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Abstract Selection of the ideal microbe is crucial for

whole-cell biotransformations, especially if the target

reaction intensively interacts with host cell functions.

Asymmetric styrene epoxidation is an example of a reac-

tion which is strongly dependent on the host cell owing to

its requirement for efficient cofactor regeneration and sta-

ble expression of the styrene monooxygenase genes styAB.

On the other hand, styrene epoxidation affects the whole-

cell biocatalyst, because it involves toxic substrate and

products besides the burden of additional (recombinant)

enzyme synthesis. With the aim to compare two funda-

mentally different strain engineering strategies, asymmetric

styrene epoxidation by StyAB was investigated using the

engineered wild-type strain Pseudomonas sp. strain

VLB120DC, a styrene oxide isomerase (StyC) knockout

strain able to accumulate (S)-styrene oxide, and recombi-

nant E. coli JM101 carrying styAB on the plasmid pSPZ10.

Their performance was analyzed during fed-batch cultiva-

tion in two-liquid phase biotransformations with respect to

specific activity, volumetric productivity, product titer,

tolerance of toxic substrate and products, by-product for-

mation, and product yield on glucose. Thereby, Pseudo-

monas sp. strain VLB120DC proved its great potential by

tolerating high styrene oxide concentrations and by the

absence of by-product formation. The E. coli-based cata-

lyst, however, showed higher specific activities and better

yields on glucose. The results not only show the impor-

tance but also the complexity of host cell selection and

engineering. Finding the optimal strain engineering strat-

egy requires profound understanding of bioprocess and

biocatalyst operation. In this respect, a possible negative

influence of solvent tolerance on yield and activity is

discussed.
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Introduction

Progress in recombinant DNA technology including DNA

synthesis and fast and cheap sequencing of industrially

relevant microorganisms offer new opportunities in strain

selection and engineering for whole-cell redox biocatalysis

[14, 32]. Bioprocess performance strongly depends on

interactions between the cell and the recombinant system,

such as enzyme synthesis and metabolism [30, 39, 45].

Strain selection criteria include general industrially relevant

features, such as high growth rates in simple media, suit-

ability for large-scale and high cell density cultivation,

availability of genetic manipulation tools and knowledge

[39], and more reaction-specific aspects, such as low

by-product formation, high tolerance for the substrate and

product, and high yields [30].

The whole-cell biocatalyst engineering strategy becomes

more important for biotransformations with multiple inter-

actions between the host cell and the recombinant reaction.

Oxygenase-based reactions, for example, strongly depend

on host properties not only on the level of target enzyme

synthesis, but also on the level of metabolism owing to their

dependence on redox cofactors [5, 24]. For oxygenase

catalysis, the application of whole cells is favored over the
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use of isolated enzymes, because metabolism can be

exploited as a powerful cofactor regeneration system and

for the degradation of reactive oxygen species originating

from uncoupling [15, 27, 51]. This study focuses on the

asymmetric epoxidation of styrene to (S)-styrene oxide

catalyzed by the NADH-dependent styrene monooxygenase

from Pseudomonas sp. strain VLB120 [35]. Efficient

whole-cell biocatalysts have been constructed by engi-

neering the wild-type strain, generating the styrene oxide

isomerase (StyC) knockout strain Pseudomonas sp. strain

VLB120DC, wherein product degradation was prevented

[38], or based on recombinant Escherichia coli expressing

the styrene monooxygenase genes styAB from a plasmid

[35, 36]. Interestingly, in activity assays, similar specific

activities have been reported for both strains with maxima

of 97 and 92 U/gCDW for Pseudomonas sp. strain

VLB120DC and recombinant E. coli, respectively [37, 38].

Fed-batch cultivation and two-liquid phase biotransforma-

tion with bis(2-ethylhexyl)phthalate (BEHP) as the extrac-

tive carrier solvent have been identified as the most

promising reaction setup [33, 38]. This process has been

intensified with respect to productivities and product titers

with E. coli as the host [26]. The maximum achievable

product titers were restricted by toxification of the E. coli-

based biocatalyst by the product (S)-styrene oxide and by

the by-product 2-phenylethanol [25, 26, 37]. Pseudomonas

sp. strain VLB120 belongs to a group of pseudomonads

which are able to tolerate high concentrations of toxic sol-

vents [17, 38]. Hence, the use of this strain deficient in the

styrene oxide isomerase gene offers a great opportunity to

increase the maximally achievable product titers.

