable 
and high-yield production of geraniol in the engineered E. 
coli in view of that the solubility of geraniol is limited in 
the fermentation broth and/or n-decane.

Materials and methods

Plant materials, seedling growth, and total RNA 
isolation

The C. acuminata seeds collection, seedling growth, and 
total RNA isolation were performed according to the 
reported procedures [28].

Rapid amplification of cDNA ends (RACE) of CaGPPS

The gene-specific primers (Table 1) were designed on the 
basis of the nucleotide sequence of Caa_locus_25448 to 
amplify the 5′- and 3′-ends of putative CaGPPS using 5′- 
and 3′-RACE methods, respectively. All primers (Table 1) 
were synthesized, purified, and authenticated by TsingKe 
Biological Technology (Chengdu) Co., Ltd. The 5′-RACE-
Ready-cDNA and 3′-RACE-first strand cDNA mixtures 
were prepared according to the manual instructions of the 
manufactures and the reported procedures [5]. For 5′-RACE 
of CaGPPS, a touchup PCR amplification of the 5′-RACE-
Ready-cDNA was performed using CaGPPS-5′GSP1 and 

Table 1   List of primers used in the study

Primer code Sequence (5′–3′) Direction Application

CaGPPS-5′GSP1 GAT​GTG​CCT​ATG​AAA​TCA​AGA​ACG​TCGTC Reverse 5′-RACE
CaGPPS-5′GSP2 GTA​TCT​GCA​TCA​TCC​AGT​ACA​TCA​TCATG Reverse
CaGPPS-3′GSP1 TCA​CAG​AGA​TGA​TCC​ATG​TGG​CTA​G Forward 3′-RACE
CaGPPS-3′GSP2 GAC​GAC​GTT​CTT​GAT​TTC​ATA​GGC​ACATC Forward
CaGPPS-F ATG​TTA​TTT​TAT​AGG​GGA​CTT​TCT​CGG Forward Full-length cloning
CaGPPS-R TTA​CTT​TGT​TCT​TGT​AAT​TAC​TCT​GTG​AGT​TAGAC Reverse
CaGPPS-BS-F CGGGA​TCC​GAT​GGT​AGT​TGC​TGA​GGT​ Forward Overexpression
CaGPPS-BS-R ACGCGTC​GAC​TTA​CTT​TGT​TCT​TGT​AAT​TAC Reverse
pBb-HB-F1 CCCAAG​CTT​GTG​TCC​TAG​TTG​TCA​GCG​ Forward Cloning of fragment 1
pBb-HB-R1 ACC​ATT​TCT​TTA​TCC​TCC​TAG​ATC​CTT​ATT​TAAG Reverse
pBb-HB-F2 AAG​AAA​TGG​TAG​TTG​CTG​AGG​TCC​CAA​AAC​TTG​CAT​C Forward Site-mutagenesis
pBb-HB-R2 CGCGGA​TCC​TTA​CTT​TGT​TCT​TGT​AAT​TAC​TCT​G Reverse
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universal primer A mix as primers and a HiFi Taq DNA 
polymerase [TransGen Biotech (Beijing) Co., Ltd, China] 
to afford the 5′-end of CaGPPS, following the cycling con-
ditions: 1 cycle of 94 °C for 3 min; 5 cycles of 94 °C for 
30 s, 50 °C for 30 s, 72 °C for 1 min; 5 cycles of 94 °C for 
30 s, 55 °C for 30 s, 72 °C for 1 min; 5 cycles of 94 °C for 
30 s, 60 °C for 30 s, 72 °C for 1 min; 20 cycles of 94 °C 
for 30 s, 65 °C for 30 s, 72 °C for 1 min followed by a final 
extension at 72 °C for 10 min in a thermal cycler (Eppen-
dorf AG, Hamburg, Germany). The PCR products were gel-
purified and used as template for the second-round touchup 
PCR amplification using CaGPPS-5′GSP2 and nested uni-
versal primer A as primers, following the identical cycling 
conditions of the first-round touchup PCR amplification. 
The amplification products were gel-purified and ligated 
into the pGM-T vector [Tiangen Biotech (Beijing) Co., Ltd, 
China], according to the manufacture’s instruction. The E. 
coli DH5α competent cells were chemically transformed 
with the constructs and the nucleotide sequence of the 
5′-end of CaGPPS was sequenced in TsingKe Biological 
Technology (Chengdu) Co., Ltd.

