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Abstract Isoprenoids represent a natural product class essential to living organ-
isms. Moreover, industrially relevant isoprenoid molecules cover a wide range of
products such as pharmaceuticals, flavors and fragrances, or even biofuels. Their
often complex structure makes chemical synthesis a difficult and expensive task and
extraction from natural sources is typically low yielding. This has led to intense
research for biotechnological production of isoprenoids by microbial de novo
synthesis or biotransformation. Here, metabolic engineering, including synthetic
biology approaches, is the key technology to develop efficient production strains in
the first place. Bioprocess engineering, particularly in situ product removal (ISPR),
is the second essential technology for the development of industrial-scale biopro-
cesses. A number of elaborate bioreactor and ISPR designs have been published to
target the problems of isoprenoid synthesis and conversion, such as toxicity and
product inhibition. However, despite the many exciting applications of isoprenoids,
research on isoprenoid-specific bioprocesses has mostly been, and still is, limited to
small-scale proof-of-concept approaches. This review presents and categorizes
different ISPR solutions for biotechnological isoprenoid production and also
addresses the main challenges en route towards industrial application.
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1 Introduction

Isoprenoids (the terms “isoprenoid”, “terpene”, and “terpenoid” are used synony-
mously throughout this work) are a class of natural products present in all living
organisms. The great diversity of structures accompanied by many varied biological
functions lets isoprenoids play a vital role in basic intra- and intercellular processes,
for example, as components of cell membranes, respiratory chains, photosynthetic
light harvesting systems, or as hormones. All isoprenoids are derived from prenyl
diphosphate precursors and consist of one or more C5 isoprene units which are
condensed to different isoprenoid classes (C5: hemiterpenoids, C10: monoterpenoids,
C15: sesquiterpenoids, C20: diterpenoids, C25: sesterterpenoids, C30: triterpenoids,
C40: tetraterpenoids and > C45: polyterpenoids). Terpenoids are major components of
plant essential oils and extracts whose antiseptic and medicinal effects and in par-
ticular their sensory properties and value for food preservation have been used since
the Middle Ages [8]. Nowadays, industrially relevant isoprenoid molecules cover a
wide range of products such as flavors and fragrances [83], pharmaceuticals [20], and
biofuels [66] corresponding to multibillion US$ markets.

The prime examples illustrating the tremendous progress made in isoprenoid
biotechnology are the microbial de novo synthesis of farnesene as both fragrance
and biofuel precursor [102], of amorphadiene and artemisinic acid as antimalaria
drug artemisinin precursors [65, 103], and of isoprene as a chemical commodity and
monomer for synthetic rubber synthesis [105]. Also, the plant cell culture based
biosynthesis of precursors of the anticancer blockbuster drug Taxol [51] represents
an important industrially applied isoprenoid biotechnology. Finally, in the area of
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microbial isoprenoid conversion, a number of high-yielding approaches have been
published as well, for example, for the biotransformations of limonene to perillyl
alcohol [21, 22], to perillic acid [54], and to α-terpineol [9] or of α-pinene oxide to
isonovalal [34], to name only a few. The reader is kindly referred to the respective
chapters in the same volume series addressing the biotechnology of specific iso-
prenoid products.

Due to their often complex structure, chemical synthesis of isoprenoids is usu-
ally difficult and expensive, and isolation from their natural sources is also typically
low yielding. In contrast, biotechnological strategies take advantage of the pro-
nounced regio- and stereo selectivities of enzymatic reactions (usually by use of
microbial cells) and the possibility of overproducing isoprenoids in tailored bio-
processes. One strategy is whole-cell biocatalysis, which is usually favored if
structurally closely related precursor molecules are abundantly available, for
example, the monoterpenes limonene or pinene for carvone or verbenone produc-
tion, respectively [44, 46], and therefore represent cheap starting materials. The
target products are often obtained by selective oxyfunctionalization reactions cat-
alyzed by only one or a few enzymes, such as P450 monooxygenases and alcohol
dehydrogenases. The other strategy follows the cell factory notion, that is, the de
novo biosynthesis with microorganisms, whose metabolism has to be comprehen-
sively re-engineered for isoprenoid production starting from inexpensive carbon
sources, such as sugar [20]. Metabolic engineering typically involves optimization
of the flux through isoprenoid biosynthetic pathways, that is, the methylerythritol
phosphate or MEP pathway, also referred to as the 1-deoxy-D-xylulose 5-phosphate
or DXP pathway, and the mevalonate (MVA) pathway, depending on the host strain
or strategy used. Both pathways lead to the key C5 isoprenoid intermediate iso-
pentenyl diphosphate, from which isoprenoid synthesis is usually continued
towards the final product via a cascade comprising prenyltransferase(s), a terpene
synthase, and often further terpene decorating enzymes [19].

The question remains why, despite the many economically interesting applica-
tions of isoprenoids and the intrinsic advantages of enzymes as highly selective
biological catalysts for isoprenoid formation, only few industrial-scale bioprocesses
have been established to date. In addition to the obvious challenges associated with
a comprehensive genetic reprogramming of cellular metabolism, research is also
consistently hampered by a couple of physicochemical properties of isoprenoids. A
recurring phenomenon in bioconversion or de novo synthesis of isoprenoids is the
hydrophobicity and volatility of the substrate and/or product, and the fact that these
properties are often accompanied by a pronounced cytotoxicity. However, hydro-
phobicity and volatility of isoprenoids can be exploited for developing selective
in situ product removal (ISPR) techniques which are usually also mandatory if
product toxicity is a major issue. Alternatives might be the improvement of
microbial resilience by genetic engineering or the use of solvent-tolerant microbes.
For this review chapter we compiled bioprocess engineering approaches for
microbial (bacterial and fungal) synthesis and conversion of isoprenoids with
special focus on technical solutions for ISPR. We present laboratory- and industrial-
scale bioprocesses and discuss the major hurdles towards industrial implementation.
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Microbial processes for the production of carotenoids and steroids as well as iso-
prenoid production by plant cell cultures and by engineering in vivo plant
isoprenoid biosynthesis are outside the scope of this review.

1.1 In situ Product Removal (ISPR)

Considering the physicochemical and biochemical properties of isoprenoids
(hydrophobicity, volatility, and toxicity, all of which are discussed in later chapters
of this review), a successful biotechnological production of isoprenoids has to rely
on both metabolic engineering and process engineering in order to overcome
inhibitory (reversible loss of activity) or toxic (irreversible loss of activity) effects of
isoprenoid precursors or products. Due to the characteristics of isoprenoids, bio-
process development needs to focus on the integration of ISPR techniques. ISPR
techniques have already been thoroughly investigated since the early 1980s due to a
recurring problem of bioprocessing: the productivity of biocatalytic processes is
frequently limited by the need to operate the reaction under conditions unsuited to
the biocatalyst [49, 89]. Although chemical synthesis can be relatively flexible in
matters of reaction conditions, biological systems have evolved over hundreds of
millions of years to function under relatively limited conditions, that is, in a com-
parably narrow “process window”. Applying the same economical necessities that
guide optimization of industrial chemical production processes to biological systems
and force biocatalysts to function outside the environment for which they have
evolved leads to compromises over bioreactor design and operation. Because inhi-
bition of enzymatic reactions or microbial growth is usually observed at elevated
product concentrations, dilute product streams and low productivities are charac-
teristics of biotechnological processes [84, 89]. A technical approach to overcome
the problem of low productivities is the application of ISPR for the immediate
separation of a product from the producing biocatalyst [35]. The separation is
achieved by compartmentalization of biocatalyst and substrate and/or product
thereby increasing the productivity or yield of a biotechnological process by

• Overcoming inhibitory toxic effects of the product or the substrate
• Minimizing product loss due to degradation or uncontrolled release
• Reduction of liquid volume by concentration of the product in a separate phase
• Reducing the total number of downstream processing steps.

