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Abstract R-(+)-limonene is an abundant and non-
expensive by-product of the citrus industry and is, there-
fore, a suitable starting material for the production of
natural flavor and fragrance compounds. The biotransfor-
mation of R-(4)-limonene to R-(4)-a-terpineol by
Fusarium oxysporum 152b has already been reported,
although the influence of the main process parameters on
the production has not yet been evaluated. In this paper, a
Plackett-Burman screening design was used to define the
effects of the medium composition (glucose, peptone, yeast
extract, malt extract and pH), the presence of a co-substrate
(biosurfactant), the cultivation conditions (temperature,
agitation), the substrate concentration and the inoculum/
culture medium ratio on the absolute amount of R-(+4)-o-
terpineol resulting from this biotransformation. The pro-
cess conditions were further optimized applying response
surface methodology (RSM). The volatiles were extracted
using a SPME device and were subsequently quantified by
GC-FID and identified by GC-MS. The best results were
obtained using 0.5% (v/m) R-(+)-limonene in pure distilled
water as the culture medium with an inoculum/culture
medium ratio of 0.25 (m/m) and 72 h cultivation at
26 °C/240 rpm. Under these conditions the concentration
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of R-(+)-a-terpineol in the culture medium reached
2.4 g L™', a production almost six times greater than in
earlier trials. The presence of a biosurfactant (0—
500 mg L") did not significantly increase the yield.

Keywords Fusarium oxysporum - Experimental design -
Response surface methodology - Bioflavor - Biosurfactant

Introduction

Terpenes are secondary metabolites of plants that are
produced, in part, as a defense against microorganisms and
insects, in addition to their pollinator-attractive properties
[16]. Terpenoids, particularly mono and sesquiterpenoids,
are the main flavor and fragrance impact molecules in the
essential oils of higher plants [31]. R-(4)-limonene, for
example, is one of the most abundant monocyclic mono-
terpenes in nature and represents more than 90% of orange
peel oil, thus being an inexpensive citrus by-product
available in bulk amounts [3]. As its chemical structure is
similar to that of many oxygenated monoterpenoids pre-
senting a pleasant fragrance, e.g. perillyl alcohol, carveol,
carvone, menthol and o-terpineol, it may be used as a
precursor in the synthesis of these flavor compounds [25].
Besides their desirable aromas, some of these oxygenated
limonene counterparts have shown biological activity in
vivo against certain types of tumor, not only preventing the
formation or progression of the cancer, but also regressing
existing malignant tumors [12, 20]. These characteristics
greatly enhance the industrial interest in such compounds
and, for this reason, the biotransformation process has
emerged as an attractive alternative for the conversion of
limonene since, when compared to the traditional chemical
methods, they proceed under mild conditions, have an
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elevated regio- and enantioselectivity, do not generate
toxic wastes and the products obtained can be labeled as
“natural” [34].

o-Terpineol is a stable alcohol commonly produced by
acid-catalyzed chemical synthesis from o-pinene or tur-
pentine oil. It is an important commercial product that is
typically applied in soaps, cosmetics and flavor prepara-
tions [3]. R-(+)-a-terpineol has a floral, typically lilac odor,
while S-(-)-a-terpineol occurs in conifer and lavandin oils
and has a pine odor.

In the scientific literature, the biotransformation of
limonene by microorganisms has been well documented
[14]. Biotransformations of limonene to o-terpineol as the
main product employing Cladosporium sp. [21], Pseudo-
monas gladioli [7] and an a-terpineol dehydratase isolated
from the same strain [8], have been reported. Other pub-
lications have described the use of P. digitatum [39] and its
immobilized cells [37], and have studied the effects of co-
solvents on this transformation [1, 38]. Recently, a fungal
strain identified as Fusarium oxysporum 152b was selected
based on its high extracellular alkaline lipase production
[29]. Subsequently, testing the same strain for the bio-
conversion of R-(4)-limonene, Mardstica Jr. and Pastore
[24] noticed that R-(4)-o-terpineol accumulated in the
medium. In order to reduce production costs, the authors
explored agroindustrial residues as substitutes for the fun-
gal cultivation medium (cassava wastewater) and substrate
(orange peel oil).

The use of bioprocessing is a promising alternative in
the recovery of terpene-derivate natural flavor compounds,
but a commercial process with high productivity and low
manufacturing costs must be developed [4]. In this context,
biotechnological improvements to enhance the production
rate, yields and recovery efficiency are indispensable [41].

The classical optimization method consists of varying
the parameters one-at-a-time, maintaining the other vari-
ables constant. This strategy is usually time-consuming,
requires a large number of experiments and does not con-
sider the effects of interaction between the factors. It is thus
an inadequate method for a full understanding of the pro-
cess [32]. The Plackett—-Burman design is a screening
approach used to statistically select the significant variables
of numerous factor-experiments, focusing on a reduction in
the number of trials in the final design. The central com-
posite design is a statistical methodology used to analyze
the effects and interactions of the variables studied. This
technique allows for the proposal of a mathematical model
that describes the behavior of the factors analyzed and
establishes their optimal values [30].

