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-
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Yp/x: amount of limonene produced per amount of biomass formed, Yp/s: amount of limonene 

produced per amount of substrate consumed 
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Abstract 

The efficiency and productivity of cellular biocatalysts play a key role in the industrial 

synthesis of fine and bulk chemicals. This study focuses on optimizing the synthesis of (S)-

limonene from glycerol and glucose as carbon sources using recombinant E. coli. The cyclic 

monoterpene limonene is extensively used in the fragrance, food, and cosmetic industries. 

Recently, limonene also gained interest as alternative jet fuel from biological origin. 

Key parameters that limit the (S)-limonene yield related to genetics, physiology, and reaction 

engineering were identified. The growth-dependent production of (S)-limonene was shown 

for the first time in minimal media. E. coli BL21 (DE3) was chosen as the preferred host 

strain as it showed low acetate formation, fast growth, and high productivity. A two-liquid 

phase fed-batch fermentation with glucose as sole carbon and energy source resulted in the 

formation of 700 mg Lorg
-1 (S)-limonene. Specific activities of 75 mU gcdw

-1 were reached, but 

decreased relatively quickly. The use of glycerol as carbon source resulted in a prolonged 

growth and production phase (specific activities of ≥50 mU gcdw
-1) leading to a final (S)-

limonene concentration of 2,700 mg Lorg
-1. Although geranyl diphosphate (GPP) synthase had 

a low solubility, its availability appeared not to limit (S)-limonene formation in vivo under the 

conditions investigated. GPP rerouting towards endogenous farnesyl diphosphate (FPP) 

formation did not limit (S)-limonene production either. The two-liquid phase fed-batch setup 

led to the highest monoterpene concentration obtained with a recombinant microbial 

biocatalyst to date.  
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Introduction 

Recombinant whole-cell biocatalysts offer a broad range of possibilities for sustainable 

monoterpenoid synthesis based on the fermentation of renewable feedstocks. Monoterpenes 

are regarded as promising biosynthetic alternatives for jet fuel precursors [1-3] and building 

blocks for chemical [4, 5] and biocatalytic [6, 7] syntheses. The fermentative production of 

monoterpenes was previously demonstrated in recombinant Escherichia coli strains with an 

orthologous monoterpene biosynthesis pathway and grown either on defined rich [8] or 

complex medium [9-11]. The successful implementation of bacteria as organic synthesis 

catalysts requires detailed knowledge of the entire production system, including strain 

development, biocatalyst characterization, reaction and process engineering, as well as down-

stream processing [12]. Moreover, the definition and analysis of strategies for improving 

efficiency and productivity provide a framework for further targeted bioprocess optimization 

to overcome biocatalyst and reaction related limitations [12, 13]. However, such a systematic 

approach has not yet been applied for the production of monoterpenes in E. coli. 

 Studies targeting the production of terpenes with recombinant microorganisms have 

mainly dealt with the engineering of strains that produced sesqui- [14-16], di- [17] and 

tetraterpenes [18, 19]. In contrast to sesquiterpenes and other larger terpenes, monoterpenes 

are almost exclusively found in plants rather than in microorganisms that are commonly used 

as biotechnological production strains [20]. This is due to the bacteria´s inability to produce 

the monoterpene precursor geranyl diphosphate (GPP). This obstacle has been overcome by 

the biotechnological introduction of GPP synthase and terpene cyclase genes into suitable 

E. coli strains [9]. However, physicochemical properties of monoterpenes, such as the high 

volatility, poor solubility in water [21], and toxicity [22] have remained a challenge on the 

reaction and process levels. The addition of an otherwise inert organic phase was shown to 

have a positive effect on in situ extraction of the products [23, 24]. Finally, the impact of the 
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microbial physiology on the performance of heterologous pathways involved in monoterpene 

formation - and vice versa – might be crucial [25]. A recent, an in silico profiling study using 

elementary mode analysis identified metabolic engineering strategies, beyond pathway 

engineering that have the potential to increase the monoterpenoid quantity in E. coli and 

Saccharomyces cerevisiae [26]. Unfortunately, this potential has not yet been exploited for 

the formation of monoterpenes.  

 The present study aims at defining and assessing of engineering strategies for the 

intensification of fermentative limonene production in E. coli (Fig. 1). A comprehensive 

multi-level analysis approach was used to investigate the properties of the biocatalyst as well 

as the reaction. The key parameters for engineering of the biotechnological monoterpene 

synthesis process were defined: (i) pathway construction, gene expression, and limited 

heterologous production of soluble and active proteins, (ii) kinetics of the enzymes involved, 

(iii) physiology (toxicity, competing reactions or pathways, intracellular fluxes), and (iv) 

technological aspects (limonene volatility, two-liquid-phase bioreactor setup, downstream 

processing). The systematic approach included metabolic engineering, host strain selection, 

along with reaction engineering, and resulted in the highest monoterpene titer produced with 

renewable feedstocks in in a recombinant bacterial strain to date.  

Materials and Methods 

Chemicals and bacterial strain 

Anhydrous D-glucose was obtained from Alfa Aesar (Karlsruhe, Germany), and isopentenyl 

diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) were purchased from Echelon 

Biosciences (Salt Lake City, UT, USA) with a purity >95%. Custom synthesized 

oligonucleotides were purchased from Sigma Aldrich (Steinheim, Germany). All other 

chemicals were obtained from AppliChem (Darmstadt, Germany), Sigma Aldrich (Steinheim, 

Germany), or Carl Roth (Karlsruhe, Germany) in the highest purity available. All E. coli 
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strains and plasmids used in this study are listed in Table 1. The antibiotics ampicillin, 

kanamycin, and/or chloramphenicol were applied at concentrations of 100 mg L-1, 50 mg L-1 

and 34 mg L-1, respectively. Thiamine (if appropriate) was added to a final concentration of 

0.001% (w/v).  

