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a b s t r a c t

3-Hydroxy-�-decalactone is the precursor of dec-2 and dec-3-en-4-olides which are valuable aroma com-
pounds not yet produced. To promote the accumulation of this lactone, the yeast Yarrowia lipolytica was
placed in different environmental conditions aiming at altering �-oxidation fluxes. The concentration of
substrate, pH, aeration and dissolved oxygen level were modified. We observed an important accumu-
lation at low aeration (0.40 molar yields) and, to a lesser extent, at lower pH (0.15). As oxygen played a
eywords:
-Hydroxy-�-decalactone
-Oxidation fluxes
xygen
arrowia lipolytica

key-role, we evaluated its effect at fixed dissolved oxygen and at the pH which was the most favourable to
the biotransformation (pH 4.5). At 5% and 30% dissolved oxygen, yields reached 0.50. �-Oxidation fluxes
are very dependent on the presence of oxygen and conditions of accumulation of 3-hydroxy-�-decalactone
with very high yields were identified. These results are an important step in the production of the two
decenolides. Moreover, they show the high dependence of �-oxidation fluxes on environmental condi-

dition
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. Introduction

In yeast, the catabolism of methyl ricinoleate results in the
ccumulation of the popular flavouring compound �-decalactone
1,2]. With some yeast species, other lactones accumulate, in par-
icular dec-2-en-4-olide and dec-3-en-4-olide [3,4] (Fig. 1). These
wo decenolides are powerful aroma compounds exhibiting fruity
r mushroom notes and they result from the degradation of
-hydroxy-�-decalactone [3]. Due to their interesting sensorial
roperties, these compounds could be of great interest as flavour-

ng compounds, but they are not yet produced. The whole world
f flavours and fragrances is currently seeking new compounds
hat could be used in aroma formulations (see for instance recent
orks on the production of raspberry ketone, 6-pentyl-alpha-

yrone, ionones, dihydroactinidiolide, damascenone, etc. [5–11]).
he two decenolides can already accumulate, although in very low
mounts, with the yeast Yarrowia lipolytica [3,4]. Both compounds
esult from the dehydration of 3-hydroxy-�-decalactone, a com-
ound accumulating after hydrolysis of an acyl-CoA �-oxidation

∗ Corresponding author. Tel.: +33 380 39 66 80.
E-mail address: ywache@u-bourgogne.fr (Y. Waché).

v
c
3

h
d
m
g
a
c

381-1177/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2008.06.010
s to the accumulation of intermediates, results that are of interest to all
ids or alkanes.

© 2008 Elsevier B.V. All rights reserved.

ntermediate (Fig. 1). The accumulation of this hydroxylated lac-
one has already been studied due to its importance as a by-product
ompeting with �-decalactone and thus involved in a decrease in
ields. It has been shown that strains with decreased acyl-CoA
xidase activity (the first activity in the �-oxidation cycle) accumu-
ated less 3-hydroxy-�-decalactone [4] and that oxygen pressure
r KLa had an impact on accumulation of both lactones [12,13].
n the conditions the most favourable to �-decalactone, 1% molar
as “lost” in 3-hydroxy-�-decalactone and this percentage reached
–8% at KLa = 120 h−1 and 0.5 MPa air pressure, respectively. Follow-

ng this work, a response surface methodology study was carried
ut to identify experimental domains for which �-decalactone
ccumulated but not 3-hydroxy-�-decalactone [14]. This work with
odification of aeration and pH confirmed results obtained with

ariations of the acyl-CoA oxidase activity [15] showing that for
onditions restricting growth, �-decalactone accumulated but not
-hydroxy-�-decalactone.

The present study aims at increasing the production of 3-
ydroxy-�-decalactone, the precursor of dec-2-en-4-olide and

ec-3-en-4-olide. In that goal, environmental conditions were
odified in an experimental domain that only slightly altered cell

rowth but with low KLa or dissolved oxygen to stimulate the
ccumulation of 3-hydroxy-�-decalactone which reached, in that
onditions, 0.50 molar yields.