Optimization of the production of natural aroma com-
pounds using response surface methodology has already
been published [10, 26]. However, the authors of the
present paper found no references in the literature
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describing the use of experimental designs and response
surface methodology for the optimization of a bioprocess
for the production of aromatic monoterpenoids, especially
the formation of R-(+)-a-terpineol from R-(+4)-limonene,
although classical methods were reported for the bio-
transformation of R-(4)-limonene to R-(+4)-o-terpineol by
Penicillium digitatum NRRL 1202 [39], as well as the
biotransformation of limonene to carvone by means of
glucose oxidase and peroxidase [40] and the production of
verbenone from o-pinene by Penicillium sp. [2]. This paper
describes the optimization of the ten main process variables
involved in the biotransformation of R-(+4)-limonene to R-
(+)-a-terpineol by Fusarium oxysporum 152b using a
Plackett—-Burman matrix with 16 assays (PB-16) for the
variables screened, followed by central composite design
methodology.

Material and methods
Microorganism and chemicals

The microbial strain employed in this study was isolated
from the northeast Brazilian fruits, and was identified as
Fusarium oxysporum 152b [29]. R-(+)-limonene (Merck,
Darmstadt, HE, Germany, >94% purity), (4)-o-terpineol
(Aldrich, St. Louis, MO, USA, 90% purity) and R-(+)-o-
terpineol (Fluka, Buchs, SG, Switzerland, ~99% purity)
were kept under refrigeration (4 °C). The Bacillus subtilis
biosurfactant was produced in the Laboratory of Bioflavors
following a standard technique [27].

Inoculum

A 48 h culture grown on agar in a Petri dish was divided
amongst three 500 mL conical flasks each containing
200 mL of YM medium (10 g L™" glucose, 5 g L™ pep-
tone, 3 g L™! yeast extract, 3 g L™' malt extract, pH 6.7)
and homogenized under sterile conditions using an Ultra-
Turrax® T18 (Ika, Wilmington, NC, USA) until complete
disruption of the solid matter. After 72 h incubation at
30 °C/150 rpm, the cell mass was concentrated by vacuum
filtration using a Buchner funnel with Whatman n° 1 filter
paper. The separation was interrupted when the retentate
reached 45% of the initial mass, which resulted in a final
count of 1.6 & 0.2 x 10’ CFU mL™".

Optimization experiments

As no information was available on the influence of the
main parameters involved in the biotransformation of R-
(+)-limonene to R-(+)-a-terpineol using Fusarium oxy-
sporum 152b, an extensive study was carried out in order to
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define the effects of the medium composition, the culti-
vation conditions, the substrate concentration and the
inoculum/culture medium ratio, on the response (area of R-
(+)-a-terpineol peak in GC). Thus, the strategy used was to
run a Plackett-Burman screening design [18, 30] with 16
experiments (PB-16) and five center points to estimate the
experimental error and select the main parameters
(Tables 1, 2). A central composite design using the
parameters selected was then carried out to define the
optimal process conditions (Tables 4, 5). The center points
of the screening design were YM broth as the culture
medium with 1.0% (v/m) substrate and an inoculum/med-
ium ratio of 0.5 (m/m), incubated at 30 °C/150 rpm
(adapted from [24]), plus a concentration of the Bacillus
subtilis LB5a biosurfactant equivalent to one CMC (critical
micelle concentration; in this case, 11 mg L_l). The cen-
tral points and amplitudes of the central composite design
parameters (Table 4) were chosen based on previous
results.

Biotransformation procedure

The concentrated cell mass (item 2.2) was distributed
amongst 100 mL sterile screw-top flasks. Subsequently, the
cultivation medium (pH adjusted prior to sterilization) and
the substrate were aseptically added to totalize a final
weight of 15 g, the proportion of each component varying
according to the experimental design as shown in Tables 1
and 4. Each flask was incubated in a rotary shaker under
their respective conditions (see Tables 1, 4). In order to
define the transformation kinetics, four screening designs

Table 1 Variables and levels evaluated in the screening design

Variables Levels

-1 0 +1
Medium composition
Glucose (g L™ 0 10 20
Peptone (g L™ 0 10
Yeast extract (g L_l) 0 6
Malt extract (g LY 0 6
pH 5.2 6.7 8.2
Biosurfactant (mg L™ 0 10 20
Substrate
Limonene (%, v/m) 0.5 1.0 1.5
Cultivation conditions
Temperature (°C) 20 30 40
Agitation (rpm) 0 150 300
Inoculum

Inoculum/medium proportion (m/m) 0.25 0.50 0.75

were performed, one for each biotransformation time: 24,
48, 72 and 96 h. As the transformation rate generally
reached its maximum after 72-96 h, it was decided to carry
out the central composite design twice: one for 72 h and
the other for 96 h.

Quantification and identification of the volatile
compounds

A SPME device (Supelco, Bellefonte, PA, USA) contain-
ing a fused-silica fiber (10 mm in length) coated with a
75 pum layer of CAR-PDMS was used. Before analysis the
fiber was preconditioned in the injection port of the chro-
matograph according to the manufacturer’s instructions.

The aroma compounds were extracted from the 100 mL
flasks using a PTFE septum containing 50 pL of fermented
medium diluted in 50 mL of a 360 g L' sodium chloride
solution. The system was left for 10 min at 40 °C with
agitation to allow for equilibrium of the volatiles in the
headspace. The fiber was exposed to the headspace for
30 min at 40 °C.

