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Abstract Rhodococcus erythropolis DCL14 has the
ability to convert the terpene (—)-carveol to the valuable
flavour compound (—)-carvone when growing on a wide
range of carbon sources. To study the effect of carbon and
energy sources such as alkanes, alkanols and terpenes on
the biotechnological process, the cellular adaptation at the
level of fatty acid composition of the membrane phos-
pholipids and the (—)-carvone production were examined.
All tested carbon sources caused a dose-dependent in-
crease in the degree of saturation of the fatty acids. The
exception was observed with short-chain alcohols such as
methanol and ethanol, to which the cells adapted with a
concentration-dependent decrease in the saturation degree
of the membrane phospholipids. This influence of the
different carbon sources on the rigidity of the cell mem-
brane also had an impact on the (—)-carvone productivity
of the strain.

Introduction

The physico-chemical properties of cellular membranes are
affected by solvents such as hydrocarbons and terpenes and
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especially by aromatic compounds. According to Sikkema
et al. (1995), the main target of organic solvent toxicity in
bacteria is in fact the cell membrane. The compounds par-
tition preferentially to membranes, causing an increase in
membrane fluidity and leading to non-specific permeabil-
ization (Heipieper et al. 1992). Incorporation of a solute in a
bilayer perturbs lipid—lipid and lipid—water interactions and
consequently affects membrane functionality. n-Alkanes,
n-alkanols and terpenes destabilize the bilayer structure of
microbial membranes (Weber and de Bont 1996). How-
ever, micro-organisms are able to adapt to the presence of
toxic organic solvents, including aliphatic alcohols, using a
whole cascade of adaptive mechanisms (for reviews, see
Isken and de Bont 1998; Isken and Heipieper 2002;
Sikkema et al. 1995). Biological functions depend on the
ability of micro-organisms to adapt their membranes in
order to survive under the destructive effects of solvents.
Adaptation mainly consists of changes in membrane lipid
composition, with some changes in protein, sterol, hopa-
noid and carotenoid content (Heipieper et al. 1994; Weber
and de Bont 1996). Among the adaptive mechanisms, those
leading to a modification of the membrane to keep it in the
same condition of fluidity have been described most in-
tensively. Changes in the fatty acid composition of mem-
brane lipids appear to be the major response of bacteria
against membrane-active substances. Thereby, bacteria main-
tain a constant membrane fluidity by changing the mem-
brane fatty acid’s degree of saturation. This mechanism is
called “homeoviscous adaptation” (Sinensky 1974).

In the present work, we studied the effect of alkanes,
alkanols and terpenes, used as sole carbon and energy
sources, on the fatty acid composition of the membrane of
Rhodococcus erythropolis DCL14. This strain has been
successfully used in our laboratory in the bioconversion of
several terpenes in organic—aqueous systems (de Carvalho
et al. 2000; de Carvalho and da Fonseca 2002a). During
different studies, it was found that R. erythropolis DCL14
cells are solvent-tolerant and are able to consume a large
number of alkanes and alkanols, a feature that can be
exploited for bioremediation (de Carvalho and da Fonseca,
in press).
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Materials and methods
Strain

R. erythropolis DCL14 was provided by the Division of
Industrial Microbiology, Wageningen Agricultural Uni-
versity, The Netherlands.

Growth

Cells were grown in cylindrical 100-ml flasks, closed with
rubber bungs, containing 20 ml of minimal salts medium
(Wiegant and de Bont 1980) and incubated at 28°C and
150 rpm. The organic compounds used as sole carbon and
energy sources were present at an initial concentration of
0.125, 0.25, 0.5, 1.0, 2.0, 5.0, 10.0 or 20.0% (v/v). The
extent of growth was monitored by measurement of the
optical density at 600 nm (ODgq), by dry weight and by
microscopy and image analysis techniques. Assays were
carried out at least in duplicate.

Carbon source consumption rate

Cells were grown at 28°C and 200 rpm in at least 15 test
tubes (10 ml), closed with rubber bungs wrapped in tin foil,
containing 2 ml of minimal salts medium and defined
amounts of each carbon source. During growth, at least five
samples were taken at different times. At each sampling
time, the whole contents of three test tubes were collected:
one for biomass measurement and two for determination of
carbon source consumption. The contents of these latter
two tubes were extracted with 0.5 ml of ethyl acetate and,
after phase separation, the ethyl acetate layer was analysed
by gas chromatography (GC).