Although the compartmentalization displays the aforementioned beneficial
effects it also introduces mass transfer fluxes of the product and/or substrate over
interfaces thereby creating new possible bottlenecks influencing process produc-
tivity and yield. In order to minimize adverse effects by limited mass transfer the
choice of the appropriate ISPR technique is as important as it is challenging.

Several techniques are available to separate inhibitory or toxic substances from
biotechnological processes depending on their physicochemical properties. Molec-
ular weight, hydrophobicity, volatility, charge, and specific binding properties of a
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compound can help to decide the appropriate ISPR technique [35]. Five main
techniques are available to remove a product from the vicinity of the biocatalyst [89].
Extraction into another phase makes use of differences in hydrophobicity of substrate
or product and biocatalyst. The receiving second phase may be an organic solvent, a
supercritical fluid, an ionic liquid, or another aqueous phase. ISPR by perstraction
involves the separation of the extractive phase from the biocatalyst-containing phase
by a membrane. High volatility favors evaporation as a separation technique.
Evaporation is accomplished by stripping or vacuum distillation. Pervaporation and
transmembrane distillation are applied as membrane-supported evaporation tech-
niques. Separation by size is achieved by dialysis, electrodialysis, reverse osmosis, or
nanofiltration. Depending on the charge of the target molecules, adsorption to
hydrophobic carriers, ion-exchange resins and affinity adsorption can be used.
Finally, a charged product may be precipitated by the addition of a counter-ion.

Figure 1 depicts possible configurations of bioreactor and separation units and
different modes of operation for the five principal ISPR techniques described above.

Fig. 1 Options of in situ product removal (ISPR) from a bioreactor. The ISPR can take place inside
the reactor (internal) or in an external loop. The biocatalyst can be in direct contact with the extractive
phase or may be separated by various techniques, such as a membrane (shown as dotted lines) or a gel
matrix. The biocatalyst-containing phase is shown in dark gray, the extractive phase is shown in light
gray. The complexity of the setup increases from 1 to 4. Modified after Woodley et al. [108]
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The physicochemical properties of isoprenoid compounds are reflected in the
chosen ISPR techniques listed in Tables 1 and 2. The hydrophobicity and volatility
of isoprenoid compounds favor extraction, hydrophobic adsorption, or evaporation.
Water solubilities of terpenes are generally low, with those for terpene hydrocar-
bons far lower than those for oxyfunctionalized terpenes. As an example, the sat-
uration concentration of limonene in water at 25 °C is around 0.15 mM, that of
carveol 19 mM [33]. The low water solubility of many terpenes and their high
activity coefficients in dilute aqueous solution results in their excessive accumu-
lation in the gas phase over the liquid phase, as compared to an ideal system
according to Raoult’s law. This leads to relatively quick stripping from an aqueous
phase under typical bioreactor conditions. For instance, limonene is completely
removed from an aqueous solution of 7.5 mg/L in a 3-L reactor, which is stirred at
1000 rpm and aerated with 0.9 L/min, within only 30 min [33]. This makes it
comprehensible, that even when applying certain ISPR methods substrate and/or
product loss may occur in significant amounts [15, 21, 64]. The following chapters
give examples of application of ISPR techniques in bioprocess engineering for
synthesis and conversion of isoprenoids using the categories depicted in Fig. 1.

2 Internal and External Removal of Isoprenoid Products
by Direct Contact

Bioprocesses with a direct contact ISPR technique according to numbers 1 and 3 in
Fig. 1 usually consist of a biocatalyst-containing aqueous phase and an immiscible
second phase. The second phase may be located inside the bioreactor (internal
removal) or in an external loop (external removal). The second phase functions
typically as either a product sink removing potentially inhibitory products from the
aqueous phase or a substrate reservoir delivering substrates at low concentrations to
the aqueous phase. This combination of substrate release and product removal is
often referred to as substrate feeding and product removal (SFPR) and can be seen
as a method to avoid the toxic effect of substrate and product. The second phase has
a larger affinity for the target compounds than the aqueous phase, allowing in the
case of substrate delivery the loading of large amounts of poorly water-soluble
substrate into the second phase. This extractive bioprocess concept is often referred
to as a two-phase partitioning bioreactor (TPPB) [24, 52]. In two-liquid phase
partitioning bioreactors for microbial processes the extractive second phase consists
of a hydrophobic liquid phase [28]. As an alternative to a liquid second phase a
solid extractive phase (e.g., a solid adsorbent material) can be used. Whether a
liquid or solid phase is used, the fundamental intention is to enhance the mass
transfer rate of apolar toxic compounds with low bioavailability and to control their
delivery or removal. The considerations involved in the selection of an appropriate
extractive phase, and the advantages and drawbacks of the application of a liquid or
a solid phase are discussed in the next two sections.
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2.1 Two-Liquid Phase Bioprocesses

In two-liquid phase bioprocesses a biphasic reaction medium is created by the
addition of a solvent with preferably low water-solubility to an aqueous phase
containing the biocatalyst. Biphasic systems assure compartmentalization, thus
avoiding inhibitory (reversible loss of activity) or toxic effects (irreversible loss of
activity) on the biocatalyst and minimizing substrate or product loss by volatilization.
The stirred-tank reactor is by far the most popular reactor type used in isoprenoid
bioprocesses. Out of the 36 isoprenoid bioprocesses with ISPR presented in this
review 33 used stirred-tank reactors (c.f. Tables 1 and 2). Another reactor type is the
airlift or bubble column reactor where interface mixing is accomplished by gas
bubbles [27]. Bioconversion or de novo synthesis of isoprenoids in liquid-impelled
loop reactors [98] have not yet been described for isoprenoid bioprocesses. In a
stirred-tank reactor the interfacial area available for mass transfer between the two
immiscible phases is easily regulated via agitator speed [50]. The two phases form a
fine emulsion under operational conditions. The average droplet diameter depends,
among other parameters, on agitator speed, resulting in a direct relation of total
specific surface area and agitator speed [99]. However, because the extractive phase
needs to be hydrophobic in nature in order to be able to extract a hydrophobic product
or deliver a hydrophobic substrate, it may convey toxic effects to the biocatalyst.
Hence, biocompatibility is one of the criteria for the selection of a suitable organic
phase. The toxic effect of an organic solvent or its biocompatibility can be correlated
with its log POct [47]. The log POct value describes the logarithm of the partition
coefficient of an organic solvent in a standard octanol–water system. Organic sol-
vents with log POct values greater than 4 are usually suitable for direct contact with
biocatalysts whereas lower log POct values generally result in loss of activity [18].
The log POct value helps to limit the screening effort by reducing the amount of
possible organic solvents to a manageable number. Sikkema and colleagues
described why relatively low aqueous concentrations of hydrocarbons can have a
devastating effect on cell membranes [87]. In their studies with liposomes prepared
from Escherichia coli phospholipids a correlation between the membrane–buffer
partition coefficients and the octanol–water partition coefficients (log POct) of several
hydrocarbons was found. According to this correlation, the sparingly water-soluble
monoterpene limonene (log POct = 4.46, water solubility 0.15 mmol/L) would par-
tition into the cell membrane and accumulate to a membrane concentration of up to
728 mmol/L (99 g/L). Consequences of hydrocarbon accumulation into and inter-
action with the cell envelope, the entity of cell membranes and cell wall, are cell
membrane swelling, destruction of proton motive force, alterations in enzyme
activities, and loss of cell membrane or cell wall integrity or function [17, 28, 88].