The 3′-RACE-first strand cDNA mixtures were used as 
template, the CaGPPS-3′GSP1 and universal primer A mix 
as primers, and a HiFi Taq DNA polymerase [TransGen 
Biotech (Beijing) Co., Ltd, China] to get the 3′-end of 
CaGPPS, following the touchdown PCR cycling condi-
tions: 1 cycle of 94 °C for 3 min; 5 cycles of 94 °C for 30 s, 
65 °C for 30 s, 72 °C for 50 s; 5 cycles of 94 °C for 30 s, 
60 °C for 30 s, 72 °C for 50 s; 5 cycles of 94 °C for 30 s, 
58 °C for 30 s, 72 °C for 50 s; 20 cycles of 94 °C for 30 s, 
55 °C for 30 s, 72 °C for 50 s followed by a final extension 
at 72 °C for 10 min. The amplification products were gel-
purified and used as template for the second-round PCR 
amplification with CaGPPS-3′GSP2 and CaGPPS-R as 
primers, following the touchdown PCR program: 1 cycle of 
94 °C for 3 min; 5 cycles of 94 °C for 30 s, 62 °C for 30 s, 
72 °C for 45 s; 5 cycles of 94 °C for 30 s, 60 °C for 30 s, 
72 °C for 45 s; 5 cycles of 94 °C for 30 s, 58 °C for 30 s, 
72 °C for 45 s; 20 cycles of 94 °C for 30 s, 50 °C for 30 s, 
72  °C for 45  s followed by a final extension at 72  °C for 
10  min. The amplification products were gel-purified and 
ligated into the pGM-T vector. The E. coli DH5α compe-
tent cells were chemically transformed with the constructs 
following the procedure mentioned above and the nucleo-
tide sequence of the 3′-end of CaGPPS was sequenced in 
TsingKe Biological Technology (Chengdu) Co., Ltd.

Full‑length cloning of coding sequence of CaGPPS

Based on the nucleotide sequences of the 5′- and 3′-ends 
of CaGPPS, two primers CaGPPS-F and -R (Table 1) were 
designed to clone the full coding sequence of CaGPPS by 
using the overlap extension PCR (OEPCR) amplification 

methodology. Briefly, the 5′- and 3′-end fragments of 
CaGPPS were used as template and followed the cycling 
conditions: one cycle of 94  °C for 3  min; ten cycles of 
94 °C for 30 s, 57 °C for 30 s, 72 °C for 40 s followed by 
a final extension at 72 °C for 10 min firstly. The CaGPPS-
F and -R primers were added to the above prepared mix-
ture and OEPCR amplification was performed by follow-
ing the cycling conditions: 1 cycle of 94 °C for 3 min; 20 
cycles of 94 °C for 30 s, 57 °C for 30 s, 72 °C for 1 min 
10 s followed by a final extension at 72 °C for 10 min to 
afford the full coding sequence of CaGPPS. The full cod-
ing sequence of CaGPPS was also amplified from the C. 
acuminata cDNA by using the CaGPPS-F and -R as prim-
ers (Table 1), a HiFi Taq DNA polymerase [TransGen Bio-
tech (Beijing) Co., Ltd, China], and following the cycling 
conditions: 1 cycle of 94 °C for 3 min; 37 cycles of 94 °C 
for 30 s, 53 °C for 30 s, 72 °C for 35 s followed by a final 
extension at 72 °C for 10 min. The amplification products 
were gel-purified and ligated into the pGM-T vector. The 
E. coli DH5α competent cells were chemically transformed 
with the constructs and sequenced following the proce-
dure mentioned above. The full coding DNA sequence of 
CaGPPS was deposited at GenBank under accession num-
ber KY484908.

Bioinformatic analyses and 3‑dimensional structure 
prediction of CaGPPS

The bioinformatics analyses and 3-dimensional structure 
prediction of CaGPPS were performed according to the 
reported procedures [28].

Generation of overexpression plasmids

The CaGPPS-BS-F and -R primers (Table 1) were designed 
and synthesized to amplify the truncate CaGPPS by using 
a HiFi Taq DNA polymerase [TransGen Biotech (Beijing) 
Co., Ltd, China] with the following cycling conditions: 
1 cycle of 94  °C for 3  min; 25 cycles of 94  °C for 30  s, 
57 °C for 30 s, 72 °C for 40 s, followed by a final exten-
sion at 72 °C for 10 min. The PCR products were gel-puri-
fied, digested with BamHI and SalI endonucleases, and 
ligated into the pETDuet-1 harboring tCaGES [5] that was 
digested with the same endonucleases to afford the expres-
sion construct pETDuet-1-tCaGPPS-tCaGES (I, Fig.  1a). 
The expression constructs III, IV, and V (Fig. 1a) were pre-
pared following the same experimental procedures.