The aim of this study was the comparison of these E.

coli and Pseudomonas biocatalysts with respect to their

performance in the production of the toxic product (S)-

styrene oxide by oxygenase catalysis. Thereby, biotech-

nological aspects in focus included productivities, specific

activities, solvent tolerance, biomass and product yields,

and by-product formation.

Materials and methods

Strain and cultivation conditions

Pseudomonas sp. strain VLB120DC [38] and E. coli

JM101 (pSPZ10) [29] were used in this study. The

expression plasmid pSPZ10 is based on the pBR322 vector

and contains the styrene monooxygenase genes styAB from

Pseudomonas sp. strain VLB120 under the control of the

alk regulatory system from Pseudomonas putida GPo1

[36].

Kanamycin (50 mg/L) and streptomycin (100 mg/L)

were used as selective markers for E. coli JM101 (pSPZ10)

and Pseudomonas sp. strain VLB120DC, respectively. The

strains were grown in lysogeny broth (LB) [3], M9 [43],

M9* [34], or RB medium for high cell density cultivation

[7]. M9 and M9* media were complemented with 0.5 %

(w/v) glucose, 1 mL/L US* trace element solution [34],

and 2 mL/L 1 M MgSO4. RB medium was supplemented

with 1.5 % (w/v) glucose, 1 mL/L US* trace element

solution, and 2.5 mL/L 1 M MgSO4 and adjusted to pH 6.8

using 25 % NH4OH and to pH 7.2 using 10 M NaOH.

Additionally, 1 mL/L 1 % (w/v) thiamine solution was

added to E. coli cultures.

Resting cell activity assays

Resting cell activity assays were performed as described

before [35, 38]. In short, M9* cultures were grown in

baffled shake flasks to a cell concentration of

0.10–0.15 gCDW/L, before induction was performed by

0.025 % dicyclopropyl ketone (DCPK) and 2 mM styrene

for E. coli and Pseudomonas, respectively. After induction,

incubation was continued for 4 h, before the cells were

harvested and gently resuspended to a cell concentration of

0.5 gCDW/L in 50 mM potassium phosphate buffer con-

taining 1 % (w/v) glucose. For the assay, 2-mL aliquots of

cell suspension were transferred to 15-mL Pyrex tubes and

equilibrated to the assay conditions (30 �C, 400 rpm) for

10 min inside a water bath. Then, the biotransformation

was started by the addition of the substrate. The reaction

was stopped by addition of 2 mL of ice-cold diethyl ether

containing 0.2 mM decane as the internal standard. After

extraction and phase separation by centrifugation, the ether

phase was transferred to GC vials for analysis.

Two-liquid phase biotransformation

Two-liquid phase biotransformations with Pseudomonas

sp. strain VLB120DC were performed by adapting the

procedure optimized for E. coli [24, 25]. A 100-mL M9

shake flask culture grown overnight was used to inoculate a

3-L KLF 2000 reactor (Bioengineering, Wald, Switzerland)

containing 900 mL RB medium [7]; 15 g/L glucose was

used as the carbon and energy source. The pH was main-

tained at 7.20 by adding 30 % phosphoric acid and 25 %

NH4OH solutions. The latter additionally served as a

nitrogen feed. The batch phase lasted approximately 12 h

(overnight). Aeration and stirring rate were maintained

constant at 1 L/min and 1,500 rpm, respectively. After

depletion of the carbon source, a feed consisting of 730 g/L

glucose and 19.6 g/L MgSO4�7H2O was started at a rate of

3.3 or 3.7 gglucose/L/h and increased exponentially to sus-

tain a growth rate between 0.15 and 0.25 h-1 until a bio-

mass concentration of approximately 20 g/L was reached.

