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3-Hydroxy-y-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 (3-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
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. B-Oxidation fluxes
are very dependent on the presence of oxygen and conditions of accumulation of 3-hydroxy-y-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 (3-oxidation fluxes on environmental condi-
tions and relate these conditions to the accumulation of intermediates, results that are of interest to all

the processes using yeast on lipids or alkanes.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In yeast, the catabolism of methyl ricinoleate results in the
accumulation of the popular flavouring compound +y-decalactone
[1,2]. With some yeast species, other lactones accumulate, in par-
ticular dec-2-en-4-olide and dec-3-en-4-olide [3,4] (Fig. 1). These
two decenolides are powerful aroma compounds exhibiting fruity
or mushroom notes and they result from the degradation of
3-hydroxy-y-decalactone [3]. Due to their interesting sensorial
properties, these compounds could be of great interest as flavour-
ing compounds, but they are not yet produced. The whole world
of flavours and fragrances is currently seeking new compounds
that could be used in aroma formulations (see for instance recent
works on the production of raspberry ketone, 6-pentyl-alpha-
pyrone, ionones, dihydroactinidiolide, damascenone, etc. [5-11]).
The two decenolides can already accumulate, although in very low
amounts, with the yeast Yarrowia lipolytica [3,4]. Both compounds
result from the dehydration of 3-hydroxy-y-decalactone, a com-
pound accumulating after hydrolysis of an acyl-CoA [3-oxidation
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intermediate (Fig. 1). The accumulation of this hydroxylated lac-
tone has already been studied due to its importance as a by-product
competing with y-decalactone and thus involved in a decrease in
yields. It has been shown that strains with decreased acyl-CoA
oxidase activity (the first activity in the [3-oxidation cycle) accumu-
lated less 3-hydroxy-y-decalactone [4] and that oxygen pressure
or K a had an impact on accumulation of both lactones [12,13].
In the conditions the most favourable to y-decalactone, 1% molar
was “lost” in 3-hydroxy-vy-decalactone and this percentage reached
6-8%atK a=120h~1and 0.5 MPa air pressure, respectively. Follow-
ing this work, a response surface methodology study was carried
out to identify experimental domains for which y-decalactone
accumulated but not 3-hydroxy-vy-decalactone [14]. This work with
modification of aeration and pH confirmed results obtained with
variations of the acyl-CoA oxidase activity [15] showing that for
conditions restricting growth, y-decalactone accumulated but not
3-hydroxy-y-decalactone.

The present study aims at increasing the production of 3-
hydroxy-y-decalactone, the precursor of dec-2-en-4-olide and
dec-3-en-4-olide. In that goal, environmental conditions were
modified in an experimental domain that only slightly altered cell
growth but with low Kia or dissolved oxygen to stimulate the
accumulation of 3-hydroxy-vy-decalactone which reached, in that
conditions, 0.50 molar yields.
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Fig. 1. 3-Oxidation loop at the C10 level of the degradation of ricinoleyl-CoA, enzy-
matic activities, cofactor requirements and reaction products (adapted from Waché
etal. [4]).