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:ywache@u-bourgogne.fr
dx.doi.org/10.1016/j.molcatb.2008.06.010
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methyl ricinoleate, the amount of 3-hydroxy-�-decalactone was in
ig. 1. �-Oxidation loop at the C10 level of the degradation of ricinoleyl-CoA, enzy-
atic activities, cofactor requirements and reaction products (adapted from Waché

t al. [4]).

. Materials and methods

.1. Strain and culture conditions

The strain used in this study was Y. lipolytica W29 (ATCC 20460).
reculture was carried out for 48 h on YPDA (Yeast Peptone Dex-
rose Agar: 20 g/l glucose, 20 g/l tryptone pancreatic digest of
asein, 10 g/l yeast extract and 15 g/l agar) at 27 ◦C and cells were
sed to inoculate a 500 ml baffled Erlenmeyer flask containing
00 ml of YPD medium, to an A600 = 0.25 (6 × 106 cells/ml). Flasks
ere shaken at 140 rpm for 18 h until the cultures reached the

ate logarithmic growth phase. Cells were harvested (10,000 × g,
min), washed twice with phosphate buffer (50 mM, pH 7.4) and

esuspended in methyl ricinoleate (MR) medium [16] containing
g/l methyl ricinoleate, 6.7 g/l yeast nitrogen base, 5 g/l NH4Cl
nd 0.2 g/l Tween 80. In this emulsioned medium, lipids absorbed
ight and cell growth was therefore monitored by counting on a

alassez cell. For aeration studies, the culture was carried out in
.4 l volume in a 2-l Setric reactor (NBS, Toulouse, France) with an
gitation of 300 rpm and oxygen transfer coefficients, KLa (evalu-
ted according to the gassing-in method [17]), comprised between
.1 h−1 (aeration: 10 l/h or 0.11 vvm (volume of air per volume of
eactor per minute)) and 37.0 h−1 (aeration: 160 l/h or 1.76 vvm).
or pH and substrate concentration experiments, cells were resus-
ended after preculture in YPD in a 500 ml baffled Erlenmeyer
ask containing 200 ml of the MR medium modified as follows:

or pH, citrate buffer (100 mM) at pH 3.0, 4.5 or 6.0 was added and
he pH was checked at the end of the culture; and for substrate
oncentration, the initial concentration of methyl ricinoleate was
qual to 5 g/l, 15 g/l or 30 g/l. All chemicals were purchased from

igma/Aldrich (Saint-Quentin Fallavier, France) except methyl rici-
oleate (Stéarinerie Dubois, Boulogne, France). Methyl ricinoleate

s actually methylated castor oil which contains about 90% methyl
icinoleate in addition to other fatty acid methyl esters which were

t
w
(
t
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ot hydroxylated and thus could not give rise to lactones [1,2].
or dissolved oxygen experiments, a 2-l bioreactor (Autoclavable
enchtop Fermenter Type R’ALF, Bioengineering AG, Wald, Switzer-

and) containing 1.4 l of MR medium was used. Dissolved oxygen
oncentrations (5%, 30% and 90% of saturation) were controlled
ith a cascade control via stirrer speed and aeration valve. The gas

utput was condensed at 4 ◦C and the culture pH was set to 4.45
±0.05) with NaOH and HCl.