The biotransformation was started by the addition of 1 L
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organic phase consisting of BEHP and styrene serving as

the substrate and inducer of styAB expression. During the

biotransformation the feed was kept constant at a rate of

8.8 or 10.4 gglucose/L/h. The dissolved oxygen concentra-

tion was kept above 20 % by increasing the stirring speed

(to a maximum of 2,800 rpm) and the aeration rate (up to

1.5 L/min). Antifoam A (Sigma-Aldrich Chemie GmbH,

Steinheim, Germany) was added in case of excessive

foaming. The biotransformation was monitored by taking

samples every hour as described previously [34]. For two-

liquid phase biotransformations, volumetric rates and

concentrations are given per liter of aqueous phase (Laq),

organic phase (Lorg), or total volume (Ltot).

Analytics

Concentrations of styrene, styrene oxide, and 2-phenyl-

ethanol were measured by a TRACE GC Ultra (Thermo

Fisher Scientific Inc., Waltham, MA, USA) equipped with

a FactorFour VF-5 ms column (Varian, Inc., Palo Alto,

CA, USA). Analytical conditions were identical as pub-

lished before [26]. Specific epoxidation activities are given

in units (U) per gram cell dry weight (CDW), whereby 1 U

is defined as the activity forming 1 lmol product per

1 min.

Glucose, glycerol, and acetate were separated on an

Aminex HPX-87-H column (Bio-Rad Laboratories, Her-

cules, CA, USA) in a LaChrom Elite HPLC system (Hit-

achi High Technologies America, Inc., Pleasanton, CA,

USA), after extraction of aqueous styrene, styrene oxide,

and 2-phenylethanol by BEHP [25]. The flow rate of 5 mM

sulfuric acid as the mobile phase was set to 1.0 mL/min.

The column temperature was kept constant at 40 �C.

Detection of the analytes was done by an L-2420 UV–Vis

and an L-2490 refractive index module.

Cell concentrations were determined spectrophotomet-

rically on a Libra S11 spectrophotometer at a wavelength

of 450 nm [4].

Results

Two-liquid phase biotransformations

Two-liquid phase styrene biotransformations based on fed-

batch cultivated Pseudomonas sp. strain VLB120DC cells

have been investigated before, whereby 290 mM (=34.8 g/

Lorg) (S)-styrene oxide was produced (Table 1) [38]. Dur-

ing this preceding study, the initial styrene concentration

and the biomass concentration at induction were low

Table 1 Process performance of two-liquid phase biotransformations

Parameter Units E. coli JM101

(pSPZ10)

P. sp. strain
VLB120DC

P. sp. strain
VLB120DC

P. sp. strain
VLB120DC

[26] [38] This study This study

Biotransformation time h 8 14.5 10.1 20.5

Initial styrene conc. mM 695 340 647 859

Final styrene conc. mM 21 20 40 32

Final styrene oxide conc. mM 604 290 408 588

Final 2-phenylethanol conc. mM 69 0 0 0

Cell conc. after batch phase gCDW/Laq 5.4 2.5 6.9 5.7

Cell conc. at start of biotransf. gCDW/Laq 14.1 5.5 19.3 20.0

Max. cell conc. gCDW/Laq 39.3 22 36.9 37.6

Glucose fed (biotransf.) g 91.0 85.2 88.9 193.2

Glucose remaining g/Laq 7.4 0.0 0.0 9.1

Acetate formed g/Laq 3.6 0.0 0.0 0.3

Average productivity g/Ltot/h 4.54 1.20 2.43 1.72

Max. spec. epoxidation rate U/gCDW 56 37 35 25

Biomass yielda gCDW/gglc 0.30 0.19 0.20 0.10

Styrene oxide yieldb gso/gglc 0.87 0.41 0.55 0.38

Styrene oxide yieldc mol/mol 0.90 0.91 0.67 0.71

Styrene oxide yieldd gso/gCDW 1.85 0.88 1.33 1.88

a Biomass yield on glucose during biotransformation
b Styrene oxide yield on glucose during biotransformation
c Styrene oxide yield on styrene during biotransformation
d Styrene oxide yield on biomass for entire process
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compared to the intensified setup with E. coli JM101

(pSPZ10) [26]. Therefore, two-liquid phase biotransfor-

mations were performed with the VLB120DC strain

according to the E. coli setup aiming at enhanced volu-

metric productivities and product titers applying higher

biocatalyst and substrate concentrations (Fig. 1, Table 1).

