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coli harboring tCaGES and ispA(S80F). To enhance the 

supply of IPP and DMAPP, the encoding genes involved in 

the whole mevalonic acid biosynthetic pathway were intro-

duced to the E. coli harboring tCaGES and the ispA(S80F) 

and a significant increase of geraniol yield was observed. 

The geraniol production was enhanced to 5.85 ± 0.46 mg 

L−1 when another copy of ispA(S80F) was introduced to 

the above recombinant strain. The following optimization 

of medium composition, fermentation time, and addition of 

metal ions led to the geraniol production of 48.5 ± 0.9 mg 

L−1. The present study will be helpful to uncover the bio-

synthetic enigma of camptothecin and tCaGES will be an 

alternative to selectively produce geraniol in E. coli with 

other metabolic engineering approaches.
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Introduction

Geraniol (Fig. 1), an acyclic monoterpene alcohol, is a 

widely used and commercially important small molecule 

in the flavor and fragrance industries [3, 16, 43]. Geraniol 

shows antimicrobial, antioxidant, anti-inflammatory, and 

insecticidal activities [3]. Recently, geraniol was suggested 

to represent a new class of chemoprevention agents for 

cancer. Geraniol was also considered as a gasoline alterna-

tive superior to ethanol due to its low hygroscopicity, high 

energy content, and relatively low volatility [28, 43].

Geraniol is biosynthetically derived from geranyl 

diphosphate (GPP, Fig. 1), catalyzed by geraniol synthase 

(GES) featuring a common ionization-dependent reaction 

mechanism [2]. GPP is generated from the head-to-tail 

Abstract Geraniol synthase (GES) catalyzes the conver-

sion of geranyl diphosphate (GPP) into geraniol, an acyclic 

monoterpene alcohol that has been widely used in many 

industries. Here we report the functional characterization 

of CaGES from Camptotheca acuminata, a camptothecin-

producing plant, and its application in production of geran-

iol in Escherichia coli. The full-length cDNA of CaGES 

was obtained from overlap extension PCR amplification. 

The intact and N-terminus-truncated CaGESs were overex-

pressed in E. coli and purified to homogeneity. Recombi-

nant CaGES showed the conversion activity from GPP to 

geraniol. To produce geraniol in E. coli using tCaGES, the 

biosynthetic precursor GPP should be supplied and trans-

ferred to the catalytic pocket of tCaGES. Thus, ispA(S80F), 

a mutant of farnesyl diphosphate (FPP) synthase, was pre-

pared to produce GPP via the head-to-tail condensation of 

isoprenyl diphosphate (IPP) and dimethylallyl diphosphate 

(DMAPP). A slight increase of geraniol production was 

observed in the fermentation broth of the recombinant E. 
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condensation of the universal five-carbon precursors, iso-

pentenyl diphosphate (IPP, Fig. 1) with its isomer dimethy-

lallyl diphosphate (DMAPP, Fig. 1) [10, 20]. In turn, IPP 

and DMAPP are synthesized from the plastidial 2-C-meth-

ylerythritol 4-phosphate (MEP) pathway or the cytoplasmic 

mevalonic acid (MVA) pathway [7, 20].

The first cDNA encoding GES was cloned from the 

peltate glands of Ocimum basilicum, a geraniol-produc-

ing sweet basil and the resulting protein was functionally 

characterized to convert GPP into geraniol [12]. The GES-

encoding genes had been cloned from several geraniol-

producing plants [6, 13, 17, 21, 38, 41]. However, CrGES 

was cloned from Catharanthus roseus, the anticancer vin-

cristine and vinblastine-producing plant [34]. It was dem-

onstrated that the CrGES-catalyzed geraniol generation is a 

key step in the biosynthesis of monoterpenoid indole alka-

loids (MIAs) such as the above mentioned vinca alkaloids 

and camptothecin [34, 37]. The iridoid glycoside secologa-

nin from the geraniol moiety is condensed with tryptamine 

to afford strictosidine that is the common intermediate of 

all MIAs, including anticancer drugs camptothecin (Fig. 1), 

vincristine, and vinblastine [26, 36]. Herein we report 

the molecular cloning, heterologous overexpression, and 

functional characterization of a GES-encoding gene from 

Camptotheca acuminata, a camptothecin-producing plant 

in which geraniol is the biosynthetic precursor of secolo-

ganin and camptothecin (Fig. 1). The full-length cDNA of 

CaGES was obtained from two-round overlap extension 

PCR (OEPCR) amplification using the DNA fragments 

from conserved cloning, 5′- and 3′-rapid amplification of 

cDNA ends (RACE). The intact and N-terminus-truncated 

CaGES were overexpressed in E. coli, purified to homoge-

neity, and biochemically characterized. The CaGES exhib-

ited the ability to convert GPP to geraniol. Different recom-

binant E. coli harboring tCaGES and ispA(S80F) (a mutant 

of FPP synthase that can produce GPP from IPP and 

DMAPP), with or without the encoding genes involved in 

the whole MVA biosynthetic pathway for IPP and DMAPP, 

were grown and fermented using two-phase fermentation 

method to produce geraniol. The geraniol was accumu-

lated to 48.5 ± 0.9 mg L−1 under the present experimental 

conditions.

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 [30].