GC analysis

Samples were analysed by GC on a Hewlett Packard 5890
GC with a flame ionization detector (FID), connected to a
HP3394 integrator. The capillary column was SGE HT5
(25 m long, 0.22 mm i.d., 0.33 mm o.d.). The oven tem-
perature was 120°C and the injector 200°C. The detector
was at 250°C.

Chemicals

The organic solvents used as carbon source were ethanol
(99.8%), butanol (>99.5%), propanol (>99.5%), n-dodeca-
nol, cyclohexane (>99.5%), toluene (>99.5%; all from
Merck), n-octane (>99%; from Merck-Schuchardt), meth-
anol (>99.8%), pentanol (>99%), n-hexane (>99%), iso-
octane (>99.5%; all from Riedel-de Haén), n-hexadecane
(99%; from Sigma), cyclohexanol (99%), n-hexanol (98%),
n-decane (>99%), n-dodecane (>99%; all from Aldrich),

pentane (99%; from Fluka) and n-nonane (99%; from
Acros). The terpenes used as carbon sources were (R)-(+)-
limonene (97%), (+)-limonene oxide (97%), (—)-carveol
(97%), (R)-(—)-carvone (98%), o-pinene (98%) and o-
pinene oxide (97%), all purchased from Aldrich Chemicals.
Cis-(—)-carveol (>98%; de Carvalho et al. 2002) was
diastereomerically purified from (—)-carveol using R. eryth-
ropolis DCL14 cells as described by de Carvalho and da
Fonseca (2002b).

Cell hydrophobicity test

The cell hydrophobicity test was carried out according to
the microbial adhesion to hydrocarbon test described by
Rosenberg et al. (1980), as follows. Various volumes of
n-hexadecane were added, in test tubes, to 1.2 ml of washed
cells (collected at the beginning of the stationary phase)
suspended in phosphate buffer (pH 7). Following 10 min
of pre-incubation at 30°C, the mixtures were agitated at
full speed for 120 s on a vortex (REAX 2000; Heidolph,
Germany). After 15 min, the organic phase was removed
and the ODgqo of the aqueous phase was measured. Cell
hydrophobicity refers to the percentage of cells that mi-
grate towards the organic phase.

Changes in fatty acid composition

Cells from 20-ml suspensions (about 3x10'® cells) of
R. erythropolis DCL14, grown in the presence of different
carbon sources and concentrations, were centrifuged and
washed with phosphate buffer (S0 mM, pH 7.0). The lipids
were extracted with chloroform/methanol/water, as de-
scribed by Bligh and Dyer (1959). Fatty acid methyl esters
(FAME) were prepared by 15 min of incubation at 95°C in
boron trifluoride/methanol, using the method of Morrison
and Smith (1964). FAME were extracted with hexane and
analysed using a quadruple GC-MS System (HP6890,
HP5973; Hewlett & Packard, Palo Alto, USA) equipped
with a split/splitless injector. A CP-Sil 88 capillary column
(Chrompack, Middelburg, The Netherlands; 30 m long,
0.32 mm i.d., 0.25 um film) was used for the separation of
FAME. GC conditions were: injector temperature held at
250°C, split flow 1:10, helium carrier gas. The tempera-
ture program was: 80°C for 1 min isotherm, rising by
15°C/min to 140°C, then 4°C/min to 280°C. The MS con-
ditions were: EI ionization mode, ionization energy 70 eV.
The peak areas of the carboxylic acids in total ion chro-
matograms were used to determine their relative amounts.
The fatty acids were identified by GC-MS with co-injection
of authentic reference compounds obtained from Supelco
(Bellefonte, USA). Replicate determinations gave a coef-
ficient of variation of 5%. Saturation of membrane fatty
acids was defined as the ratio of two saturated fatty acids
(16:0, 18:0) to two unsaturated fatty acids (16:1cis7,
18:1cis9, 18:1cisil) present in this bacterium (Tsitko et al.
1999, Gutierrez et al. 1999).
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Table 1 Growth rates of

\ Alcohol Concentration (%)

R. erythropolis cells grown on

different concentrations of alco- 0.125 025 05 1 2 5 7.5 10 15 20

hols as sole carbon and energy

sources. ng No growth observed Methanol 0.090 0.053 0.040 0.028 0.024 0.014 0.012 0.012 0.013
Ethanol 0.097 0.083 0.057 0.061 0.045 0.017 0.014 0.015 0.019 0.010
Propanol 0.043 0.047 0.050 0.045 0.022 0.002 ng ng ng ng
Butanol 0.042 0.039 0.036 0.038 0.043 ng ng ng ng ng
Cyclohexanol 0.030 0.029 0.028 0.023 ng ng ng ng ng ng
Dodecanol 0.037 0.043 0.061 0.052 0.051 0.054 ng ng ng ng

Error analysis

The error associated with the GC quantification of samples
was £6%. The errors were calculated based on the stan-
dard deviation and sample mean of seven repeated in-
jections and are quoted for a confidence interval of 95%.
Biomass concentration measurements (ODggo) had an as-
sociated error of 8%, based on the standard deviation and
sample mean of eight repeated samples, quoted for a con-
fidence interval of 95%. The error associated with the
image analysis (used to assess biomass growth) was £7%,
based on the standard deviation and sample mean of 12
repeated images taken from the same sample, quoted for a
confidence interval of 95%.

