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Abstract A closed gas loop bioprocess was developed to
improve fungal biotransformation of monoterpenes. By cir-
culating monoterpene-saturated process gas, the evapora-
tive loss of the volatile precursor from the medium during
the biotransformation was avoided. Penicillium solitum,
isolated from kiwi, turned out to be highly tolerant towards
monoterpenes and to convert �-pinene to a range of prod-
ucts including verbenone, a valuable aroma compound. The
gas loop was mandatory to reproduce the production of
35 mg L¡1 verbenone obtained in shake Xasks and also in
the bioreactor. Penicillium digitatum DSM 62840 regiose-
lectively converted (+)-limonene to the aroma compound
�-terpineol, but shake Xask cultures revealed a pronounced
growth inhibition when initial concentrations exceeded
1.9 mM. In the bioreactor, toxic eVects on P. digitatum
during biotransformation were alleviated by starting a
sequential feeding of non-toxic limonene portions after a
preceding growth phase. Closing the precursor-saturated
gas loop during the biotransformation allowed for an addi-
tional replenishment of limonene via the gas phase. The gas
loop system led to a maximum �-terpineol concentration of

1,009 mg L¡1 and an average productivity of 8–9 mg
L¡1 h¡1 which represents a doubling of the respective val-
ues previously reported. Furthermore, a molar conversion
yield of up to 63% was achieved.

Keywords Biotransformation · Gas loop · Penicillium · 
�-Terpineol · Verbenone

Introduction

In recent years, environmental aspects have become
increasingly important to the manufacture of aroma chemi-
cals and to the public perception of the quality of consum-
able goods [1]. More environmentally friendly processes
based on renewable resources are needed by producing
companies to meet the requirements for a clean and sustain-
able chemical industry [1, 2]. This trend complements the
consumer’s preference for ‘bio’ or ‘organic’ foods and nat-
ural Xavorings, which has been steadily growing over the
last decades [3, 4]. The fragrance sector, too, faces a shift
towards natural substances, e.g., in the personal care market
[5]. Biotechnology provides promising synthetic routes to
those natural aroma compounds, which cannot be supplied
in an economically viable way by classical isolation from
natural raw materials. This holds true for many oxyfunc-
tionalized terpenoids, which are important Xavor and fra-
grance compounds but only found in minor quantities in
their natural sources [6]. Here, biocatalytic oxyfunctional-
ization of abundantly available natural precursors repre-
sents an attractive alternative. More than 50,000 t year¡1

(+)-limonene and over 160,000 t year¡1 �-pinene accumu-
late worldwide as major by-products during citrus oil and
wood processing, respectively [6, 7]. These monoterpenes
represent an ideal starting material for biocatalysis because
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of their almost unlimited availability and the fact that they
already bear the desired chiral mono- and bicyclic C10
hydrocarbon lead structures ‘pre-synthesized’ by nature.
Potential biotechnological natural Xavor and fragrance
products from �-pinene and (+)-limonene are the valuable
verbenone, reminiscent of frankincense, with an average
market price of approximately US$3,000 kg¡1 [8] and the
lilac-like compound (+)-�-terpineol, a bulk fragrance with a
world market of 13,000 t year¡1 [9], respectively.

Many species from prokaryotes to higher fungi have
been shown to be capable of transforming or degrading
terpenoids, an observation which may be explained by
co-metabolism phenomena (e.g., for detoxiWcation pur-
poses) rather than by catabolic breakdown. Due to their
versatile metabolism which partly resembles that of
plants, higher fungi are of special interest from the view-
point of biocatalytic terpene functionalization. How-
ever, although some adaptation mechanisms might exist
[10], eukaryotic organisms tend to be usually more
sensitive towards the toxic eVects of terpenes than pro-
karyotes [11]; in case of the latter, several species, espe-
cially pseudomonads, are well known to resist organic
solvents by mechanisms such as active solvent eZux and
cis–trans isomerization of membrane lipids [12, 13].
Although a vast number of publications illustrating the
metabolic versatility of fungi to oxyfunctionalize terpe-
noids has appeared during the last decades (for reviews,
see [4, 14, 15]) only a few research groups have worked
on transferring the micro- and molecular biological Wnd-
ings into technical processes. In most cases, the main
hurdle has been the low degree of biocompatibility of
terpenoids, which becomes manifest in their toxicity
towards the microbial cells and often in low activities of
the key enzymes (mostly P450 monooxygenases) involved
in terpene oxyfunctionalization [16]. The hydrophobic
terpenoids dissolve poorly in water—the solubility of
�-pinene and limonene is 0.037 and 0.150 mmol L¡1

[17], respectively—but very well in the lipophilic mem-
branes of microorganisms leading to high local concen-
trations even at low aqueous concentrations [17–19].
This causes an increased membrane Xuidity which even-
tually results in the collapse of essential transmembrane
gradients and, thus, in the complete loss of cell viability
[20]. Additionally, as a separate organic phase may eas-
ily form upon dosing terpenes in excess, the complete
destruction of the membrane and cell lysis due to ‘phase
toxicity’ can occur [20, 21].