Analyses were performed using a Varian 3800 gas
chromatograph (GC) equipped with a flame ionization
detector (FID) (Palo Alto, CA, USA). Desorption pro-
ceeded in the injection port of the gas chromatograph for
1 min at 280 °C with the purge valve off (splitless mode).
The volatile compounds were separated in a
30 m x 0.25 mm i.d. DB-Wax fused silica capillary col-
umn with a 0.5 pum film thickness (J&W Scientific,
Folsom, CA, USA). The temperature program was iso-
thermal for 2 min at 50 °C, and then rose to 200 at
5°C min~' where it was held for 5 min. Helium was the
carrier gas at a flow rate of 1.2 mL min~' and the detector
temperature was 250 °C. After desorption, the fiber
remained a further 10 min in the injector port to eliminate
the possibility of any carry-over of analyte between sam-
ples. Quantification was performed using the external
calibration curve of o-terpineol, obtained by distributing
opposing concentrations of standard samples of R-(+)-
limonene (4.23, 3.17, 2.11, 1.06 and 0.10 g L~ of med-
ium) and a-terpineol (0.10, 1.12, 2.24, 3.36 and 4.20 g L~}
of medium), in a 100 mL screw-top flask containing 3.75 g
of the inoculum and 11.25 g of distilled water (mean
composition at the central point of the central composite
design), all carried out in duplicate. The enantiomeric
identification was carried out by comparison between
standard R-(+)-a-terpineol and the sample regarding to the
retention time and spiking. It was used a Beta Dex™ 120
fused silica capillary column (Supelco; 60 m, 0.25 mm i.d.,
0.25 pm film thickness) with a temperature program iso-
thermal for 20 min at 140 °C, and then rose to 210 at
20 °C min~" where it was held for 5 min. The other con-
ditions were the same as described above.
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Table 2 Plackett—-Burman screening design matrix (PB-16) and the R-(+)-o-terpineol GC area after 24, 48, 72 and 96 h of biotransformation

Glu Pep MEx YEx L pH N T A M o-T area (x10%)

24 h 48 h 72 h 96 h
1 +1 -1 -1 -1 +1 -1 -1 +1 +1 -1 0.16 0.15 0.16 0.51
2 +1 +1 -1 -1 -1 +1 -1 -1 +1 +1 1.09 3.58 12.25 15.82
3 +1 +1 +1 -1 -1 -1 +1 -1 -1 +1 0.76 1.66 2.50 2.62
4 +1 +1 +1 +1 -1 -1 -1 +1 -1 -1 0.12 0.17 0.18 0.14
5 -1 +1 +1 +1 +1 -1 -1 -1 +1 -1 0.13 0.33 2.77 5.22
6 +1 —1 +1 +1 +1 +1 —1 -1 -1 +1 0.26 0.37 0.47 0.51
7 -1 +1 -1 +1 +1 +1 +1 -1 -1 -1 0.15 0.15 0.20 0.28
8 +1 —1 +1 -1 +1 +1 +1 +1 -1 -1 0.09 0.14 0.14 0.13
9 +1 +1 -1 +1 —1 +1 +1 +1 +1 -1 0.13 0.45 0.18 0.25
10 -1 +1 +1 -1 +1 -1 +1 +1 +1 +1 0.18 0.21 0.20 0.31
11 -1 -1 +1 +1 -1 +1 -1 +1 +1 +1 0.16 0.22 0.22 0.24
12 +1 -1 -1 +1 +1 -1 +1 -1 +1 +1 0.27 0.89 3.05 5.81
13 -1 +1 -1 -1 +1 +1 -1 +1 -1 +1 0.13 0.16 0.13 0.16
14 -1 -1 +1 -1 -1 +1 +1 -1 +1 -1 0.40 6.31 26.94 21.93
15 -1 —1 —1 +1 —1 -1 +1 +1 —1 +1 0.11 0.11 0.12 0.13
16 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 0.78 1.63 3.19 4.45
17 0 0 0 0 0 0 0 0 0 0 0.41 1.38 6.20 10.78
18 0 0 0 0 0 0 0 0 0 0 0.35 1.85 5.81 6.39
19 0 0 0 0 0 0 0 0 0 0 0.48 1.40 5.61 8.91
20 0 0 0 0 0 0 0 0 0 0 0.58 1.16 5.70 8.17
21 0 0 0 0 0 0 0 0 0 0 0.35 1.64 6.61 8.30

Glu glucose, Pep peptone, MEx malt extract, YEx yeast extract, L limonene, S biosurfactant, T temperature, A agitation, I/M inoculum/medium
ratio (m/m), o-T area R-(+)-o-terpineol peak area. The levels of each variable are described in Table 1

For the identification of the volatile products, the com-
pounds adsorbed by the fiber were desorbed in the injection
port of the GC under the same conditions as above. The
compounds were separated using a DB-5 capillary column
(J&W Scientific; 30 m, 0.25 mm i.d., film thickness
0.25 pum) installed in a Shimadzu 17A gas chromatograph
coupled with a Shimadzu QP-5000 mass spectrometer
(MS) (Kyoto, Kansai, Japan). The temperature program
used was 60 °C, rising to 210 at 3 °C min~' and held for
5 min. Helium was the carrier gas with a flow rate of
1.0 mL min~'. The GC/MS interface was maintained at
240 °C. The mass spectrometer was operated in the elec-
tron impact mode with electron energy of 70 eV and a
multiplier voltage of 1.4 kV at 0.5 scan s~ ' over a range of
m/z 35 — 350.