The expression construct II (Fig.  1a) was prepared 
via the replacement of ispA of pBbA5c-MevT(CO)-
MBIS(CO, ispA) (http://www.addgene.org/35151/) 
by tCaGPPS. The primers pBb-HB-F1 and -R1 
(Table  1) were designed and synthesized to amplify the 
9148–10,350 bp of pBbA5c-MevT(CO)-MBIS(CO, 

http://www.addgene.org/35151/
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ispA) and the first five nucleotides ATGGT of 5′-end of 
tCaGPPS to afford Fragment 1 (Fig. S2, Supplementary 
Materials), following the cycling conditions: 1 cycle of 
94 °C for 3 min; 20 cycles of 94 °C for 30 s, 57 °C for 
30 s, 72 °C for 40 s followed by a final extension at 72 °C 

for 10 min. The amplification products were gel-purified 
and ligated into the pGM-T vector. The E. coli DH5α 
competent cells were chemically transformed with the 
constructs and sequenced following the procedure men-
tioned above. An unexpected site for enzymatic digestion 

Fig. 1   Geraniol production in E. coli using tCaGPPS and tCaGES. 
a The schematic representation of plasmids I–V. b The geran-
iol yield (column) and the biomass (blue line) of the correspond-
ing recombinant E. coli harboring different plasmids and fermented 
with different time intervals. The recombinant E. coli strains are 

S1 (2 tCaGPPS + 1 tCaGES), S2 (3 tCaGPPS + 2 tCaGES), S3 (4 
tCaGPPS  +  1 tCaGES), and S4 (2 tCaGPPS  +  3 tCaGES). c The 
effects of fermentation time intervals, the addition of different con-
centrations of glucose, and replacement of n-decane on the geraniol 
yield (column) and the biomass (blue line) of recombinant E. coli 
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of the endonuclease HindIII is present in the original 
DNA sequence of tCaGPPS. Thus, the primers pBb-
HB-F2 and -R2 (Table 1) were designed and synthesized 
to get Fragment 2 (Fig. S2, Supplementary Materials). 
Fragment 2 consisted of AAGAA (10,346–10,350  bp) 
of pBbA5c-MevT(CO)-MBIS(CO, ispA), the coding 
sequence of tCaGPPS with the 24th nucleotide G was 
mutated into A to avoid the enzymatic digestion of the 
endonuclease HindIII by a site-mutagenesis methodol-
ogy, and GGA​TCC​ for BamHI digestion was obtained 
from the cycling conditions: 1 cycle of 94 °C for 3 min; 
20 cycles of 94  °C for 30  s, 57  °C for 30  s, 72  °C for 
35  s followed by a final extension at 72  °C for 10  min. 
The amplification products were gel-purified and ligated 
into the pGM-T vector. The E. coli DH5α competent 
cells were chemically transformed with the constructs 
and sequenced following the procedure mentioned above. 
Within Fragments 1 and 2 in hand, an OEPCR amplifi-
cation leads to afford Fragment 3 (Fig. S2, Supplemen-
tary Materials). Briefly, the Fragments 1 and 2 were used 
as template and followed the cycling conditions: 1 cycle 
of 94  °C for 3  min; 10 cycles of 94  °C for 30  s, 67  °C 
for 30 s, 72 °C for 40 s followed by a final extension at 
72 °C for 10 min, firstly. The pBb-HB-F1 and -R2 prim-
ers (Table 1) were added to the above prepared mixture 
and OEPCR amplification was performed by follow-
ing the cycling conditions: 1 cycle of 94  °C for 3  min; 
20 cycles of 94  °C for 30  s, 67  °C for 30  s, 72  °C for 
1  min 20  s followed by a final extension at 72  °C for 
10 min. The amplification products were gel-purified and 
ligated into the pGM-T vector. The E. coli DH5α com-
petent cells were chemically transformed with the con-
structs and sequenced following the procedure mentioned 
above. Then the pGM-T-Fragment 3 was digested with 
HindIII/BamHI endonucleases and the resulting Frag-
ment 3 was ligated into pBbA5c-MevT(CO)-MBIS(CO, 
ispA) that was digested with the same endonucleases to 
afford the expression construct II (Fig. 1a).