Only a few bioprocessing measures have been
described to address the toxicity of terpenoids. With an
FID detector in the exhaust air stream of a bioreactor to
monitor the volatile precursor limonene, toxic overdos-
ing over a longer period was avoided by controlling the
precursor feeding [22]. The measurement of the oxygen

uptake rate was used for adjusting the limonene feeding
to maintain the metabolic viability of the cells, i.e., non-
toxic conditions [23]. A bacterial transformation of
limonene to perillyl alcohol was performed in an aqueous-
organic two-liquid-phase bioprocess using a biocompati-
ble organic carrier solvent for in situ precursor supply
and product recovery [24]. A technical issue which has
not yet been appropriately addressed is how to eYciently
supply the volatile (and toxic) precursor and the oxygen
needed for the monoterpene oxyfunctionalization while
concomitantly avoiding signiWcant precursor loss via the
bioreactor exhaust air. Though approaches of gas enrich-
ment or gas recirculation have already been described
for the microbial conversion or degradation of volatile
substrates [25, 26], the combination of a precursor-satu-
rated process gas loop with sequential feeding of the
precursor in its liquid form and its application to fungal
monoterpene transformations has not so far been
reported.

In the present work, we demonstrate that circulating a
precursor-saturated process gas in a closed loop together
with sequential dosing the precursor in non-inhibitory
amounts can considerably improve monoterpene biotrans-
formation performance of Penicillium species on a bioreac-
tor scale, as exempliWed by the industrially relevant
conversion of �-pinene to verbenone and of (+)-limonene to
(+)-�-terpineol (Fig. 1). For the latter biotransformation,
our results represent a considerable improvement compared
with data obtained in a conventional bioprocess set-up
previously reported [27].

Fig. 1 Biotransformation of �-pinene to verbenone and limonene
to �-terpineol by Penicillium solitum and Penicillium digitatum,
respectively [15]
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Materials and methods

Microorganisms, media, pre-cultivation

Penicillium solitum was isolated by streaking samples
from spoiled kiwi surface on agar plates (20 g L¡1 agar in
P. solitum medium described below) and incubation at
24°C followed by transfers to new agar plates until separa-
tion to pure cultures was achieved. The strain was identiWed
as P. solitum (Westling) by the accredited culture collection
DSMZ (Deutsche Sammlung von Mikroorganismen und
Zellkulturen, Braunschweig, Germany) whereas Penicil-
lium digitatum DSM 62840 was purchased from DSMZ.

The cultivation medium for P. solitum was composed of
30 g L¡1 glucose, 4.5 g L¡1 L-asparagine monohydrate,
1.5 g L¡1 KH2PO4, 0.5 g L¡1 MgSO4 · H2O, 3 g L¡1 yeast
extract and 1 mL of trace element solution consisting of
80 mg L¡1 FeCl3 · 6H2O, 90 mg L¡1 ZnSO4 · 7H2O, 30 mg
L¡1 MnSO4 · H2O, 5 mg L¡1 CuSO4 · 5H2O, 0.4 g L¡1

C10H14N2Na2O8 · 2H2O (Titriplex IIITM). The cultivation
medium for P. digitatum DSM 62840 was composed of
10 g L¡1 glucose, 20 g L¡1 malt extract, 10 g L¡1 peptone
and 5 g L¡1 yeast extract. Before autoclaving, the pH of the
cultivation media were adjusted to 6.0 for P. solitum and to
6.5 for P. digitatum with HCl. The pre-cultures were pre-
pared by washing a 10-day-old cultivation plate with 5 mL
sterile medium and transferring the spore containing
medium to a 1,000-mL Erlenmeyer Xask containing
400 mL medium. The Xasks were incubated at 27°C
(P. digitatum) or 25°C (P. solitum) for 1–5 days on a rotary
shaker at 120g.

Determination of limonene toxicity towards P. digitatum 
DSM 62840

For determination of limonene toxicity, 300-mL Erlen-
meyer Xasks containing 95 mL medium were inoculated
with 5 mL P. digitatum pre-culture and supplemented with
diVerent limonene amounts resulting in the following initial
limonene concentrations: 0.6, 0.9, 1.2, 1.9, 3.1, 4.6, 7.7,
15.4, and 30.8 mM. After 3 days of cultivation at 27°C and
120g, the cell dry weight produced was determined gravi-
metrically.