 Detailed information about vector construction and primer design (Table S1) are 

provided in the Supporting Information. 

Cultivation of E. coli strains 

5 mL of LB medium [27] were inoculated with E. coli from a frozen stock and incubated for 

12 h at 37°C (200 rpm, 2.5 cm amplitude). Aliquots of 500 µL of the LB culture were 

transferred to 50 mL M9* medium with US* trace elements solution [28], 2 mM MgSO4, and 

0.5% (w/v) D-glucose and incubated for 16 - 20 h at 30°C in a baffled Erlenmeyer flask (200 

rpm, 2.5 cm amplitude). This preculture was then used to inoculate fresh M9* medium 

supplemented with US* trace elements solution, 2 mM MgSO4, and 0.5% (w/v) D-glucose at 

an optical density of 0.2 at 450 nm (OD450). The culture was incubated at 30°C and gene 

expression was induced by adding 1.0 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) or 

0.2% L-arabinose, respectively once an OD450 of 0.6 (~0.1 gcdw L-1, cdw: cell dry weight) was 

reached. Incubation was continued at 20°C, 25°C, or 30°C.  

Analytical Procedures 

Cell growth was monitored by measuring turbidity (OD450, Libra S11, Biochrom Ltd., 

Cambridge, UK, OD450 = 1 equals 0.166 gcdw L-1) [29]. 

 Acetate formation and C source utilization were determined with HPLC analysis as 

described elsewhere [30]. In some instances, the glucose concentration was determined with a 

spectrophotometric assay kit (Enzytec, sciL Diagnostics, Viernheim, Germany). 

Limonene concentrations were determined by GC using either a TRACE GC Ultra or Focus 

GC instrument (both from Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped with 
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a flame ionization detector and a FactorFour‐5ms column (30 m, 0.25 mm, 0.25 μm) (Varian, 

Inc., Palo Alto, CA, USA) and commercial (S)-limonene as standard (0.2 mM dodecane as 

internal standard). The settings were: injector temperature 250°C, splitless injection or split 

ratio 1:7, molecular nitrogen as carrier gas. Program: 80°C (5 min), 80 - 140°C (7.5°C min-1), 

140 - 300°C (40°C min-1), 300°C (5 min).  

 Optical purity was determined by GC separation on a Finnigan Focus GC instrument 

equipped with a chiral Supelco β-DEX 120 column (Sigma Aldrich, Steinheim, Germany). 

Program: 50°C (5 min), 80 - 140°C (5°C min-1), 140 - 230°C (40°C min-1), 230°C (5 min).  

 Limonene and by-products were determined with GC-MS using a CP3800 GC coupled 

to a 1200 Quadrupole MS (Varian, Inc., Palo Alto, CA, USA) using the same column and 

settings as above. 

 1H-NMR spectra were recorded in chloroform-d1 using a Bruker DRX-400 

spectrometer (Bruker, Billerica, MA, USA) with a 5 mm sample head (400.13 MHz). 

In vitro limonene formation assay 

Fully induced E. coli cells were harvested by centrifugation (20 min, 4°C, 4,618 g), 

resuspended in 5 mL buffer A (0.05 mM potassium phosphate buffer, pH 7.4, 5% (v/v) 

glycerol, 1 mM dithiothreitol, 15 mM MgCl2) and disrupted by three passages through a 

French press (5.5 MPa, SLM-Aminco, Rochester, NY, USA). The solution was subsequently 

diluted to 0.5 gprotein L-1 (Bradford assay [31]) in buffer A, aliquoted and incubated (5 min, 

30°C, 1000 rpm, Thermomixer Comfort, Eppendorf, Hamburg, Germany). Bioconversion was 

started by adding 60 µL of an equimolar mixture of IPP and DMAPP (0.5 g L-1 each in 

ethanol). The reaction was terminated by adding a saturating amount of NaCl and ice-cold 

Et2O (containing 0.2 mM dodecane as internal standard), and mixing vigorously for 30 s. The 

organic and aqueous phases were separated by centrifugation (5 min, 4°C, 17,000 g) and the A
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organic phase was subsequently dried over anhydrous Na2SO4 prior to determining the 

limonene concentration by GC analysis. 

In vivo limonene formation assay 

E. coli strains were grown at 30°C as described above, but in screw-capped baffled flasks 

(250 mL). Together with 1 mM IPTG, 10 mL diisonoylphtalate (DINP) were added as inert 

organic carrier phase to 40 mL of the culture. For sampling, the phases were separated by 

centrifugation (5 min, 4°C, 17,000 g). Prior to GC analysis, the organic phase was diluted in 

Et2O with 0.2 mM dodecane and dried over anhydrous Na2SO4.  

Fermentative production of limonene in a stirred-tank reactor 

Two-liquid phase fermentations were carried out in 3.1 L stirred tank reactors (KLF 2000, 

Bioengineering, Wald, Switzerland) equipped with two Rushton turbine stirrers. For batch 

cultivation, 1.0 L M9 medium, supplemented with chloramphenicol, ampicillin, US* trace 

elements [28], MgSO4, and 1.5 % (w/v) carbon source (D-glucose or glycerol) was inoculated 

to an OD450 of 0.2 with an overnight M9* preculture of E. coli BL21 (DE3) (pMVAidi, 

pTAC:LS:AGPPS2). The pH was set to 7.2 and automatically controlled by titration with 

either 15% (v/v) phosphoric acid or 25% (v/v) ammonium hydroxide solution. Batch cultures 

were incubated for 16 h or 20 h until depletion of the carbon source (30°C, aeration rate 

1 vvm, 1800 rpm). 

