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Abstract

Objective Geraniol, a fragrance of great importance

in the consumer goods industry, can be glucosylated

by the UDP-glucose-dependent glucosyltransferase

VvGT14a fromVitis vinifera, yieldingmore stable ger-

anyl glucoside. Escherichia coli expressing VvGT14a

is a convenient whole-cell biocatalyst for this bio-

transformation due to its intrinsic capability for UDP-

glucose regeneration. The low water solubility and

high cytotoxicity of geraniol can be overcome in a

biphasic system where the non-aqueous phase func-

tions as an in situ substrate reservoir. However, the

effect of different process variables on the biphasic

whole-cell biotransformation is unknown. Thus, the

goal of this study was to identify potential bottlenecks

during biotransformation with in situ geraniol supply

via isopropyl myristate as second non-aqueous phase.

Results First, insufficient UDP-glucose supply could

be ruled out by measurement of intracellular UDP-

glucose concentrations. Instead, oxygen supply was

determined as a bottleneck. Moreover, the formation

of the byproduct geranyl acetate by chloramphenicol

acetyltransferase (CAT) was identified as a constraint

for high product yields. The use of a CAT-deficient

whole-cell biocatalyst prevented the formation of

geranyl acetate, and geranyl glucoside could be

obtained with 100% selectivity during a biotransfor-

mation on L-scale.

Conclusion This study is the first to closely analyze

the whole-cell biotransformation of geraniol with

Escherichia coli expressing an UDP-glucose-depen-

dent glucosyltransferase and can be used as an optimal

starting point for the design of other glycosylation

processes.

Keywords Whole-cell biocatalysis �
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Introduction

Glycosylation is a valuable method for increasing the

shelf life of volatile fragrance compounds contained in

cosmetic and household products (Schwab et al.

2015). A fragrance compound with high relevance in

the consumer goods industry is the monoterpenoid

geraniol (Rastogi et al. 2001). It can be glycosylated at

its hydroxy group, yielding less volatile and more

stable glycosides. The glucosyltransferase VvGT14a

from Vitis vinifera can transfer glucose from UDP-

glucose to geraniol, giving geranyl glucoside (Bönisch

et al. 2014). In order to use VvGT14a biotechnolog-

ically, the enzyme has to be produced in a recombinant

microbial host, e.g. Escherichia coli (E. coli). As

UDP-glucose is an expensive co-substrate and thus

cannot be added in stoichiometric amounts to bio-

transformation processes, an UDP-glucose regenera-

tion system is required. E. coli uses UDP-glucose as a

precursor for the synthesis of different polysaccha-

rides shaping the protective capsule on the cells’

surface, and therefore constantly regenerates this

nucleotide sugar (Whitfield 2006). This makes the

whole-cell biotransformation of geraniol in E. coli

expressing VvGT14a a promising approach to produce

geranyl glucoside. As geraniol acts as a cytotoxin for

E. coli at a concentration as low as 0.3 g L-1 (Huang

et al. 2016), a biphasic reaction system with a second,

non-aqueous phase serving as an in situ substrate

reservoir is convenient. The fatty acid ester isopropyl

myristate was identified as a suitable non-aqueous

phase with advantageous partitioning of geraniol into

this solvent and accumulation of geranyl glucoside in

the aqueous phase (logarithmic partition coefficients:

2.42 ± 0.03 and - 2.08 ± 0.05, respectively).

Besides that, isopropyl myristate showed further

advantageous properties like its low viscosity, poor

water solubility, biocompatibility to E. coli, low price

as well as increased formation of geranyl glucoside in

biotransformation reactions in comparison to the

purely aqueous systems (Priebe et al. 2018).

A schematic overview of such a biphasic biotrans-

formation system is depicted in Fig. 1. Three main

questions arise from this reaction scheme: First, does

the intracellular UDP-glucose supply suffice for the

biotransformation reaction? Second, are geranyl glu-

coside yields impaired by potential by-product for-

mation? Zhou et al. (2014) showed that

chloramphenicol acetyltransferase (CAT), which is

encoded on the pLysS plasmid commonly used in

E. coli BL21(DE3) to prevent basal protein expres-

sion, can acetylate geraniol, yielding geranyl acetate.

Finally, the question arises whether other, so far

unknown bottlenecks restrict geranyl glucoside pro-

duction. Existing studies on the whole-cell biotrans-

formation of geraniol with E. coli expressing

VvGT14a focused predominantly on the design of a

suitable biphasic system and presented final geranyl

glucoside concentrations in the range of 300 mg L-1

in batch processes (Priebe et al. 2018; Schmideder

et al. 2016). So far, the effect of different process

variables on the whole-cell biotransformation of

geraniol is unknown. This impedes the design of an

efficient biotransformation process.