Heterologous overexpression of recombinant proteins

The E. coli BL21(DE3) competent cells were chemi-
cally transformed with the expression plasmid(s) to 
afford the corresponding recombinant strain. A single 
colony of the recombinant strain was inoculated into 
5  mL of Luria–Bertani broth (LB: tryptone, 10  g  L−1; 
NaCl, 10  g  L−1; and yeast extract, 5  g  L−1) contain-
ing the designated antibiotics from the expression plas-
mid with appropriate concentrations, for instance, 
100  μg  mL−1 of ampicillin for pETDuet-1 origin and 
its derivatives and 34  μg  mL−1 of chloramphenicol for 
pBbA5c and its relatives. The following incubation and 

protein overexpression were performed on the basis of 
the reported experimental procedures [5].

Characterization and quantitation of the product 
from the CaGPPS‑catalyzed reaction

The product characterization and quantitation were per-
formed according to the reported experimental procedures 
[5] with a minor modification. An Agilent ZORBAXSB-
C18 analytic column (250 mm × 4.6 mm, 5 μm) was used 
in the HPLC–DAD analyses of the fermentation products.

The UPLC-HRMSE analyses were performed on a 
Waters Acquity I Class UPLC system equipped with an 
Acquity UPLC HSS T3 column (2.1  mm  ×  100  mm, 
1.8  μm) and a Vion IMS QToF mass spectrometer. The 
mobile phase consisted of buffer A (25  mM ammonium 
acetate with 0.1% triethylamine) and buffer B [acetonitrile 
and 25  mM ammonium acetate (4:1) with 0.1% trimeth-
ylamine]. The UPLC separation of the sample was per-
formed at 30 °C with the linear gradient of 5–100% buffer 
B in 20 min and 100–5% buffer B in 4 min. The flow rate is 
0.3 mL min−1 and the sample injection volume was 10 μL. 
The mass spectrometer was detected in negative ion mode.

Fermentation of the engineered E. coli

A two-phase extractive fermentation procedure was intro-
duced to ferment the recombinant strains prepared above, 
according to the reported experimental procedures [5].

Optimization for geraniol production in the engineered 
E. coli

The E. coli BL21(DE3) competent cells were chemi-
cally transformed with the expression plasmids I  +  II, 
I  +  II  +  III, I  +  II  +  V, and I  +  II  +  IV to afford the 
recombinant strains S1 (2 tCaGPPS  +  1 tCaGES), S2 (3 
tCaGPPS  +  2 tCaGES), S3 (4 tCaGPPS  +  1 tCaGES), 
and S4 (2 tCaGPPS + 3 tCaGES), respectively. The strains 
were fermented and their geraniol production was quanti-
tated at 18, 24, 30, 42, and 54 h, respectively.

Isopropyl β-D-1-thiogalactopyranoside [IPTG, Sangon 
Biotech (Shanghai) Co., Ltd] was added to the fermen-
tation broth to induce the protein overexpression when 
OD600nm = 0.52 (O1), 0.93 (O2), 1.24 (O3), and 1.45 (O4), 
respectively. The strains were fermented with rotation rates 
at 160 and 200 rpm, respectively, and the geraniol produc-
tion was quantitated at 18, 24, and 30 h, respectively.

Glucose with the concentrations of 1, 5, 10, and 30% of 
the glucose concentration of M9 were added to the fermen-
tation broth at 24 and 30 h, respectively. The geraniol pro-
duction was quantitated at 24, 30, and 42 h, respectively.
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Based on the results of the above-mentioned, 10, 
30, 40, and 50% glucose were added at 24, 30, 42, and 
54  h, respectively. Meanwhile 5  mL of organic layer was 
removed and then 5 mL of new n-decane was added to the 
fermentation broth at 24, 30, 42, and 54 h, respectively. The 
geraniol production was quantitated at 24, 30, 42, 54, and 
72 h, respectively. All experiments were performed in trip-
licate and the results were described as mean ± SD.

Results

Molecular cloning of CaGPPS and its bioinformatics 
properties

Three CaGPPS candidates, Caa_locus_12676, Caa_
locus_25448, and Caa_locus_55375, were annotated in 
the transcriptome database of C. acuminata (http://medici-
nalplantgenomics.msu.edu). Multiple amino acid residue 
sequence alignment of the annotated CaGPPSs retrieved 
from the database showed that only 23 identical amino 
acid residues present among these candidate CaGPPSs 
(highlighted in yellow, Fig. 2). Caa_locus_25448 and Caa_
locus_55375 might be two partial fragments of a CaGPPS, 
considering that both of them contain an overlapped and 
identical 25-amino acid residue motif. Comparing with 
the amino acid residue sequences of Caa_locus_25448 
and Caa_locus_55375, Caa_locus_12676 contains 50 dif-
ferent amino acid residues (Fig.  2), which indicated that 
there might be two CaGPPSs present in C. acuminata. 
However, Ca_locus_12676 contains only the first aspartate-
rich motif (FARM, DDXXD, highlighted in red, Fig.  2). 