Biotransformations of limonene and �-pinene in shake 
Xasks

Biotransformation experiments were carried out in
1,000-mL shake Xasks containing 400 mL medium at
25°C and 150g inoculated with 18 mL of 24-h-old pre-
cultures which had been grown on the same medium and
homogenized using an ultraturrax homogeniser (Janke
& Kunkel, Germany). After 24 h, the biotransformation

was initiated by adding to each Xask the respective
amount of limonene or �-pinene (see “Results”). The
autoxidative conversion of the monoterpenes was
veriWed by medium-only controls (no inoculum) under
otherwise identical conditions.

Biotransformations in the bioreactor

The bioreactor had a working volume of 2.7 L and a total
volume of 3.7 L (KLF 2000; Bioengineering, Switzerland).
It was equipped with a disc stirrer, a dissolved oxygen
probe, and a pH electrode. Before inoculation, the pre-cul-
ture was homogenized with an Ultra Turrax on highest
level for 30 s [28]. Inoculation was carried out by transfer-
ring 200 mL of the Ultra Turrax homogenized pre-culture
to 2.5 L medium which had been autoclaved in situ prior to
use. The agitation speed was limited to 400g during the
growth phase and 500g during the biotransformation phase
to keep homogeneously dispersed pellets in the bioreactor,
because at stronger agitation additional mycelial growth out
of the liquid phase into the reactor headspace occured. The
aeration rate was 0.05 vvm for P. digitatum and 0.16 vvm
for P. solitum, and the temperature was controlled at 27 and
25°C, respectively. In the course of the growth phases of
both strains, the pH value steadily decreased, and, whereas
it did not fall below approximately pH 4 for P. digitatum, it
was controlled at pH 3.7 for P. solitum, once this value had
been reached, by 1 M NaOH and 1 M H3PO4 solutions.
A metal shell excluded light from the bioreactor. At the end
of the growth phase of P. digitatum, when the initial glu-
cose of 30 g L¡1 had been depleted to less than 1 g L¡1, the
stirrer speed was raised to 500g and 1.9 mM limonene was
added to the bioreactor at t = 73 h (biotransformation 1)
and t = 70 h (biotransformation 2) and the gas loop was
started (see below). During the biotransformation period,
the same amount of precursor was repeatedly added
directly to the bioreactor every 24 h, i.e., altogether a total
precursor concentration of 9.5 mM (corresponding to
1,295 mg L¡1) was applied. No further glucose was added
in biotransformation 1, whereas in biotransformation 2 glu-
cose was supplemented at the starting point and every 24 h
of the biotransformation to re-adjust the aqueous glucose
concentration periodically to 2 g L¡1. In the case of
�-pinene biotransformations with the terpene tolerant
P. solitum, the precursor was added sequentially at t = 0 h
(2.3 mM), t = 25 h (47 mM), t = 54 h (23.5 mM), t = 76 h
(23.5 mM), t = 94 h (18.7 mM), t = 124 h (18.7 mM),
t = 147 h (28 mM), t = 167 h (23.5 mM), t = 195 (18.7 mM),
t = 219 h (23.5 mM), and t = 243 h (23.5 mM). After
approximately 48 h cultivation, when the initial glucose
(30 g L¡1) was almost completely depleted, its concentra-
tion was re-adjusted to approximately 2 g L¡1 every 24 h
by adding a concentrated glucose solution (500 g L¡1) in
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both biotransformations, with gas loop (started at t = 48 h)
and without it.

Closed gas loop bioreactor

The gas loop consisted of: 25-L gas holder (Ritter Apparate-
bau, Germany), gas pump (N 022 A_18, KNF Neuberger,
Germany), pressure vessel (Swagelook, USA), a 125-mL
stainless steel precursor reservoir tank, manometric switch,
compressed air regulator, and rotameter (Krohne, Germany).
After establishing the gas loop (start circulating the process
gas), the exhaust air from the bioprocess was fed into the
gasholder. From there, the gas was transported into the
pressure vessel by the gas pump. When reaching 4 bar in
the vessel, the pressure pump was stopped by means of the
manometric switch. The pressure pump started again when
the pressure in the pressure vessel was lower than 1.5 bar.
The gas passed through the precursor reservoir tank Wlled
with 12 mL precursor via a sparger to saturate the gas by
the volatile precursor before entering the fermenter. Dis-
solved oxygen was measured by an oxygen probe (Mettler
Toledo, Switzerland). Pure oxygen was fed periodically to
the gas loop to maintain a dissolved O2 concentration
between 5 and 10% air saturation. Accumulation of CO2 in
the process gas was avoided by use of a CO2 adsorber
(Sofnolime, Molecular Products, UK).