Materials and methods

Chemicals and biocatalysts

Geraniol (C 90%) and isopropyl myristate (C 92%)

were obtained from Carl Roth, all other chemicals

were purchased from Sigma-Aldrich. Two different

E. coli strains were used as whole-cell biocatalysts:

E. coli BL21(DE3)pLysS/pET29a_VvGT14ao (in the

following abbreviated with E. coli pLysS), and E. coli

BL21(DE3)pLysSA/pET29a_VvGT14ao (in the fol-

lowing abbreviated with E. coli pLysSA). Both strains

contain the codon-optimized gene vvgt14ao on the

pET29a plasmid encoding for the glucosyltransferase

VvGT14a from Vitis vinifera, which additionally

harbours the kanR cassette. The cmR cassette from

pLysS was exchanged with the ampR cassette from

pGEX-4T-1 (GE Healthcare) in order to obtain

pLysSA. The DNA for cloning was amplified by

PCR using the primer pairs ATC GGT ACC CAA

AAAATACGC CCGGTAGTGATC and ATC CTC

GAG GGT GCT ACG CCT GAA TAA GTG for the

pLysS backbone, and ATC GGT ACC AAC CCC

TAT TTG TTT ATT TTT CTA AAT ACA and ATC

CTC GAG ATA TGA GTA AAC TTG GTC TGA

CAG for the ampR cassette. The PCR reactions were

performed with PlatinumTM II Hot-Start Green PCR

Master Mix (2X) (Thermo Fisher Scientific Inc.)

according to the manufacturer’s instructions. The

cloning was performed with the restriction enzymes

FastDigest KpnI, FastDigest XhoI (Thermo Fisher

Scientific Inc.), and T4 DNA Ligase (Promega
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Corporation) according to the manufacturer’s instruc-

tions. The complete plasmid sequences are provided in

the supplementary material.

Production and storage of whole-cell biocatalysts

The production of whole-cell biocatalysts on L-scale

was executed by high cell density cultivation as

described by Priebe et al. (2018), with the only

deviation that VvGT14a expression was induced

either with 0.1 or 1.0 mM IPTG (isopropyl b-D-1-
thiogalactopyranoside). Harvested cells were stored at

4 �C in the cultivation broth for a maximum of

20 days.

Parallel whole-cell biotransformations of geraniol

on mL-scale

Whole-cell biotransformations of geraniol on mL-

scale were performed as batch processes in a parallel

stirred-tank bioreactor system (bioREACTOR, 2mag

AG) equipped with gas-inducing stirrers (Puskeiler

et al. 2005) using sterile single-use unbaffled biore-

actors (2mag AG) with a reaction volume of 10 mL.

Reactions were executed for 24 h at an impeller

speed of 2200 or 4000 rpm, an aeration rate of

0.1 L min-1 in the headspace, a temperature of 30 or

37 �C and activated headspace cooling (20 �C) to

prevent losses in liquid volume by evaporation. The

concentration of the biocatalyst, which was resus-

pended in M9 mineral medium (1.0 g L-1 NH4Cl,

100 lM CaCl2, 6.0 g L-1 Na2HPO4, 3.0 g L-1

KH2PO4, 1 mM MgSO4, 0.5 g L-1 NaCl, pH 7)

Fig. 1 Schematic overview of the biphasic reaction system used

for the whole-cell biotransformation of geraniol in Escherichia
coli BL21(DE3). The conversion of geraniol to geranyl

glucoside is catalyzed by the plant glucosyltransferase

VvGT14a, with the respective gene vvgt14a being located on

a pET29a plasmid. The co-substrate UDP-glucose is regener-

ated from UDP and glucose by the endogenous E. coli
metabolism. Potentially, geraniol can also be converted to

geranyl acetate by the action of chloramphenicol acetyltrans-

ferase, which is encoded on the pLysS plasmid of the

biocatalyst. The whole-cell biotransformation takes place in

the aqueous phase (M9 mineral medium) of a biphasic system.

The non-aqueous phase isopropyl myristate acts as an in situ

substrate reservoir for geraniol and can be applied in phase

fractions of 5–40% (v/v) without affecting the biocatalyst nor

the biotransformation reaction. The logarithmic partition

coefficient (logPC) of geraniol between isopropyl myristate

and M9 is 2.42. Solid arrows indicate mass transfer of involved

compounds: Geraniol is pulled from the organic into the

aqueous phase and subsequently diffuses across the cellular

membrane. Geranyl glucoside passes the cellular membrane and

accumulates in the aqueous phase. The potential byproduct

geranyl acetate would most likely accumulate in the organic

phase, as it is even more hydrophobic than geraniol. Glucose is

added to the aqueous medium and is transported across the

cellular membrane
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after storage, amounted to 6 g L-1, the glucose

concentration to 20 g L-1. Geraniol was added to the

non-aqueous phase isopropyl myristate to give an

overall concentration of 0.8 or 1.6 g L-1. The

reaction medium consisted of M9 mineral medium

and 5–40% (v/v) isopropyl myristate. The pH and

dissolved oxygen (DO) were measured by fluoro-

metric sensors at the bottom of the reactors (Kusterer

et al. 2008; Janzen et al. 2015). The pH was not

controlled. For each data point, biological triplicates

(i.e. 3 reactors) were used. Phase separation after

biotransformations was achieved by centrifugation

(10 min, 3260 g).