.2. Lactones analyses

Analyses were carried out on 1.5 ml samples collected regularly
rom the culture medium. These samples were prepared and anal-
sed as previously described [4]: 10 �l HCl (36%, w/v) were added
o stop the metabolism and to achieve the complete lactonisation of
-hydroxy acids, they were centrifuged, �-undecalactone (internal
tandard) was added and the mixture was extracted with diethyl
ther. The organic phase was analysed in a HP6890 gas chromato-
raph (Agilent Technologies, Lyon, France) with a HP-INNOWax
apillary column (Agilent 30 m × 320 �m × 0.25 �m) with N2 as a
arrier gas at a linear flow rate of 4.3 ml/min. The split injector (split
atio, 7.1:1) temperature was set to 250 ◦C and the flame ionization
etector, to 300 ◦C. The oven temperature increased from 60 ◦C to
45 ◦C at 5 ◦C/min, and finally at 2 ◦C/min to reach 215 ◦C [18]. Mass
pectra were obtained through a GC–MS analysis with a HP5890
as chromatograph (Agilent) with He as the carrier gas and a HP
SD 5970 mass spectrometer (Agilent) using ionization by a 70 eV

lectronic impact.
Results concerning the production of lactones are given in molar

ields: Y = concentration of lactone in the medium (Mol)/initial con-
entration of methyl ricinoleate (Mol).

All data presented are means of at least three independent
xperiments.

. Results

.1. Effect of pH

Y. lipolytica cells were grown with 5 g/l methyl ricinoleate and
itrate buffer (100 mM) at pH 3, 4.5 and 6. Time courses of methyl
icinoleate conversion into lactones are presented in Fig. 2. The con-
ersion to 3-hydroxy-�-decalactone began after 10 h and reached
he maximum conversion after 40 h at pH 6, 50 h at pH 4.5 and 75 h
t pH 3 (Fig. 3a). The maximum molar conversion into this lactone
as of about 0.15 at pH 3 and 4.5 and of 0.10 at pH 6. No signifi-

ant degradation of this compound was detected during the 80 h
f the culture. �-Decalactone conversion (Fig. 3c) increased until
4 h at pH 6 and 4.5 and until 50 h at pH 3, yields reaching 0.06,
.02 and 0.02, respectively. The concentrations in the culture then
ecreased rapidly at near neutral pH but only slowly in more acidic
onditions. The kinetics of accumulation of the two decenolides
Fig. 2b and d) were comparable to those of the 3-hydroxy-lactone
nd the maximal accumulation occurred later than the one of �-
ecalactone and yields reached about 0.05 for dec-2-enolide and
.03 for dec-3-enolide. The effect of pH on the accumulation of the
wo decenolides was not significant.

.2. Effect of substrate concentration

For non-regulated pH conditions with the same amount of
he same order of magnitude as in pH-regulated cultures (Y = 0.10)
hereas the one of �-decalactone accumulated was very small

Y = 0.01) (Fig. 3). The molar conversion was not greatly modified by
he initial concentration of methyl ricinoleate and was always about
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ig. 2. Time course of conversion of methyl ricinoleate to 3-hydroxy-�-decalactone
arrowia lipolytica at different pH. The medium contained 5 g/l methyl ricinoleate w
he mean values were calculated from three independent experiments.

.10–0.12 for 3-hydroxy-�-decalactone but this yield was reached
arlier for lower substrate concentrations (30 h for 5 g/l, 50 h for
5 g/l and 80 h for 30 g/l). For �-decalactone, it reached 0.02 with
5 g/l but only 0.01 with 30 g/l. However, with the highest con-
entrations of methyl ricinoleate, 15 and 30 g/l, the degradation of
-decalactone was limited maintaining yields at 0.007 at the end
f the culture. The kinetics of conversion into decenolides were
ery similar to those of the 3-hydroxy-lactone with a conversion
eaching earlier its final value for lower substrate concentrations.
.3. Effect of aeration

In order to evaluate the effect of aeration on the accumulation
f lactones, cells were grown in a 2-l bioreactor with various KLa:

n
f
�
s
t

ig. 3. Time course of conversion of methyl ricinoleate to 3-hydroxy-�-decalactone (a), d
arrowia lipolytica with different concentrations of substrate. The medium contained 5 g/
rom three independent experiments.
ec-2-en-4-olide (b), �-decalactone (c) and dec-3-en-4-olide (d) during a culture of
itrate buffer (100 mM) buffering the medium at pH 3 (�), pH 4.5 (�) and pH 6 (�).