In addition to biocompatibility, other desirable criteria for an organic solvent as
extractive phase have been identified and phase volume ratio (organic volume/
aqueous volume) effects have to be considered (Table 3). The phase volume ratio
affects the amounts of water-soluble and poorly water-soluble organic components
present in the bioreactor, the degree of reduction or elimination of substrate or product
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inhibition, and the absolute and specific interfacial areas available for mass transport
[50]. The most common approach is to operate with the aqueous phase as the con-
tinuous phase with a phase volume ratio typically less than 0.3–0.4 (c.f. Table 1).

A couple of publications illustrate the challenges involved with solvent screening
following the desired properties listed in Table 3. Usually a number of organic
solvents with appropriate log POct values are compiled and experiments conducted to
determine biocompatibility, partition coefficients for substrate, and/or product and
biodegradability [6, 22, 37, 56, 80]. To test for biocompatibility an activity profile
can be created by plotting an organic solvent log POct against biocatalyst activity.
However, this activity profile is specific to a particular biocatalyst and the extent of its
contact with the organic phase [50]. The extent of contact depends on many process-
specific factors such as available interfacial area, power input by mixing or shaking,
concentration of surface-active components, concentration of biocatalyst, and the
amount of organic solvent, to name a few. These factors may change during the
bioprocess or with bioprocess scale. Therefore, the selection of a suitable organic
solvent remains empirical and is often limited to the investigated setup. For example,
using recombinant E. coli for the biotransformation of α-pinene (log POct = 4.5)
presented as a separate organic phase in shaking flasks resulted in product formation
[81]. In contrast, the application of stirred-tank bioreactors using the same biocata-
lyst, aqueous medium, and phase volume ratio led to a complete loss of biocatalyst
activity due to extended contact of the biocatalyst with α-pinene. Activity could be
regained by the use of a different organic phase with a higher log POct value [80] as a
reservoir for α-pinene, “masking” its detrimental effects.

Table 3 Desirable
characteristics, selection
criteria, and phase volume
ratio considerations of an
organic phase in two-liquid
phase bioprocesses [18, 50]

Desirable solvent characteristics

Favorable distribution coefficient for product
High selectivity
Low emulsion-forming tendency
Low aqueous solubility
Chemical and thermal stability
Favorable properties for product recovery
Nonbiodegradability
Nonhazardous
Inexpensive
Available in bulk quantities
Biocompatibility

Factors to consider

Solubility limit of S and P in organic phase
Solvent recycling options
Environmental impact

Phase volume ratio effects

Ease of pH control
Nature of dispersed phase
Possibility of phase inversion
Ease of phase separation
Interfacial area available for mass transfer
Inter-droplet mixing
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Searching for a suitable organic phase for the biotransformation of carveol to
carvone with Rhodococcus erythropolis DCL14, Morrish and colleagues deter-
mined the critical log POct of R. erythropolis DCL14 by exposing the cells to a
selection of 12 organic solvents with log POct ranging from 1.25 to 9.04 [56]. The
critical log POct of R. erythropolis DCL14 was found to be 5 in shake flask
experiments. After further shake flask studies on biodegradability and determina-
tion of partition coefficients three organic solvents remained for bioreactor testing.
Bioconversions were now tested in a stirred-tank reactor at a phase volume ratio of
0.16. In the end silicone oil proved to be the most suitable solvent although 1-
dodecene showed superior affinity for the product. In contrast to experimental data
from shaking flask experiments strong emulsion formation was observed when 1-
dodecene was used as the organic phase in the stirred-tank reactor. The afore-
mentioned examples illustrate the setup-specific nature of solvent screening
experiments. Screening at smaller scales is less laborious and time consuming,
however, the results are often not transferable to larger scale, especially if shake
flask experiments are intended to optimize aqueous–organic two-liquid phase
bioprocesses. Here, parallel fermentation systems are far superior as they are run
under realistic process conditions at small scale.

The formation of emulsions, although in some cases advantageous for creation
of a large interfacial area, may create significant problems in separation of the
organic phase for further product removal; furthermore, organic phase or cell
recycling represents an important practical issue in downstream processing of
industrial-scale bioprocesses [39]. Surface-active components, often produced by
microorganisms themselves as a protective mechanism or to improve substrate
availability, impede phase separation and promote the formation of stable emul-
sions. Phenomena associated with stable emulsions in isoprene-producing biopro-
cesses were described as difficulties in determination of cell, substrate, or product
concentration [56]; formation of a third phase partitioning of cell mass in the
organic phase [26]; or problems in recovery of organic solvent and product [96].
The tendency for emulsion formation can change with phase volume ratio. A phase
volume ratio of 0.2 led to a complete emulsification of dodecane in a stirred-tank
reactor bioconversion of carveol to carvone by R. erythropolis whereas at a phase
volume ratio of 0.4 half of the solvent was emulsified [26]. Although cell migration
into the organic phase and problems in phase separation were reported, the bio-
process with complete emulsification of the organic phase yielded the highest
carvone production rates compared to other configurations such as a membrane
reactor.

Although strong emulsion formation of hexadecane with the aqueous phase
during the reduction of geraniol to citronellol by Saccharomyces cerevisiae caused
the authors to eventually employ a membrane reactor (indirect contact, c.f. Fig. 1)
which actually eliminated emulsification, the space–time yield and product con-
centration was higher when the direct contact ISPR technique in a stirred-tank
reactor was used [29, 96]. Furthermore, the spontaneous formation of an oil-in-
water emulsion was found advantageous in an aqueous–organic two-phase bio-
process for isonovalal production from α-pinene oxide by Pseudomonas rhodesiae
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[34]. Considering that emulsion droplet sizes in aqueous–organic two-phase sys-
tems in stirred-tank reactors can be as small as 10 µm resulting in organic–aqueous
interfacial areas of 130 m2 dm−3 [82], mass transfer limited reactions can profit
from emulsion formation. However, droplet-stabilizing surface-active components
such as fermentation broth, proteins, biomass, and biosurfactants can also consid-
erably reduce the overall mass transfer coefficient by adsorbing to the aqueous–
organic interface thereby damping turbulence transfer across the interface or, in the
case of biomass, probably by blockage of the available interfacial area by multi-
layers of biomass [69]. These examples demonstrate the mixed blessing of emulsion
formation in aqueous–organic two-phase processes: that is, increased mass transfer
rates versus problems in phase separation and product or cell recovery.