Caa_locus_25448 containing the FARM and a second 
highly conserved aspartate-rich motif (SARM, DDXXD, 
highlighted in green, Fig.  2) might be a unique CaGPPS 
although a stop code present at position 49 (Fig.  2). The 
two characteristic DDXXD motifs were found in most, if 
not all, angiosperm plant GPPSs (Fig.  3) and were sug-
gested to be involved in the binding of the diphosphate 
substrate and metal ion [38]. Thus, 5′- and 3′-RACE meth-
odologies were employed to clone the 5′- and 3′-ends of 
putative CaGPPS based on the results of multiple sequence 
alignment (Fig. 2). The coding sequence of CaGPPS was 
obtained from the OEPCR amplification using the 5′- and 
3′-end fragments as template. Subsequently the nucleo-
tide sequence of CaGPPS (GenBank ID: KY484908) 
was also cloned from C. acuminata cDNA mixture using 
the CaGPPS-F and -R as primers and confirmed by DNA 
sequencing.

The 1260-bp open reading frame of CaGPPS encodes a 
419-amino acid residue and contains the two highly con-
served DDXXD motifs in homomeric GPPSs (Fig.  3). 
While the conserved CXXXC motifs that play an impor-
tant role in the interaction of the heteromeric GPPSs [29, 
35, 37] were not found in CaGPPS (Fig. 3). CaGPPS was 
predicted to be a stable 46.4 kDa protein with theoretical 
isoelectric point of 6.2 using the ExPASy online bioinfor-
matics tools (http://www.expasy.org/). Similarity search 
showed that CaGPPS shares 67.95–79.52% amino acid res-
idue identities with functionally characterized angiosperm 
plant GPPSs (Fig. 3). Phylogenetic analysis indicated that 
CaGPPS is a new member of the homomeric GPPS sub-
family (Fig. S3, Supplementary Materials). The 3-D struc-
ture of CaGPPS (Fig. S4, Supplementary Materials) was 

Fig. 2   Multiple amino acid residue sequence alignment of the anno-
tated CaGPPSs from the transcriptome database of C. acuminata 
using Clustal Omega multiple alignment tool. The different amino 
acid residues among the three annotated CaGPPSs were in red, while 
the identical amino acid residues were in black. The amino acid resi-
dues highlighted in yellow suggested that they are identical within the 

three annotated CaGPPSs. Those in red and green indicated the first 
and the second highly conserved aspartate-rich motifs (DDXXD), 
respectively. The conserved amino acid residues for 5′-RACE GSP1 
and GSP2 primers were indicated in red and green arrows, respec-
tively. For 3′-RACE, the GSP1 and GSP2 were in blue and cyan 
arrows, respectively

http://medicinalplantgenomics.msu.edu
http://medicinalplantgenomics.msu.edu
http://www.expasy.org/
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predicted and constructed by using the PHYRE2 online 
server (Protein Homology/analogY Recognition Engine V 
2.0, http://www.sbg.bio.ic.ac.uk/phyre2/html/), which sug-
gested that CaGPPS may catalyze the condensation reac-
tion between IPP and DMAPP.

Heterologous overexpression and functional 
characterization of CaGPPS

Like AtGPPS [2], two methionines Met1 and Met99 
(Fig.  3), was predicted to be translation initiation sites 
in CaGPPS. However, the N-terminal plastidial target-
ing amino acid residues were truncated to afford the sol-
uble recombinant GPPSs [4]. Thus, the Met1–Ser98 of 
CaGPPS was truncated to afford soluble tCaGPPS (Fig. 3). 
In the present work, we propose to characterize the cata-
lytic function of CaGPPS via the replacement of ispA (an 