Data analysis
The results were analyzed by the software STATISTICA®
5.5 A. A significance level of 10% (P < 0.1) was consid-

ered for the variables screened and 5% (P < 0.05) for the
central composite design.
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Results and discussion
Screening of the variables

The center points for the screening design were chosen based
on the conditions usually applied for this biotransformation.
The triplicate of the center points showed that before the
biotransformation took place (0 h), there was a little R-(4)-
o-terpineol in the medium (areas from 0.7 to 0.9 x 106),
probably present as a contaminant of the substrate. A blank
experiment without the inoculum, carried out under the same
conditions as the center points, demonstrated that the amount
of R-(+)-a-terpineol in the medium remained practically
stable in the absence of the catalyst, presenting only a slight
increase between 0 and 48 h (from 0.8to 1.1 x 106), with no
significant rise until 96 h, indicating that the R-(4)-o-ter-
pineol produced in the process did not originate from the
autooxidation of R-(+)-limonene (data not shown).

Table 2 illustrates that, with few exceptions, the R-(+4)-
o-terpineol area increased during the course of the reaction,
reaching a maximum after 72-96 h, the same profile
obtained before [24]. However, the increase observed
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between 72 and 96 h might not be big enough to justify an
extra 24 h of process. For this reason only these two
periods were considered in the statistical analysis and for
the central composite design. The statistical evaluation of
the results is shown in Table 3.

The use of biosurfactants as the co-substrate was tested
for the first time in this bioprocess and, due to the lack of
references, it was decided to use a concentration of one
CMC: the minimal concentration for the formation of
micelles. The choice of CMC as the concentration
parameter was made in function of the relation between
this value and the efficiency of a surfactant [6, 35].
Hydrophobic compounds can be dissolved in the micelle.
Typically, the solubility of surfactants remains very low
until the CMC value is reached, whereas at concentrations
above the CMC, it increases rapidly and almost linearly
with the surfactant content [19]. Thus, the main charac-
teristic of biosurfactants is to reduce the interfacial tension
at the surface of the insoluble substrate and to increase the
availability of the hydrophobic substrate to the microbe.
For liquid hydrocarbons, reduced interfacial tension

Table 3 Estimates of the effects of the parameters analyzed after 72
and 96 h of biotransformation

Factor Time (h) Effect (x10% SE (x10% #10) P value
Mean 72 3.93 1.00 3.92  0.0029
9 4.81 1.06 4.55  0.0011
Glu 72 —1.85 2.30 —0.81 0.4386
96 —0.87 242 —0.36 0.7277
Pep 72 —1.98 2.30 —0.86 0.4088
9% —1.11 2.42 —046  0.6556
MEx 72 1.77 2.30 0.77 0.4599
9% 0.46 242 0.19 0.8521
YEx 72 —4.79 2.30 —2.08 0.0637
9 —4.17 242 —1.72 0.1161
L 72 —4.81 2.30 —2.09 0.0630
9 —4.08 2.42 —1.68 0.1230
pH 72 3.54 2.30 1.54  0.1542
9 2.52 242 1.04 03232
N 72 1.74 2.30 0.76  0.4656
9 0.55 242 023 0.8242
T 72 —6.25 2.30 —2.72  0.0215
96 —6.85 242 —2.83  0.0179
A 72 4.86 2.30 211  0.0608
9 5.21 242 215 0.0569
M 72 —1.85 2.30 0.81 0.4390
9% —0.91 242 —0.38 0.7142

SE Standard error, Glu glucose, Pep peptone, MEx malt extract, YEx
yeast extract, L limonene, S biosurfactant, T temperature, A agitation,
I/M inoculum/medium ratio (m/m)

Parameters in bold are statistically significant for the response
(P < 0.1), considering the residual SS

facilitates emulsification, increasing the surface area
available for dissolution, microbial attachment, and sub-
strate absorption [17]. Additionally, surfactants increase
the membrane permeability with the formation of pores [9].
The levels of the variables tested in the screening design
are described in Table 1. These codified values were
applied in the PB-16 Plackett—-Burman matrix (Table 2). In
this case, a P value of 0.1 is currently recommended, since
it is more conservative and lowers the risk of false-
excluding statistically significant parameters [30].

Effect of the medium composition

The medium composition usually displays an important
role in biotransformation processes, being one of the main
factors responsible for alterations in yield [1]. The presence
of co-substrates might also enhance the bioconversion
performance [36, 38]. It was demonstrated that, consider-
ing the ranges tested, neither glucose, nor peptone, malt
extract or the pH value presented any statistical effects on
the responses after 72 or 96 h, and thus these variables
were of no significant interest (at P < 0.1) to this process.
Yeast extract showed a negative effect at 72 h (P < 0.1)
and at 96 h (P < 0.12), which means that this compound
hinders the biotransformation of limonene by F. oxyspo-
rum, lowering its activity. Therefore, according to the
results (Table 3), the best medium for this process was pure
distilled water with a pH between 5.2 and 8.2. The fol-
lowing procedures used the normal pH of the water as the
standard. This result is completely comprehensible since in
terpene biotransformation processes, the substrate is usu-
ally the sole carbon source, and mineral mediums (saline
solutions) or buffers are typically applied as the culture
medium [24, 36, 39], even though some authors have
proposed there is a correlation between best fungal growth
and best bioconversion yield, suggesting mediums with
other carbon sources [1].

Unfortunately, the biosurfactant showed no statistical
effect (at P < 0.1) on the response, considering the levels
tested (Table 3), for either 72 or 96 h of biotransformation.
Nevertheless, univariate experiments with a broad range of
biosurfactant concentration levels (50, 250, 1,250 and
6,250 mg L™, equivalent to approximately 5, 25, 125 and
625 CMC) were carried out in duplicate to observe the
behavior of the biotransformation. Apparently, the yield
increased up to 25 CMC and higher concentrations only
resulted in a slight increase in biotransformation (results
not shown).