Analytical methods

The products verbenone and �-terpineol were identiWed by
GC–MS analysis (GC17A, QP 5050 software; Shimadzu,
Germany) by comparing retention times and mass fragment
patterns with those of standard compounds, and they were
quantiWed using camphor as internal standard. Cell lysates
were produced by ultrasonic cell disruption (SoniWer
W-250D; Branson, USA). These fractions were extracted
by n-hexane, dried over anhydrous Na2SO4 and stored at
¡20°C until GC–MS analysis, which was performed as
follows. Column: 30 m VB-30 (ValcoBond, CFS-B03025-
025B, VICI Valco Instrument, USA); temperature pro-
gram: from 60°C, 2°C min¡1 to 180°C; carrier gas: helium
at 1.1 mL min¡1; injector temperature: 220°C; detector
temperature: 240°C; sample volume: 3 �L; split 1:10.
Samples were injected with an autosampler (AOCi 20;
Shimadzu, Germany).

Pooled culture medium (three Xasks) was supplemented
with an internal standard (camphor, 80 mg L¡1 Wnal con-
centration in the medium) and Wltrated. The cell-free
medium was extracted continuously using azeotropic pen-
tane/diethyl ether (1:1.12) in a liquid–liquid conti-extractor
[29]. The organic layers were dried over Na2SO4 and
brought to a Wnal volume of about 1 mL by fractionated
distillation. One �L was injected into a Fisons GC 8360 gas

chromatograph equipped with a cool on-column injector, a
J&W CW 20 M fused silica capillary column (30 m £
0.32 mm i.d. £ 0.4 �m Wlm thickness, J&W ScientiWc
Folsom, USA), hydrogen as carrier gas at 3.1 mL min¡1, and
a Xame ionisation detector using a temperature program
from 40°C (3 min) to 220°C with a rate of 4°C min¡1.
QuantiWcation was performed according to the internal
standard camphor. The glucose concentration was mea-
sured by an immobilized enzyme glucose analyser (YSI
2700 Select; Yellow Springs, USA). The cell wet and dry
weights were determined gravimetrically. An appropriate
sample volume was Wltered through dried, pre-weighed
Wlter paper and weighed directly or after drying at 105°C
until constant weight (Sartorius, MA100, Germany).

Results

Initial physiological studies on shake Xask scale were per-
formed to characterize the growth behavior of the cultures
in the presence of the respective monoterpene and to lay the
foundation for the subsequent investigations of the bio-
transformations in the closed gas loop bioreactor.

Impact of monoterpene concentration on biotransformation 
and growth

P. digitatum DSM 62840 had been previously shown to
catalyze the conversion of limonene to �-terpineol in a
highly regioselective way and at concentrations of up to
several hundreds of milligrams in a conventional bioreactor
setup [27]. However, limonene, known for its antimicrobial
activity, had not been systematically investigated regarding
its potential toxicity towards P. digitatum DSM 62840. We
therefore determined the maximum limonene concentration
applicable without signiWcant growth-inhibiting eVects to
P. digitatum DSM 62840 in order to further improve the
bioprocess performance of this fungus by applying a tai-
lored precursor dosage. For this purpose, a dosage-eVect
curve was generated correlating the growth of a culture in
shake Xasks with the initial limonene content present in the
medium (Fig. 2) (by reason of a better presentability of the
results and a simpliWcation of the discussion, the limonene
content is given as ‘concentration’, although its maximum
aqueous solubility was usually exceeded). At limonene
concentrations of 1.9 and 3.2 mM, about 15 and 35% less
biomass formed than in a control culture without limonene
dosage (upper horizontal line in Fig. 2), respectively. Fur-
ther raising the limonene concentration resulted in a steady
decrease of cell viability illustrated by the fact that almost
no biomass formed after inoculation at >7 mM limonene.
Taking into account the threshold concentration where
limonene starts to become signiWcantly toxic, shake Xasks
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P. digitatum DSM 62840 cultivation was carried out with
an initial limonene concentration of 2 mM, which yielded a
maximum �-terpineol concentration of 132 mg L¡1 after
4 days. Autooxidative product formation could be ruled out
because no �-terpineol was found in the medium-only con-
trol experiment (i.e. without inoculum).