RT-PCR and nested PCR amplification of the core 

amplicon of CaGES

Two pairs of specific primers, CaGES-F1/R1 and CaGES-

F2/R2 (Table 1), were designed for RT-PCR and follow-

ing nested PCR amplification, respectively, on the basis 

of the nucleotide sequence of the annotated CaGES from 

the transcriptome data of C. acuminata (http://medici-

nalplantgenomics.msu.edu). The primers (Table 1) were 

synthesized, purified, and authenticated by Sangon Bio-

tech (Shanghai) Co., Ltd. Using the template total RNA 

and CaGES-F1/R1 primers, the CaGES partial DNA was 

obtained from RT-PCR amplification with One Step RNA 

PCR Kit [Tiangen Biotech (Beijing) Co., Ltd., China], fol-

lowing the standard RT-PCR program: 1 cycle of 50°°C 

for 30 min, 1 cycle of 94 °C for 2 min, 35 cycles of 94 °C 

for 60 s, 48 °C for 30 s, and 65 °C for 2 min followed by 

a final extension at 65 °C for 10 min in a thermal cycler 

(Eppendorf AG, Hamburg, Germany). The amplified PCR 

products were gel-purified and used as a template DNA for 

the second-round PCR amplification with CaGES-F2/R2 

primers, following the standard PCR program: 1 cycle of 

94 °C for 3 min, 35 cycles of 94 °C for 30 s, 50 °C for 30 s, 

and 72 °C for 30 s followed by a final extension at 72 °C 

for 10 min. The amplified PCR products were gel-purified 

Fig. 1  The biosynthetic pathways of geraniol and its integration 

into secologanin and camptothecin in Camptotheca acuminata. The 

chemical structure of geraniol was highlighted in a red rectangular 

frame and the geraniol moieties incorporated into secologanin and 

camptothecin were highlighted in red. IPP isopentenyl diphosphate, 

DMAPP dimethylallyl diphosphate, GPP geranyl diphosphate, IDI 

IPP DMAPP isomerase, GPPS geranyl diphosphate synthase, GES 

geraniol synthase

http://medicinalplantgenomics.msu.edu
http://medicinalplantgenomics.msu.edu
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and ligated into the pGM-T vector (Tiangen), according to 

the manufacturer’s instruction. The E. coli DH5α compe-

tent cells were chemically transformed with the constructs 

and sequenced in Sangon Biotech (Shanghai) Co., Ltd. The 

nucleotide sequences were analyzed using the similarity 

BLAST search program.

Rapid amplification of cDNA ends (RACE) of CaGES

The gene-specific primers 3′-RACE-CaGES-GSP1 

and -GSP2 (Table 1) were designed on the basis of the 

nucleotide sequence of the above confirmed amplicon of 

CaGES. The two primers were used with 3′-RACE outer 

and 3′-RACE inner primers supplied from Takara 3′-Full 

RACE Core Set [Takara Biotechnology (Dalian) Co., Ltd., 

China], respectively, to get the 3′-end of CaGES, according 

to the manual instructions. Briefly, the first strand cDNA 

mixture was synthesized using the template total RNA and 

3′-RACE-Adaptor with PrimeScript™ RTase (Takara). 

Subsequent PCR amplification was performed using the 

first strand cDNA mixture as template and 3′-RACE-

CaGES-GSP1 and 3′-RACE outer primers to obtain the 

3′-end of CaGES, following the cycling conditions: 1 cycle 

of 94 °C for 3 min, 35 cycles of 94 °C for 30 s, 53 °C for 

1 min, 72 °C for 40 s followed by a final extension at 72 °C 

for 10 min. The amplification products were gel-purified 

and used as template for nested PCR with 3′-RACE-

CaGES-GSP2 and 3′-RACE inner primers, following the 

cycling conditions: 1 cycle of 94 °C for 3 min, 35 cycles 

of 94 °C for 30 s, 65 °C for 1 min, 72 °C for 40 s followed 

by a final extension at 72 °C for 10 min. The amplifica-

tion products were gel-purified and ligated into the pGM-T 

vector. The E. coli DH5α competent cells were chemically 

transformed with the constructs following the procedure 

mentioned above. The nucleotide sequence of the 3′-end of 

CaGES was sequenced in Sangon Biotech Co., Ltd.

The 5′-end of CaGES was obtained using 5′-RACE 

methodology, according to the manual instructions of 

SMARTer™ RACE cDNA amplification kit from Clontech 

Laboratories, Inc (a member of Takara Bio Group). First, the 

total mRNA was purified from total RNA using the poly(A) 