FPP synthase-encoding gene) of pBbA5c-MevT(CO)-
MBIS(CO, ispA), a de novo biosynthetic construct for 
farnesyl diphosphate generation, and co-overexpression 
with tCaGES to validate CaGPPS-catalyzed condensa-
tion reaction in vivo. Initially tCaGPPS was inserted into 
the first multiple clone site of the pETDuet-1 harbor-
ing tCaGES at the second multiple clone site to afford 
plasmid I (Fig. 1a). To replace the ispA gene of pBbA5c-
MevT(CO)-MBIS(CO, ispA), Fragment 1 was amplified 
from pBbA5c-MevT(CO)-MBIS(CO, ispA) (Fig. S2, Sup-
plementary Materials). Fragment 2 was amplified from 
tCaGPPS with a site-mutagenesis of the 24th nucleotide 
G into A to avoid the enzymatic digestion of endonuclease 
HindIII (Fig. S2, Supplementary Materials). Subsequent 
OEPCR amplification and following enzymatic diges-
tion and ligation reactions led to the plasmid II (Fig. 1a). 
The recombinant strains harboring plasmids I + II and II, 

Fig. 3   Multiple amino acid residue sequence alignment of function-
ally characterized GPPSs from angiosperm plants and CaGPPS pre-
sented in this study using Clustal Omega alignment tool. The two 
highly conserved characteristic DDXXD regions were highlighted 
in red and green, respectively. The red arrow indicated the truncate 
position for tCaGPPS. The functionally characterized angiosperm 

plant GPPSs are from Arabidopsis thaliana (AtGPPS, CAC16849.1), 
Quercus robur (QrIDS1, CAC20852.1), Mangifera indica (MiGPPS, 
AFJ52721.1), Azadirachta indica (AiGDS2, AIG15448.1), Catharan-
thus roseus (CrGPPS, AGL91647.1), and Solanum lycopersicum 
(SlGPPS, ABB88703.1)

http://www.sbg.bio.ic.ac.uk/phyre2/html/
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respectively, were grown in LB broth and subsequently 
fermented in M9 media, comparing with the geraniol-pro-
ducing E. coli strain reported in our previous work [5]. The 
overexpression of tCaGPPS and tCaGES was confirmed by 
SDS-PAGE and western blotting analyses (Fig. S5, Supple-
mentary Materials). HPLC–DAD analyses of the fermenta-
tion products showed that only a trace of geraniol was pre-
sent in the recombinant E. coli strain harboring plasmid II 
only (panel II, Fig. 4), comparing with the standard geran-
iol (panel IV, Fig. 4) and the product of the E. coli strain 
harboring pBbA5c-MevT(CO)-MBIS[CO, ispA(S80F)] 
and tCaGES (panel I, Fig. 4). This might be a very small 
amount of hydrolysis of GPP to its corresponding alcohol, 
geraniol, by the E. coli strain itself (panel II, Fig. 4). The 
recombinant E. coli strain harboring plasmids I + II affords 
geraniol (panel III, Figs. 4, S6, Supplementary Materials), 
which suggested the tCaGPPS-catalyzed condensation 
reaction between IPP and DMAPP.

According to previous detection methods for isopre-
noid diphosphates [21, 23, 30, 40], UPLC-HRMSE analy-
sis with minor modification was introduced to confirm the 
GPP production directly. UPLC-HRMSE analyses showed 
that a small amount of FPP was observed in the fermen-
tation broth of the E. coli harboring empty vector as con-
trol (Fig. S7a, Supplementary Materials), which is con-
sistent with previous results [30]. The E. coli harboring 
plasmid II (Fig.  1a) produced GPP, which was confirmed 
by the UPLC-HRMSE analysis (Fig. S7b, Supplementary 

Materials). A slight decrease of FPP was observed in the 
fermentation broth of the E. coli harboring plasmid II (Fig. 
S7c, Supplementary Materials).

Production of geraniol using tCaGPPS and tCaGES 
in E. coli

Using the optimized fermentation conditions reported pre-
viously for tCaGES [5], the recombinant E. coli harboring 
plasmids I  +  II produced a 24.0  ±  1.3  mg  L−1 of geran-
iol that is lower than that reported previously [5]. In view 
of that both tCaGPPS and tCaGES were originated from 
C. acuminata, we suppose that the gene copy numbers 
of tCaGPPS and tCaGES may have effects on the geran-
iol production in E. coli. Plasmids III, IV, and V (Fig. 1a) 
were prepared and introduced to afford different recombi-
nant E. coli strains. The engineered E. coli strains S1, S2, 
S3, and S4 were fermented and their geraniol production 
were quantitated at different fermentation times (Fig. 1b). 
Among the recombinant strains, S3 showed the highest 
geraniol production at 30 h (Fig. 1b), which indicated the 
appropriate ratio of the gene copy numbers of tCaGPPS 
and tCaGES is 4:1. The IPTG addition time point plays an 
important role in the geraniol production of the engineered 
E. coli (Fig. S8a and b, Supplementary Materials). The 
oxygen supply has little effects on the geraniol production 
when the engineered E. coli was fermented for 18–30  h 
(Fig. S8a and b, supplementary Materials). Thus, the strain 
S3 was selected as the target strain and IPTG was added 
when the OD600nm value is −0.7, and fermented with rota-
tion rate at 160 rpm to produce geraniol in E. coli.