7.0 h−1, 26.4 h−1 and 8.1 h−1 (Fig. 4). In the three conditions, the
issolved oxygen level decreased during the log-growth phase to
70% for the highest aeration and to less than 20% for the lowest
ne. It increased afterwards to about 90%. With 37.0 h−1, results
ere similar to those obtained in baffled Erlenmeyer flasks with

ields reaching 0.12 for 3-hydroxy-�-decalactone, about 0.03 for
ec-2-enolide, 0.02 for dec-3-enolide and there was very little �-
ecalactone accumulation (0.009). However, when decreasing KLa
o 26.4 h−1, the conversion ratio to 3-hydroxy-�-decalactone did

ot change significantly at about 0.13, contrary to �-decalactone,

or which the yield increased to 0.07. Finally, for 8.1 h−1, maximum
-decalactone was low (0.036) whereas the hydroxy-lactone was
ignificantly higher, the yield reaching 0.44 at the end of the cul-
ure. Interestingly, the yields for the two decenolides were only 50%

ec-2-en-4-olide (b), �-decalactone (c) and dec-3-en-4-olide (d) during a culture of
l (�), 15 g/l (�) and 30 g/l (�) methyl ricinoleate. The mean values were calculated
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in vitro observations by Bartlett et al. [19] in mammal cells sug-
gest that, at low substrate concentration, the degradation could be
complete. During �-oxidation, metabolites can be excreted to the
surrounding medium and the degradation may be completed when
ig. 4. Time course of conversion of methyl ricinoleate to 3-hydroxy-�-decalacton
f Yarrowia lipolytica at different KLa: 8.1 h−1 (10 h−1, 0.11 vvm) (�), 26.4 h−1 (40 h−1

ultures (e). The mean values were calculated from three independent experiments

igher at 8.1 h−1 than at 26.4 h−1 compared to the 450% difference
or 3-hydroxy-�-decalactone.

.4. Effect of dissolved oxygen

The previous experiments showed that aeration was the
arameter with the highest effect on the accumulation of 3-
ydroxy-�-decalactone. To specify its effect, cultures at fixed
issolved oxygen levels were carried out. For these experiments, the
H was set to its intermediate value (pH 4.45 ± 0.05) and a substrate
oncentration of 5 g/l was used.

Fig. 5 shows that maximal accumulations of 3-hydroxy-�-
ecalactone were reached under lower dissolved oxygen (5%). A
apid and constant increase in the concentration of 3-hydroxy-�-
ecalactone occurred. After 45 h of culture, just after the maximal
umber of cells was reached (3.1 × 107 cells/ml at 42 h), yield
eached 0.49. For the culture with 30% of dissolved oxygen, the
ield for 3-hydroxy-�-decalactone reached almost the same maxi-
um value (0.43) but only after 74 h. In this case, the accumulation

aking place during growth was limited to 0.18 after 27 h (when the
aximal number of cells was reached (4 × 107 cells/ml). The lowest

ield observed was of 0.17 in 24 h, at 90% of dissolved oxygen. Accu-

ulation took place during the growth phase reaching the highest

alue after 24 h of culture when the number of cells was the highest
2.9 × 107 cells/ml). The yields for dec-2-en-4-olide were of 0.042
t 90% dissolved oxygen and increased to 0.057 at 5% dissolved oxy-
en. For dec-3-en-4-olide, they were of 0.017 at 90% and increased
o 0.036 at 5% dissolved oxygen.