mRNA purification kit (Sangon). The 5′-CDS Primer A was 

used as an adaptor and the purified mRNA as template to 

afford the 5′-RACE-Ready-cDNA with SMARTScribe 

Reverse Transcriptase. Touchup PCR amplification of the 

5′-RACE-Ready-cDNA was performed using 5′-RACE-

CaGES-GSP1 and universal Primer A mix as primers to 

afford the 5′-end of CaGES, following the cycling condi-

tions: 1 cycle of 94 °C for 3 min, 5 cycles of 94 °C for 30 s, 

55 °C for 1 min, 72 °C for 1 min 20 s; 5 cycles of 94 °C 

for 30 s, 58 °C for 1 min, 72 °C for 1 min 20 s; 5 cycles of 

94 °C for 30 s, 61 °C for 1 min, 72 °C for 1 min 20 s; 20 

Table 1  List of primers used in the study

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

CaGES-F1 GCATGTTGAGTTTATATGAAGC Forward Core amplicon amplification

CaGES-R1 AGTTCCCAAATCATCCCAG Reverse

CaGES-F2 TACTAGTTCTTGATGACATCTTTGAC Forward

CaGES-R2 CCCCATTTTCTATATATTCCTCT Reverse

3′-RACE-CaGES-GSP1 GGATGGAATGTGGTCCCATAC Forward 3′-RACE

3′-RACE-CaGES-GSP2 CATGATTGAAGGCTTCCAAGCTGAGGC Forward

5′-RACE-CaGES-GSP1 CATGTCTATCCACGTCCTCTTTAGGTATGGGACC Reverse 5′-RACE

5′-RACE-CaGES-GSP2 TGGGTAAAGCGGACAAGTTCATCTAATG Reverse

ORF-F ATGGCTTGCATGAGTGTTTCTT Forward Full-length cloning

ORF-R TTAGAGAATGGGAGTGAAGAACAATG Reverse

CaGES-BS-F CGGGATCCGATGGCTTGCATGAG Forward Overexpression

CaGES-BS-R ACGCGTCGACTTAGAGAATGGGAGTG Reverse

tCaGES-BS-F CGGGATCCGGCTACTTCAACTGCAAC Forward

rtCaGES-F TGATGGGGCAAGGAGTTACAGATG Forward Quantitative real-time PCR analysis

rtCaGES-R CTCTCTCATAAACAGCTCAATGCTCG Reverse

S80F-F GTGTATCCACGCTTACTTTTTAATTCATGATGATT Forward Site-mutagenesis

S80F-R AATCATCATGAATTAAAAAGTAAGCGTGGATACAC Reverse

ispA-pBb-F CCCAAGCTTGTGTCCTAGTTGTCAGCG Forward pBbA5c-MevT(CO)-MBIS (CO, ispA(S80F))

ispA-pBb-R CGGGATCCTTATTTATTACGCTGGATG Reverse

ispA-pET-F CGGGATCCGATGGACTTTCCGCAGCAAC Forward pETDuet-1-ispA(S80F)

ispA-pET-R ACGCGTCGACTTATTTATTACGCTGGATG Reverse
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cycles of 94 °C for 30 s, 70 °C for 1 min, 72 °C for 1 min 

20 s followed by a final extension at 72 °C for 10 min. The 

PCR products were gel-purified, and used as template for 

the second-round touchdown PCR amplification using 

5′-RACE-CaGES-GSP2, and NUP as primers, following the 

cycling conditions: 1 cycle of 94 °C for 3 min; 15 cycles of 

94 °C for 30 s, 63 °C for 1 min, 72 °C for 1 min 10 s; 10 

cycles of 94 °C for 30 s, 60 °C for 1 min, 72 °C for 1 min 

10 s; 5 cycles of 94 °C for 30 s, 55 °C for 1 min, 72 °C 

for 1 min 10 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.

Full-length cDNA cloning of CaGES

The full-length cDNA of CaGES was obtained from two-

round overlap extension PCR (OEPCR) amplification. 

Briefly, the 5′-end fragment and the conserved amplicon of 

CaGES were used as template, and ORF-F and CaGES-R2 

as primers to afford fragment A of CaGES by OEPCR, fol-

lowing the cycling conditions: 1 cycle of 94 °C for 3 min; 35 

cycles of 94 °C for 30 s, 52 °C for 1 min, 72 °C for 1 min 15 s 

followed by a final extension at 72 °C for 10 min. While using 

CaGES-F2 and ORF-R as primers, OEPCR of the conserved 

fragment and the 3′-end product of CaGES afforded frag-

ment B of CaGES, following the cycling conditions: 1 cycle 

of 94 °C for 3 min; 35 cycles of 94 °C for 30 s, 52 °C for 

1 min, 72 °C for 45 s followed by a final extension at 72 °C 

for 10 min. The full-length of CaGES was obtained from the 

second-round OEPCR using fragments A and B as template, 

ORF-F and ORF-R as primers, following the cycling condi-

tions: 1 cycle of 94 °C for 3 min; 35 cycles of 94 °C for 30 s, 

55 °C for 1 min, 72 °C for 1 min 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. The cDNA sequence of CaGES was deposited 

at GenBank under accession number KT633829.

Bioinformatic analyses and 3-dimensional structure 

prediction of CaGES

The bioinformatics analyses and 3-dimensional structure 

prediction of CaGES were performed according to the 

reported procedures [30].

Quantitative real-time PCR analysis of CaGES

To quantitate the relative expression level of CaGES in dif-

ferent plant tissues, the C. acuminata seedling growth, total 

RNA extraction, cDNA synthesis, real-time PCR ampli-

fication and analysis were performed, according to the 

reported procedures with minor modification [30]. For the 

experimental procedures in detail, see the Supplementary 

materials.

Heterologous overexpression and purification 

of CaGES

The primers CaGES-BS-F, tCaGES-BS-F, and CaGES-

BS-R primers (Table 1) were designed and synthesized to 

amplify the intact (using CaGES-BS-F and -R as primers) 

and truncated (using tCaGES-BS-F and CaGES-BS-R as 

primers) CaGES from the full-length CaGES by PCR using 

a HiFi Taq DNA polymerase (TransGen Biotech (Beijing) 

Co., Ltd., China). The PCR conditions used were: 1 cycle 

of 94 °C for 3 min, 35 cycles of 94 °C for 30 s, 65 °C for 

30 s, and 72 °C for 1 min 40 s followed by a final extension 

at 72 °C for 10 min. The PCR products were gel-purified, 

digested with BamHI and SalI endonucleases, and subcloned 

into pETDuet-1 vector digested with the same endonucleases 

to afford the expression constructs. The E. coli BL21(DE3) 

competent cells were chemically transformed with the 

expression constructs to afford the recombinant strains.