Additional aspects of solvent selection may involve the physicochemical nature of
the organic phase. Vegetable oil was favored over hexadecane in the biotransfor-
mation of limonene to α-terpineol by Sphingobium sp. because a vegetable oil phase
helped to achieve good anaerobic conditions that increased α-terpineol synthesis [9].
Other effects of the organic phase on biocatalyst or reaction can be: an influence on
the enantiomeric specificity of the reaction accompanied by reduction of the e.e.
value [96] or degradation of the organic phase by the microorganism [27].

In addition to instant removal from the vicinity of the biocatalyst the organic
phase can serve as a protective environment for the product. Direct contact with an
aqueous phase can cause autoxidation of terpenoid products and immediate
extraction into an organic phase makes product accumulation possible in the first
place such as in the case of nootkatol and nootkatone [37] or pinene oxide [80].

Long-chain alkanes (dodecane, hexadecane), silicone or vegetable oil, or diesters
of phthalic acid [bis (2-ethylhexyl) phthalate, diisononyl phthalate] are examples for
commonly used biocompatible organic solvents with high log POct values in iso-
prenoid-producing bioprocesses (c.f. Table 1). Alternatively, a neat phase of sub-
strate may be used for both substrate reservoir and extractive phase for the product,
forming a SFPR system as published by Savithiry and colleagues who used
undiluted limonene as the extractive phase during the bioconversion of limonene to
α-terpineol by recombinant E. coli [76]. During the de novo production of biofuel
sesquiterpenes farnesene or bisabolene by recombinant S. cerevisiae and E. coli, the
insoluble product readily separates from the aqueous phase forming an aqueous–
organic two-phase system in the course of the bioprocess which then acts as a
product sink for further product extraction [67, 74]. Of course application of
undiluted terpenoid substrate or product in an aqueous–organic two-phase system
implies insignificant toxic and inhibitory effects on the biocatalyst.

Biofilm formation has been described as disadvantageous in terpene biocon-
version studies when they interfered with substrate or product transport between the
extractive phase and the biocatalyst [27, 57], however, biofilms can be used
deliberately in biocatalytic approaches. Using catalytic biofilms allows for the
exploitation of the advantages of a continuous reactor operation such as cell reuse,
steady-state conditions with constant product qualities, and avoidance of down-
times, while at the same time the disadvantages of immobilization including
reduced absolute activity and viability of the biocatalyst, additional costs, and lack
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of universally applicable immobilization concepts are avoided [38]. For isopre-
noids, the only example described thus far followed an alternative approach using
biofilms in direct contact with an extractive phase. The microbes are grown on
nutrient-soaked carrier materials and then brought into direct contact with the
substrate via a biocompatible organic carrier solution [61, 62]. Oxygen is supplied
through the organic phase which may exhibit higher oxygen solubility compared to
water [63]. A major disadvantage, however, is that the nutrient and water content
and accumulation of metabolic by-products in the hydrophilic carrier material
cannot be controlled during the process.

Considering the isoprenoid bioprocesses with direct contact and internal removal
listed in Table 1 it is notable that only laboratory-scale systems with total reaction
volumes typically below 10 L have been published and that most publications
describe a proof-of-concept without further investigating product purification from
the receiving phase. Exceptions are the distillation of limonene produced by
recombinant E. coli from diisononyl phthalate [107], the purification of artemisinic
acid from isopropyl myristate [65], and a stirred-tank reactor operated in continuous
cultivation mode with a continuous recovery of the product α-santalene and
regeneration of the extractive solvent dodecane [78]. On the shaking flask scale the
recovery of bisabolene from the organic phase and its purification and subsequent
chemical treatment have been described [67]. The only example of an industrial-
scale isoprenoid bioprocess with direct internal removal of the product remains the
production of the sesquiterpene farnesene by Amyris Inc. [102]. However, technical
details of this process were not published.

2.2 Solid Phase Extraction

An extractive liquid organic phase of a TPPB can be replaced by a solid phase. It
was found that some thermoplastics have strong affinities for hydrophobic organic
molecules and show partitioning behavior similar to organic solvents and can
therefore function as second phase and product sink or substrate source [3].
Polymers display several advantages and disadvantages in comparison to a liquid
phase (Table 4). Desirable polymer characteristics in solid–liquid TPPBs are also
listed in Table 4.

Few researchers employed the adsorption of isoprenoid products to polymers
directly added to the aqueous phase (c.f. Table 1). Usually dispersed organic sol-
vent droplets of an oil in water emulsion in a two-liquid phase-partitioning biore-
actor form a larger available surface area and allow higher mass transfer rates
because the droplet size is significantly smaller (µm scale) compared to the typical
size of solid polymer materials (mm scale). For example, with an estimated droplet
size of 30 µm, 50 mL of organic solvent in 1 L of aqueous phase form a total
specific interfacial area of 8.7 m2 dm−3 [99]. In contrast, 50 g of solid spherical or
cylindrical beads with diameter of 2–4 mm result in a total specific interfacial area
of 0.07 m2 dm−3 in 1 L of aqueous phase [72]. Furthermore, equilibrium in a
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liquid–liquid system is established almost instantaneously whereas equilibrium
between a solid and liquid phase can be delayed due to diffusion into the solid
polymer matrix [72]. Nevertheless, application of solid polymer materials as the
extractive phase can lead to improved volumetric productivities compared to two-
liquid phase-partitioning bioreactors. Utilizing two important advantages of solid
polymers, the biocompatibility and low emulsion formation tendency, the volu-
metric productivity of the biotransformation of carveol to carvone by R. ery-
thropolis DCL14 was improved by a factor of 3.5 in comparison to a two-liquid
phase-partitioning bioreactor where strong emulsion formation was observed [57].
The fact that, in contrast to experiments in a two-liquid phase-partitioning biore-
actor, no dramatic morphological changes to the cells were observed provided proof
for superior biocompatibility of polymer beads. Selection criteria for a suitable
polymer material were bioavailability, partition coefficients, thermal stability, and
biofilm formation tendency. The ease of separation of solid polymer material from
the aqueous phase and the straightforward approach for product recovery led to
high product concentrations and purities in eluates [15, 57] or even a crystallized
product of 98 % purity [54].