F
d
o

dec-2-en-4-olide (b), �-decalactone (c) and dec-3-en-4-olide (d) during a culture
vvm) (�) and 37 h−1 (160 h−1, 1.76 vvm) (�). % dissolved oxygen monitored during

. Discussion

In yeast, �-oxidation is the main pathway of degradation of
atty acids. It takes place in peroxisomes after the activation of
hese metabolites into acyl-CoA esters. Contrasting with the mito-
hondrial �-oxidation of superior eukaryotes, the extent of the
eroxisomal degradation is usually limited to a few cycles although
ig. 5. Time course of conversion of methyl ricinoleate to 3-hydroxy-�-decalactone
uring the culture of Y. lipolytica at pH 4.4 and (�) 5%, (�) 30% and (�) 90% of dissolved
xygen.
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ore favourable conditions are reached. Many factors may exhibit
n effect on the extent of the degradation as for instance the equi-
ibrium between the concentrations of fatty acid, acyl-CoA (both
epending on the acyl-chain length), CoA, acetyl-CoA [19]. More-
ver, the exit of metabolites can also be promoted by a deficiency
r a low activity of one �-oxidation enzymes. These enzymes are
ctive at each cycle of oxidation and a low activity may result in an
xit after a limited number of cycles.

The acyl-CoA oxidase is generally considered as the enzyme
xhibiting the lowest activity. From previous studies, we observed
hat decreasing this activity, which was possible by deleting genes
oding for isoforms in Y. lipolytica, modified drastically the accumu-
ation of lactones [16,20]. The strains for which the low acyl-CoA
xidase activity resulted in an altered growth, accumulated �-
ecalactone (corresponding to an exit at the acyl-CoA oxidase

evel) but not 3-hydroxy-�-decalactone (corresponding to an exit
t the 3-hydroxyacyl-CoA dehydrogenase level), suggesting that
he dehydrogenase activity was sufficient. In vitro, the activity of
his enzyme is far higher than the one of acyl-CoA oxidase but
n vivo, it is believed to be driven by the peroxisomal NADH/NAD
atio, a ratio which cannot be monitored in conditions correspond-
ng to any metabolic reality [21,22]. A low dehydrogenase activity
esults in the accumulation of 3-hydroxy intermediates, which has
lready been observed in animal cells and which results in the
ccumulation of methyl ketone or alcohol in fermented cheese or
ausages. Because of the barrier role played by the peroxisomal
embrane [23,24], the oxidation state of cofactors inside the per-

xisome depends on the mitochondrial respiration through shuttle
echanisms involving organic acids of the glyoxylate cycle [25].
Fluxes of �-oxidation are thus quite complex and oxygen and pH

ere the environmental parameters showing the highest effect on
his pathway. In particular, low aeration conditions altering signifi-
antly growth were related to a high accumulation of �-decalactone
14]. The results of the present study, together with those of recent
nes, show that aeration can be divided into four main domains
ust as the effect of acyl-CoA oxidase activity on this pathway
as been divided into domains [15]. In the first one (observed by
scamilla García et al. [14]), very low oxygen levels inhibit acyl-
oA oxidase (oxygen is the co-substrate), limit �-oxidation and
romote the accumulation of �-decalactone. In the second domain
observed in this study), the aeration level is still low, but does
ot affect acyl-CoA oxidase activity. In this case, the impact would
e on 3-hydroxyacyl-CoA dehydrogenase through the regenera-
ion of NAD (respiration-dependent). In our study, this results in
ields of 3-hydroxy-�-decalactone reaching 0.50. By increasing aer-
tion, a third domain is reached in which �-oxidation is optimal
nd few intermediates accumulate. Finally, a fourth domain has
een observed [12,13] in which very high aeration disturb the

-oxidation fluxes resulting in slightly higher accumulation of 3-
ydroxy-�-decalactone.

In our study, the first aiming at producing the two flavouring
ecenolides, it is possible to use this knowledge on �-oxidation
uxes to obtain yields of production of their direct precursor reach-

[

[

[
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ng 0.50, which is very high considering the complexity of the
athway. The next step, currently investigated deals with the dehy-
ration the hydroxylated lactone.
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