For protein overexpression, a single colony of recombi-

nant strain was inoculated into 5 mL of Luria–Bertani (LB: 

tryptone, 10 g L−1; NaCl, 10 g L−1; and yeast extract, 5 g 

L−1) broth containing 100 µg mL−1 of ampicillin and incu-

bated overnight at 37 °C and 200 rpm in a shaking incuba-

tor. An aliquot culture (1 mL) was inoculated into 500 mL 

of LB broth supplemented with 100 µg mL−1 of ampicil-

lin and incubated at 37 °C and 200 rpm. When the opti-

cal density (OD600nm) of the culture reached 0.8, 1 mM of 

isopropyl β-D-1-thiogalactopyranoside (IPTG; Sangon) 

was added into the culture to induce the overexpression 

of the recombinant protein. The culture was incubated 

at 20 °C for another 17 h and 160 rpm. Cells were har-

vested by centrifugation at 4000 rpm for 15 min at 4 °C, 

washed twice with PBS buffer (50 mM Na2HPO4, 300 mM 

NaCl, 2 % glycerol, 10 mM β-mercaptoethanol, adjusted 

to pH 7.5 with NaOH, 4 °C), re-suspended in the same 

buffer containing 1 mg mL−1 lysozyme and 1 mM phe-

nylmethylsulfonyl fluoride, and kept at 4 °C for 30 min. 

The suspended cells were sonicated on ice-bath followed 

by centrifugation at 10,000 rpm for 30 min at 4 °C. The 

supernatant was incubated with nickel-nitrilotriacetic acid 

resin (Sangon Biotech) for 30 min on ice-bath. The mix-

ture of supernatant and resin was loaded on to a gravity-

flow column and eluted with PBS buffer containing differ-

ent concentrations of imidazole (10, 50, and 250 mM). The 

purified protein was desalted by dialysis membranes (San-

gon) with PBS buffer (50 mM Na2HPO4, 150 mM NaCl, 

20 % glycerol, pH 7.5, and 4 °C) and concentrated by 
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ultrafiltration using an Amicon Ultra 30 K MWCO centrif-

ugal filter (Merck Millipoe Ltd., USA). The purified pro-

tein was stored with PBS buffer containing 20 % glycerol 

at −20 °C. The purified protein samples were analyzed on 

10 % SDS-PAGE and their concentrations were estimated 

using the ε280nm calculated from ExPASY ProtParam as fol-

lows: CaGES (ε280nm = 93,780 M−1 cm−1) and tCaGES 

(ε280nm = 82,530 M−1 cm−1).

Enzymatic activity assay and characterization of GES 

properties

The general enzymatic activity assays were performed 

in 50 µL PBS buffer (50 mM Na2HPO4, 150 mM NaCl, 

10 % glycerol, pH 7.5) containing 1 mM MgSO4, 0.1 mM 

MnSO4, 50 µM GPP (purity ≥95 %, Sigma-Aldrich, 

USA), and 0.4 µM tCaGES. The reaction was initiated by 

the addition of GPP. The reaction mixture was incubated at 

32 °C and an aliquot of the reaction mixture was quenched 

by adding 1 volume of chilled CH3OH at 10, 30, 60, and 

120 min, respectively.

Referring to the standard geraniol, the formation of geran-

iol from the enzymatic reaction was determined by HPLC 

equipped with an Altima C18 analytic column (250 × 4.6 mm, 

5 µm). The mobile phase consisted of acetonitrile and H2O 

and followed an isocratic elution (43:57), at a flow rate of 

1 mL min−1 at 35 °C, monitored by a diode array detector.

The pH optimum for tCaGES activity was determined in 

different buffer systems with varying pH values. The reac-

tions were performed in PBS buffer (50 mM Na2HPO4, 

150 mM NaCl, 10 % glycerol, pH 6.0–7.5), 50 mM Tris–

HCl with pH 8.0–8.5, and 50 mM Gly–NaOH buffer with 

pH 9.0–10.0. To investigate the effects of temperature on 

the catalytic activity of tCaGES, the purified enzyme was 

incubated at 0–45 °C for 30 min first and assayed its enzy-

matic activity using the general conditions mentioned 

above. Divalent metal ions Mg2+ and Mn2+ with differ-

ent concentrations were added to the reaction mixture and 

assayed the enzymatic activity using the general conditions 

mentioned above.

To determine the kinetic parameters of tCaGES, the 

reaction was performed in 100 µL PBS buffer (50 mM 

Na2HPO4, 150 mM NaCl, 10 % glycerol, pH 7.5) contain-

ing 1 mM MgSO4, 0.1 mM MnSO4, 0.5 µM tCaGES, and 

GPP with different concentrations (0, 5, 10, 20, 30, 40, 80, 

and 120 µM). The kinetic constants were calculated with 

nonlinear regression analysis using Origin 9.0 software.

Quantitation and characterization of the product 

from the CaGES-catalyzed reaction

A standard geraniol curve was established to quantitate the 

formation of geraniol by HPLC. Briefly, standard geraniol 

solutions with 0, 10, 20, 40, 60, and 100 µM were prepared 

and subjected to HPLC–DAD analyses using the methods 

described above. The calibration curve was made from the 

stock solutions using a linear fit for the relationship of the 

specific concentration of geraniol versus the corresponding 

peak area integral at 200 nm. Limits of determination and 

quantification were determined as signal/noise = 3 and 10, 

respectively.