On a laboratory scale product extraction from polymer beads may be much
easier than the removal of products from a liquid–organic extracting phase where
distillation of the solvent or back extraction using another immiscible solvent is

Table 4 Advantages, disadvantages, and desirable properties of polymer beads for direct contact
ISPR [73]

Advantage

Biocompatible
No emulsion formation
Resistance to microbial degradation
Reusable
Ease of separation from aqueous phase
Polymer structure can be tailored to enhance selective absorption of the desired

target molecule(s)

Disadvantage

Low capacity determined by surface area
Mass transfer limitations due to biofilm formation
Delayed equilibrium between solid and liquid phase due to low diffusion rates

Desirable properties

Commercially available at a low cost
Nonhazardous
Nontoxic to the employed organisms
Not consumed as carbon and energy source or otherwise biodegradable
Not promoting biofilm formation under operational conditions
Possessing desirable affinity for the target molecule(s)
Thermally stable for sterilization purposes
Stable in aqueous medium at the pH and electrolyte concentration of the

employed culture medium
Stable in medium employed to load polymer with target compounds
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required. However, on an industrial scale the additional step of polymer bead
separation and subsequent product recovery may disproportionately increase pro-
cess costs. Another problem arises when polymer beads are used in bioconversions
where substrate and product share similar physicochemical properties. In these
cases the polymer material may not be selective enough which can lead to decrease
of conversion yields. Polymer beads were used to feed the substrate linalool and
simultaneously remove the product linalool oxide during the bioconversion cata-
lyzed by Corynespora cassiicola DSM 62475 [15]. Inasmuch as linalool and lin-
alool oxide share similar adsorption characteristics to the polymer material used,
35 % of the substrate linalool was still eluted from polymer beads at the end of the
process, thereby reducing the conversion yield. If the substrate and the product
possess significantly different physicochemical properties polymer material can be
successfully used in a SFPR approach. Anion exchange polymer beads (Amberlite
IRA 410 Cl) were used to remove perillic acid efficiently from limonene biocon-
version catalyzed by Pseudomonas putida GS1 [54]. The same adsorber was used
by Alonso-Gutierrez et al. [2] to remove the product perillyl alcohol selectively
from a de novo biosynthesis with a recombinant E. coli shake flask culture while
avoiding detracting the immediate precursor in the isoprenoid pathway, limonene.
The latter problem occurred when dodecane was used as an overlying organic phase
instead, disabling perillyl alcohol formation.

3 Internal and External Removal of Isoprenoid Products
by Indirect Contact

Bioprocesses with an indirect contact ISPR technique according to numbers 2 and 4
in Fig. 1 usually separate the biocatalyst from the extractive phase. The extractive
phase may be located inside the bioreactor (internal removal) or in an external loop
(external removal).

3.1 Stripping and Pervaporation

The high vapor pressure of some isoprenoids favors their transition from the liquid
phase to the vapor phase at bioprocess temperatures. If the vapor phase is mobile as
in the case of bioreactor off-gas the isoprenoid compound is stripped from the liquid
phase. Stripping can effectively reduce the concentration of the isoprenoid product
in the aqueous phase and avoid toxic effects on the biocatalyst. A straightforward
way to remove isoprenoid volatile products from bioprocesses is their separation
from bioreactor off-gas streams by adsorption to a solid-phase material such as
activated carbon [105] or thermoplastics [45, 64, 68], or absorption into a hydro-
phobic liquid [4, 5]. The receiving phase has a certain affinity and capacity for the
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product: that is, at certain product loadings breakthrough of product leading to
product loss occurs if no technical countermeasures (gas sensor, change of reser-
voir) have been installed [64, 105]. In addition to affinity and capacity of the
receiving phase variables determining the efficiency of stripping are temperature
and abundance of other gases such as CO2, low molecular weight contaminants, or
water vapor [105]. Desorption from adsorber materials can be achieved with
organic solvents or, in the case of isoprene, by steam or nitrogen followed by
condensation of the product vapor into the concentrated liquid product. Purification
from absorbing liquids is usually achieved by distillation or back extraction using
another immiscible solvent. Provided that the physicochemical properties allow the
application of this ISPR technique stripping can be seen as a flexible and relatively
easily scalable method.

If the product first diffuses through a membrane before it is evaporated into the
vapor phase this is called pervaporation or in case of a hydrophobic membrane,
organophilic pervaporation. The membrane forms a selective barrier between the
aqueous phase (feed) and the vapor phase (permeate). Because pervaporation
selectivity is primarily governed by differences in transport rate of components
through the membrane and not by vapor pressure it can also be applied to less
volatile compounds. Although organophilic pervaporation has always been con-
sidered a membrane-based technique that has great potential for mild, natural aroma
recovery, industrial application remains at pilot-scale operations at the most [106] in
contrast to hydrophilic pervaporation, which is industrially used for dewatering of
organic solvents. Advantages of organophilic pervaporation are that available
organophilic pervaporation membranes act as both sterile barrier and separation
medium, rendering cell separation unnecessary. The membranes are biocompatible,
incur negligible fouling tendency, and are steam sterilizable. Despite the many
advantages of the combination of organophilic pervaporation with biosynthesis or
conversion of isoprenoids in a bioreactor only a few such processes have been
described in the literature thus far. During cultivation of Ceratocystis moniliformis
ATCC 12861 ethyl acetate, propyl acetate, isobutyl acetate, isoamyl acetate, cit-
ronellol, and geraniol were isolated by organophilic pervaporation [11]. The choice
of membrane material influenced product composition. Using a poly-
octylmethylsiloxane membrane the process yielded higher concentrations of esters;
using a polyetheramide-block–copolymer membrane the permeate contained higher
concentrations of the terpenoids citronellol and geraniol. Another approach also
used a flat-sheet organophilic pervaporation membrane to demonstrate proof-of-
principle for in situ separation of the C13-norisoprenoid β-ionone from enzymatic
β-carotene cleavage [59]. The biggest challenge still hampering a broader appli-
cation of organophilic pervaporation for in situ volatiles separation is the limited
transmembrane flux of the product. Here, membrane modules arranged as tube
bundles with much larger interfacial membrane surface areas would most probably
help in significantly improving overall performance.
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3.2 Perstraction in Membrane Reactors

In a two-liquid phase bioreactor setup the biocatalyst-containing phase and the
extractive phase can be separated by a membrane. The aim of such a membrane
reactor is to avoid the consequences of direct contact between the aqueous and
the organic phases such as emulsion formation and toxic effects on the biocatalyst.
The biocatalyst and organic phases are separated by the membrane, therefore the
range of solvents that can be used to assist biosynthesis or bioconversions can be
expanded to solvents with high product affinity but low biocompatibility [96]. On
the downside, a membrane may exhibit a considerable resistance to mass transfer
between the aqueous and the organic phase [13, 14, 96]. For instance, according to
the transport mechanism of a solute from the bulk aqueous phase to the bulk
organic phase through a flat-sheet, hydrophobic, asymmetric, polyimide, organic
solvent nanofiltration membrane there are five possible bottlenecks for solute
transfer [85, 96]: transfer from the aqueous solution bulk to the aqueous/membrane
interface through the aqueous liquid film, partition into the membrane, diffusion
across the membrane, partition from the membrane into the organic liquid, transfer
from the membrane/organic–liquid interface to the bulk of the organic liquid
through the organic–liquid film. Because of these mass transfer constraints mem-
brane bioreactors often show inferior performance when compared to an aqueous–
organic two-phase system with direct contact [29, 96]. An integral part of a
membrane reactor layout is the determination of the overall mass transfer coefficient
of the solute of interest [13]. Together with the specific activity of the biocatalyst a
suitable membrane surface area to biomass ratio can be calculated [29, 104]. By
selecting a suitable membrane surface area to biomass ratio mass transfer limita-
tions and the associated reduction of biocatalyst specific yields can be avoided.