After Pseudomonas sp. strain VLB120DC was grown in

fed-batch mode to a cell concentration of 19.3 g/L, an

organic phase consisting of 920 mL BEHP and 80 mL

styrene (serving as the substrate and as the inducer) was

added to the reactor (t = 0 h) at an organic to aqueous

phase ratio of 1:1. After 1 h, the specific activity started to

increase quickly to 28–35 U/gCDW, before it steadily

decreased with ongoing biotransformation. In contrast,

recombinant E. coli maintained high maximum activities of

40–60 U/gCDW until toxification occurred at the end of the

biotransformation as indicated by sharply decreasing oxy-

gen and glucose uptake rates [26, 37]. The lower specific

epoxidation activity of Pseudomonas sp. strain VLB120DC

resulted in a longer biotransformation time until the

initially added styrene was completely converted.

Interestingly and in contrast to recombinant E. coli, Pseu-

domonas cells remained metabolically active until the end

of the biotransformation indicating a higher tolerance to the

accumulating styrene oxide.

In order to capitalize on the tolerance of Pseudomonas

for such high styrene oxide concentrations, the initial

substrate concentration was further increased to 10 % (v/v)

in the organic phase. Again, epoxidation started within the

second hour after organic phase addition (Fig. 2).

Compared to the experiment presented before, the

epoxidation activities were lower with a maximum of

25 U/gCDW being reached after 2.5 h. Again, the epoxi-

dation activities decreased steadily throughout the bio-

transformation. Although the added 859 mM styrene was

completely consumed, the overall productivity was low as

a result of the steadily decreasing activities and the long

biotransformation time.

After 11 and 13 h of biotransformation, the aqueous (S)-

styrene oxide concentration reached 2.9 and 3.1 mM,

respectively, levels which are known to be toxic for E. coli

[37]. In contrast to E. coli-based biotransformations [25,

a b

Fig. 1 Two-liquid phase styrene epoxidation by Pseudomonas sp.

strain VLB120DC with 80 mL styrene. At t = - 6 h, fed-batch

cultivation was started using a feed rate of 3.3 gglucose/h, which was

increased exponentially to support a growth rate of 0.15 h-1. At

-3.5 h, the feed rate was raised faster for a l of 0.20 h-1. The

feed rate was set constant at 8.8 gglucose/h, 0.5 h before the

biotransformation was started by the addition of styrene containing

BEHP phase (t = 0 h). a Time course of specific epoxidation

activities and styrene and styrene oxide concentrations in the organic

phase. b Time course of biomass, glucose, and acetate concentrations,

the feed rate, and pO2

a b

Fig. 2 Two-liquid phase styrene epoxidation by Pseudomonas sp.

strain VLB120DC with 100 mL styrene. At t = - 5.5 h, fed-batch

cultivation was started using a feed rate of 3.7 gglucose/h, which was

increased exponentially to support a growth rate of 0.25 h-1. The feed

rate was set constant at 10.4 gglucose/h, 1.3 h before the

biotransformation was started by the addition of styrene containing

BEHP phase (t = 0 h). a Time course of specific epoxidation

activities and styrene and styrene oxide concentrations in the organic

phase. b Time course of biomass, glucose, and acetate concentrations,

the feed rate, and pO2
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26], Pseudomonas sp. strain VLB120DC was able to tol-

erate these high product concentrations for another 5–7 h

as indicated by the low pO2 in the culture broth and high

glucose uptake rates. Furthermore, biotransformation con-

tinued. After 14.6 h of biotransformation, the glucose feed

was stopped for 20 min resulting in a halt of bioconversion,

which continued after feed resumption. The energy star-

vation introduced by the feed interruption may have trig-

gered the breakdown of metabolism observed after 18 h of

biotransformation. By-products were not detected by

HPLC analysis with the exception of small amounts of

acetic acid (\0.15 g/L).