The CaGES-catalyzed reaction product was further 

characterized by GC–MS analysis. A QP2010 Plus GC–

MS system (Shimadzu, Japan) equipped with a DB-5MS 

(30 m × 0.25 mm, 0.25 µm) capillary column with elec-

tron impact mode. Helium was used as the carrier gas at a 

flow rate of 1 mL min−1. The separation conditions were: 

split mode 5:1, injection volume 1 µL, and injector temper-

ature 250 °C. The initial oven temperature is 80 °C, retain-

ing 2 min, then linear gradient to 100 °C at a rate of 5 °C 

min−1 followed by a linear gradient to 150 °C at a rate of 

3 °C min−1, with the final oven temperature 260 °C at a 

rate of 5 °C min−1, retaining 2 min. The enzymatic geran-

iol was identified by comparing its retention time and mass 

fragmentation patterns with that of standard geraniol.

Fermentation optimization for geraniol production 

in E. coli using tCaGES

To produce geraniol in E. coli using tCaGES, a GPP 

synthase-encoding gene and the foreign encoding genes 

involved in the whole MVA biosynthetic pathway were 

introduced into E. coli since it did not produce and accu-

mulate GPP. Different constructs were prepared from 

various vectors. The tCaGES was inserted into plasmid 

pETDuet-1 to afford construct I. The commercially avail-

able vector pBbA5c-MevT(CO)-MBIS (CO, ispA) (http://

www.addgene.org/35151/) containing ispA, a farnesyl 

diphosphate synthase (FPPS)-encoding gene, and the 

encoding genes involved in the whole MVA biosynthetic 

pathway was proven to accumulate FPP in E. coli. It was 

reported that GPP will be accumulated in E. coli when 

the serine-80 of ispA was mutated to phenylanine via site-

mutagenesis method to afford ispA(S80F), a GPPS [25, 

29]. Thus ispA(S80F) was obtained by site-mutagenesis 

using template ispA and S80F-F and -R primers (Table 1), 

and inserted into BamHI/SalI sites of pETDuet-1 vec-

tor. The open reading frame of tCaGES was subcloned 

into BglII/XhoI sites of pETDuet-1 harboring ispA(S80F) 

to generate plasmid pETDuet-1-ispA(S80F)-tCaGES 

(II). The construct III, pBbA5c-MevT(CO)-MBIS [CO, 

ispA(S80F)], was prepared by site-mutagenesis mentioned 

above. The vectors I, II, I + III, and II + III were chemi-

cally transformed into E. coli BL21(DE3) competent cells, 

respectively, to generate the corresponding recombinant 

strain.

http://www.addgene.org/35151/
http://www.addgene.org/35151/
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Two-phase fermentation method was introduced to fer-

ment the recombinant strains prepared above. Briefly, a 

single colony of the recombinant strain was inoculated into 

5 mL of LB broth containing 100 µg mL−1 of ampicillin, 

followed by incubating overnight at 37 °C in a shaking 

incubator. An aliquot (100 µL) culture was inoculated into 

100 mL of LB medium supplemented with 100 µg mL−1 of 

ampicillin under the circumstances of 37 °C and 200 rpm, 

until OD600 reached 0.8. IPTG (1 mM) was added to 

induce protein overexpression at 20 °C and 160 rpm, fol-

lowed by replenishing MgSO4 and MnSO4 for facilitat-

ing reactions 30 min later. After another 30 min, 20 mL of 

n-decane was overlaid over 100 mL of culture broth to cap-

ture geraniol. The fermentation for geraniol production was 

performed at 20 °C and 160 rpm for different time inter-

vals with initial supplementation of different concentra-

tions of MgSO4 (0.1–2.0 mM) and MnSO4 (0.1–2.0 mM). 

The n-decane layer was then collected and quantitated to 

20 mL. The production of geraniol was determined by 

HPLC–DAD analysis as mentioned above. For the recom-

binant strains from I + III and II + III, 34 µg mL−1 of 

chloramphenicol was added to the seeds and fermentation 

media. All experiments were performed in triplicate.

Seven media, including LB, TB (tryptone, 12 g L−1; 

glycerol, 4 mL L−1; and yeast extract, 24 g L−1), 2XYT 

(tryptone, 16 g L−1; yeast extract, 10 g L−1; NaCl, 5 g 

L−1; and glucose, 10 g L−1), M9 (glucose, 2 g L−1; CaCl2, 

0.1 mM; MgSO4, 2.0 mM; 1 X trace element solution; and 

1 X M9 salts), 2XYTPG (tryptone, 16 g L−1; yeast extract, 

10 g L−1; NaCl, 5 g L−1; KH2PO4, 7 g L−1; K2HPO4, 3 g 

L−1; and glucose, 18 g L−1), NBS (KH2PO4, 3.5 g L−1; 

K2HPO4, 5 g L−1; (NH4)2HPO4, 3.5 g L−1; MgSO4·7H2O, 

0.25 g L−1; CaCl2·2H2O, 15 mg L−1; thiamine, 0.5 mg L−1; 

1 mL L−1 trace metal solution; and glucose, 30 g L−1), 

and R/2 (KH2PO4, 6.75 g L−1; (NH4)2HPO4, 2 g L−1; cit-

ric acid, 0.85 g L−1; MgSO4·7H2O, 0.8 g L−1, and 5 mL 

L−1 trace metal solution; supplemented with glucose, 10 g 

L−1 and (NH4)2SO4, 3 g L−1) were prepared to ferment the 

recombinant E. coli harboring plasmids II and III.