Three types of membranes have been used in membrane reactors for isoprenoid
synthesis and conversion: nonporous, microporous, and nanoporous. Silicone
rubber is a nonporous membrane material displaying high permeability and
selectivity to small hydrophobic molecules and prevents aqueous breakthrough and
is impermeable to ionic species and macromolecules. The high permeability of
silicone rubber is due to extensive swelling in the presence of organic solvents [30].
The silicone membrane swelling must be considered in membrane bioreactor design
to prevent membrane bursting or solvent breakthrough. Silicone rubber tubing
submerged into a liquid phase of a stirred-tank reactor is a practical and straight-
forward implementation of a membrane reactor [14, 27]. The organic phase may be
pumped through the silicone rubber tubing which is submerged in the aqueous
phase such as during the bioconversion of geraniol to citronellol by S. cerevisiae
[29] or the bioconversion of α-pinene oxide to isonovalal by Pseudomonas fluo-
rescens NCIMB 11671 [14]. Alternatively, the aqueous phase containing the bio-
catalyst R. erythropolis DCL14 was circulated inside a silicone tube that was
immersed in dodecane containing the substrate carveol and the accumulated
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product carvone [27]. However, this mode led to biofilm formation inside the
silicone tubing along with a reduction in mass transfer of substrate and product
across the membrane, a problem often observed in membrane bioreactor setups.

A relatively hydrophilic microporous nylon membrane was used in a membrane
reactor for the kinetic resolution of racemic menthyl acetate by Bacillus subtilis
NCIMB 11705 [104]. A crucial point in process operation of microporous mem-
branes is the careful control of the transmembrane pressure to avoid phase break-
through, which leads to mixing of the two phases and to the same emulsification
problems experienced in direct contact systems [29]. Surface-active components of
the aqueous phase such as biosurfactants, proteins, or the cells themselves can cause
a considerable reduction in the membrane breakthrough pressure [95]. However, in
the case of kinetic resolution of racemic menthyl acetate the cells were placed on
the same side of the membrane as the organic phase, pure racemic menthyl acetate,
and the aqueous phase removed acetate from the vicinity of the cells. No break-
through of either phase was observed provided the right pressure was maintained.
Although cell stability was lower in the membrane reactor setup compared to an
aqueous–organic two-phase system, probably due to better contact with the phase
interface, the specific activity obtained in the membrane reactor was about fivefold
that in the emulsion system with direct contact [104].

A nanofiltration membrane was used in a membrane bioreactor with the bio-
conversion of geraniol to citronellol by S. cerevisiae as the model reaction [96].
Measurements of partition coefficients and overall mass transfer coefficients iden-
tified toluene (log POct = 2.4) as the superior extractive phase in comparison to
hexadecane (log POct = 8.8). As expected, bioconversion experiments with direct
internal contact in an aqueous–organic two-phase system yielded no product when
toluene was used whereas hexadecane proved to be biocompatible. Applying the
nanofiltration membrane to separate the aqueous and organic phases showed higher
space–time yields but at the same time lower e.e. values when toluene was used
instead of hexadecane. Due to mass transfer limitations even the membrane reactor
with toluene was outperformed by the direct contact ISPR system using the
aqueous–organic two-phase system. The mass transfer resistance could be located
in the membrane for the hexadecane system whereas for the toluene system
the contribution of the aqueous liquid film mass transfer resistance became
predominant [96].

The immobilization of cells in carrier materials can be seen as a compartmen-
talization of the biocatalyst and product. Fungal mycelia of Penicillium digitatum
immobilized in calcium alginate were used to convert limonene to α-terpineol [92].
Alginate beads could be reused in batch conversions or applied in a continuous
bioreactor setup. However, the alginate matrix formed a diffusional barrier for
oxygen and limonene and decreased the substrate affinity by increasing the apparent
KM of the bioconversion.
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4 Towards Industrial Isoprenoid Processes

Few microbial bioprocesses involving isoprenoids have been developed to indus-
trial scale. Notable examples are the de novo productions of isoprene realized by the
joint research of Genencor and Goodyear [105], of farnesene by Amyris Inc. [102],
and of artemisinic acid for artemisinin by Amyris/Sanofi [65]. The basis of an
industrial bioprocess is always a suitable biocatalyst able to accumulate high
product titers in a short time. For this, whole-cell biocatalysts or microbial cell
factories have to be optimized in iterative cycles by the tools of systems biology and
metabolic engineering, but they also have to be integrated successfully into the
setting of an industrial process. A simple constraint might be that this process
requires integration of biotechnology and chemical engineering at a skill level not
usually present in a single company [105].

4.1 Challenges of ISPR Implementation

Focusing on the technical side of bioprocess development, realization of ISPR
techniques in industrial processes generally faces a number of challenges.
A respective ISPR technique usually involves high investment costs for research
and development and the construction of rather complex facilities. These measures
have been usually dedicated to a single process, thereby reducing the flexibility of
plant setup and increasing the pressure of efficient capital utilization [89]. However,
nowadays with the concept of microbial platform strains, an array of different
terpenoid products may be produced by the same microbe under almost identical
fermentation conditions, which makes the use of process settings with ISPR more
affordable (“one process—many products”). ISPR research and development are
further hampered by the fact that ISPR techniques are either not easily scalable from
laboratory conditions to production scale or that the suitable ISPR technique itself
may change with process scale. Further consideration has to be put into the required
product purity for subsequent process steps. Depending on the final application of
the product of a bioprocess, legal limitations, such as regulations of product, pro-
cess, work, and environmental safety, may further affect the choice of the ISPR
technique. Adequately addressing all these points may lead to prolonged process
development times and an extended time-to-market for a new product. In conse-
quence, a less elaborated but faster process may be preferred [91].