Whole-cell biotransformations of geraniol on L-

scale

The whole-cell biotransformation with E. coli pLysS

onL-scalewas performed in a baffled 1.5L stirred-tank

bioreactor equipped with two Rushton turbines (Lab-

fors 3, Infors HT) with an operating volume of 1 L. The

pH was maintained at pH 7 with 25% (w/v) H3PO4 and

12.5% (v/v) NH3. The biotransformation was executed

for 72 h at 30 �C with an impeller speed of 1000 rpm

and an aeration rate of 2 L min-1. 6 g L-1 of the

biocatalyst were used in a system consisting of 20%

(v/v) isopropylmyristate inM9mediumwith 20 g L-1

batch glucose and 0.8 g L-1 geraniol. At 24 and 48 h,

glucose and geraniol additions were applied: 30 and

40 g L-1 glucose, respectively, and 0.8 g L-1 geraniol

at each point in time. Samples of 5 mL were taken

regularly, and the phases were separated by centrifu-

gation (10 min, 3260 g).

The whole-cell fed-batch biotransformation with

E. coli pLysSA on 0.4 L-scale was performed in a

baffled glass stirred-tank bioreactor equipped with two

Rushton turbines (DASGIP, Eppendorf AG) with an

initial operating volume of 0.4 L. The pH was

maintained at pH 7 with 25% (w/v) H3PO4 and

12.5% (v/v) NH3. The biotransformation was executed

for 47 h at 37 �C with an impeller speed of 1400 rpm,

an aeration rate of 2 L min-1 and a DO set-point of

30% air saturation. Temperature control was realized

by a heating/cooling block in which the reactor was

placed. 16 g L-1 of the biocatalyst were applied in a

system consisting of 5% (v/v) isopropyl myristate in

M9 medium with 0.6 g L-1 batch glucose and

1.6 g L-1 geraniol. A glucose feed was applied

(3.5–7 h: 1.7 g L-1 h-1, 7–26 h: 2 g L-1 h-1,

26–47 h: 1.7 g L-1 h-1). Samples of 5 mL were

taken regularly und the phases were separated by

centrifugation (10 min, 3260 g).

Quantification of intracellular UDP-glucose

and UDP

Biotransformations of geraniol were executed on mL-

scale as described earlier. Sampling was conducted by

quickly transferring the full content of a single-use

bioreactor to a 50 mL centrifugation tube filled with

20 mL triethanolamine (30 mM, pH 7) temperated to

95 �C. After incubating the sample at 95 �C for

precisely 5 min, the tube was centrifuged at 4 �C and

32609g for 10 min. The resulting aqueous phase was

split in six equal parts and the subsamples were mixed

with increasing amounts of UDP-glucose and UDP as

internal standards, resulting in final known concentra-

tions of 0, 1.25, 5, 25, 35 and 50 lM, respectively.

Thus, the standard substance is exposed to the same

sample matrix as the metabolite that is to be measured

in the sample so that both standard and metabolite

experience the same degree of absorptive loss and

degradation.

To quantify UDP and UDP-glucose in the

prepared samples, an ultrahigh performance liquid

chromatography-tandem mass spectrometry (LC–

MS) method, as described by Buescher et al.

(2010), was applied. First, the compounds were

separated with the column Acquity UPLC HSS T3

(Waters Corporation) at 40 �C. A binary gradient

was used with eluent A consisting of 10 mM

tributylamine, 15 mM acetic acid and 5% (v/v)

methanol, and eluent B consisting of 100% iso-

propyl alcohol. The injection volume amounted to

20 lL. Ionization of the analytes was achieved by

electrospray ionization with nitrogen as sheath gas

and argon as auxiliary gas. A triple quadrupole

mass spectrometer (TSQ Vantage, Thermo Fisher

Scientific) was used to detect the negatively

charged ions. The software Xcalibur 2.2 (Thermo

Fisher Scientific) was used for peak integration and

data analysis. In addition to the prepared samples,

100 lM pulses of UDP and UDP-glucose were

injected separately in order to determine their most

distinct mass to charge ratios. These were m z-1

403 and m z-1 565, respectively.

The peak areas of one internal standard series (and

thus one sample) were plotted against the known UDP
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or UDP-glucose concentrations. Calibration curves

were created by linear regression. The analyte’s

concentration cA in the sample was calculated from

the ratio of the curve’s axis intercept and its slope.

In order to calculate the intracellular concentration,

cell dry weights were determined in reactors operated

under identical conditions as the sampled reactors.