Results

Influence of different carbon sources on cellular
membrane composition

R. erythropolis cells were grown on different alcohols, hy-
drocarbons and terpenes, as sole carbon and energy sources.
In all experiments, the composition of the membrane was
determined with cells collected during the exponential
growth phase, since a strong dependency of the fatty acid
pattern on growth phase was observed (data not shown).

The strain was able to grow on alcohols ranging from C1
to C12 as sole carbon and energy sources. For all inves-
tigated alcohols, a dose-dependent decrease in the growth
rate could be observed (Table 1). This decrease always
showed a logarithmic-shaped curve. Using two coefficients
(4, B), the growth rate can thus be expressed by:

Growthrate, p(h™') =4 In (concentration) + B

The higher the modulus of 4 in Eq. 1, the more abrupt is
the decrease in growth rate with the initial concentration of
the carbon source, i.e., the more toxic is the carbon source.
In the present work, the value of coefficient 4 decreased
towards zero with the increasing number of carbon atoms
in the carbon source, between C1 and C4 (Table 2). How-
ever, its value was constant and around —0.003 for alco-
hols with a number of carbons higher than C4. This shows
that short-chain alcohols may produce a higher impact on
growing cells of R. erythropolis than the other tested
alcohols. Still, at low concentrations, the observed dose-
dependent decrease in growth rate in the presence of short-
chain carbon sources was lower than that observed with
longer-chain alcohols. Nevertheless, cells were able to
grow on all methanol and ethanol concentrations in the
experimental range. The highest solvent concentration in
Table 1, presenting the corresponding growth rate, is the
maximum concentration which allowed growth to occur
without any kind of adaptation.

A dose-dependent increase in the degree of saturation
of cells grown on propanol and cyclohexanol was ob-
served (Table 3). However, the degree of saturation of the
cellular membrane lipids of cells grown on methanol,
ethanol and butanol decreased slightly with the increase in
carbon source concentration. R. erythropolis DCL14 was
able to grow on a concentration of up to 5% n-dodecanol,
but the membrane composition of cells grown on concen-
trations higher than 0.25% could not be determined, due
to interference by this compound in the determination
method.

The growth rates observed with odd-numbered hydro-
carbons were much lower than those measured with even-

Table 3 Degree of saturation of membrane lipids of R. erythropolis
cells grown on different concentrations of alcohols as sole carbon
and energy sources. ng No growth observed, int not determined due
to interference with the method

Table 2 ) Value of coefficient 4 Number of carbons 4 Alcohol Concentration (%)

for the different alcohols used as .

carbon source in carbon source 0.125 025 05 1.0 2.0 5.0
1 -0.019 Methanol 0.41 032 025 030 042 040
2 -0.017 Ethanol 0.79 0.80 079 0.74 0.73 0.67
3 -0.012 Propanol 0.29 034 040 0.61 0.67 0.64
4 —0.004 Butanol 0.10 0.09 008 0.06 0.03 ng
6 —0.003 Cyclohexanol  0.35 0.50 060 0.65 ng ng
12 —0.003 Dodecanol 0.06 0.04 int int Int int
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Fig. 1 Growth rates of R. erythropolis cells grown on 0.125% and
0.25% hydrocarbons as sole carbon source

numbered carbon sources (Fig. 1). In general, the growth
rate observed for cells grown in the presence of an odd-
numbered hydrocarbon was at least ten-fold lower than that
obtained with the next even-numbered carbon source. For
the even-numbered carbon sources, the growth rates in-
creased with the number of carbons in the carbon source
(Fig. 1). Almost no variation was observed, for the same
carbon source, between an initial concentration of 0.125%
and 0.25%, except for toluene, n-octane and iso-octane. In
the case of n-octane and iso-octane, the growth rates for an
initial concentration of 0.25% were limited to 24.0% and
46.6% of those observed for a concentration of 0.125%.
This indicates that a concentration of 0.25% of each of these
three carbon sources might be toxic to R. erythropolis cells.

n-Pentane, cyclohexane and limonene caused a dose-
dependent increase in the degree of saturation of the mem-
brane phospholipid fatty acids (Table 4). The same effect
was observed with the other hydrocarbons and terpenes
tested (data not shown). In the case of cyclohexane and
limonene, the increase was smooth (slope around 16%),
whilst in the case of n-pentane a high increase of the degree
of saturation was observed for concentrations higher than
0.25%.