Results

Molecular cloning of CaGES and its bioinformatics 

properties

The nucleotide sequence of a candidate CaGES, Caa_

locus_24394, could be retrieved from the transcriptome 

database of C. acuminata (http://medicinalplantgenom-

ics.msu.edu). The deduced amino acid residues of Caa_

locus_24394 contain a highly conserved aspartate-rich 

motif DDXXD (highlighted in yellow, Fig. 2) and a less 

conserved NSE/DTE motif with the consensus sequence 

(L,V)(V,L,A)(N,D)D(L,I,V)X(S,T)XXXE (highlighted in 

pink, Fig. 2). The two motifs were found in most, if not 

all, plant GESs and were suggested to be involved in the 

binding and metal-dependent ionization of the diphosphate 

substrate [6, 34]. However, the N-terminal RRX8W motif 

presented in many plant monoterpene synthases (high-

lighted in green, Fig. 2) could not be found in the candidate 

CaGES. Thus, a homology cloning strategy was employed 

to clone the conserved domain of CaGES based on the 

results of multiple sequence alignment (Fig. 2). A 305-

bp conserved fragment of CaGES was obtained from RT-

PCR and following nested PCR amplification. Subsequent 

3′- and 5′-RACE afforded the 3′- and 5′-flanking regions 

with 465-bp and 1177-bp fragments, respectively. The 

full-length cDNA of CaGES was obtained from the two-

round OEPCR amplification, and its nucleotide sequence 

was confirmed by molecular cloning and subsequent DNA 

sequencing.

The full nucleotide sequence of CaGES is 1906-bp and 

Caa_locus_24394 is a partial fragment of CaGES (Fig. 2). 

The cDNA of CaGES contains a 1785-bp open reading 

frame (ORF) encoding for a 594-amino acid residue pro-

tein (Fig. 2). The ORF was flanked by an 81-bp 5′-untrans-

lated region (UTR) and a 40-bp 3′-UTR. The nucleotide 

sequence of the full-length cDNA of CaGES was deposited 

in NCBI GenBank under the accession number KT633829. 

The amino acid residue sequence alignment revealed that 

the conserved DDXXD and NSE/DTE binding domains of 

the diphosphate substrate are present in CaGES (Fig. 2). 

The N-terminal transit peptide containing RRX8W motif 

was suggested to be involved in the plastidic localization of 

GES and the directional transit peptide will be cleaved after 

the protein is inserted into the organelle [12]. Although 

RRX8W motif is absent in CaGES (Fig. 2), the CaGES 

was predicted to be a plastid target monoterpene synthases 

by TargetP software (http://www.cbs.dtu.dk/services/Tar-

getP/), owing to the hydrophobic characteristic of its amino 

acid residues. Similarity search showed that CaGES shares 

32.0–56.4 % amino acid residue identities with charac-

terized plant GESs. The phylogenetic tree showed that 

CaGES is close to CrGES (Fig. S1a, Supplementary mate-

rials), indicating the CaGES’s involvement in the biosyn-

thetic pathway of camptothecin, a member of MIAs. Based 

on the crystal structure of the limonene synthase from Men-

tha spicata (MsLS, a metal ion-dependent monoterpene 

cyclase catalyzes the conversion of GPP into limonene via 

ionization, rearrangement, and cyclization reactions) [11], 

the 3-D structure of CaGES was constructed and refined by 

employing KoBaMIN web service (Fig. S1b, Supplemen-

tary materials). The metal ion Mn2+ (highlighted as green 

ball, Fig. S1b, Supplementary materials) was predicted to 

be embraced by the conserved DDXXD (highlighted in 

yellow ribbon, Fig. 3b) and NSE/DTE motifs (highlighted 

http://medicinalplantgenomics.msu.edu
http://medicinalplantgenomics.msu.edu
http://www.cbs.dtu.dk/services/TargetP/
http://www.cbs.dtu.dk/services/TargetP/
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in pink ribbon, Fig. S1b, Supplementary Materials) of 

CaGES. The real-time PCR amplification results showed 

that CaGES was expressed in all tissues of C. acuminata 

seedlings (Supplementary materials).

Heterologous overexpression and catalytic function 

of CaGES

Although the RRX8W motif is absent in CaGES, analysis 

of the amino acid composition showed that hydrophobic, 

hydroxylated, and positively charged amino acid residues 

are rich in the N-terminus of CaGES, which is typical for 

a transit peptide [4]. The transit peptide has no influence 

on the catalytic activity of terpene synthases and it will be 

cleaved after their localization in plastid [2, 4]. Thus, the 

N-terminal 61 amino acid residues were truncated to gen-

erate tCaGES (the truncated position was indicated by a 

red arrow, Fig. 2). The intact and truncated CaGESs were 

subcloned into pETDuet-1 vector, and chemically trans-

formed into E. coli BL21(DE3) to generate the recombi-

nant strains. Overexpression and purification of CaGES 

and tCaGES using the identical procedure indicated that 

Fig. 2  Multiple sequence alignment of biochemically character-

ized plant GESs, predicted CaGES from C. acuminata transcriptome 

database, and CaGES presented in this study using Clustal Omega 

alignment tool. The highly conserved DDxxD region is highlighted 

in yellow. The less conserved NSE/DTE motif is highlighted in pink. 