 After the addition of 1 mL 1000x US* trace element stock solution, a carbon-limited 

and controlled exponential feed with either 73% (w/v) glucose or glycerol as carbon source 

(both containing 19.6 g L-1 MgSO4) was started to keep the exponential growth rates between 

0.15 h-1 and 0.18 h-1. After reaching a biomass concentration of 20 gcdw L-1 the feed rate was 

kept constant. The pO2-value was kept >30% saturation by adjusting the stirrer speed. After 

two hours of exponential feed, 0.5 L of DINP were added and gene expression was induced 

by adding 1 mM IPTG. Immediate changes in the O2 saturation upon interruptions of the feed 
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at regular intervals were taken as an indication that the carbon source was not accumulating in 

the medium. GC analysis samples were prepared as described above. 

Purification of (S)-limonene 

For isolation of limonene, the fermentation broth was centrifuged (15 min, 4°C, 4,700 g) and 

the aqueous phase was removed. The resulting emulsion was immediately frozen (-80°C, 1 h) 

and centrifuged again (20 min, 4°C, 4,700 g) after thawing. 120 mL of the clear organic phase 

were distilled under reduced pressure (4 - 6 mbar, ~160°C). 

Results  

Limonene synthesis in recombinant E. coli. The synthesis of limonene in recombinant 

E. coli requires the functional expression of two plant genes. The expression vectors 

pBAD:LS and pET24:AGPPS2 were equipped with (see Supporting Information for details) 

the truncated and codon-optimized genes for limonene synthase (LS) from Mentha spicata 

and GPP synthase 2 (AGPPS2) from Abies grandis, respectively. These two expression 

systems were chosen, as their use previously led to functional expression of GPP synthase and 

limonene synthase without codon-optimization in E. coli [9]. In addition, a putative bacterial 

GPP synthase (pET24:KO) from Streptomyces sp. strain KO-3988 [32] was investigated. 

 Membrane-free extracts were prepared from induced E. coli BL21 (DE3) cells that 

contained either pBAD:LS/pET24:AGPPS2 or pBAD:LS/pET24:KO. With GPP as substrate, 

activities of 1.6 and 3.6 U gprotein
-1 were observed. When using IPP and DMAPP, activities for 

the two-step bioconversion were 0.13 and 0.15 U gprotein
-1. Thus, the introduced genes were 

functionally expressed and there was no significant difference in performance between the 

GPP synthase enzymes from A. grandis and Streptomyces sp. strain KO3988 . 

 E. coli BL21 (DE3) (pBAD:LS, pET24:AGPPS2) and E. coli BL21 (DE3) (pBAD:LS, 

pET24:KO) were tested subsequently for their ability to produce limonene with glucose as C 

source. No limonene was detected (detection limit ~0.3 mg L-1) in the culture supernatant of 
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either strain after cultivation for 24 h in M9* medium, which was in contrast to an earlier 

study reporting the formation of ~6 mg L-1 limonene [9]. Limonene evaporation may explain 

the negative result. Therefore, the non-toxic organic solvent DINP [23] was added to the 

cultures during growth for the purpose of in situ extraction. The organic phase subsequently 

accumulated limonene (~0.4 mg Laq
-1 in 72 h for both strains), demonstrating that limonene 

was produced from glucose, albeit at low quantity.  

Host effects of different E. coli metabolic backgrounds. The first strategy to optimize the 

biocatalyst was to increase precursor supply, an optimization strategy that has shown to be 

successful for the production of the sesquiterpene amorpha-4,11-diene in E. coli [16] and was 

very recently also applied to the production of limonene [8]. In order to increase the 

intracellular availability of IPP and DMAPP, the orthologous mevalonate (MVA) pathway 

from S. cerevisiae was also introduced [16]. All the genes of the MVA pathway, that convert 

endogenous acetyl-CoA into IPP and DMAPP (Fig. 1) were assembled on the plasmid 

pMVAidi. A second plasmid, pTAC:LS:AGPPS2, contained the genes for LS and AGPPS2. 

Three K-12-derived E. coli strains (DH5α, JM101, and MG1655) and the B strain E. coli 

BL21 (DE3) were transformed with pMVAidi and pTAC:LS:AGPPS2 and cultivated in the 

presence of DINP. Limonene was produced in all strains with final yields ranging from 

15 to 25 mg Laq
-1 after 78 h (Fig. 2). Introducing the MVA pathway and simultaneously 

putting the downstream genes under the control of a tac-promoter on one plasmid, resulted in 

over 60-fold higher limonene concentrations as compared to the E. coli strain BL21 (DE3) 

harboring the incompatible plasmids pBAD:LS and pET24:AGPPS2 that was initially used. 

These results clearly confirmed that endogenous precursor supply was a limiting factor for 

monoterpenoid synthesis in the four E. coli strains investigated.  

 The specific limonene yield relative to the biomass after 50 h of cultivation was 

highest for E. coli DH5α (12.0 ± 2.2 mg gcdw
-1) and for E. coli MG1655 (12.2 ± 0.5 mg gcdw

-1) 
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(Table 2). The yields relative to the carbon source for E. coli DH5α and E. coli MG1655 were 

1.9 ± 0.4 mg g-1 and 2.0 ± 0.1 mg g-1, respectively, which translate into approximately 0.6% 

of the theoretically achievable maximum (calculated to be ~0.32 glimonene gglucose
-1 [2]) (Table 

2).  