Effect of the substrate concentration

One of the greatest challenges in biotransformation pro-
cesses consists of the high cytotoxicity and high volatility
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of both substrate and product [22]. When compared to
bacteria, fungi seem to be more sensitive to limonene [5],
possibly because this monoterpene increases the fluidity of
fungal membranes, leading to a high unspecific membrane
permeability and loss of membrane integrity [28]. In this
study, the limonene concentration showed a negative effect
on the levels tested for 72 h (P < 0.1) and 96 h (P < 0.13)
of biotransformation (Table 3), which might be explained
by the toxic activity of R-(+)-limonene on the F. oxyspo-
rum. In this case, smaller amounts of substrate (0.5% or
less) are indicated, still within the limonene concentration
usual applied in biotransformation processes (0.2-1.0%)
[5]. Some authors have suggested that substrate induction
might enhance the yield [1, 15, 39], however, this was not
the case in the present process [24].

The system employed in this experiment, a 100 mL
screw-top flask with a plastic cover, apparently reduced
limonene volatilization. In earlier work using normal
conical flasks, the limonene evaporated to very small
concentrations after a short period of time, even when co-
substrates and the subsequent addition of substrate were
applied. Discounting the transformed limonene (yield
~50%), substrate recoveries of <10% after 48 h [13], and
<20% after 72 h, have been reported [24]. However, in the
blank experiments of the present study, the reduction in the
limonene area (GC-FID) after 24, 48, 72 and 96 h was,
respectively, 14, 36, 57 and 63% (data not shown).

Effect of the cultivation conditions

It is known that the medium temperature directly influences
biological reactions. Moreover, medium agitation promotes
development of the microorganism and cell-substrate
interaction. However, the use of high temperatures and
agitation speeds, in addition to increasing the process energy
costs, might enhance the loss of substrate and product and
the occurrence of side reactions. Thus, an ideal balance must
be searched for in order to achieve the best results.

The temperature showed a negative effect (P < 0.1) on
the biotransformation process (Table 3), possibly
explained by inhibition of microbial growth and enzyme
denaturation at temperatures close to 40 °C. Table 2
clearly shows that temperatures of 40 °C (41 level) pre-
sented virtually no product formation. Thus in the present
case, mild temperatures (lower than 30 °C) should be
considered, in order to obtain the best performance. Similar
results were obtained for Penicillium digitatum NRRL
1202 [39] and for Pseudomonas putida [11, 36], which
showed dramatic decreases in bioconversion at tempera-
tures above 32 and 30 °C, respectively.

Agitation, on the other hand, showed a positive effect
(P < 0.1) in the o-terpineol area (Table 3), probably rela-
ted to the increase in cell-substrate contact. Hence, the
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optimal agitation may be situated at values above the
maximum value tested in the screening design (300 rpm)
and an ampler range is suggested. To relate the need for
agitation with the process economics, a repetition with no
agitation should be run in the optimization design.

Effect of the inoculum size

The size of the inoculum is an important factor in a fer-
mentation process, as it has a considerable effect on the
subsequent stages. In industrial fermentation processes, it is
a well-known fact that the age and density of the inoculum
used directly influences the duration of the lag phase,
specific growth rate, biomass yield, sporulation and quality
of the final product, and hence the production costs [33]. A
positive influence of the biocatalyst content on the maxi-
mum product recovery was already reported for the
biotransformation of o-pinene oxide to isonovalal [15]. It
was also suggested that the use of mycelium concentrates,
as applied in this study, might significantly enhance the
yield [23]. Curiously, the inoculum size had no statistically
significant (P < 0.1) influence on the biotransformation of
R-(+)-limonene to R-(+4)-o-terpineol by F. oxysporum,
considering the levels tested. Therefore, the minimal
inoculum/culture medium ratio tested (0.25, m/m) was
chosen as the standard for the following trials.

Optimization using a central composite design

According to the variables screened, the significant factors
(P <0.1) for the process under study, considering the
levels tested, which were worth considering in the further
optimization design, were only temperature, agitation
speed and substrate (limonene) concentration. The biosur-
factant only appeared to present an effect at higher
concentrations (around 25 CMC). For this reason, these
four variables, which were analyzed at the levels described
in Table 4, were optimized using a 2* central composite
design with six center points, as shown in Table 5.

Table 4 Variables and levels evaluated in the central composite
design

Variables Levels

-2 -1 0 +1 +2
Cultivation conditions
Temperature (°C) 10 15 20 25 30
Agitation (rpm) 0 90 180 270 360
Substrate
Limonene (%) 0.1 0.3 0.5 0.7 0.9
Co-substrate
Biosurfactant (mg LY 0 125 250 375 500
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Table 5 2* Central composite design matrix and the R-(+)-o-ter-

pineol GC-FID area after 72 and 96 h incubation

Table 6 The least-squares and significances of the regression coef-
ficients of the model parameters (72 h-biotransformation)

T A L S o-T area (x10°%) Parameter RC (x10% SE (x10%) 1(15) P value
72h 96 h Mean 17.7 1.77 10.01 <0.001