With an assumed intracellular aqueous volume of

1.9 mL g-1 for E. coli BL21(DE3), as proposed by

Wang et al. (2013), the total cellular volume VX in one

sample was calculated. By considering the dilution of

the aqueous reaction volume by the triethanolamine

buffer (20 mL), the intracellular concentration cA,intra
was estimated:

cA;intra ¼
cA
VX

� 20mL

Study on the promiscuity of CAT

The two strains E. coli BL21(DE3) and E. coli

BL21(DE3)pLysS were grown overnight at 30 �C
and 200 rpm in test tubes containing 4.9 mL mod-

ified LB medium (20 g L-1 peptone from casein,

10 g L-1 yeast extract, 5 g L-1 NaCl, 2.5 g L-1

K2HPO4, 1 g L-1 MgSO4 * 7 H2O, pH 7), 100 lL
cryostock of the respective strain and, for

BL21(DE3)pLysS, 0.034 g L-1 chloramphenicol.

Afterwards, the full content of the tubes was

transferred to 1 L shake flasks containing 242 mL

modified LB medium, 6 g L-1 glucose, and, for

BL21(DE3)pLysS, 0.034 g L-1 chloramphenicol.

The flasks were incubated for 7 h at 37 �C and

250 rpm. Afterwards, the cells were harvested

(3260 g, 10 min) and resuspended in M9 mineral

medium. For each strain, 6 g L-1 of cells were used

for the inoculation of 10 mL-reactors in the parallel

stirred-tank bioreactor system containing 20% (v/v)

organic phase in M9 mineral medium with 10 g L-1

glucose and 1 mM of the substrates chloramphenicol,

benzyl alcohol, 2-phenylethanol, vanillin, geraniol or

linalool. For the substrates benzyl alcohol, 2-pheny-

lethanol and vanillin, oleyl alcohol was used as the

organic phase, whereas isopropyl myristate was used

for geraniol and linalool. Chloramphenicol was the

only substrate applied in a single-phase aqueous

system. Reactions were conducted in triplicate at

30 �C and 2200 rpm for 15 h. Afterwards, phases

were separated by centrifugation (3260 g, 10 min)

and analyzed by high performance liquid chromatog-

raphy (HPLC).

Analytics

Monitoring of cell, glucose and acetate concentrations

was conducted as described by Schmideder et al.

(2016). The quantification of geraniol, geranyl glu-

coside and geranyl acetate was conducted by reversed-

phase HPLC as described by Priebe et al. (2018) with

typical elution times of 8.7 min, 7.0 min and

10.6 min, respectively. For the quantification of

chloramphenicol, chloramphenicol acetate, benzyl

alcohol, benzyl acetate, 2-phenylethanol, 2-pheny-

lethyl acetate, vanillin, vanillin acetate, linalool and

linalyl acetate the identical HPLC method was

applied, however partly with an UV detection wave-

length of 280 nm instead of 210 nm. The detection

wavelengths and elution times of all compounds,

including geraniol, geranyl acetate and geranyl glu-

coside, are listed in Table S1.

Results

Intracellular UDP-glucose supply

during the biotransformation of geraniol

To gain a better understanding of the UDP-glucose

supply during the batch biotransformation of geraniol

with E. coli pLysS, both UDP-glucose and its

metabolite UDP were quantified intracellularly during

biotransformations on mL-scale. A batch process

without the addition of geraniol served as a reference.

The results are depicted in Fig. 2. Due to the rather low

amount of data conclusions must be expressed with

caution. Nevertheless, we think that certain tendencies

can be observed: Both the qualitative and quantitative

course of UDP-glucose is similar for the biotransfor-

mation and the reference process: a decrease within

the first 10 h of the process is followed by a rather

constant course. All measured concentrations lie far

above the Km of VvGT14a for UDP-glucose as a

substrate, which amounts to 16 lM (Bönisch et al.

2014). The UDP level increases during the first 10 h of

the biotransformation, followed by a decrease. The

decrease can also be observed for the reference

process; however, no data exists for the first sampling

point. All determined UDP concentrations lie clearly
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below the half maximal inhibitory UDP concentration

of 600 lM for VvGT14a (Huang et al. 2016). The

geranyl glucoside concentration during the biotrans-

formation increases linearly within the first * 12 h

and remains constant afterwards. However, with the

data presented here, it can be ruled out that insufficient

UDP-glucose supply is the cause of stagnant geranyl

glucoside concentrations. Thus, a different bottleneck

seems to exist.