 Different limonene formation kinetics were observed in the E. coli strains, and acetate 

concentrations appeared to correlate with the level of limonene formation. E. coli DH5α 

produced the highest amount of acetate (5.25 g L-1) and simultaneously also showed the 

highest limonene concentration after 30 h (19.53 ± 0.75 mg Laq
-1) (Fig. 2A). In contrast, 

E. coli JM101 showed low amounts of acetate (3.22 g L-1) and also yielded the lowest 

limonene concentration after 30 h (10.88 ± 0.43 mg Laq
-1) (Fig. 2C). The biomass 

concentrations of 1.69 gcdw L-1 for E. coli JM101 and 1.54 gcdw L-1 for E. coli DH5α were 

similar for both strains, but the glucose uptake rate during logarithmic growth was highest for 

E. coli JM101 (~2.4 mmol gcdw
-1 h-1). In order to test whether acetate formation had an 

influence on limonene formation, an E. coli strain that lacked the phosphotransacetylase (pta) 

gene that converts acetyl-CoA into acetylphosphate was investigated. E. coli MG1655 DE3 

(Δpta, ΔldhA, ΔadhE) (pMVAidi, pTAC:LS:AGPPS2) produced less limonene 

(9.07 ± 0.34 g Laq
-1) and less acetate (0.85 g L-1) than the strains with a functional pta gene 

under the same experimental conditions (Fig. 3). The lack of a functional pta gene and the 

resulting physiological properties of the cell prevented an increased flux of metabolites 

towards limonene production. Thus, E. coli BL21 (DE3) was selected as the preferred host 

strain for subsequent experiments as it showed fast growth, a high limonene productivity 

(15.2 ± 2.4 mg L-1 in 30 h) and low formation of acetate, which is generally considered 

detrimental for growth and gene expression.  

Native FPP synthase activity does not compete with GPP synthase for endogenous IPP 

and DMAPP. E. coli produces the sesquiterpene precursor farnesyl diphosphate (FPP) via an 
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endogenous FPP synthase. FPP is required for the synthesis of essential compounds such as 

menaquinone and ubiquinone, which can be of benefit for terpenoid biosynthesis. However, 

as far as the production of monoterpenes is concerned, the introduction of a recombinant GPP 

synthase enzyme might have an impact on the cellular metabolism of the host, and render 

monoterpene production difficult due to ongoing endogenous sesquiterpene synthesis. The 

intracellular GPP concentration might be limited due to rerouting of IPP and DMAPP or GPP 

towards the formation of FPP by native FPP synthase (ispA). A literature search revealed that 

the Michaelis constant (KM) of the E. coli FPP synthase is 10-fold lower for IPP (2-fold for 

DMAPP) than the KM of the A. grandis GPP synthase (Table 3) [33, 34]. To investigate the 

possible competition between FPP synthase and GPP synthase, limonene formation was 

analyzed in an ispA (encoding FPP synthase) deficient E. coli W3110 SF7N and its isogenic 

control E. coli W3110 SF5 [35], both harboring pTAC:AGPPS2 and pMVAidi. After 

depletion of glucose, both strains reached similar biomass concentrations of 

1.19 ± 0.07 gcdw L-1 (SF7N) and 1.17 ± 0.09 gcdw L-1 (SF5) and similar product levels 

(19.05 ± 0.37 mg Laq
-1 for E. coli SF7N and 20.6 ± 0.7 mg Laq

-1 for E. coli SF5) (Fig. 4). 

Different acetate levels were not expected, given the near 100% genetic identity of the two 

strains. Hence, despite favored kinetic parameter, endogenous FPP synthesis did not affect 

monoterpene yield by limiting the terpenoid precursors IPP, DMAPP, and GPP. 

Does GPP synthase activity limit limonene formation rate? SDS-PAGE analyses with 

protein extracts from fully induced strains showed that E. coli JM101 produced more GPP 

synthase than E. coli BL21 (DE3) (Fig S1). Additionally, lower (soluble) GPP synthase levels 

were observed in E. coli BL21 (DE3) at 30°C and 25°C compared to 20°C, demonstrating that 

the translation, protein folding and/or protein stability was temperature-dependent (Fig. S1). 

Extracts derived from E. coli BL21 (DE3) (pTAC:LS:AGPPS2) (Fig. 5A) and E. coli 

BL21 (DE3) (pMVAidi, pTAC:LS:AGPPS2) cultivated at 25°C showed specific activities of 

A
cc

ep
te

d 
A

rti
cl

e 



12 
 

1.0 ± 0.0 U gprotein
-1 and 1.2 ± 0.0 U gprotein

-1 respectively for the two-step bioconversion of IPP 

and DMAPP to limonene. After cultivation at 20°C, the extracts showed higher specific 

limonene formation rates of 2.1 ± 0.0 U gprotein
-1 (pTAC:LS:AGPPS2) (Fig. 5A) and 

4.0 ± 0.1 U gprotein
-1 (pMVAidi, pTAC:LS:AGPPS2). Raising the expression temperature to 

30°C led to a further reduction in limonene formation rates (data not shown), most likely 

caused by the decreasing level of soluble AGPPS2 (Fig. S1) as the temperature increased. In 

contrast, no significant temperature-dependent difference in limonene formation was observed 

with extracts derived from fully induced E. coli JM101 (pTAC:LS:AGPPS2) cells (Fig. 5C). 