2. Materials and methods
2.1. Strain and culture conditions

The strain used in this study was Y. lipolytica W29 (ATCC 20460).
Preculture was carried out for 48 h on YPDA (Yeast Peptone Dex-
trose Agar: 20g/l glucose, 20g/l tryptone pancreatic digest of
casein, 10 g/l yeast extract and 15 g/l agar) at 27 °C and cells were
used to inoculate a 500 ml baffled Erlenmeyer flask containing
200 ml of YPD medium, to an Aggg =0.25 (6 x 108 cells/ml). Flasks
were shaken at 140rpm for 18 h until the cultures reached the
late logarithmic growth phase. Cells were harvested (10,000 x g,
5min), washed twice with phosphate buffer (50 mM, pH 7.4) and
resuspended in methyl ricinoleate (MR) medium [16] containing
5g/l methyl ricinoleate, 6.7 g/l yeast nitrogen base, 5g/l NH4Cl
and 0.2 g/l Tween 80. In this emulsioned medium, lipids absorbed
light and cell growth was therefore monitored by counting on a
Malassez cell. For aeration studies, the culture was carried out in
1.41 volume in a 2-1 Setric reactor (NBS, Toulouse, France) with an
agitation of 300 rpm and oxygen transfer coefficients, K a (evalu-
ated according to the gassing-in method [17]), comprised between
8.1h-! (aeration: 101/h or 0.11 vvm (volume of air per volume of
reactor per minute)) and 37.0h~! (aeration: 1601/h or 1.76 vvm).
For pH and substrate concentration experiments, cells were resus-
pended after preculture in YPD in a 500 ml baffled Erlenmeyer
flask containing 200 ml of the MR medium modified as follows:
for pH, citrate buffer (100 mM) at pH 3.0, 4.5 or 6.0 was added and
the pH was checked at the end of the culture; and for substrate
concentration, the initial concentration of methyl ricinoleate was
equal to 5g/1, 15g/1 or 30g/l. All chemicals were purchased from
Sigma/Aldrich (Saint-Quentin Fallavier, France) except methyl rici-
noleate (Stéarinerie Dubois, Boulogne, France). Methyl ricinoleate
is actually methylated castor oil which contains about 90% methyl
ricinoleate in addition to other fatty acid methyl esters which were

not hydroxylated and thus could not give rise to lactones [1,2].
For dissolved oxygen experiments, a 2-1 bioreactor (Autoclavable
Benchtop Fermenter Type R’ALF, Bioengineering AG, Wald, Switzer-
land) containing 1.41 of MR medium was used. Dissolved oxygen
concentrations (5%, 30% and 90% of saturation) were controlled
with a cascade control via stirrer speed and aeration valve. The gas
output was condensed at 4°C and the culture pH was set to 4.45
(£0.05) with NaOH and HCI.

2.2. Lactones analyses

Analyses were carried out on 1.5 ml samples collected regularly
from the culture medium. These samples were prepared and anal-
ysed as previously described [4]: 10 wl HCI (36%, w/v) were added
to stop the metabolism and to achieve the complete lactonisation of
4-hydroxy acids, they were centrifuged, y-undecalactone (internal
standard) was added and the mixture was extracted with diethyl
ether. The organic phase was analysed in a HP6890 gas chromato-
graph (Agilent Technologies, Lyon, France) with a HP-INNOWax
capillary column (Agilent 30 m x 320 pwm x 0.25 wm) with N, as a
carrier gas at a linear flow rate of 4.3 ml/min. The split injector (split
ratio, 7.1:1) temperature was set to 250 °C and the flame ionization
detector, to 300°C. The oven temperature increased from 60°C to
145°C at 5°C/min, and finally at 2 °C/min to reach 215°C[18]. Mass
spectra were obtained through a GC-MS analysis with a HP5890
gas chromatograph (Agilent) with He as the carrier gas and a HP
MSD 5970 mass spectrometer (Agilent) using ionization by a 70 eV
electronic impact.

Results concerning the production of lactones are given in molar
yields: Y=concentration of lactone in the medium (Mol)/initial con-
centration of methyl ricinoleate (Mol).

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

3. Results
3.1. Effect of pH

Y. lipolytica cells were grown with 5 g/l methyl ricinoleate and
citrate buffer (100 mM) at pH 3, 4.5 and 6. Time courses of methyl
ricinoleate conversion into lactones are presented in Fig. 2. The con-
version to 3-hydroxy-vy-decalactone began after 10 h and reached
the maximum conversion after40h at pH 6,50 h at pH4.5and 75 h
at pH 3 (Fig. 3a). The maximum molar conversion into this lactone
was of about 0.15 at pH 3 and 4.5 and of 0.10 at pH 6. No signifi-
cant degradation of this compound was detected during the 80 h
of the culture. y-Decalactone conversion (Fig. 3¢) increased until
24h at pH 6 and 4.5 and until 50h at pH 3, yields reaching 0.06,
0.02 and 0.02, respectively. The concentrations in the culture then
decreased rapidly at near neutral pH but only slowly in more acidic
conditions. The kinetics of accumulation of the two decenolides
(Fig. 2b and d) were comparable to those of the 3-hydroxy-lactone
and the maximal accumulation occurred later than the one of y-
decalactone and yields reached about 0.05 for dec-2-enolide and
0.03 for dec-3-enolide. The effect of pH on the accumulation of the
two decenolides was not significant.