For the first time, product titers comparable to those

reached with recombinant E. coli were achieved with a

Pseudomonas strain. However, the productivity was clearly

lower with the latter strain.

Investigation of product degradation in activity assays

No 2-phenylethanol was detected during biotransforma-

tions with Pseudomonas sp. strain VLB120DC. This by-

product was produced by E. coli JM101 (pSPZ10) at a rate

accounting for 10 % of the styrene oxide formation rate

[38]. The excellent styrene oxide yield on styrene of 91 %

previously observed for Pseudomonas sp. strain

VLB120DC was lower with the higher substrate and cell

concentrations and longer biotransformation times applied

in this study (Table 1). The substrate balance was not

closed during the two-liquid phase biotransformations

reported here (Figs. 1, 2). This points to a loss of substrate

over time by evaporation and/or substrate/product degra-

dation. Styrene stripping from the strongly aerated reactor

is known to occur during these biotransformations [26, 38],

although the loss was minimized by using an off-gas

cooling system. Furthermore, Pseudomonas strains are

known for their versatility in degrading diverse aromatic

compounds [2, 12]. Therefore, degradation of styrene and/

or styrene oxide was investigated in more detail by means

of resting cell activity assays.

First, the degradation of styrene oxide was tested. Nei-

ther Pseudomonas sp. strain VLB120DC nor E. coli JM101

(pSPZ10) was able to convert styrene oxide (Table 2).

Styrene degradation may involve the intermediate forma-

tion of phenyl acetaldehyde, which was observed as a by-

product during styrene epoxidation by isolated styrene

monooxygenase [20, 42]. Therefore, the two strains also

were investigated for phenyl acetaldehyde conversion

(Table 2).

Wild-type E. coli JM101 and induced E. coli JM101

(pSPZ10) converted phenyl acetaldehyde to 2-phenyletha-

nol at identical rates (Table 2). In accordance with the

results of two-liquid phase biotransformations, Pseudo-

monas sp. strain VLB120DC did not accumulate 2-phen-

ylethanol. Phenyl acetaldehyde was degraded without

detectable accumulation of intermediates. The rate of

phenyl acetaldehyde degradation was independent of

induction by styrene. Acetophenone, the secondary ketone,

remained unconverted with all investigated strains. In cell-

free KPi buffer, no conversion of styrene, styrene oxide,

phenyl acetaldehyde, and acetophenone was observed

except for slow epoxide hydrolysis to the respective diol at

a reduced pH of 5.5. The conversions of phenyl acetalde-

hyde described above can hence be ascribed to background

activities within the E. coli and Pseudomonas biocatalysts.

For Pseudomonas sp. strain VLB120DC, degradation of

phenyl acetaldehyde formed from styrene as a by-product

is expected to reduce styrene oxide yields on styrene

(Fig. 3).

Discussion

By-product formation

Unwanted side reactions during oxygenase catalysis

include multiple oxidation at different sites due to low

regiospecificities and overoxidation of the same carbon

atom, when the product (alcohol) also serves as substrate

Table 2 Specific activities for product conversion

Strain SMO expressiona Styrene oxide Phenyl acetaldehydeb Acetophenone

U/gCDW U/gCDW U/gCDW

E. coli JM101 – 0.0 17.9 ± 1.9 0.0

E. coli JM101 (pSPZ10) Induced 0.0 17.0 ± 1.4 0.0

Pseudomonas sp. strain VLB120DC Uninduced 0.0 18.8 ± 2.5 0.0

Pseudomonas sp. strain VLB120DC Induced 0.0 19.1 ± 1.5 0.0

Activity assays were performed in a water bath at 30 �C, 400 rpm for 120 min
a styAB gene expression was induced by 0.025 % DCPK and 2 mM styrene for E. coli and Pseudomonas, respectively
b In case of E. coli JM101, phenyl acetaldehyde was converted to 2-phenylethanol. In case of Pseudomonas sp. strain VLB120DC, phenyl