The presence of the additional pMVAidi plasmid did not obviously impair the expression of 

AGPPS2 and LS genes. In order to adress the impact of different amounts of AGPPS2 on 

whole-cell limonene formation, the strains (with both plasmids) were cultivated at different 

temperatures. When using glucose as carbon source, the specific in vivo limonene yield 

increased with increasing temperature for E. coli BL21 (DE3), whereas it remained constant 

in E. coli JM101 (Fig. 5B and 5D). The limonene yield of E. coli BL21 (DE3) at 20°C was 

only 33.1 ± 10.7% of the amount observed at 30°C. In contrast, E. coli JM101 produced at 

20°C 92.3 ± 7.7% of the quantity formed at 30°C. The biomass yields were similar in all 

cases, with averaged final concentrations of 1.19 gcdw L-1 (± 6%) for E. coli BL21 (DE3) and 

1.39 gcdw L-1 (± 14%) for E. coli JM101. Glucose was metabolized entirely in all 

fermentations (Table S2). Since the quantity of soluble AGPPS2 in E. coli BL21 (DE3) was 

reduced at elevated temperatures (Fig. S1), it did not correlate with the in vivo limonene 

formation yield. As the largest part of limonene was produced within 24 h after induction 

(Fig. 2A), we therefore conclude, that AGPPS2 activity did not limit overall limonene 

production under the selected experimental conditions. For E. coli BL21 (DE3), the ratio of 

the limonene yields achieved in strains with and without the MVA pathway 

(Yp/x (MVA) / Yp/x (non MVA)) increased with rising temperatures from 11 (20°C) to 19 (30°C). 
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The reduced in vivo limonene formation in E. coli BL21 (DE3) at 20°C and 25°C can 

therefore be explained by the reduced performance of one or more MVA pathway enzymes. 

However, the differences observed in AGPPS2 solubility at different temperatures and in 

different hosts, might allow for further optimization of a the production process. 

Gram scale production and purification of (S)-limonene 

With the aim of achieving gram-scale amounts of (S)-limonene from cheap and renewable 

carbon sources E. coli BL21 (DE3) (pMVAidi, pTAC:LS:AGPPS2) was cultivated in a 

technical scale process (3.1 L) using a two-liquid phase fed-batch approach with either 

glucose or glycerol as carbon source and DINP as organic carrier solvent (phase ratio 1:2). 

With glycerol as sole carbon source, a final limonene concentration of 2.7 g Lorg
-1 (grams 

limonene per liter organic phase) was achieved within 45 h (Fig. 6A), which was 3.9-fold 

higher than the final limonene concentration achieved with glucose as carbon source 

(0.69 g Lorg
-1) (Fig. 6B). Furthermore, a 26% higher final biomass concentration of 61.8 

gcdw L-1 was achieved with glycerol than with glucose (49.1 gcdw L- 1). The increased limonene 

concentration is not therefore just attributable to the increase in biomass formation. Since the 

protein levels of LS and AGPPS2 were similar in the glucose- and glycerol-based 

experiments (as indicated by PAGE analysis, data not shown), it was concluded that the 

higher limonene concentration under glycerol-limited growth was not caused by the higher 

activity of the heterologously expressed limonene synthesis pathway but by other metabolic 

factors, such as ATP and redox equivalent regeneration rates. 

 The initial specific limonene formation rates were low in both fed-batch cultivation 

experiments but increased to approximately 70 mU gcdw
-1 (with glucose) during the first eight 

hours (Fig. 6C). During fed-batch cultivation with glucose as carbon source, the specific 

limonene formation rate remained constant during the subsequent 7 hours before decreasing 

to 7 mU gcdw
-1 after 32 h. This decrease in the limonene formation rate is most likely due an as 
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yet unidentified metabolic inactivation of the cells (glucose accumulation). With glycerol as 

carbon source, the high limonene formation rate remained almost constand during the entire 

fermentation process (~45 h), reaching specific activities of more than 50 mU gcdw
-1 (Fig. 6C). 

These fed-batch experiments demonstrate that the selection of the appropriate substrate and 

reaction setup is crucial for optimizing product yields. Limonene obtained in the fed-batch 

experiment with glucose as carbon source was purified via distillation. The resulting distillate 

(42% isolation yield) had a characteristic odor, contained (S)-limonene with an enantiomeric 

excess (ee) of ≥ 99.8, and exhibited a purity of ≥ 96% as determined by GC and 1H-NMR, 

respectively. Impurity traces of the monoterpenes β-pinene and myrcene were also identified. 

Discussion 

Whole-cell biocatalyst engineering for monoterpene production 

Over the past decade, extensive research efforts have been undertaken to construct 

recombinant microbial platform organisms that enable the fermentative production of 

terpenoids. Recent achievements in synthetic biology and metabolic engineering constitute a 

first step towards the rational design of microbial cell factories that are able to produce the 

desired terpenoids from cheap and renewable resources [36]. However, knowledge about the 

regulatory mechanisms involved at the genetic and protein levels, and potential limitations 

resulting from inhibitions, the toxicity of components or interference of substrates and 

products with transcription factors is still very limited. This is particularly true when genes or 

entire pathways of foreign organisms are utilized [25]. Furthermore, with respect to 

monoterpenoid formation, previous studies have rarely addressed parameters such as 

productivity (mg L-1 h-1), specific activity (U gcdw-1) or specific yield (mg gcdw-1), which 

are, however, also highly important. 
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 The presence of a competing pathway (FPP synthase) and a mainly insoluble GPPS at 

30°C did not affect the amount of limonene produced in vivo. The main limitation of 

(mono)terpene production in recombinant E. coli appeared to be the availability of the terpene 

precursors IPP and DMAPP. The limonene concentrations obtained in shake flasks with 

glucose as carbon source (15-25 mg Laq
-1 of limonene) were of the same order of magnitude 

as those previously reported for the heterologous production of limonene in E. coli DH1 [8] 

that was engineered in a similar way to the strains used in this study and that was grown in a 

defined rich medium. A significant optimization potential was documented when all required 

heterologous pathway genes were combined on one plasmid, and when the heterologous 

MVA pathway was further optimized with respect to codon usage, promotor strength and 

selection of an appropriate source organism for the required genes [8].  