As one of the few publications on industrial-scale isoprenoid bioprocesses the
biological production of isoprene illustrates the aforementioned challenges [105].
It also highlights a central key to successful implementation of a large-scale bio-
process: an integrated approach that, from the choice of host strain, to the design
and engineering of an isoprene cell factory, to its cultivation/fermentation, and
finally to product recovery and purification, never loses the focus on large-scale
applicability.
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4.2 Industrial Production Strain Prerequisites

Most proof-of-concept research projects focus on only one or a couple of aspects of
a bioprocess, thereby separating the microorganism and the isoprenoid synthesis or
the conversion from the rest of the process design and neglecting demands of large-
scale operations for certain organism properties [23]. In addition to those micro-
organism properties generally desirable from a bioprocess-oriented viewpoint, such
as the ability to use low-cost feedstocks, tolerance to extreme conditions, or
resistance to inhibitors, isoprenoid bioprocesses would benefit from biocatalysts
with low-emulsion–forming tendency and tolerance against organic compounds.
This would dramatically increase the ease of product recovery in aqueous–organic
two-phase systems simply by gravity separation without the need for centrifugation
or de-emulsification techniques which further raise process costs [39]. For price
competitive “low-cost high-volume” products such as biofuels the possibility of
operating a bioprocess in a continuous mode including the possibility of cell reuse
is a valuable measure to increase productivity and lower capital cost [23]. A closed
bioreactor infrastructure to prevent contaminations operating in batch or fed-batch
mode, as is usually the case in laboratory-scale experiments, can significantly
increase infrastructure costs and will most likely not be cost-competitive enough at
the required scale [102]. Continuous operation demands a robust biocatalyst able to
tolerate conditions unfavorable to competing contaminating organisms, such as
extreme pH, salt concentrations, or temperatures in order to maintain monoseptic
conditions. Continuous cultures require a genetically stable strain with constantly
high productivity. Unfortunately, production strains may change their phenotype
during production conditions. The overproduction of a molecule in a fermentation
process is usually an energy burden for the microorganism. Any mutation that leads
to a decrease in that metabolic burden yields faster-growing mutants with decreased
productivity that eventually overgrow the initial production host. Therefore, pro-
duction organisms must be maintained under strong selection so that they do not
lose their beneficial feature. Production processes are situations of prolonged cul-
tivation where selection pressure can hardly be maintained. Once this selection
process is interrupted by prolonged cultivation or repeated inoculation of new
media, productivity may be lost [111]. However, commonly used techniques to
maintain selection pressure such as antibiotic resistance markers (e.g., ampicillin or
kanamycin) may not be applicable at large scale because of concerns of drug-
resistant isolates being released into the environment [102]. The commonly used
laboratory genetic tool to transfer genes, the plasmid, establishes a further potential
route for horizontal gene transfer [93] and introduces a certain degree of genetic
instability [90]. For the de novo production of isoprenoids from sugar-based raw
materials cells need to reduce the carbohydrate and get rid of the carbohydrate
oxygen. In biological systems this is achieved by the use of reducing equivalents
[NAD(P)H2] and rejection of excess oxygen as water. Redox imbalances, i.e., the
excess formation of NAD(P)H2, which is often observed in production hosts, need
to be removed aerobically (by oxidation to water). Therefore, bioreactor aeration
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must be carefully adjusted to avoid excessive NAD(P)H2 oxidation and, thus, a
decrease of carbohydrate-to-hydrocarbon yields below theoretical maximum values
corresponding to reduced overall process productivity [10]. Another way to
improve productivity is to divide a bioprocess into a growth phase, where nutrients
are employed to build up biomass rapidly, and a production phase, where nutrients
are exclusively used for product formation. In laboratory environments this is
accomplished by the application of induction systems including IPTG in E. coli or
galactose in S. cerevisiae. On an industrial scale these induction systems would not
be cost-competitive and alternative routes to limit growth while allowing produc-
tion are necessary [102]. An easy and well-scalable way to achieve such a “met-
abolic switch,” that is, separation of growth and production phases, can be carbon
or nitrogen restriction [94]. These examples of industrial-scale concerns on the one
side and laboratory routine on the other side demonstrate a certain discrepancy
caused by the different driving forces of scientific research and economic feasibility.

4.3 Terpene Toxicity

It is obvious that the choice of the host organism may ultimately determine the
success or failure of an isoprenoid production process [102]. Each organism utilized
in isoprenoid bioprocesses has its advantages and disadvantages that need to be
weighed up against each other. Isoprenoids are essential components of living cells.
However, their biotechnological overproduction in bioreactor systems may cause
significant stress to exposed organisms. The toxicity of isoprenoids towards single
cells varies with their structure. Due to their presumed natural function as defense
molecules, toxins, growth inhibitors, or repellents, monoterpenoids are generally
highly toxic to microorganisms as are some sesqui- and diterpenoids as well [36];
however, prominent examples of biotechnologically synthesized sesquiterpenes,
such as farnesene or bisabolene are tolerated by the producing microbe in high
concentrations [16, 67, 74]. Toxicity of hydrophobic compounds to microbial cells
is often explained by accumulation of hydrophobic molecules in the lipid bilayer of
the cell membrane ultimately resulting in a loss of its function as a permeability
barrier, as a protein and reaction matrix, and as an energy transducer [41]; addi-
tionally, effects on other components of the cell envelope, for example, the cell wall
have been described [17].

4.4 Microbial Solvent Tolerance

Microbial cells have developed different mechanisms to adapt to the presence of
toxic solvents. In short, these mechanisms involve morphological adaptions,
changes of the energy status, modification of the cell membrane fluidity, changes in
the cell wall and outer membrane, modifications of surface properties such as
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charge and hydrophobicity, transformation, and degradation of the solvent and
active transport of solvents from the membrane into the environment by an energy-
dependent efflux system [40]. The reader is kindly referred to one of the many
detailed reviews on this subject [25, 41, 70, 71, 75, 86]. The tolerance of micro-
organisms towards organic and toxic compounds varies from organism to organism.
Two different strategies to benefit from microbial solvent tolerance in bioprocesses
with hydrophobic substrates or products are the use of well-known solvent-tolerant
strains as production hosts or, alternatively, to transfer solvent-tolerance–conveying
elements to well-established production hosts.

4.5 Solvent-Tolerant Hosts

Considering the usually hydrophobic and often toxic nature of isoprenoids, the
choice of highly solvent-tolerant microbes, such as the gram-negative P. putida or
the gram-positive R. erythropolis (c.f. Table 1) as whole-cell biocatalysts for the
biotransformation of monoterpenes seems obvious. However, solvent-tolerance
mechanisms are a consequence of natural selection on stress conveyed by hydro-
phobic substances. Some of the protective mechanisms of solvent tolerance may
prevent substrate access to or product release from the biocatalyst thereby reducing
product yields. For example, the outer membrane of gram-negative bacteria, in
particular the lipopolysaccharide layer, was found to be an effective permeability
barrier for monoterpenes [34]. Permeabilization by freeze drying or chemicals
enhanced reaction rates. However, permeabilization is only applicable when the
respective catalytic reaction is cofactor independent and will most likely prove to be
too expensive to be applied in industrial-scale processes. Its metabolic versatility
and its solvent tolerance make P. putida a promising biocatalyst for the biocon-
version of terpenes [55]. A convincing example for the robustness of P. putida in
the presence of monoterpenes is the conversion of (+)-limonene to (+)-perillic acid,
a natural monoterpenoic acid with high potential as an antimicrobial cosmetic
ingredient [54]. The microbe efficiently produces the target terpenoid without by-
product formation in a fed-batch process where the precursor limonene can reach
levels in the gram per liter range forming a separate organic phase in the bioreactor.
However, the metabolic versatility of pseudomonads may also be a hindrance for
establishing a bioprocess as it can result in unwanted side reactions and decrease
product yields. Recombinant P. putida GPo12 was first described as a biocatalyst
for the bioconversion of limonene to perillyl alcohol, a potential anticancer com-
pound, catalyzed by a P450 monooxygenase from Mycobacterium sp. strain HXN-
1500 in an aqueous–organic two-phase system [97]. Further research increased
productivity sixfold by switching to P. putida KT2440 and conducting a careful
carbon source selection and optimization of cell physiology [22].