acetaldehyde was completely degraded

J Ind Microbiol Biotechnol (2012) 39:1125–1133 1129

123



[8, 47]. Styrene epoxidation by recombinant E. coli comes

with the formation of the by-product 2-phenylethanol at

approximately 10 % of the (S)-styrene oxide formation rate

[36, 37]. 2-Phenylethanol is most likely formed from

phenyl acetaldehyde, a by-product which was observed

during the application of isolated styrene monooxygenase

[20, 42]. Attack by the semiquinone radical on styrene

oxide was proposed as a mechanism [42]. Externally added

styrene oxide, however, remained unconverted in activity

assays with whole cells (Table 2). Phenyl acetaldehyde

was not detected during application of recombinant E. coli,

which can be explained by its reduction to 2-phenylethanol

as was observed when phenyl acetaldehyde was provided

as the substrate. Such unspecific alcohol dehydrogenase

activities have been observed before with recombinant

E. coli, catalyzing aromatic aldehyde reduction [9, 28, 31].

In contrast to E. coli, Pseudomonas sp. strain VLB120DC

degrades phenyl acetaldehyde without the accumulation of

any by-product via the native styrene degradation pathway,

which is present except for the styrene isomerase StyC [35].

The avoidance of by-product formation can be considered

beneficial for the overall biocatalytic performance, because

accumulation of toxic 2-phenylethanol is prevented. Beside

the avoidance of related inhibitory effects, this simplifies

downstream processing.

E. coli also tends to form acetic acid, when glucose is

used as the carbon and energy source [7, 37, 41]. Acetic acid

formation has been shown to be triggered by styrene oxide

[37], and concentrations of 3–10 g/L were observed during

two-liquid phase biotransformations with E. coli [25, 26,

37]. Acetic acid formation reduces the cofactor regeneration

yield per glucose consumed and negatively affects the

proton gradient across the cytoplasmic membrane [1, 5, 38].

In contrast, the acetic acid levels remained below 0.15 g/L

applying Pseudomonas sp. strain VLB120DC (Table 1).

This low tendency for organic acid formation is a clear

advantage of using Pseudomonas as the host for biocatalytic

oxidations, because efficient regeneration of reduction

equivalents is crucial for cofactor-dependent biocatalysis

and inhomogeneities in large-scale reactors might further

amplify acetic acid formation by E. coli [11, 16].

Solvent tolerance

Solvents with a log PO/W (logarithm of octanol–water

partition coefficient) between 1 and 5 are generally con-

sidered to be toxic to most microorganisms [19, 22].

However, several members of the genus Pseudomonas

were found to tolerate these solvents to a high extent [12,

21, 22, 35, 40, 52]. Pseudomonas sp. strain VLB120

belongs to this remarkable group of solvent-tolerant bac-

teria [17, 38]. Tolerance of low log PO/W solvents is an

enormous advantage in biocatalysis involving low log PO/W

compounds [13] including the epoxidation of styrene

(log PO/W 2.8) to styrene oxide (log PO/W 1.6). Whereas

the metabolic activity of E. coli JM101 (pSPZ10) was

severely affected by aqueous styrene oxide concentrations

in the range of 2–3 mM, Pseudomonas sp. strain

VLB120DC was able to maintain metabolic activities

(glucose catabolism, respiration) under these adverse

conditions for extended time periods (Figs. 1, 2), giving

evidence for its higher tolerance to these toxic solvents.

Specific activities and productivities

Styrene epoxidation activities of Pseudomonas sp. strain

VLB120DC were generally lower compared to E. coli

and steadily decreased with ongoing biotransformation

(Figs. 1, 2). The biocatalytic potential of the VLB120DC

strain was shown to be equal to that of E. coli in short-term

OOH

O

OH

O

styrene

dehydrogenase

Escherichia coli

Pseudomonas
sp.strain VLB120  C

Pseudomonas
sp.strain VLB120  C

phenyl acetaldehydephenylacetic acid

further
degradation

2-phenylethanol

(  )-styrene oxideS

StyAB

StyC

StyD

Fig. 3 Styrene epoxidation and

by-product formation by

Pseudomonas sp. strain

VLB120DC and E. coli JM101

(pSPZ10)
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resting cell assays, in which activities in the range of

60–100 U/gCDW were found with both strains [37, 38].