1 _1 _1 _1 1 0.81 203 T 6.18 0.89 6.986 <0.001
2 +1 - 1 1 19.14 18.36 T? —2.48 0.83 —2.997 0.009
3 _1 +1 1 —] 1.21 16.27 A 2.73 0.89 3.088 0.008
4 1 11 1 1 21.17 2237 A? -1.97 0.83 —2.377 0.031
5 _1 -1 +1 -] 0.68 1.95 L —0.78 0.89 —0.886 0.390
6 +1 1 +1 1 763 13.30 L? —3.45 0.83 —4.164 <0.001
7 1 +1 +1 1 0.19 0.47 S 0.60 0.89 0.680 0.507
8 +1 41+ -1 18.17 1666 S —030 0.83 —0.363 0.722
9 _1 _1 1 +1 0.88 951 TxA 0.77 1.08 0.710 0.488
10 +1 -1 -1 +1 16.60 18.75 TxL —0.89 1.08 —0.824 0.423
11 _1 +1 1 +1 10.52 20.37 TxS —0.81 1.08 —0.751 0.464
12 +1 +1 . +1 20.38 19.65 AxL —0.04 1.08 —0.035 0.972
13 _1 _1 +1 +1 0.37 2,58 A xS 0.38 1.08 0.353 0.729
14 +1 _1 +1 +1 9.92 1176 LxS —0.43 1.08 —0.400 0.695
15 -1 +1 +1 +1 0.20 0.19 RC Regression coefficient, SE standard error, T temperature, A agi-
16 +1 +1 +1 +1 15.27 18.53 tation, L limonene, S biosurfactant
17 _9 0 0 0 0.18 0.19 Parameters in bold are statistically significant for the model
18 42 0 0 0 1768 1855 =009
19 0 -2 0 0 2.35 4.31
20 0 +2 0 0 19.61 16.58 Table 7 ANOVA of the quadratic model
2 8 g —7—2 g (9)5(3) 1233 Variation source SS (x10') df SM (x10'?) F value P value
23 0 0 0 -2 15.33 18.76 Regression 16.9 5 334 23.5 <0.0001
24 0 0 0 +2 19.98 19.86 Residues 3.46 24 1.44
25 0 0 0 0 16.63 21.75 Total 20.4 29
26 0 0 0 0 16.17 18.77 R* =083 Foosisos = 2.62
27 0 0 0 0 18.76 19.53 SS Sum of squares, df degrees of freedom, SM mean square
28 0 0 0 0 18.70 22.54
29 0 0 0 0 17.78 19.03 (72 h-biotransformation), were treated by the software
30 0 0 0 0 18.25 18.11

The levels of each variable are described in Table 4. T temperature, A
agitation, L limonene, S biosurfactant, a-T area R-(+)-o-terpineol

peak area

It can be seen that the greatest increases in the R-(4)-o-
terpineol area occurred for those points which, after 72 h,
showed a response no higher than 11 x 10° All the
experiments carried out at temperatures equal or inferior to
15 °C are comprised in this group, demonstrating that
lower temperatures clearly reduced the biotransformation
activity and retarded the process. In the region of interest
(areas above 15 x 106), only a small, or even negative
increase in the response (Table 5), was found after 96 h.
As a result, in agreement with previous work [24], a
96 h-reaction period presented no practical advantage over
72 h, which was considered to be the optimum biotrans-
formation time for the statistical evaluation. These data

STATISTICA® v. 5.5A, which generated the regression
coefficients and respective statistical analysis of the
parameters considered (Table 6).

In order to verify the validity of the model, an analysis
of variance (ANOVA) was performed considering only the
statistically significant (P < 0.05) variables (parameters in
bold in Table 6) for the analysis. The ANOVA table
(Table 7) demonstrated that the quadratic model adjusted
for the process responses was satisfactory. The calculated F'
value was nine times higher than the respective listed
value, while the P value of the model was lower than
0.0001. Although it is not ideal, a value for R* = 0.83 is a
perfectly acceptable value for biological systems [30].
Consequently, it is possible to define a statistically valid
model (P < 0.05), given by Eq. 1:

oT Area(x10%) = 17.37 + 6.18T — 2.44T% +2.73A
— 1.93A% — 3.40L% (1)
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Fig. 1 Contour plot of the R-(4)-o-terpineol area after 72 h-
biotransformation as a function of agitation and temperature.
Limonene concentration fixed at 0.5% (v/m)
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Fig. 2 Contour plot of the R-(4)-o-terpineol area after 72 h-
biotransformation as a function of limonene concentration and
temperature. Agitation fixed at 180 rpm

where the oT Area, T, A and L are, respectively, the R-(+4)-
a-terpineol peak area in the GC-FID, temperature, agitation
and limonene concentration in codified values (Table 4).
This equation is graphically represented by the agita-
tion x temperature (Fig. 1), limonene x temperature
(Fig. 2) and limonene x agitation (Fig. 3) contour curves.
The profile of the response surfaces obtained was ideal,
since all the figures presented the predicted optimal regions
comprised inside the levels studied. It can be seen that a
strict control of the biotransformation conditions was not
necessary, which simplifies the process even more. As
previously cited, the medium pH could vary from 5.2 to 8.2
without any significant changes in yield. An analysis of
Eq. 1 showed that the temperature and agitation, for their
part, could oscillate from 23 to 29.5 °C and from 180 to
310 rpm, respectively, maintaining the production above
95% of the maximal value, when the limonene concen-
tration remained fixed at 0.5% (v/m). In a non-agitated
process, the maximal R-(+)-a-terpineol production reached
1 g L™". The optimal conditions could be determined using
mathematical methods (equation derivation). In this case,
the values obtained were: temperature = +1.27 (codified