The role of oxygen supply

during the biotransformation of geraniol

This bottleneck was shown to be the availability of

oxygen during biotransformation (Fig. 3). Oxygen-

limiting conditions during the first 3 h of the biotrans-

formation resulted in decreased conversion of geraniol

(Fig. 3b), strong acetate formation of up to 4 g L-1

and a pH decrease from pH 6.5 to pH 5.5 (acetate and

pH data not shown). By increasing the stirrer speed

from 2200 to 4000 rpm on mL-scale, an oxygen-rich

reaction environment can be created (Fig. 3c), result-

ing in full conversion of 0.8 g L-1 geraniol, full

suppression of acetate formation and a less distinct

decrease in pH (acetate and pH data not shown).

Moreover, cell death can be avoided (Fig. 3d):

whereas the cells of the process with the lower stirrer

speed enter a death phase towards process end, the

biocatalysts of the experiment with the higher stirrer

speed transition into a stationary phase after distinct

cell growth within the first 8 h. However, despite full

conversion of geraniol, the geranyl glucoside yield

amounts to only 49.6% (based on a maximal

obtainable product concentration of 1.64 g L-1 from

0.8 g L-1 geraniol), indicating the formation of a

byproduct. Indeed, as speculated in the Introduction,

the formation of geranyl acetate could be confirmed

(Fig. 4a, data generated under oxygen-limited condi-

tions). Geranyl acetate accumulates only in isopropyl

myristate and not in the aqueous phase, as already

assumed in Fig. 1.

Elimination of by-product formation

during the biotransformation of geraniol

It is known that CAT, which is encoded on the plasmid

pLysS in the biocatalyst used here, can catalyze the

acetylation of geraniol (Zhou et al. 2014). Therefore,

the modified strain E. coli pLysSA with the cat gene

being replaced by a b-lactamase gene was investigated

respective by-product formation. This strain did

indeed not produce any geranyl acetate, proving that

CAT is accountable for geranyl acetate formation

(Fig. 4b). Both the original and the modified strain

showed an identical initial volumetric geranyl glu-

coside formation rate of 37 mg L-1 h-1 (calculated

from process start to 4 h of process time for pLysS,

and from process start to 5 h for pLysSA, using the

respective data points). However, to obtain this rate

Fig. 2 Intracellular UDP-glucose and UDP concentrations, as

well as geranyl glucoside concentrations during whole-cell

batch biotransformation of geraniol on mL-scale. Stirred-tank

reactors, V = 10 mL, t = 24 h, T = 30 �C, n = 2200 rpm, pH 7

(uncontrolled), 20 g L-1 glucose, 0.8 g L-1 (or 5186 lM)

geraniol, 6 g L-1 E. coli pLysS in M9 mineral medium with

40% (v/v) isopropyl myristate. An identical process, however

without the addition of geraniol, was conducted as a reference

process (white circles). Each data point represents the mean of

biological triplicates

123

252 Biotechnol Lett (2021) 43:247–259



with the modified strain, VvGT14a expression had to

be induced with 1 mM IPTG instead of 0.1 mM IPTG,

which was used for the original strain during the high

cell density cultivation.We further tested the supply of

different media additives during biotransformation

with the modified strain, particularly due to the weaker

VvGT14a expression in comparison to the original

strain. One of them was the addition of kanamycin to a

final concentration of 0.03 g L-1, which however did

not lead to a higher product formation. This indicates

no problem with plasmid loss during biotransforma-

tion (data not shown).

The promiscuity of CAT was further verified by

comparing the capacity for acetylation of different

alcoholic substrates for the two E. coli strains

BL21(DE3) and BL21(DE3)pLysS. Chloramphenicol

served as the reference substrate, and benzyl alcohol,

2-phenylethanol, vanillin, geraniol and linalool were

used as substrates for acetylation. BL21(DE3)pLysS

showed the highest activity towards chloramphenicol.

Besides, this strain acetylated all substrates except

linalool. BL21(DE3) exhibited either no activity

towards the substrates at all, or a small activity

towards benzyl alcohol and geraniol, which was

significantly lower than that of BL21(DE3)pLysS

(Fig. S1).

Byproduct-free geranyl glucoside production

on 0.4 L-scale

Since E. coli pLysSA is a suitable strain for the

byproduct-free glucosylation of geraniol, we investi-

gated whether the geranyl glucoside concentration can

be further increased during a biotransformation in a

stirred-tank reactor on 0.4 L-scale. Instead of batch

glucose, a glucose feed was applied, as a feed was

Fig. 3 Geraniol and geranyl glucoside concentrations, as well

as dissolved oxygen (DO) and cell dry mass concentrations

during batch biotransformations on mL-scale at either 2200 rpm

(black circles, black line) or 4000 rpm (white circles, gray line).

Stirred-tank reactors, V = 10 mL, T = 30 �C, pH 7 (not

controlled), t = 24 h, 6 g L-1 E. coli pLysS whole-cell

biocatalyst, 20 g L-1 glucose (full conversion for the process

at 4000 rpm, no data available for the process at 2200 rpm), 0.8

or 1.6 g L-1 geraniol, 20% (v/v) isopropyl myristate. The

intermittent drops in dissolved oxygen can be attributed to

sampling, where the stirrer had to be stopped briefly in order to

sample the entire content of the relevant reactors with cannulas.