Maximal activities reported amount to 97 and 92 U/gCDW,

respectively. It should be noted that process conditions in

two-liquid phase biotransformations differ from resting cell

assay conditions in terms of substrate availability, product

concentrations, and physiological state of the cells [5, 8].

Regarding substrate availability, oxygen was present at a

concentration above 20 % of saturation at all time. These

levels are considered to be sufficient for both growth and

oxygenase catalysis [10, 15]. According to whole-cell

kinetics derived from continuous two-liquid phase culti-

vations [38], the low epoxidation activities of the

VLB120DC strain observed during two-liquid phase fed-

batch cultivations should not be due to styrene limitation.

The substrate concentrations in the organic phase were well

above the apparent KS of 18.8 mM for this two-liquid

phase system. It is noteworthy the mentioned kinetic data

were recorded in the presence of lower styrene and styrene

oxide concentrations. Specific epoxidation activities of the

solvent-tolerant VLB120DC strain might be restricted in

the presence of higher styrene and styrene oxide concen-

trations by two physiological effects. First, solvent defense

mechanisms, namely the efflux pumps, actively remove

solvents from the cells. This lowers intracellular styrene

concentrations, which might become limiting for the sty-

rene monooxygenase [6]. The observed decrease in activity

over time may be explained by stronger induction of sol-

vent tolerance genes with rising styrene oxide concentra-

tions. A similar effect may have led to lower maximum

activities with higher initial styrene concentrations.

The second possible influence of solvent tolerance on

the biocatalytic reaction involves the competition of energy

metabolism and oxygenase for reduction equivalents [6].

Several studies showed that the energy metabolism is sig-

nificantly increased in solvent-tolerant strains encountering

toxic compounds indicating a high energy demand to sus-

tain solvent tolerance. Proteome analyses of P. putida S12

and DOT-T1E revealed a strong upregulation of TCA-

cycle enzymes upon exposure to toluene [46, 49], which

was suggested as being part of the cellular strategy to

maintain adequate NAD(P)H levels. Metabolic flux anal-

ysis of P. putida DOT-T1E confirmed the high TCA-cycle

activity leading to an eightfold increase in the NAD(P)H

regeneration rate in the presence of toxic octanol compared

to reference conditions [6, 23, 44]. The styrene monooxy-

genase has to compete with the high demand of solvent

tolerance mechanisms for energy and reduction equivalents

in order to catalyze styrene epoxidation, the rate of which

was heavily reduced with recombinant P. putida DOT-T1E

in the presence of a second octanol phase [6]. Such a

competition is expected to increase when the VLB120DC

strain is exposed to rising styrene oxide concentrations and

thus may contribute to the steady decrease of specific

epoxidation activity. Thus, the results obtained in this study

indicate a trade-off between high specific epoxidation

activities and volumetric productivities, as achieved with

recombinant E. coli, and tolerance of high product titers

enabling high process durability, as achieved with the

Pseudomonas sp. strain VLB120DC.

Yields on glucose

Next to the potential impact on oxygenase activities, the

high maintenance energy demand as a result of exposure to

toxic solvents also affects the biomass yield on glucose

[6, 49]. The biomass yield decreased with increasing bio-

transformation times and styrene oxide concentrations.

From an economic perspective, high yields on the carbon

and energy source are crucial for industrial processes [18,

48, 50]. In the case of (S)-styrene oxide production by

recombinant E. coli, glucose was found to be the second

most important raw material cost factor after the organic

phase BEHP [25, 26]. This indicates that a Pseudomonas-

based biocatalyst can only be competitive if comparable

yields on the carbon source are reached. Hence, the obvi-

ous advantage of solvent tolerance needs to be weighed

against the disadvantage of the high energy demand of

these defense mechanisms.

The key to the application of solvent-tolerant pseudo-

monads is a better understanding of the underlying mech-

anisms of their metabolic versatility and exceptional

solvent tolerance. Such knowledge is necessary for sys-

tematic engineering approaches. Tackling the challenges of

low yields on energy source and lower activities in the

presence of toxic solvents is essential for bioprocessing

based on solvent-tolerant Pseudomonas strains.
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