Considering that the fermentation time for geraniol 
production in the strain S3 is longer than that reported in 
the previous work [5], different concentrations of glucose 
were added to the fermentation broth at different fermen-
tation times to enhance geraniol production (Fig. S8c, 
Supplementary Materials). A slight increase of geraniol 
production was observed when 30% glucose was added at 
24 h and the fermentation products were harvested at 30 h 
(Fig. S8c, Supplementary Materials), comparing with that 
the strain S3 was fermented for 30 h (Fig.  1b). The solu-
bility of geraniol, an acyclic monoterpene alcohol, is lim-
ited in the fermentation broth and/or in n-decane solvent. 
Thus, n-decane organic layer removal and addition of new 
n-decane were introduced to get rid of the product-feed-
back inhibition and to alleviate potent toxicity of the prod-
uct with high concentration (Fig.  1c). The highest geran-
iol yield was obtained when 40% of glucose was added at 
24, 30, 42, and 54 h, the n-decane was replaced at 24, 30, 
42, and 54 h, and the recombinant strain was fermented for 
54–72 h (Fig. 1c). The geraniol production was increased 
to 74.6  ±  6.5  mg  L−1 under the optimized fermentation 
conditions.

Fig. 4   Functional characterization of the recombinant tCaGPPS. 
HPLC–DAD analyses of the standard geraniol (panel IV), the fermen-
tation product from the E. coli harboring pBbA5c-MevT(CO)-MBIS 
[CO, ispA(S80F)] and tCaGES (panel I) [5], the E. coli harboring 
plasmid II (panel II), and the E. coli harboring plasmids I + II (panel 
III). Circle standard geraniol, open diamond product from the E. coli 
harboring plasmids I  +  II, filled diamond product from the E. coli 
harboring pBbA5c-MevT(CO)-MBIS [CO, ispA(S80F)] and tCaGES 
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Discussion

GPPS catalyzes the head-to-tail condensation reaction 
between IPP and DMAPP to form a ten-carbon compound, 
GPP, the universal precursor of all monoterpenoids [10, 
19]. As one of the key branch point enzymes of terpene 
biosynthesis, GPPS is a member of the short-chain E-pre-
nyltransferase family [32]. GPPSs have been functionally 
characterized as homomeric and heteromeric structures in 
plants [24, 29]. Homomeric GPPSs contain two highly con-
served functional aspartate-rich motifs FARM (DDX(2–4)D) 
and SARM (DDXXD) (Fig. S9, Supplementary Materials). 
Two identical DDVLD motifs were recognized as FARM 
and SARM in the most of the functionally characterized 
GPPSs from angiosperm plants (Fig. 3). It should be noted 
that Phalaenopsis bellina lacked the highly conserved 
FARM and SARM. Instead, a glutamate-rich sequence 
(EAEVE) was identified in the SARM region (Fig. S9, Sup-
plementary Materials). For heteromeric GPPS, it consists 
of a large subunit (LSU) that contains the two highly con-
served FARM and SARM and a non-catalytic small subu-
nit (SSU) that lacks both motifs [29]. The GPPS.LSU itself 
might be inactive or function as geranylgeranyl diphosphate 
synthase. Whereas, an active heteromeric GPPS will be 
assembled from the interaction between GPPS.LSU and 
GPPS.SSU [29, 35, 37]. Thus, the characteristic CXXXC 
motifs are highly conserved in heteromeric GPPSs for the 
above-mentioned interactions [37]. In the present work, 
CaGPPS contains the two highly conserved DDVLD motifs 
for catalytic function and substrate binding and absent of 
the conserved CXXXC motif characteristic for heteromeric 
GPPSs (Fig. 3). Phylogenetic analysis showed that CaGPPS 
belongs to the homomeric GPPS clan (Fig. S3, Supple-
mentary Materials). CaGPPS is a very close relative to 
CrGPPS (Fig. S3, Supplementary Materials), a GPPS from 
Catharanthus roseus, a well-known monoterpene indole 
alkaloids producer [29]. Three-dimensional structure pre-
diction suggested that CaGPPS will catalyze the head-to-
tail condensation reaction between IPP and DMAPP via a 
concerted ionization–condensation process [3, 36] (Fig. S4, 
Supplementary Materials).