Each data point represents the mean of biological triplicates
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shown to be advantageous for reducing acetate

formation (data not shown). Moreover, the biotrans-

formation temperature was raised from 30 �C to

37 �C, and an increased biocatalyst concentration of

16 g L-1 was used. A linear geranyl glucoside

formation occurred throughout the entire process time,

with a geraniol glycosylation selectivity of 100%

(Fig. 5). Due to insufficient power input of the applied

reactor system, the DO could not be kept above 30%

air saturation throughout the entire fed-batch process.

Nevertheless, distinct acetate formation could be

avoided by operating under glucose-limiting condi-

tions. The initially high acetate concentration was

quickly degraded within 10 h. The biocatalyst showed

slight cell growth and a final geranyl glucoside

concentration of 930 mg L-1 was obtained after

48 h with a selectivity of 100%. The geraniol conver-

sion amounted to 30% and the geranyl glucoside yield

was 28%. Nevertheless, it seems that the biotransfor-

mation could have been continued beyond the applied

process time as geraniol was still available and product

formation followed a linear trend. Moreover, the

experiment showed that the carbon source glucose

does not have to be provided in excess batch amounts

as in previously described processes but can be fed to

the reactor. Nevertheless, the biocatalyst should not

devolve into a resting state as then the biotransforma-

tion of geraniol is negatively affected (data not

shown). Usually, about 70–80% of the provided

glucose go into the maintenance of cellular processes,

15–20% go into biomass formation and only approx.

2% are required for geranyl glucoside formation.

Just as on mL-scale, the modified strain can

produce geranyl glucoside at the same rate as the

original strain (Fig. 6a). However, this result was only

achievable when VvGT14a expression was induced

with 1.0 mM IPTG instead of 0.1 mM IPTG during

the high cell density cultivation, and when – compared

to the process with the original strain – a higher

biotransformation temperature (37 �C instead of

30 �C) and an increased biocatalyst concentration

(16 g L-1 instead of 6 g L-1) applied. The prevention

of geranyl acetate formation is a major advantage of

the modified strain, as the original strain pro-

duced * 1 g L-1 of geranyl acetate on L-scale

(Fig. 6b).

Discussion

The goal of this study was to obtain a better

understanding of the glucosylation of geraniol with

the whole-cell biocatalyst E. coli pLysS expressing the

plant glucosyltransferase VvGT14a, and to design a

biotransformation process that enables enhanced ger-

anyl glucoside concentrations and selectivities.

As the supply with the co-substrate UDP-glucose is

a crucial factor for the biotransformation of geraniol

by VvGT14a, this nucleotide sugar and its metabolite

UDP were quantified intracellularly. The biocatalysts

actively involved in the production of geranyl

Fig. 4 Comparison of geranyl glucoside (black circles) and

geranyl acetate (white circles) formation during batch bio-

transformations of geraniol on mL-scale using the two E. coli
strains pLysS (a) and pLysSA (b). Stirred-tank reactors

V = 10 mL, T = 30 �C, n = 2200 rpm, pH 7 (not controlled),

t = 24 h, 6 g L-1 biocatalyst, 20 g L-1 glucose, 0.8 g L-1

geraniol, 40% (v/v) isopropyl myristate. Each data point

represents the mean of biological triplicates
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glucoside consume UDP-glucose to a very similar

extent as the cells of the reference process, which were

provided with the same amount of carbon and

nitrogen. Thus, the glycosylation of geraniol does

not negatively affect UDP-glucose levels. The con-

sumption of UDP-glucose can be attributed to its

intracellular usage as a precursor and building block

for other UDP-sugars and capsular polysaccharides

which constitute protective structures on the bacterial

surface (Whitfield 2006; Mao et al. 2006). However,

one must be careful with absolute UDP-glucose

consumption rates, as each measured value depicts

only a snap-shot and not the cells�capability for UDP-
glucose regeneration. Nevertheless, the capability for

active UDP-glucose regeneration becomes somewhat

apparent when comparing the UDP-glucose amount

required for the production of the measured geranyl

glucoside concentration to the 8.5-times lower mea-

sured decrease in intracellular UDP-glucose.