E. coli strains derived from K-12, harboring an optimized 2-C-methyl-D-erythritol 4-

phosphate (MEP) pathway, showed a 2.5-fold increased taxadiene (diterpene) production 

compared to the respective B strain variants [37]. In the present study, the selection of strains 

that were able to synthesize monoterpenoids via the heterologous MVA pathway does not 

appear to be the crucial factor, as all strains investigated produced similar amounts of 

limonene (± 25%). (Fig. 2, Table 2). One explanation might be that in contrast to the 

eukaryotic MVA pathway, the MEP pathway originates from E. coli and is thus better suited 

to meet the intrinsic regulatory requirements of the host. High levels of acetate and the highest 

limonene concentration were found for E. coli DH5α harboring the limonene formation 

pathway (Fig. 2). This was unexpected, as acetate formation is a sink for acetyl-CoA and was 

therefore assumed to be a competing pathway for the production of terpenoids. Nevertheless, 

a reasonable explanation for the correlation between acetate (leading to the generation of 1 

mole ATP per mole acetate) and limonene formation may be seen in the activity of the 

exogenously introduced MVA pathway. This pathway requires 6 moles of ATP for the 
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formation of 1 mole limonene, which might cause a significant metabolic burden. Although 

the final limonene concentration might seem low, the accumulation of (toxic) intermediates 

resulting from imbalances in the pathway, as well as the energy (and redox equivalents) 

required for expression of the genes involved, may increase the ATP demand even further. 

We therefore conclude that shortage of acetyl-CoA is does not limit the limonene production 

rate in E. coli under these specific experimental conditions. A similar finding was recently 

published for the biosynthetic production of long-chain fatty acids in E. coli that also starts 

from acetyl-CoA [38]. The knocking out of the two key genes of the acetate formation 

pathway, ack-pta (acetate kinase/phosphotransacetylase) and poxB (pyruvate oxidase) did not 

result in increased fatty acid concentrations [38].  

 

Reaction engineering: two-liquid phase setup 

Several studies have described a two-liquid phase approach for the in situ extraction of the 

terpenoids produced [39, 40]. Although an earlier study reported the production of limonene 

in E. coli in an aqueous medium alone [9], the addition of a second organic phase appeared to 

be a mandatory requirement in our experiments that were aimed at avoiding evaporation and 

facilitating limonene quantification. Loss of product by evaporation was proven by the fact 

that exogenously added limonene (100 µM) could no longer be detected by means of GC 

analysis (detection limit ~0.3 mg L-1) after incubation for 4 h at 30°C and orbital shaking in 

M9* medium. DINP was found to be best suited for the two-liquid-phase setup, since it is 

reported to have no significant impact on the growth rate of E. coli [23] and shows a favorable 

limonene partition coefficient (24.0 ± 2.7 x 103). In fact, the addition of DINP was beneficial 

in our experiments with respect to the prevention of limonene evaporation. The efficient 

extraction of the product also facilitated downstream product purification by distillation and 

most likely also decreased the toxic effects of limonene on the host cell.  
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Reaction engineering: glycerol as sole carbon source 

Glycerol as carbon source in fed-batch cultivation yielded a four-fold higher limonene 

concentration compared to glucose (Fig. 6). The beneficial effect of glycerol as sole or 

supplementary carbon source has been reported before for the fermentative production of 

carotenoids in MEP-engineered E. coli strains [41-43] and for sesquiterpenes in a MVA-

engineered E. coli strain [16]. However, the reasons for the reduced concentrations in the 

presence of glucose, remained unclear [41]. In the present study, the stability of the whole-

cell biocatalyst was shown to be responsible for the elevated limonene concentration observed 

in the glycerol-based fermentation (Fig. 7). The stabilizing effect of glycerol on isolated 

enzymes is well known [44, 45]. For whole-cell biocatalysis, however, metabolic effects 

rather than direct enzyme stabilization are to be expected. In general terms, glycerol exhibits a 

higher degree of reduction (κ = 0.47) per carbon atom as compared to glucose (κ = 0.40) [46]. 

It may therefore be beneficial for the formation of highly reduced compounds such as 

limonene (κ = 0.56). Furthermore, the incorporation of glycerol into biomass might result in 

the formation of additional reducing equivalents [46].  

Production rates and product yields 

The total productivities (or space time yields, STY) over the entire fed-batch cultivation 

periods were calculated as 5.6 mg Laq
-1 h-1 and 22.6 mg Laq

-1 h-1 for cells grown with glucose 

or glycerol as carbon source, respectively. The productivity observed for the glycerol-based 

experiment equals roughly one fourth of the productivity that is considered a threshold for 

developing a profitable production process for fine chemicals (100 mg L-1 h-1) [47]. 

Considering the maximum space time yields observed (~40 mg Laq
-1 h-1 for the glycerol-

limited cultivation), the rates are only 2.5-fold lower than the required minimum proposed for 
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 The specific limonene formation rates for E. coli BL21 (DE3) in fed-batch 

(75 mU gcdw
-1) and batch cultivation during exponential growth phase (85 mU gcdw

-1) were 

similar. Despite these promising results, the limonene yields based on the carbon source 

utilized during fed-batch cultivation were still rather low and were calculated to be 1.31 mg g-

1 and 4.10 mg g-1 when using glucose or glycerol as carbon source, respectively. These values 

translate into 0.45% and 1.0% of the theoretically achievable maximum (stoichiometric 

calculation), and are thus also similar to the yields obtained for E. coli BL21 (DE3) in batch 

cultivation (Table 2). Nevertheless, it has to be taken into account that a large proportion of 

the carbon utilized is directed towards the production of biomass and by-products. It might 

therefore be useful for future applications to decouple product and biomass formation.  