The RRX8W region is highlighted in green. The red arrow indicates 

the truncated position for tCaGES. Caa_locus_24394 was anno-

tated as a CaGES and retrieved from the transcriptome database of 

C. acuminata (http://medicinalplantgenomics.msu.edu). CrGES from 

Catharanthus roseus (KF561459); VoGES from Valeriana officinalis 

(KF951406); ObGES from Ocimum basilicum (AY362553); CtGES 

from Cinnamomum tenuipilum (AJ457070); LdGES from Lippia 

dulcis (GU136162); PfGES from Perilla frutescens (DQ234300); 

VvGES from Vitis vinifera (NP_001267920)

http://medicinalplantgenomics.msu.edu
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Fig. 3  Functional characterization of the recombinant CaGES. a 

HPLC–DAD analyses of the standard geraniol (panel V) and the 

enzymatic reaction mixture of tCaGES. The whole reaction con-

taining MgSO4, MnSO4, and GPP was initiated by the addition of 

tCaGES. Panel I, the whole reaction with the boiled tCaGES; the 

enzymatic reaction was terminated at 5 min (panel II), 30 min (panel 

III), and 60 min (panel IV); filled circle, standard geraniol; filled 

diamond, product from the tCaGES-catalyzed reaction. b The UV 

spectra of the standard geraniol (panel II) and the enzymatic geran-

iol (panel I). c GC–MS analyses of the standard geraniol (panel I) 

and the enzymatic geraniol (panel II). The insets in panels I and II 

showed the fragmentation pattern of standard and enzymatic geraniol, 

respectively
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tCaGES showed higher expression level than CaGES, and 

it will be easier to purify tCaGES to homogeneity (Fig. S2, 

Supplementary materials).

Geraniol can be separated and detected by HPLC–DAD 

analysis (panel V, Fig. 3a and panel II, Fig. 3b) using the 

isocratic acetonitrile and H2O solvent system. Comparing 

with the authentic geraniol (panel V, Fig. 3a), enzymatic 

activity assays showed that no geraniol was detected when 

the general assay was performed with the boiled GES 

(panel I, Fig. 3a). Both CaGES and tCaGES showed time-

dependent conversion of GPP to a new compound (panels 

II, III, and IV, Fig. 3a). This new product showed identi-

cal retention time (panels II, III, and IV, Fig. 3a) and UV 

profile (panel I, Fig. 3b) to those of the authentic geraniol 

(panel V, Fig. 3a and panel II, Fig. 3b). To further confirm 

the above results, GC–MS analysis was performed and the 

results showed that the new product has identical retention 

time and fragmentation ion pattern (panel II, Fig. 3c) with 

that of the authentic geraniol (panel I, Fig. 3c).

The pH values of the reaction buffer have significant 

effects on the catalytic activity of tCaGES (Fig. S3a, Sup-

plementary materials). When the pH value of the buffer is 

7.5, tCaGES shows the maximum catalytic activity (Fig. 

S3a, Supplementary materials). While tCaGES is stable 

at 5–25 °C for 30 min and it exhibits similar activity (Fig. 

S3b, Supplementary materials). However, tCaGES will lose 

50 % activity after it was incubated at 45 °C for 30 min 

(Fig. S3b, Supplementary materials). No geraniol was 

detected when the metal ions Mg2+ and Mn2+ were absent 

in the standard enzymatic reactions (Fig. S3c, Supplemen-

tary materials), which suggested that tCaGES is a metal 

ion-dependent terpene synthase. The appropriate combi-

nation of Mg2+ and Mn2+ for tCaGES catalytic activity is 

1 mM Mg2+ and 0.1 mM Mn2+ (Fig. S3c, Supplementary 

materials), which is in consistent with other characterized 

plant GESs [6, 12, 34]. The apparent kinetic parameters Km 

and Vmax of tCaGES for GPP were determined to be 89.5 ± 

6.1 µM and 5.9 ± 0.2 µmol min−1 µM protein−1, respec-

tively (Fig. S3d, Supplementary materials).

Production of geraniol using tCaGES in E. coli

To produce geraniol in E. coli, different plasmids were 

constructed and chemically transformed into E. coli 

BL21(DE3) competent cells to generate the correspond-

ing recombinant stains (Fig. 4a). Trace geraniol (0.022 ± 

Fig. 4  Production of geraniol in E. coli using tCaGES. a The sche-

matic representation of plasmids. I, pETDuet-1-tCaGES; II, pET-

Duet-1-ispA(S80F)-tCaGES; and III, pBbA5c-MevT(CO)-MBIS 

(CO, ispA(S80F)). b The geraniol yields (column) and the biomass 

(blue line) of the corresponding recombinant E. coli harboring dif-

ferent plasmids. The effects of fermentation media (c), time inter-

vals (d), and the addition of metal ions with different concentrations 

(e) on the geraniol yield (columns) and the biomass (blue lines) of 

recombinant E. coli. The fermentation procedure can be found in 

the experimental section. In brief, 20 mL of n-decane was overlaid 

to the 100 mL of culture broth. When the planed fermentation was 

completed, the n-decane layer was collected, quantitated to 20 mL, 

and subjected to HPLC–DAD analysis. The total geraniol was cal-

culated from the HPLC–DAD quantification of the n-decane layer. 

The geraniol yield was normalized to the 100–mL fermentation broth 

and stated in mg L−1 aqueous culture. The growth of E. coli was 

described in OD600. It should be noted that in (e) the concentration of 

the metal ions below the graphs was added in addition to the 2.0–mM 

MgSO4 already present in the M9 medium
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0.005 mg L−1) was detected in the fermentation broth of 

the recombinant E. coli harboring only pETDuet-1-tCaGES 

(I, Fig. 4b), which was consistent with the previous report 

that E. coli cannot accumulate GPP [43]. To supply GPP for 

tCaGES to synthesize geraniol, the ispA(S80F) was inserted 

into the pETDuet-1 vector harboring tCaGES (II, Fig. 4a). 