Intracellular turnover rates of high-abundance

metabolites such as UDP-glucose are assumed to be

significantly smaller than those of metabolites of the

central metabolism such as the glycolysis: whereas

turnover rates as high as 1 mM s-1 are reported for

Fig. 5 Geraniol, geranyl glucoside and glucose concentrations,

as well as the accumulated glucose feed (solid line in panel C),

cell dry mass concentrations, dissolved oxygen and acetate

concentrations during the fed-batch biotransformation of geran-

iol with E. coli pLysSA on 0.4 L-scale (Stirred-tank reactor,

V = 0.4 L, t = 47 h, T = 37 �C, n = 1400 rpm, DOset = 30%,

pH 7, 16 g L-1 biocatalyst, 0.6 g L-1 batch glucose, glucose

feed (3.5–7 h: 1.7 g L-1 h-1, 7–26 h: 2 g L-1 h-1, 26–47 h:

1.7 g L-1 h-1), 1.6 g L-1 geraniol, 5% (v/v) isopropyl

myristate). Data points with standard deviations derive from

technical triplicates
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cytosolic glucose, high-abundance compounds are

supposed to have turnover rates in the nM s-1 range

(Koning and Dam 1992; Tweeddale et al. 1998; Ward

and Glaser 1969). As the sampling of each reactor

took * 5 s, the turnover of significant UDP-glucose

amounts can thus be ruled out. However, one uncer-

tainty affecting the data has to be considered: For the

calculation of intracellular metabolite concentrations

the intracellular aqueous volume of an E. coli cell is

required. Here, a volume of 1.9 mL g-1 determined

byWang et al. (2013) for E. coliBL21(DE3) was used.

Other references, however, describe higher values of

2.15–3.2 mL g-1, with the values highly varying

depending on the overall cell fitness, the carbon

source, the growth rate and the type of medium

(Bennett et al. 2008; Park et al. 2011; Volkmer and

Heinemann 2011). However, the calculated UDP-

glucose and UDP concentrations appear to be within a

reasonable range when compared to values measured

by Bennett et al. (2009) in exponentially growing

cells. The literature values are * 5-times higher,

which seems natural though when comparing expo-

nentially growing cells to rather non-growing biocat-

alysts. All in all, we could show that the supply with

UDP-glucose is no bottleneck in the depicted bio-

transformation process.

Instead of the UDP-glucose supply, a different

variable was shown to be responsible for stagnating

geranyl glucoside formation: As soon as the whole-

cell biocatalyst is surrounded by an oxygen-limiting

environment during the first hours of a biotransfor-

mation, decreased geraniol conversion and distinct

acetate formation occur. The reason for discontinued

geranyl glucoside productionmight lie in the cytotoxic

properties of acetate and a resulting deactivation of the

cellular metabolism (Mey et al. 2007). This results in

resting biocatalysts, which are – as already mentioned

in Chapter 3.4—not suitable for the biotransformation

of geraniol. This finding could be underlined by the

fact that potassium phosphate buffer, which does not

provide any essential nutrients, is not a suit-

able medium for the biotransformation and results in

low product yields (data not shown). The upregulation

of the stirrer speed, which was used as the means for

increased oxygen supply, results in increased interfa-

cial mass transfer between non-aqueous and aqueous

phase. This might improve the availability of geraniol

for the biocatalyst and thus might as well positively

affect the geranyl glucoside formation rate. However,

different studies in stirred bioreactors showed that the

mass transfer of apolar substances in liquid–liquid

system is not limiting, even when using viscid silicone

oil (Fam and Daugulis 2012, Hernandez et al. 2010) or

when applying lower power inputs characteristic for

industrial-scale reactors (Schmid et al. 1998). In

accordance with these results, we observed that

increasing the overall geraniol concentration present

in the system and thus raising the interfacial

Fig. 6 Geranyl glucoside (a) and geranyl acetate (b) concentra-
tions during biotransformations of geraniol with E. coli pLysS
(gray circles) and E. coli pLysSA (black circles) on L-scale.

Biotransformation with E. coli pLysS: Stirred-tank reactor,

V = 1 L, t = 72 h, T = 30 �C, n = 1000 rpm, pH 7, 6 g L-1

biocatalyst, 20 g L-1 batch glucose, glucose pulses (24 h:

30 g L-1, 48 h: 40 g L-1), 0.8 g L-1 batch geraniol, geraniol

pulses (24/28 h: 0.8 g L-1), 20% (v/v) isopropyl myristate.

BiotransformationwithE. coli pLysSA (see also Fig. 5): Stirred-

tank reactor, V = 0.4 L, t = 47 h, T = 37 �C, n = 1400 rpm,

DOset = 30%, pH 7, 16 g L-1 biocatalyst, 0.6 g L-1 batch

glucose, glucose feed (3.5–7 h: 1.7 g L-1 h-1, 7–26 h:

2 g L-1 h-1, 26–47 h: 1.7 g L-1 h-1), 1.6 g L-1 geraniol,

5% (v/v) isopropyl myristate
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concentration gradient does not affect geranyl glu-

coside formation rates (data not shown).