R. erythropolis cells have been used in our laboratory
for the biotransformation of terpenes, which were found to
be toxic to these cells at relatively low concentrations,
causing a loss of viability (de Carvalho and da Fonseca
2002a). Nevertheless, these cells are apparently able to
respond to their presence, increasing the degree of satu-

Table 4 Effect of the initial concentration of carbon source on the
degree of saturation of membrane lipids of R. erythropolis cells

Carbon source Concentration (%)

0.125 0.25 0.5 1.0 2.0
n-Pentane 0.51 0.90 0.91
Cyclohexane 0.98 1.03 1.12 1.19 1.35
Limonene 0.56 0.57 0.67 0.73 0.80

ration of the fatty acids in the bacterial cellular membrane.
This could explain part of the successful adaptation strat-
egy which allowed the high production of (—)-carvone in
an air-driven column reactor after adapting the cells to the
presence of (—)-carveol and (—)-carvone (de Carvalho and
da Fonseca 2002b). Carvone accumulation up to 259 mM
was achieved, thus overcoming the product toxicity prob-
lems previously encountered for concentrations higher than
50 mM.

Effect of carbon source on carvone production

The carbon source influenced both the degree of satura-
tion of the fatty acids of the membrane and the growth rate
of R. erythropolis cells, as shown in the previous para-
graph. The differences in the degree of saturation of the
membrane phospholipids led to differences in the hydro-
phobic behaviour of cells grown on the several carbon
sources tested. The composition of the cell membrane thus
influenced the uptake rate of hydrophobic/hydrophilic com-
pounds. Nevertheless, the specific consumption rate of each
of the carbon sources varied, not only as a result of dif-
ferences in the uptake rate due to the composition of the cell
membrane, but also due to specificities in the metabolism of
these compounds.

Asmentioned previously, R. erythropolis DCL14 has been
used in our laboratory as a biocatalyst in various reaction
systems. Amongst these, the bioconversion of (—)-carveol to
(—)-carvone was studied in considerable detail. Since this
reaction is co-factor-dependent, the viability of the cells
should be maintained throughout the biotransformation
course (de Carvalho and da Fonseca 2002b). Reaction
conditions are therefore of paramount importance to achieve
high carvone production and productivity (de Carvalho and
da Fonseca 2002a).

A simple model (Eq. 2) was developed to interpret and
predict the influence of: (1) cell hydrophobicity (Hydroph),
(2) carbon source consumption rate (CSCR), (3) degree of
saturation of the membrane fatty acids (DS), (4) growth
rate (i), (5) log P of the carbon source (log P) and (6) the
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Fig. 2 Carvone production rates predicted by Eq. 2 versus exper-
imental values



Table 5 Model parameters determined with data obtained with
alkanes, alcohols and terpenes

Coefficient Alkanes Alcohols Terpenes
A 16.31 14.51 39.15
B 3.40 1.67 —26.15
C 8.66 -13.71 —33.03
D -8.79 42.40 -21.06
E —47.37 -21.85 —143.27
F 80.05 —44.30 16.37
G —43.54 13.05 170.46

number of carbon atoms in the carbon source (NC) on the
carvone production rate. The model is as follows:

carvone prod. rate
= A+ B x (Hydroph) + C x (CSCR) + D x (DS)
+E x (n) +F x (log P) + G x (NC)

where A, B, C, D, E, F and G are model parameters. In
Fig. 2, the predicted values of carvone production rate
were plotted against the experimental results. The values
assumed by the model parameters are listed in Table 5. A
correlation of 0.99, 1.0 and 0.92 was obtained for the
experiments carried out with, respectively, hydrocarbons,
alkanols and terpenes as sole carbon and energy sources.
The lower correlation obtained with cells grown on ter-
penes must be the result of an improvement in the meta-
bolic route of (—)-carveol observed in the presence of cell
growth on terpenes. In fact, not only the bacterial mem-
brane is affected by the presence of an organic solvent and
in particular by the presence of terpenes. The enzymes
involved in their metabolism may also be activated (de
Carvalho and da Fonseca 2004). In this case, CSCR and p
are probably not sufficient to predict the biocatalytic
performance of whole cells. To improve the model, an
extra term, reflecting the effect of the carbon source on the
expression of carveol dehydrogenase, should be included
on the right-hand side of Eq. 2.