@ Springer
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Fig. 3 Contour plot of the R-(+)-o-terpineol area after 72 h-
biotransformation as a function of limonene concentration and
agitation. Temperature fixed at 20 °C

level) ~ 26 °C, agitation = 4+0.71 (codified level) ~
240 rpm and limonene concentration = 0 (codified
level) = 0.5% (v/m), with a predicted R-(4)-o-terpineol
area of 22.25 x 10°, equivalent to 2.44 g of R-(+)-o-ter-
pineol per liter of medium [O(TgL—l = («TGC—FiDareat
1.57 x 10°)/9.76 x 10% R* =0.992]. Due to practical
reasons, it was decided to use 30 °C/270 rpm and 0.5%
substrate as standard, keeping the production of approxi-
mately 2.4 g L™,

Conclusions

For the first time a variable screening (Plackett—-Burman
methodology) followed by a central composite design was
described to optimize the main parameters involved in the
biotransformation of R-(+)-limonene to R-(+)-o-terpineol.
The effect of a biosurfactant on this bioprocess was an
additional original report. These optimization techniques
were very useful for a full understanding of the process.
According to the contour plots, the best conditions for the
highest R-(+4)-a-terpineol recovery were: 72 h-reaction in
pure distilled water as the culture medium, temperature
between 24 and 28 °C, agitation of 200 to 310 rpm, R-(+)-
limonene concentration of 0.5% (v/m) and an inoculum/
culture medium ratio of 0.25 (m/m). This is a simple and
low cost process with relative high R-(+)-a-terpineol pro-
duction (up to 2.44 g L™"), representing the first step in an
industrial process development. The following stage of this
research should be work on the inoculum (immobilization,
freeze drying, membrane permeabilization), use biphasic
systems and a scale up and product recovery study. In the
future, a possible genetic manipulation of the microor-
ganism should be considered.

Acknowledgments The authors are truly grateful for the valuable
suggestions from Prof. Maria Isabel Rodrigues (DEA/FEA—
Unicamp, Brazil) and acknowledge Conselho Nacional de Desen-
volvimento Cientifico e Tecnologico (CNPq), Coordenagdo de



J Ind Microbiol Biotechnol (2008) 35:1061-1070

1069

Aperfeicoamento de Pessoal de Nivel Superior (CAPES) and Fun-
dagdo de Amparo a Pesquisa do Estado de Sdo Paulo (FAPESP) for
their financial support.

References

10.

12.

13.

14.

15.

16.

17.

18.

. Adams A, Demyttenaere JCR, N De Kimpe (2003) Biotransfor-

mation of (R)-(+)- and (S)-(-)-limonene to alpha-terpineol by
Penicillium digitatum—investigation of the culture conditions.
Food Chem 80:525-534

. Agrawal R, Joseph R (2000) Optimization of conditions for the

biotransformation of alpha pinene to verbenone by a Penicillium
sp. J Food Sci Technol 37:430-432

. Bauer K, Garbe D, Surburg H (2001) Common fragrance and

flavor materials: preparation, properties and uses. 4th ed. Wiley-
VCH, Weinheim

. Berger RG, De Bont JAM, Eggink G, Da Fonseca MM, Gehreke

M, Gros J-B, Van Keulen F, Krings U, Larroche C, Leak D, Van
Der Werf M (1999) Biotransformations in the flavour industry.
In: Swift KAD (ed) Current topics in flavours and fragrances.
Towards a new millennium of discovery. Kluwer Academic
Publishers, London, pp 139-170

. Bicas JL, Pastore GM (2007) Isolation and screening of d-limo-

nene-resistant microorganisms. Braz J Microbiol 38:563-567

. Bognolo G (1999) Biossurfactants as emulsifying agents for

hydrocarbons. Colloid Surf 152:41-52

. Cadwallader KR, Braddock RJ, Parish ME, Higgins DP (1989)

Bioconversion of (4)-limonene by Pseudomonas gladioli. J Food
Sci 54:1241-1245

. Cadwallader KR, Braddock RJ, Parish ME (1992) Isolation of a-

terpineol dehydratase from Pseudomonas gladioli. J Food Sci
57:241-244 and 248.

. Carrillo C, Teruel JA, Aranda FJ, Ortiz A (2003) Molecular

mechanism of membrane permeabilization by the peptide anti-
biotic surfactin. Biochem Biophys Acta 1611:91-97

Celik D, Bayraktar E, Mehmetoglu U (2004) Biotransformation
of 2-phenylethanol to phenylacetaldehyde in a two-phase fed-
batch system. Biochem Eng J 17:5-13

. Chatterjee T, Bhattacharyya DK (2001) Biotransformation of

limonene by Pseudomonas putida. Appl Microbiol Biotechnol
55:541-546

Crowell P (1999) Prevention and therapy of cancer by dietary
monoterpenes. J Nutr 129:7755-778S

Demyttenaere JCR, Van Belleghem K, De Kimpe N (2001)
Biotransformation of (R)-(+)- and (S)-(—)-limonene by fungi and
the use of solid phase microextraction for screening. Phyto-
chemistry 57:199-208

Duetz WA, Bouwmeester H, Van Beilen JB, Witholt B (2003)
Biotransformation of limonene by bacteria, fungi, yeasts, and
plants. Appl Microbiol Biotechnol 61:269-277

Fontanille P, Larroche C (2003) Optimization of isonovalal
production from alpha-pinene oxide using permeabilized cells of
Pseudomonas rhodesiae CIP 107491. Appl Microbiol Biotechnol
60:534-540

Gershenzon J, Dudareva N (2007) The function of terpene natural
products in the natural world. Nat Chem Biol 3:408-414
Gerson DF (1993) The biophysics of microbial surfactants:
growth on insoluble substrates. In: Kosaric N (ed) Surfactants:
production, properties, applications. Marcel Dekker Inc., New
York, pp 269-286