The monoterpene sensitivity described for P. digitatum
is typical for higher fungi: during a previous screening for
terpene tolerant and transforming microorganisms, a single
application of 15 mM of limonene was found to be lethal
for the majority (>90 %) of fungi tested [30]. Therefore, the
screening was extended to strains growing on plant material
rich in essential oils. An isolate (later on identiWed as
P. solitum) from kiwi (Actinidia deliciosa) was found to
tolerate elevated millimolar concentrations of limonene and
�-pinene and even grow in liquid media containing limo-
nene as sole C-source. With limonene, no marked amounts
of biotransformation products formed (<1 mg L¡1) but
more than 100 mg L¡1 total biotransformation products
were found after cultivation in shake Xasks supplemented
with 47 mM �-pinene (Table 1). Among the �-pinene
metabolites, verbenone, which accumulated to 35 mg L¡1

after 11 days, represents a valuable natural Xavor com-
pound.

Design of a closed gas loop bioprocess

Previous experiments revealed that, using a conventional
open bioreactor system, a signiWcant amount of the volatile
monoterpene used as biotransformation precursor was
stripped out through the exhaust air upon aeration of the

bioreactor [27]. Furthermore, due to their hydrophobicity,
terpenoids, especially the terpene hydrocarbons, tend to
being absorbed by all materials made from plastics, such as
conventional laboratory-scale bioreactor sealings, Wttings,
and tubings. During the biotransformation over several
days, the terpenoids act as aggressive organic solvents
destroying these plastics eventually leading to process leak-
ages. For these reasons, we chose a novel bioprocess design
to address the speciWc issues associated with terpenoids as
biotransformation precursors and products and, thus, to bet-
ter exploit the biocatalytic potential of monoterpene trans-
forming microorganisms: the two main modiWcations were
the use of terpene-resistant TeXon™ for the sealing of the
bioreactor instead of conventional rubber gaskets and the
establishment of a closed gas loop bioreactor to avoid any
precursor loss via the exhaust air during the biotransformation
(Fig. 3). The bioprocess was operated following a two-step
protocol: initially, the fungi were grown in a conventionally
aerated bioreactor with open exhaust gas stream. After
approximately 3 days, when the glucose was almost
depleted, i.e., the growth curve entered the stationary phase
and suYcient biomass had been accumulated, the closed
loop containing precursor saturated process gas was estab-
lished. Additionally, small amounts of the liquid precursor
were directly dosed into the liquid culture in intervals dur-
ing the biotransformation period. By this means, an initial
overdose of the toxic precursor via the liquid phase was
easily avoided while a constant replenishment via the gas
phase was maintained.

Biotransformation of limonene to �-terpineol 
with P. digitatum in the bioreactor

When the growth curve of P. digitatum DSM 62840
entered the stationary phase, the second stage, the actual
biotransformation, was started by closing the gas loop once
a biomass of approximately 3.5 g L¡1 cell dry weight had
been accumulated, which occurred after 70–73 h. In contrast

Fig. 2 EVect of limonene on growth of P. digitatum DSM 62840 in
shaking Xasks. P. digitatum was inoculated into media initially supple-
mented with increasing amounts of limonene. By reason of a better
presentability, the limonene content is shown as ‘concentration’,
although its maximum aqueous solubility was exceeded. The upper
horizontal line corresponds to the control value (growth of a culture in
a medium without limonene). The lower horizontal line indicates the
initial biomass concentration after inoculation

Table 1 Major biotransformation products of �-pinene with Penicil-
lium solitum (self isolate) during shake Xask cultivation

The target product verbenone is italicized

Transformation products 
of �-pinene, 47 mM

Maximum concentration 
[culture day (days)/concentration 
(mg L¡1)]

Verbenol 5/72

Verbenone 11/35

Myrtenol 5/15

(�)-Pinocarveol 11/9.2

Fenchol 11/0.3

�-Terpineol 11/12

3-Pinanone 5/3.5
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to the shake Xask experiments, in the bioreactor with closed
gas loop the product concentration steadily increased to
almost 800 mg L¡1 after 150 h and 918 mg L¡1 after 176 h
(Fig. 4). In a second gas loop biotransformation, where the
glucose concentration was periodically re-adjusted to
2 g L¡1 during the biotransformation period, as much as
1,009 mg L¡1 �-terpineol formed after 193 h with approxi-
mately 4 g L¡1 cell dry weight. For comparison, previous
cultivations of the same strain in a conventional bioreactor
setup without gas loop under otherwise identical condi-
tions, i.e., by applying the same bioprocess parameters
including the sequential limonene feeding, yielded Wnal
biomass concentrations of up to 4.5 g L¡1 and a maximum
concentration of 506 mg L¡1 after 172 h (as indicated by
the dotted line in Fig. 4) [27]. The additional glucose feed-
ing performed in biotransformation 2 did not signiWcantly
inXuence productivity and Wnal product concentration, indi-
cating that the C-source which had been depleted during the
growth period was not limiting in the subsequent biotrans-
formation period. Although product formation was delayed,

the overall result, a roughly doubling of the product
concentration in the bioreactor by applying the gas loop
concept, was well reproducible as shown by the two sepa-
rate biotransformation experiments. The molar conversion
yields of the gas loop approaches were approximately 57%
(biotransformation 1) and 63% (biotransformation 2) based
on the limonene consumed by the gas loop and by directly
dosing into the biotransformation medium. About 90% of
the liquid limonene in the reservoir to saturate the process
gas during the biotransformation period was recovered after
ending the process and was therefore not included for cal-
culation of the conversion yield.