Conclusions 

The optimization of whole-cell processes requires a systematic analysis of the biocatalyst, e.g. 

the microbial cell, in the reaction process. In order to optimize the fermentative production of 

(S)-limonene in recombinant E. coli, the key engineering parameters were defined and 

analyzed at the genetic (pathway engineering, gene expression), physiological (toxicity, 

competing pathways), and technological (volatility, two-liquid phase reactor setup, 

downstream processing) levels. This systematic approach allowed the identification of the 

parameters that play a key role in monoterpene production, and subsequently the development 

of strategies for bioprocess optimization. In accordance with earlier studies, orthologous 

pathway engineering was crucial to overcoming limiting quantities of terpene precursors. This 

potential was successfully exploited in earlier studies [8, 11]. Maximizing productivity and 

stability of the microbial biocatalyst is also highly important. This can be achieved by 

specifically engineering the host strain and by modifying the reaction conditions. The results 

of the present study furthermore showed that mass transfer rates of oxygen and glycerol into 

the cells were not restrictive. This provides a basis to further optimize productivity by 
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exploiting the potential of the whole-cell biocatalyst. Future process improvement should also 

focus on the optimization of intracellular metabolite fluxes towards acetyl-coA, the supply of 

sufficient redox and energy equivalents, as well as cultivation and production conditions. 
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Tables  

Table 1: List of E. coli strains and plasmids used and constructed in this study.  

Strain Relevant characteristics Reference 

E. coli DH5α F–, Φ80dlacZΔM15, Δ(lacZYA-argF)U169, deoR, recA1, endA1, 

hsdR17(rK
–mK

+), phoA, supE44, λ–, thi-1,  gyrA96, relA1 

[48] 

E. coli BL21 (DE3) F–, ompT, hsdSB(rB
–mB

–), gal (c1875, ind1, Sam7, nin5, lacUV5-T7 

gene1), dcm (DE3) 

[49] 

E. coli JM101 glnV44, thi-1, supE, Δ(lac-proAB), F'[lacIq lacZΔM15 traD36 proAB+] [50] 

E. coli MG1655  F-, λ-, ilvG-, rfb-50, rph-1 [51] 

E. coli MG1655 DE3 

(Δpta, ΔldhA, ΔadhE) 

F-, λ-, ilvG-, rfb-50, rph-1,Δpta, ΔldhA, ΔadhE, (DE3) [52] 

E. coli SF7N ΔispA::neo derivative of W3110, Δ(srl-recA) 306::Tn10 [35] 

E. coli SF5 Δ(srl-recA) 306::Tn10 derivative of W3110 [35] 

Plasmids   

pMevT p15A, CmR , Plac, atoB-erg13-tHMGR1 [16] 

pMBIS pMB1, TetR , Plac, erg12-erg8-erg19-idi1-ispA [16] 

pMVAidi p15A, CmR, Plac, atoB-erg13-tHMGR1-erg12-erg8-erg19-idi1 this study 

pMA-T ColE1, KmR, holding vector GeneArta 

pMK ColE1, KmR, holding vector GeneArta 

pMA-T:KO ColE1, KmR, codon-optimized GPPS gene from Streptomyces sp. strain 

KO-3988  

this study 

pMK:LSAGPPPS2 ColE1, KmR, truncated and codon-optimized LS gene from M. spicata 

and truncated and codon-optimized GPPS2 gene from A grandis 

this study 

pET24a(+) ColE1, KmR, PT7, lacIq Novagenc 

pET24:AGPPS2 ColE1, KmR, PT7, lacIq, truncated and codon-optimized GPPS2 gene 

from A. grandis  

this study 

pET24:KO ColE1, KmR, PT7, lacIq, codon-optimized GPPS gene from 

Streptomyces sp. strain KO-3988  

this study 

pBAD/Myc-HisA ColE1, AmpR, ParaBAD, araC Life Technologiesc 
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pBAD:LS ColE1, AmpR, ParaBAD, araC, truncated and codon-optimized LS gene 

from M. spicata  

this study 

pMAL-p5x pMB1, AmpR, Ptac, lacIq, malE NEBd 

pTAC:LS pMB1, AmpR, Ptac, lacIq, truncated and codon-optimized LS gene from 

M. spicata  

this study 

pTAC:LS:AGPPS2 pMB1, AmpR, Ptac, lacIq, truncated and codon-optimized LS gene from 

M. spicata and truncated and codon-optimized GPPS2 gene from 

A. grandis 

this study 

aGeneArt, (Regensburg, Germany), bNovagen, Merck KGaA (Darmstadt, Germany), c LifeTechnologies 
(Darmstadt, Germany), d NEB, New England Biolabs (Frankfurt a. M., Germany) 
LS: limonene synthase, GPPS: GPP synthase   
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Table 2: Comparison of limonene production during batch cultivation of different 

recombinant E. coli strains containing the plasmids pMVAidi and pTAC:LS:AGPPS2. The 

growth rate µ was determined from the initial exponential phase. The theoretical 

stoichiometric maximum yield with glucose as C source was previously calculated as 0.32 g 

limonene per g glucose [2]. 