Furthermore, we could show that CAT, encoded on

the pLysS plasmid of the used E. coli biocatalyst, is

responsible for undesired geranyl acetate formation

during the biotransformation of geraniol. Not only the

CAT activity towards geraniol, but also towards other

alcoholic substrates was confirmed here: Whereas the

acetylation of 2-phenylethanol by CAT is known

(Rodriguez et al. 2014), its capacity to acetylate

benzyl alcohol and vanillin was shown here for the

first time. The fact that benzyl alcohol and geraniol are

acetylated with much lower rates even in the absence

of CAT implies the presence of E. coli inherent

enzymes that can acetylate these molecules. More-

over, a correlation between the steric accessibility of

the alcohol group in the substrate and the extent of its

acetylation can be seen: 2-phenylethanol and geraniol

possess the easiest accessible alcohol groups and the

highest extent of acetylation. Steric hindrance might

also explain the entirely absent acetylation of linalool,

despite this substrate being geraniol’s constitutional

isomer. The findings underline the broad promiscuity

of CAT (Rodriguez et al. 2014; Alonso-Gutierrez et al.

2013), and the importance of proper strain selection

for a successful production of certain flavor and

fragrance compounds.

By replacing the cat gene on the pLysS plasmid of

the biocatalyst with a gene encoding for a b-lactamase,

geranyl acetate formation could be entirely prevented

during biotransformations of geraniol. However, the

modified strain showed significantly weaker expres-

sion of VvGT14a. Only by applying an elevated IPTG

concentration for the induction of VvGT14a

expression during high cell density cultivations, and

an increased process temperature and biocatalyst

concentration during the biotransformation, similar

geranyl glucoside formation rates as with the original

strain were obtained. It is unclear why the exchange of

solely the antibiotic resistance gene on the pLysS

plasmid has such a tremendous effect on VvGT14a

expression in E. coli. One explanation might be that

CAT acetylates a molecule or enzyme that is crucially

involved in transcription or translation of VvGT14a

and that such an acetylation improves the expression

significantly. Thus, measurement of transcription

levels in both strains could provide insights on the

different expression levels of VvGT14a. This is

particularly interesting for future research.

Biotransformations on L-scale with both the orig-

inal and the modified strain resulted in significantly

higher maximal product concentrations and space–

time yields than the processes described in literature

(Table 1). However, the reader has to keep in mind that

the values are not fully comparable due to different

applied reaction conditions and biocatalyst strains.

Thus, the table is rather intended to give an overview

of existing research. Especially the comparison with

results obtained by Schmideder et al. (2016) is

important, as there, the strain E. coli pLysS was used

as the biocatalyst as well. The study does not explicitly

report geranyl acetate formation. However, as the

strain contained the pLysS plasmid encoding for CAT,

the formation of the byproduct can be expected.

Table 1 Comparison of biotransformations with E. coli BL21(DE3)pLysS/pET29a_VvGT14ao (original strain) and E. coli
BL21(DE3)pLysSA/pET29a_VvGT14ao (modified strain) (see Figs. 5 and 6) with processes described in literature

Biotransformation Scale, L Process time, h cGG, max, g L-1 STY, mg L-1 h-1

This work: original strain 1 72 1.41 19.6

This work: modified strain 0.4 48 0.93 20.9

Schmideder et al. (2016)a 0.01 20 0.29 14.5

Caputi et al. (2008)b 1.15 24 0.18 7.6

GG geranyl glucoside, STY space–time yield
aStirred-tank reactors, V = 10 mL, T = 20 �C, n = 2200 rpm, pH 7, t = 20 h, 4 g L-1 E. coli BL21(DE3)pLysS/

pET29a_VvGT14ao, 10 g L-1 glucose, 0.2 g L-1 geraniol, 5% (v/v) ionic liquid [HPYR][NTF] in M9 mineral medium
bV = 1.15 L, T = 25 �C, pH 7.4, t = 24 h, * 35 g L-1 E. coli pGEX-2T_GT73C5 (precise strain unknown), glycerol feed, geraniol

feed, M9 mineral medium
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Conclusions

Overall, the present study shows that increased

geranyl glucoside concentrations can be obtained in

byproduct-free controlled whole-cell biotransforma-

tions of geraniol on L-scale. The depicted process can

serve as a starting point for the development of

production processes for other glycosides of industrial

interest. The glucosyltransferase VvGT14a has a

similar affinity for the fragrance compound citronellol

as for geraniol (Bönisch et al. 2014) and could thus be

easily used for the whole-cell biotransformation of this

compound, most likely with the identical process set-

up as presented here. E. coli whole-cell biocatalysts

expressing other recombinant glucosyltransferases

with different substrate preferences could also be

applied, capitalizing the generated knowledge on

suitable biphasic reaction systems and the potential

formation of undesired byproducts through acetyla-

tion. In this context, not only the glycosylation of

fragrance compounds but also of flavor molecules

should be considered. Flavor glycosides such as

vanillin glycosides can on the one hand confer a

prolonged aroma stability on processed food and

beverages. On the other hand, they can create a unique

taste experience due to the slow release of the flavor

aglycones by hydrolysis of the glyosidic bond trig-

gered by salivary enzymes.
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