GC–MS analysis of the aqueous culture supernatant after
gas loop biotransformation revealed no product other than
�-terpineol, thereby conWrming our results from the shake
Xask scale. This is an important Wnding, because monoter-
penes may undergo autoxidation [31, 32]. Obviously, even
under the intensiWed oxidative conditions limonene was
exposed to in the gas loop system, where the process air is
continuously sparged trough limonene before entering the

Fig. 3 Flow scheme of the 
closed gas loop bioreactor for 
monoterpene biotransformation
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bioreactor, no signiWcant chemical formation of unwanted
by-products occured. Thus, the extraordinary regioselectiv-
ity of this biotransformation could be fully harnessed on
bioreactor scale.

Biotransformation of �-pinene to verbenone 
with P. solitum in the bioreactor

As �-pinene, in contrast to limonene and P. digitatum, did
not show pronounced inhibiting eVects on P. solitum, sig-
niWcant higher precursor concentrations were applied in the
bioreactor. A small amount of the precursor was already
initially added (2.3 mM), followed by concentrations of
18.7–47 mM at intervals of 18–30 h, because we had
noticed during shake Xask experiments that the growth
morphology of the organism changed from initial pellets
into free mycelium after dosing �-pinene. This initial
monoterpene dosage led to a Wnely dispersed mycelial bio-
mass and facilitated cultivation of P. solitum in the bioreac-
tor, which otherwise, in contrast to P. digitatum, tended to
adhere at the pO2 and pH probes or to grow into the reactor
headspace under the operation conditions applied, i.e., a
stirrer speed of 400–500g and an aeration rate of 0.16 vvm.
At lower agitation or aeration, no product formation could

be measured, whereas higher stirrer speeds and aeration
rates had no positive impact on growth and product forma-
tion in the conventional bioreactor set-up (data not shown).
The Wrst bioprocess stage was carried out under conven-
tional conditions, i.e., without circulating the gas stream.
The second bioprocess stage, the actual biotransformation,
was conducted either with or without the gas loop. Figure 5
illustrates the advantage of the gas loop for two exemplary
biotransformations: without gas loop product formation
was only about 1.7 mg L¡1 after more than 10 days,
whereas the aqueous verbenone concentration in the gas
loop bioreactor increased to 36 mg L¡1 in the same time.
GC–MS analysis of the liquid gas loop precursor reservoir
after biotransformation revealed no product accumulation
and thus excluded a potential absorption of the volatile ver-
benone from the gas phase to the �-pinene phase. The data
illustrate that it was mandatory to apply the gas loop system
in order to also realize product concentrations in the same
range, which had been obtained on the shake Xask scale, in
a bioreactor. However, in contrast to the �-terpineol pro-
ducing fungal system tested, the closed gas loop bioreactor
did not lead to an improvement of the verbenone concentra-
tion compared to that obtained in shake Xask cultures
(Table 1), and the open bioreactor experiments even
resulted in lower product concentrations. The verbenone
formation through autoxidation was negligible on the shake
Xask scale but signiWcant in the gas loop system where it
accounted for 10–30% of the aqueous product concentra-
tion measured after the biotransformation experiment, as
veriWed by control experiments without the fungus under

Fig. 4 Time courses of �-terpineol formation during two biotransfor-
mations of limonene with P. digitatum DSM 62840 in a closed gas loop
bioreactor. Both biotransformations were run as a two-stage process:
the actual biotransformation was started at t = 70 h (Wlled circle bio-
transformation 1) and t = 73 h (open circle biotransformation 2) by
adding 1.9 mM limonene when the glucose concentration had been
depleted to a value less than 1 g L¡1 and about 3.5 and 4 g L¡1 cell dry
weight had been accumulated, respectively. Dosage of 1.9 mM limo-
nene was repeated every 24 h. In biotransformation 2, glucose was
re-adjusted to 2 g L¡1 which was repeated every 24 h of biotransfor-
mation. The horizontal line indicates the maximum product concentra-
tion achievable after 172 h of cultivation of the same strain without gas
loop under otherwise identical bioprocess conditions (i.e., inoculum,
medium composition and volume, limonene and glucose feeding,
bioreactor operation) [27]

Fig. 5 Comparison of verbenone formation by P. solitum in the bio-
reactor with and without gas loop. After an initial dosage of 2.3 mM
�-pinene, the precursor was sequentially added at intervals of 18–30 h
and concentrations of 18.7–47 mM. After almost complete depletion
of the initial glucose (30 g L¡1) at t = 147 h, its concentration was
re-adjusted to approximately 2 g L¡1 every 24 h
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otherwise identical conditions (data not shown). Whereas in
the case of P. digitatum the extraction of the fungal myce-
lium harvested at the end of the biotransformation did not
signiWcantly increase the total product yield, the extraction
of P. solitum mycelium almost doubled the total product
concentration to 70 mg L¡1.