E. coli strain µ/ 

h-1 

Limonene/ 

µmol Laq
-1 

Limonene/ 

mg Laq
-1 

Spec.yield/ 

mg gcdw
-1 

Yp/s/ 

mg g-1 

of max Yp/s/ 

% 

DH5aa 0.30 140.2 ± 25.8 19.1 ± 3.5 12.0 ± 2.2 1.9 ± 0.4 0.60 

BL21 (DE3)a 0.32 111.5 ± 17.7 15.2 ± 2.4 9.5 ± 1.5 1.5 ± 0.2 0.47 

JM101a 0.34 89.0 ± 2.3 12.2 ± 0.3 7.6 ± 0.2 1.2 ± 0.0 0.38 

MG1655 WTa 0.32 143.2 ± 5.4 19.5 ± 0.7 12.2 ± 0.5 2.0 ± 0.1 0.61 

MG1655 DE3 Δa, b 0.34 81.3 ± 0.0 11.1 ± 0.0 7.0 ± 0.0 1.1 ± 0.0 0.35 

SF7Nc 0.16 139.9 ± 2.8 19.1 ± 0.4 15.1 ± 0.3 1.9 ± 0.0 0.60 

SF5c 0.16 151.4 ± 5.1 20.6 ± 0.7 17.6 ± 0.6 2.1 ± 0.1 0.64 

a 50 h, b MG1655 DE3 (Δpta, ΔldhA, ΔadhE), c 72 h 
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Table 3: Km values for the respective synthases involved in terpenoid synthesis. 

Enzyme Km(IPP)/ 
µM 

Km(DMAPP)/ 
µM 

Km(GPP)/ 
µM 

Reference 

FPP synthase 
(E. coli) 

4.0 50 8.7 [33] 

GPP synthase 2  
(A. grandis) 

50 90 - [34] 

Limonene synthase 
(M. spicata) 

- - 6.0 [53] 
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Figure 1: Schematic representation of the primary metabolism and the connection (via acetyl-

CoA) to the heterologously integrated pathway for the production of (S)-limonene in 

recombinant E. coli. Abbreviations: PPP (pentose phosphate pathway), OXPHOS (oxidative 

phosphorylation), atoB (acetoacetyl-CoA thiolase), HMGS (3-hydroxy-3-methylglutaryl-CoA 

synthase), tHMGR (truncated HMG-CoA reductase), MK (mevalonate kinase), PMK 

(phosphomevalonate kinase), PMDC (diphosphomevalonate decarboxylase), idi (IPP/DMAPP 

isomerase), IPP (isopentenyl diphosphate), DMAPP (dimethyl allyl diphosphate), GPPS 

(geranyl diphosphate synthase), GPP (geranyl diphosphate), (S)-LS ((S)-limonene synthase).  
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Figure 2: Limonene production in different E. coli strains harboring pMVAidi and 

pTAC:LS:AGPPS2 during two-liquid phase fermentation experiments carried out in a batch 

culture (M9* medium, 1% (w/v) glucose) with an aqueous:organic phase ratio of 4:1. A: 

E. coli DH5α, B: E. coli BL21 (DE3), C: E. coli JM101 D: E. coli MG1655. Glucose (z), 

acetate (�) and limonene (▲) concentrations were determined at regular intervals. The 

glucose data points were subjected to a Boltzmann regression (dotted line). All concentrations 

relate to the aqueous phase (40 ml). Error bars relate to two independent cultures.  
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Figure 3: Limonene production in E. coli MG1655 DE3 (Δpta, ΔldhA, ΔadhE) harboring 

pMVAidi and pTAC:LS:AGPPS2 during a two-liquid phase fermentation carried out in a 

batch culture (M9* medium, 1% (w/v) glucose) with an aqueous:organic phase ratio of 4:1. 

Glucose (z), acetate (�) and limonene (▲) concentrations were determined at regular 

intervals. The glucose data points were subjected to a Boltzmann regression (dotted line). All 

concentrations relate to the aqueous phase (40 ml). Error bars relate to two independent 

cultures. 
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Figure 4: The specific limonene yields (dark grey bars) in E. coli SF7N and SF5 harboring 

pTAC:LS:AGPPS2 and pMVAidi after 72 h with glucose as sole C source. The biomass 

concentrations (in gcdw L-1) are provided for comparison (light grey bars). Error bars relate to 

two independent cultures. 
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Figure 5: In vitro limonene production using cell extracts from E. coli BL21 (DE3) (panel A) 

and JM101 (panel C) cultures, both harboring pTAC:LS:AGPPS2. The temperature-

dependence of in vivo limonene production is shown in panel B and D for strains with 

pTAC:LS:AGPPS2 (light grey bars), and strains with pTAC:LS:AGPPS2 and pMVAidi (dark 

grey bars). In vivo experiments were run for 48 h after induction in a two-liquid phase system 

with DINP as inert organic phase (phase ratio 1:4, organic:aqueous volume). Limonene 

concentrations were normalized to the values obtained at 30°C.  
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Figure 6: Two-liquid phase fermentation processes with E. coli BL21 (DE3) (pMVAidi, 

pTAC:LS:AGPPS2) cultivated under carbon-limited fed-batch conditions in a 3.1 L reactor 

(glycerol: panel A, glucose: panel B). Biomass concentration (�), glycerol or glucose (z) and 

acetate (�) concentrations were monitored. The feed rate is given by the dashed line. The 

limonene concentration (▲) determined by GC relates to the organic phase (0.5 L), because 

of the changing volume of the aqueous phase during cultivation. The initial phase ratio was 

set to 1:2 (0.5 L DINP, 1 L M9 medium). The error bars of the biomass concentration are 

calculated from four measurements. Time point 0 indicates the beginning of fed-batch 

fermentation. Limonene concentrations of repeated experiments differed by less than ±12%. 

Panel C: Time course of specific activity (closed symbols) and observed limonene 

concentration (open symbols) during the two-liquid phase fed-batch cultivation of E. coli 

BL21 (DE3) (pMVAidi, pTAC:LS:AGPPS2) under either glycerol- (z, ○) or glucose-

limited (�, �) conditions. 
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