Discussion

Due to their hydrophobicity, alkanes, terpenes and alkanols
tend to accumulate in membranes where they align with
the acyl chains of phospholipids. The accumulation of
n-alkanes, which can be visualized as a wedge between the
acyl chains, destabilizes the bilayer structure and promotes
the formation of a reversed hexagonal lipid phase (Weber
and de Bont 1996). Incorporation of C4—C,, n-alkanes
is known to promote the formation of non-lamellar struc-
tures of this kind in many phospholipids and glycolipids
(Seddom 1990).

An increase in the saturation degree of the membrane
fatty acids is the major mechanism by which the cytoplas-
mic membrane of a bacterial cell adapts to toxic organic
solvents (Heipieper et al. 1994; Heipieper and de Bont
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1994). It was recently shown that R. erythropolis uses the
so-called aerobic biosynthesis to create unsaturated fatty
acids with a cis-double bond located at position nine using
a NAD(P)H-desaturase (Keweloh and Heipieper 1996;
Hartig et al. 1999).

Differences in the degree of saturation of the membrane
of R. erythropolis reflect differences in adaptive ability and
cell composition. The only mechanism bacteria have to
modify the fatty acid composition of membrane lipids is
de novo synthesis, which is strictly related to cell growth.
If growth is completely inhibited, fatty acid biosynthesis
and the faculty of modifying the degree of saturation are
also blocked.

An adaptation on the level of fatty acid composition of
the membrane phospholipids was observed in R. erythro-
polis DCL14 cells: all tested compounds caused a dose-
dependent increase in the degree of saturation of the
membrane phospholipid fatty acids (Tables 3, 4). The only
exceptions were short-chain alcohols, such as ethanol, that
caused a concentration-dependent decrease in the mem-
brane degree of saturation.

These differences in R. erythropolis cellular response
are in agreement with those formerly published for other
bacteria. It has been observed that bacteria like Escher-
ichia coli and Pseudomonas putida react to the presence of
long-chain alcohols by increasing their degree of satura-
tion (Ingram 1976), while in the presence of short-chain
alcohols, e.g. ethanol, the degree of saturation decreases
(Ingram 1976; Heipieper and de Bont 1994). Very re-
cently, Kabelitz et al. (2003) could present strong evidence
that this difference in the adaptive response towards al-
cohols is related to the physico-chemical properties of
short-chain alcohols, which can only penetrate slightly
into the hydrophobic centre of the phospholipid bilayer.
Therefore, short-chain alcohols only cause a swelling ef-
fect on the hydrophilic headgroups (Weber and de Bont
1996). To counteract this effect, the insertion of unsatu-
rated fatty acids seems to be a better reaction against those
short-chain alcohols. In contrast, long-chain alcohols pen-
etrate deep into the membrane, behaving like aromatic
solvents (for example) and thus causing an increase in the
degree of saturation (Ingram 1976; Weber and de Bont
1996).

A clear correlation between the carbon source and the
mycolic acid profiles of R. erythropolis E1 was found by
Sokolovska et al. (2003). When cells grew on linear al-
kanes with an even number of carbon atoms, there was a
lack of odd-numbered carbon chains. Mycolic acids with
both even- and odd-numbered carbon chains were ob-
served when the cells grew on compounds with an odd
number of carbon atoms, branched alkanes or mixtures of
compounds. These results and the available literature led
the authors to conclude that there are two different path-
ways for the synthesis of mycolic acids in this strain: one
by the addition of acetyl coenzyme A and the other by the
addition of propionyl coenzyme A. According to Alvarez
(2003), the strain R. erythropolis 17 produced fatty acids
with a chain length associated with the chain length of the
growth substrate during cultivation on n-alkanes. Other
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fatty acids derived from the (-oxidation pathway were
also produced. Strain 17 showed a more efficient mech-
anism for the production of the intermediate, propionyl-
CoA, a precursor of fatty acids containing an odd number
of carbon atoms. In our case, the results show that R.
erythropolis DCL14 cells have a less efficient mechanism
for the production of the precursor propionyl-CoA than
other strains in the Rhodococcus genus and therefore for
the production of fatty acids with an odd number of car-
bon atoms.

The large number of enzymes which allow R. erythro-
polis DCL14 cells to carry out an enormous set of bio-
conversions and degradations, combined with their ability
to modulate the fatty acids of the cellular membrane,
fully justify the potential applications of this bacterium in
biotechnology.
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