Table 2 summarizes the biotransformation key results
obtained during this work. The data illustrate that the limo-
nene-to-�-terpineol biotransformation is signiWcantly
superior to the microbial system producing verbenone from
�-pinene. Furthermore, regarding the �-terpineol produc-
tion with P. digitatum; both maximum product concentra-
tion and average productivity were about eightfold improved
by the closed gas loop bioreactor concept compared with
the shake Xask experiments.

Discussion

(+)-Limonene and �-pinene represent the most prominent
‘waste’ monoterpenes because they accumulate in large
amounts of up to several hundred thousand tons per year as
by-products of the wood and citrus processing industries,
making them attractive natural raw materials for the chemi-
cal industry [15]. However, due to the similar chemical
reactivity of the carbon atoms, organic chemistry encoun-
ters diYculties if a selective attack of one position in these
C10 terpene hydrocarbons is aimed at [33]. Here, microbial
transformation based on regio- and stereoselective enzy-
matic reactions represents an interesting alternative, espe-
cially for oxyfunctionalizations toward high-value natural
Xavor and fragrance compounds [14].

In contrast to the known biocatalytic activity of P. digita-
tum against limonene, the biotransformation activity of

P. solitum against �-pinene was a new Wnding as a result of
our screening eVorts to identify terpene tolerant fungi from
appropriate habitats for natural Xavor production, especially
from the essential oil components, limonene and �-pinene.
Interestingly, this strain totally catabolized limonene with-
out signiWcant formation of biotransformation products
whereas with �-pinene as precursor several biotransforma-
tion products were found in notable concentrations. The
products are well-known metabolites from �-pinene trans-
formation by ascomycetes, some Pseudomonas species, and
the black yeast Hormonema UOFS Y-0067 [14, 34], with
the exception of fenchol which has not so far been described
as a transformation product of �-pinene. In contrast to
P. digitatum, scale-up from shake Xask to bioreactor turned out
to be diYcult for submerged cultures of P. solitum, which
showed a pronounced sensitivity to agitation in a stirred tank
reactor. The low product concentration in the open bioreac-
tor system most probably resulted from the high volatility of
the product which was lost via the exhaust air upon active
aeration at 0.16 vvm, which was the lowest aeration rate
with this bioreactor operation where product formation was
measurable at all (about 1.7 mg L¡1; cf. Fig. 5). The water
solubility of both �-terpineol (670 mg L¡1) and verbenone
(943 mg L¡1) is within the same order of magnitude, but the
vapour pressure of verbenone (0.136 mmHg, 25°C) is 4.4
times higher compared to �-terpineol (0.031 mmHg, 25°C)
This also explains the fact that the verbenone production in
the open bioreactor system was even lower than in the shake
Xask. Despite the 20-fold increase in product concentration
by closing the gas loop, the overall product formation of the
�-pinene biotransformation with P. solitum still remained
relatively low. Additionally, �-pinene was prone to autoxi-
dation [31, 32]. Thus, working conditions would have to be
changed to totally suppress chemical verbenone production

Table 2 Summary of the key data of the biotransformations investigated in this work

NA Not applicable
a Maximum product concentration related to the volume of the aqueous medium after centrifugating the cell broth and extracting the supernatant
with hexane for GC-MS analysis
b Calculation of the productivity is based on the time span between precursor addition/closing of the gas loop and obtaining maximum product
concentration
c Results from Kaspera et al. [27], for comparison
d Total verbenone concentration after additional extraction of the broken fungal mycelium

Product Precursor Strain Scale Gas loop Max. product 
concentration (mg L¡1)a

Average 
productivity 
(mg L¡1 h¡1)b

�-Terpineol (+)-Limonene P. digitatum 
DSM 62840

400 mL/shake Xask NA 132 1.37

2.7 L/bioreactor Without 350–506c 4.6–5.0c

2.7 L/bioreactor With 918–1,009 8.2–9.0

Verbenone �-Pinene P. solitum 
(self isolate)