However, additional research revealed that unknown enzymatic activities of
P. putida KT2440 oxidized the product perillyl alcohol to the unwanted side
products perillyl aldehyde and perillic acid. These side products constituted up to
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26 % of the total amount of oxidized terpenes [21]. Another example for host-
mediated unwanted side reactions is the reduction of geraniol to citronellol by
unspecific dehydrogenases of the whole-cell biocatalyst S. cerevisiae [96]. Con-
cerning tolerance to hydrophobic and toxic molecules such as the monoterpene
limonene, which, for example, may serve as a precursor for jet biofuels in the future
[10, 66], P. putida should have a clear advantage over monoterpene-sensitive
S. cerevisiae [16, 17, 54]. However, the first de novo production of a monoterpene
with P. putida has been described only very recently [53]. By introducing a het-
erologous bacterial mevalonate pathway from Myxococcus xanthus together with a
plant geraniol synthase, P. putida GS1 produced about 200 mg/L geranic acid in a
bioreactor. The monoterpenoic acid showed high efficiencies as a fungicide for corn
protection [110]. The acid is produced due to endogenous oxidative enzymes
converting geraniol, the direct product of the terpene synthase reaction, to the
corresponding acid without accumulation of intermediates. If it were possible to
narrow down the pronounced oxidative capacity of P. putida (e.g., by selective
gene deletions or by running an appropriate process regime), this solvent-tolerant
bacterium could be an interesting host for de novo production of monoterpene
alcohols or hydrocarbons as well.

In an industrial process population heterogeneity is an unwanted side-effect that
leads to incalculable productivities. Population heterogeneity can often be observed
in P. putida cultivations [42]. Population heterogeneity functions as a safeguard of
the respective population against fast-changing environmental conditions such as
hydrophobicity. For example, direct contact of P. putida S12 with a toluene phase
initiates a mutator element leading to the formation of a subpopulation with
increased survival rates [101]. In this case population heterogeneity can be seen as
another mechanism of solvent tolerance. Other sources of population heterogeneity
are epigenetic modifications, asymmetric cell division, different growth and cell
cycle states, microenvironmental conditions, and permanently changing levels of
transcripts and proteins [58]. Inasmuch as transformation and degradation are
mechanisms of solvent tolerance (see above), and solvent tolerance is often
achieved by a combination of several protective mechanisms, metabolic versatility,
population heterogeneity, possible side reactions, and an increased tendency to
create stable emulsions are the flipside of solvent-tolerant strains.

4.6 Transfer of Solvent Tolerance

Taking a look at renewable diesel platforms, S. cerevisiae or other similar fungal
systems are, in addition to E. coli, another popular choice for a development
platform. Its genetic accessibility, robust and well-studied genetics, tolerance to low
pH, resistance to osmotic stress, and immunity to viral contaminations make S.
cerevisiae a production host with many of the requested properties beneficial in
industrial bioprocesses [43]. In addition, problems with certification of S. cerevisiae
genetically modified organisms on the government level are unlikely due to its
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well-established reputation as a nonhazardous organism. However, biofuel toxicity
still limits production and it will be necessary to improve tolerance to further
increase yields [31]. An approach to benefit from increased solvent tolerance
without the drawback of unwanted side reactions can be the expression of efflux
pumps, heat shock proteins, membrane modifying proteins, and activation of
general stress response genes in suitable expression hosts [31]. Recently, heterol-
ogous expression of a specialized ABC efflux transporter from the fungal pathogen
Grosmannia clavigera enhanced survival of S. cerevisiae in the presence of a
mixture of the monoterpenes (+)-limonene, (+)-3-carene, racemic α-pinene, and
(−)-β-pinene [100]. A couple of energy-dependent efflux systems have been
described to increase tolerance against terpenoids in well-established production
hosts and thereby sometimes improving process parameters. By first screening a
library of primarily uncharacterized hydrophobe/amphiphile efflux pumps of the
family of resistance-nodulation–division (RND) pumps from gram-negative bac-
teria and then heterologously expressing an efflux pump from Alcanivorax bor-
kumensis limonene tolerance of E. coli was increased resulting in a 64 %
improvement in limonene yield of a limonene production strain [32].

The outer-membrane protein alkL has been shown to increase transmembrane
transport of monoterpene substrate limonene and product perillyl alcohol [21],
thereby decreasing the reduction of mass transfer across the outer membrane of
gram-negative E. coli and increasing reaction rates [21].

5 Conclusions

Despite the many exciting applications of isoprenoids as biofuels, pharmaceuticals,
flavors and fragrances, and the advantages of microbial isoprenoid production,
research on isoprenoid bioprocesses has mostly been and still is limited to proof-of-
concept approaches with a focus on enhancing product concentrations and yields.
Often no further considerations are given on critical targets for process technology
and process scale implementation such as suitability of the strain employed, ease of
product separation, purification, or comparison of different ISPR techniques. This
can be attributed to the fact that most of the published research is conducted in
nonprofit environments under idealized laboratory conditions where the industrial
relevant considerations such as time-to-market, GMO certification, strain robust-
ness, efficient capital utilization, or lot-to-lot variations of feedstock sources are not
comparably relevant. In light of the physicochemical and biochemical properties of
isoprenoids an industrial-scale isoprenoid bioprocess without ISPR, that is, com-
partmentalization of biocatalyst and substrate and/or product to avoid inhibitory or
toxic effects on the biocatalyst or to avoid product loss by evaporation or degra-
dation, is hardly imaginable. Because the implementation of a suitable ISPR
technique is a laborious, time-consuming, expensive, and often an empirical process
that needs to be verified on every new process scale, only few industrial-size
microbial isoprenoid production processes have been published to date.
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Experiences from the implementation of large-scale biofuel processes suggest that
large-scale microbial isoprenoid bioprocesses would also benefit from an integrated
approach of systems biology, metabolic and process engineering. The focus on
process design and large-scale applicability during the whole development of a
production strain has proven to be a challenging but ultimately rewarding necessity
for a successful upscaling of an isoprenoid bioprocess. Considering the final pro-
cess, the choice of a solvent-tolerant microbe such as P. putida instead of baker’s
yeast or E. coli as the host may be an alternative if the production of toxic com-
pounds such as monoterpenoids is aimed at and/or technical substrates containing
inhibitors have to be used. However, the genetic tools available still lag behind
those developed for yeast and E. coli and genetic instability and metabolic diversity
might be further disadvantages of P. putida as the host strain. Nevertheless, for the
time being it cannot be foreseen whether the transfer of solvent-tolerance mecha-
nisms to conventional hosts by metabolic and cell engineering will be a successful
endeavor; thus both strategies are worth being followed in this segment of iso-
prenoid products.
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