Jacques P, Hbid C, Destain J, Razafindralambo H, Paquot M,
Pauw E, Thonart P (1999) Optimization of biosurfactant lipo-
peptide production from Bacillus subtilis S499 by Plackett-
Burman design. Appl Biochem Biotechnol 77:223-233

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Jonsson B, Lindman B, Holmberg K, Kronberg B (1998) Asso-
ciation of surfactants. In: Jonsson B, Lindman B, Holmberg K,
Kronberg B (eds) Surfactants and polymers in aqueous solution.
Wiley, New York, pp 33-60

Jun M, Jeong W-S, Ho C-T (2006) Health promoting properties
of natural flavor substances. Food Sci Biotechnol 15:329-335
Kraidman G, Mukherjee BB, Hill JD (1969) Conversion of
D-limonene into an optically active isomer of o-terpineol by a
Cladosporium species. Bacteriol Proc 69:63

Krings U, Berger RG (1998) Biotechnological production of
flavours and fragrances. Appl Microbiol Biotechnol 49:1-8
Krings U, Hardebusch B, Albert D, Berger RG, Mardstica MR
Jr, Pastore GM (2006) Odor-active alcohols from the fungal
transformation of o-farnesene. J Agric Food Chem 54:9079-
9084

Mardéstica MR Jr, Pastore GM (2007) Production of R-(+)-o-
terpineol by the biotransformation of limonene from orange
essential oil, using cassava waste water as medium. Food Sci
101:345-350

Matthews RF, Braddock RJ (1987) Recovery and application of
essential oils from oranges. Food Technol 41:57-61

Melo LLMM, Pastore GM, Macedo GA (2005) Optimized syn-
thesis of citronellyl flavour esters using free and immobilized
lipase from Rhizopus sp. Process Biochem 40:3181-3185
Nitschke M, Pastore GM (2006) Production and properties of a
surfactant obtained from Bacillus subtilis grown on cassava
wastewater. Biores Technol 97:336-341

Onken J, Berger RG (1999) Effects of R-(4)-limonene on sub-
merged cultures of the terpene transforming basidiomycete
Pleurotus saidus. ] Biotechnol 69:163—-168

Prazeres JN, Cruz JAB, Pastore GM (2006) Characterization of
alkaline lipase from fusarium oxisporum and the effect of dif-
ferent surfactants and detergents on the enzyme activity. Braz J
Microbiol 37:505-509

Rodrigues MI, Iemma AF (2005) Planejamento de experimentos
e otimizagdo de processos: uma estratégia seqiiencial de plane-
jamentos. Editora Casa do Pao, Campinas, Brazil

Seitz EW (1994) Fermentation production of pyrazines and ter-
penoids for flavors and fragrances. In: Gabelman A (ed)
Bioprocess production of flavor, fragrance, and color ingredients.
Wiley, New York, pp 95-134

Sen R, Swaminathan T (1997) Application of response-surface
methodology to evaluate the optimum environmental conditions
for the enhanced production of surfactin. Appl Microbiol Bio-
technol 47:358-363

Sen R, Swaminathan T (2004) Response surface modeling and
optimization to elucidate and analyze the effects of inoculum age
and size on surfactin production. Biochem Eng J 21:141-148
Serra S, Fuganti C, Brenna E (2005) Biocatalytic preparation of
natural flavours and fragrances. Trends Biotechnol 23:193-198
Sheppard JD, Mulligan CN (1987) The production of surfactin by
Bacillus subtilis grown on peat hydrolysate. Appl Microbiol
Biotechnol 27:110-116

Speelmans G, Bijlsma A, Eggink G (1998) Limonene biocon-
version to high concentratiuons of a single and stable product,
perillic acid, by a solvent-resistant Pseudomonas putida strain.
Appl Microbiol Biotechnol 50:538-544

Tan Q, Day DF (1998) Bioconversion of limonene to o-terpineol
by immobilized Penicillium digitatum. Appl Microbiol Biotech-
nol 49:96-101

Tan Q, Day DF (1998) Organic co-solvent effects on the bio-
conversion of (R)-(+)-limonene to (R)-(+)-o-terpineol. Process
Biochem 33:755-761

Tan Q, Day DF, Cadwallader KR (1998) Bioconversion of (R)-
(+)-limonene by P. digitatum (NRRL 1202). Process Biochem
33:29-37

@ Springer



1070 J Ind Microbiol Biotechnol (2008) 35:1061-1070

40. Trytek M, Fiedurek J (2002) Biotransformation of D-limonene to 41. Welsh FK (1994) Overview of bioprocess flavor and fragrance
carvone by means of glucose oxidase and peroxidase. Acta production. In: Gabelman A (ed) Bioprocess production of flavor,
Microbiol Pol 51:57-62 fragrance, and color ingredients. Wiley, New York, pp 1-17

@ Springer



	Optimization of R-(+)-&agr;-terpineol production�by the biotransformation of R-(+)-limonene
	Abstract
	Introduction
	Material and methods
	Microorganism and chemicals
	Inoculum
	Optimization experiments
	Biotransformation procedure
	Quantification and identification of the volatile compounds
	Data analysis

	Results and discussion
	Screening of the variables
	Effect of the medium composition
	Effect of the substrate concentration
	Effect of the cultivation conditions
	Effect of the inoculum size

	Optimization using a central composite design

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