400 mL/shake Xask NA 35 0.13

2.7 L/bioreactor Without 1.7 (3)d 0.01

2.7 L/bioreactor With 36 (70)d 0.18
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in order to meet the legal requirements for labeling the prod-
uct a ‘natural Xavor’ [4, 15]. Interestingly, total verbenone
concentration was almost doubled to 70 mg L¡1 by disrupt-
ing the cells before extractive product recovery because a
signiWcant part of the lipophilic verbenone was obviously
retained by the fungal cell membranes. Although superior to
other higher fungi, such as Aspergillus and Penicillium spe-
cies, for which verbenone concentrations of 15–33 mg L¡1

have been reported [8, 35], the biotransformation capacity of
P. solitum is still too low for a technical application. A low
inherent activity of the enzyme(s) involved or a restricted
precursor access to the enzyme(s)—probably intracellular
and cofactor-dependent redox enzyme(s)—may be the limit-
ing factor because, unlike the P. digitatum biotransforma-
tion system, the precursor �-pinene was present in great
excess in the stirred bioreactor with P. solitum. In contrast to
the �-pinene-to-verbenone oxidation, the �-terpineol synthe-
sis from limonene appears to follow a simple double bond
hydration reaction, which would demand neither cofactor-
dependent enzymes nor oxygen and which might explain the
superior product formation kinetics and the fact that no
intracellular biotransformation product was found in P. dig-
itatum. However, the �-terpineol synthesis is postulated to
proceed via an initial epoxidation of the 8, 9 double bond
followed by a reductive cleavage of the epoxide [27, 33, 36],
although a respective enzyme has not yet been identiWed.

The scale-up from shake Xask to bioreactor usually
increases process eYciency because the chemical and phys-
ical environment is more readily controllable. In the case of
monoterpene biotransformations, however, additional dis-
positions have to be made accounting for the volatility and
toxicity of the precursor. This becomes especially evident
in the present work for the �-terpineol formation with
P. digitatum. Not only the conventional variables, such as
pH and pO2, were controlled but, using the modiWed pro-
cess setup, i.e., the closed precursor-saturated gas loop, it
was also possible to prevent both the evaporative loss of the
volatile precursor from the biotransformation medium to
the gas phase—thereby guaranteeing its constant availabil-
ity to the fungus—and its irrecoverable loss via the exhaust
stream. By keeping the process gas always precursor-satu-
rated, an elegant feeding method to continuously replenish
the biotransformation medium with precursor from the gas
phase was established. This gas phase dosage comple-
mented the sequential direct feeding of aliquots of the liq-
uid precursor, which had been identiWed by our preceding
toxicity studies as being only slightly inhibiting to P. digit-
atum DSM 62840. By this concept, product concentration
and productivity were considerably improved and a molar
conversion yield of up to 63% was achieved. In contrast,
the open bioreactor system used in previous studies most
probably suVered from periods of precursor limitation as
only the sequential direct feeding of the liquid monoterpene

was applied and an online measurement of limonene in the
liquid phase was impractical [27]. The maximum speciWc
product concentrations were in the range of 250–290 mg g¡1

dry cells. Other studies with Penicillium on analytical or
shake Xask scale reported comparable yields from 172 to
373 mg �-terpineol g¡1 dry cells [9, 37, 38]. A possible
explanation for the fact that these values are in the same
range may be that, during biotransformation, the rising
aqueous concentration of the less volatile and comparably
well soluble �-terpineol became increasingly inhibiting
towards Penicillium species. Product inhibition eVects of
�-terpineol on P. digitatum cells during limonene biotrans-
formation have already been described by Tan and Day
[38]. Therefore, even higher product concentrations might
be possible by combining the gas loop system with
appropriate in situ product recovery techniques. Whereas
all previously published quantitative data on �-terpineol
formation with P. digitatum have been derived from assay
or shake Xask scales [22, 36, 37, 39], the novel process
design enabled us to also report an �-terpineol production
in the g L¡1 range on a bioreactor scale for the Wrst time.
Very recently, a newly isolated fungus, Fusarium oxyspo-
rum 152b, was shown to produce up to 2.4 g L¡1 �-terpin-
eol from (+)-limonene after medium optimization in shake
Xasks [40]. Despite the obviously pronounced product tol-
erance of this fungus, the high toxicity and high volatility
of the precursor were claimed to strongly impede further
increased product concentrations. Consequently, the closed
gas loop bioreactor concept may also be beneWcial to the
aforementioned biotransformation and could lead to even
higher �-terpineol concentrations than reported to date. The
combination of high-performing strains with a tailored bio-
process design may thus serve as a sound basis for further
developments towards the biotechnological production of
valuable natural Xavor and fragrance compounds from
cheap and abundantly available natural terpenoids in the
future.
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