Met1 and Met99 of CaGPPS were predicted to be 
served as potential translation initiation sites (Fig.  3), 
which suggested that CaGPPS has two forms, similar to 
AtGPPS [2]. Translation initiation from Met1 will afford a 
plastid-targeted GPPS isoform, while from Met99, a trun-
cate CaGPPS isoform will be targeted to the cytosol [2]. 
It should be noted that AtGPPS, a homomeric GPPS from 
Arabidopsis thaliana, was initially characterized to be not 
involved in high-molecular-weight prenyl diphosphate 
synthesis [2]. Recently it was suggested to be a polypre-
nyl pyrophosphate synthase, an unusual prenyltransferase 
that may produce multiple products with medium/long 

chain length ranging from 25-carbon to 45-carbon [11]. 
In the present work, tCaGPPS showed the catalytic activ-
ity toward IPP and DMAPP via the geraniol production 
in the engineered E. coli. Other geraniol derivatives and/
or polyprenyl pyrophosphate relatives were not present in 
the fermentation broth (Fig. 4 and Fig. S7, Supplementary 
Materials).

Metabolic engineering and fermentation optimization 
have been proven to be valuable methods to enhance yield 
and accessibility for natural products [5, 14, 22]. Geraniol 
is a widely used acyclic simple alcohol in many industries 
[6, 15, 26, 27, 45]. Herein, under the optimized fermenta-
tion conditions for geraniol production in E. coli using 
tCaGES [5], a 24.0 ± 1.3 mg L−1 of geraniol was produced. 
The geraniol yield is lower than that reported [5], which 
suggested that the availability of GPP is limited in the engi-
neered E. coli. In view of that the main point for improv-
ing a monoterpene product is to improve the availability of 
GPP by monoterpene synthase [8], gene copy numbers of 
tCaGPPS and tCaGES were optimized to balance their cat-
alytic potential for high-yield geraniol production. A 1.6-
fold increase of geraniol production was obtained when 4 
copies of tCaGPPS and 1 copy of tCaGES were introduced 
into E. coli. The following fermentation optimizations, 
including the time for IPTG addition, fermentation time, 
removal of organic layers and addition of new n-decane, led 
to a 74.6 ± 6.5 mg L−1 of geraniol production that is higher 
than the yields of geraniol and other terpenes production 
in metabolically engineered microorganisms fermented in 
shaking flasks [16, 20, 31, 39, 41]. The present study sug-
gested that gene copy number optimization, i.e., the ratio 
of tCaGPPS and tCaGES, plays an important role in geran-
iol production in the engineered E. coli. The removal and 
addition of organic solvent are very useful for sustainable 
and high-yield production of geraniol in the engineered E. 
coli in view of that the solubility of geraniol is limited in 
the fermentation broth and/or n-decane. Recently geraniol 
was reported to be transformed to geranyl acetate by an 
E. coli acetylesterase in a fed-batch culture system [16]. 
By hydrolyzing geranyl acetate to geraniol via metabolic 
engineering, the geraniol production was increased from 
68.6 mg L−1 in shake flasks to 2.0 g L−1 in fed-batch con-
trolled fermentation conditions [16]. However, no such 
geranyl acetate or other derivatives was found in the fer-
mentation broth of the present engineered E. coli. Thus, the 
present study will be a choice for large-scale geraniol pro-
duction in the engineered E. coli, together with other meta-
bolic engineering methods, fed-batch fermentation, and 
alleviating product toxicity [1, 12, 16, 17, 20, 39, 41–44].

GPP, the unique precursor for all monoterpenoids, is 
also the entry point for the generation of the monoterpene 
moiety of camptothecin (CAM), a plant-derived antitu-
mor monoterpene indole alkaloid (Fig. S1, Supplementary 
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Materials). In C. acuminata, GPP is subsequently con-
verted into geraniol, 10-hydroxygeraniol, loganin, secolo-
ganin, and CAM via multiple enzymatic catalysis reaction 
steps [28, 29]. CAM-type drugs are clinically used for their 
efficient anti-cancer effects against a broad band of tumor 
types [7, 34]. The main plant resources for CAM extrac-
tion and purification are C. acuminata native to China 
and Nothapodytes foetida grown in India [18]. The plant-
derived CAM cannot supply the heavy demand on it. The 
biosynthetic investigations of CAM [5, 28, 33] will be 
helpful to enhance the production amount of CAM via 
plant molecular breeding, metabolic engineering, etc [13, 
25, 33].
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