A slight increase of geraniol yield (0.035 ± 0.004 mg L−1) 

was obtained (II, Fig. 4b), which suggested that the supply 

of IPP and DMAPP is limited in E. coli. Thus, the encod-

ing genes involved in the whole MVA biosynthetic pathway 

for the supply of IPP and DMAPP and ispA(S80F) (III, 

Fig. 4a) were introduced to the recombinant strain harbor-

ing pETDuet-1-tCaGES. The geraniol yield of the recom-

binant strain was significantly increased to 1.04 ± 0.04 mg 

L−1 (I + III, Fig. 4b), which confirmed that incorporation 

of the whole pathway for GPP biosynthesis will increase 

the geraniol production yield. A substantial increase of 

geraniol yield (5.85 ± 0.46 mg L−1) was observed when 

another copy of ispA(S80F) was incorporated into the 

recombinant strain harboring pBbA5c-MevT(CO)-MBIS 

[CO, ispA(S80F)] and pETDuet-1-tCaGES, i.e., II + III 

(Fig. 4b).

Thus, the recombinant E. coli harboring plasmids II and 

III was set as the target strain for fermentation conditions 

optimization for geraniol production. M9 medium was 

found to be the best one in the present study (Fig. 4c). The 

high geraniol yield was obtained when the recombinant 

strain was fermented 17–24 h (Fig. 4d). The addition of 

1 mM MgSO4 and 1 mM MnSO4 to the fermentation broth 

offered a higher geraniol yield (Fig. 4e). The geraniol pro-

duction was increased to 48.5 ± 0.9 mg L−1 under the opti-

mized fermentation conditions.

Discussion

Geraniol is a widely used acyclic simple alcohol in many 

fields. It is mainly produced in plants with its isomers such 

as linalool, oxidized derivatives like geranial and geranic 

acid, and glucose conjugates of these compounds. It is 

time consuming to purify geraniol from plant extracts. It 

will be very useful and cost-effective to selectively pro-

duce geraniol in simple organisms with high yield. Meta-

bolic engineering has been proven to be a realistic alterna-

tive to improve yield and accessibility for natural products 

[15]. Transgenic tobacco with VoGES from Valeriana 

officinalis produced geraniol, hydroxygeraniol, and their 

glycoside forms [22, 31]. Although geraniol was the main 

product, the average of 13.7 µg g dryweight−1 and a maxi-

mum of 31.3 µg g dryweight−1 of geraniol were obtained 

[31]. Microbial organisms are versatile heterologous hosts 

for pharmaceutically important natural products via meta-

bolic engineering biosynthetic pathways [24]. The geraniol 

production in recombinant yeast was increased to 36.04 mg 

L−1 [19]. Comparing with the heterologous hosts such as 

model plants and yeasts, E. coli is a favorable host for its 

easy growth, fermentation, and post-processing to produce 

geraniol [8, 9, 18, 22, 24, 31, 43]. However, E. coli itself 

cannot accumulate GPP and the supply of the isoprenoid 

precursors IPP and DMAPP is limited in E. coli [24]. The 

foreign genes for the biosynthesis of IPP, DMAPP, and 

GPP have to be introduced into E. coli. The present work 

showed that geraniol production was increased to 48.5 ± 

0.9 mg L−1 by engineering tCaGES and the foreign genes 

mentioned above. The geraniol yield of this study is higher 

than those in transgenic tobacco and yeast; also, parallel 

to or higher than the yields of other terpenes production 

in metabolically engineered microorganisms [23, 32, 39, 

40, 42]. Recently it has been demonstrated that deletion of 

YjgB, an endogenous dehydrogenase responsible for geran-

iol loss in E. coli MG1655, will increase geraniol produc-

tion to 182.5 mg L−1 [38]. However, no geraniol analogues 

were detected in E. coli BL21(DE3) of this study, indicating 

that tCaGES is an alternative to selectively produce geraniol 

in E. coli. The difference may ascribe to the different type of 

E. coli host strains used for geraniol production. It should be 

noted that the yield of geraniol decreased after two days of 

fermentation (Fig. 4d). However, no geraniol analogues or 

derivatives were observed in the present experimental con-

ditions, which may suggest that the geraniol was metabo-

lized to other substances that cannot be detected in the pre-

sent experimental conditions.

Carefully balancing the whole L-limonene biosynthetic 

pathway was evidenced the L-limonene production with 

a level of 430 mg L−1 in engineered E. coli [1]. In addi-

tion, the fed-batch fermentation was proved to increase the 

yields of other terpenes [23, 39, 40, 42]. Thus, this study 

will be an alternative to selectively produce geraniol in 

engineered E. coli, together with other metabolic engineer-

ing methods such as balancing the whole biosynthetic path-

way and using fed-batch fermentation.

Clinically used camptothecin-type drugs are well known 

for their efficient anticancer effects against a broad band 

of tumor types such as small lung cancer and refractory 

ovarian cancer [5, 35]. Camptothecin, extracted and puri-

fied from plants C. acuminata in China and Nothapodytes 

foetida in India, is the starting material for chemical trans-

formation to camptothecin-type drugs [19]. Thus the inves-

tigations of the biosynthetic mechanisms involved in the 

biosynthesis of camptothecin will be helpful to increase 

the production amount of camptothecin via plant molecu-

lar breeding, metabolic engineering, etc. [14, 27, 33]. The 

present work describes the molecular and biochemical fac-

ets for the generation of geraniol in C. acuminata that is 

a key biosynthetic step involved in camptothecin biosyn-

thesis (Fig. 1). The results will facilitate to uncover the 
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biosynthetic enigma of camptothecin step by step, together 

with previous research efforts [30, 33].
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