3.2. Effect of substrate concentration

For non-regulated pH conditions with the same amount of
methyl ricinoleate, the amount of 3-hydroxy-y-decalactone was in
the same order of magnitude as in pH-regulated cultures (Y=0.10)
whereas the one of y-decalactone accumulated was very small
(Y=0.01) (Fig. 3). The molar conversion was not greatly modified by
the initial concentration of methyl ricinoleate and was always about
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Fig. 2. Time course of conversion of methyl ricinoleate to 3-hydroxy-y-decalactone (a), dec-2-en-4-olide (b), y-decalactone (c) and dec-3-en-4-olide (d) during a culture of
Yarrowia lipolytica at different pH. The medium contained 5 g/l methyl ricinoleate with citrate buffer (100 mM) buffering the medium at pH 3 (m), pH 4.5 (A) and pH 6 (4).

The mean values were calculated from three independent experiments.

0.10-0.12 for 3-hydroxy-y-decalactone but this yield was reached
earlier for lower substrate concentrations (30 h for 5g/l, 50h for
15¢g/1 and 80h for 30g/1). For y-decalactone, it reached 0.02 with
15g/1 but only 0.01 with 30g/l. However, with the highest con-
centrations of methyl ricinoleate, 15 and 30 g/, the degradation of
vy-decalactone was limited maintaining yields at 0.007 at the end
of the culture. The kinetics of conversion into decenolides were
very similar to those of the 3-hydroxy-lactone with a conversion
reaching earlier its final value for lower substrate concentrations.

3.3. Effect of aeration

In order to evaluate the effect of aeration on the accumulation
of lactones, cells were grown in a 2-1 bioreactor with various Kja:
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370h71,26.4h~1 and 8.1 h~! (Fig. 4). In the three conditions, the
dissolved oxygen level decreased during the log-growth phase to
~70% for the highest aeration and to less than 20% for the lowest
one. It increased afterwards to about 90%. With 37.0h~1, results
were similar to those obtained in baffled Erlenmeyer flasks with
yields reaching 0.12 for 3-hydroxy-vy-decalactone, about 0.03 for
dec-2-enolide, 0.02 for dec-3-enolide and there was very little -
decalactone accumulation (0.009). However, when decreasing K a
to 26.4h~1, the conversion ratio to 3-hydroxy-y-decalactone did
not change significantly at about 0.13, contrary to y-decalactone,
for which the yield increased to 0.07. Finally, for 8.1 h~1, maximum
v-decalactone was low (0.036) whereas the hydroxy-lactone was
significantly higher, the yield reaching 0.44 at the end of the cul-
ture. Interestingly, the yields for the two decenolides were only 50%
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Fig. 3. Time course of conversion of methyl ricinoleate to 3-hydroxy-y-decalactone (a), dec-2-en-4-olide (b), 'y-decalactone (c) and dec-3-en-4-olide (d) during a culture of
Yarrowia lipolytica with different concentrations of substrate. The medium contained 5g/1 (W), 15g/1 (A) and 30 g/l (¢) methyl ricinoleate. The mean values were calculated

from three independent experiments.
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Fig. 4. Time course of conversion of methyl ricinoleate to 3-hydroxy-y-decalactone (a), dec-2-en-4-olide (b), 'y-decalactone (c) and dec-3-en-4-olide (d) during a culture
of Yarrowia lipolytica at different K a: 8.1h=! (10h~', 0.11 vvm) (W), 26.4h~! (40h~1, 0.44vvm) (A) and 37h~! (160h~', 1.76 vvm) (4). % dissolved oxygen monitored during

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

higher at 8.1 h~! than at 26.4h~! compared to the 450% difference
for 3-hydroxy-y-decalactone.

3.4. Effect of dissolved oxygen

The previous experiments showed that aeration was the
parameter with the highest effect on the accumulation of 3-
hydroxy-vy-decalactone. To specify its effect, cultures at fixed
dissolved oxygen levels were carried out. For these experiments, the
pH was set to its intermediate value (pH 4.45 £ 0.05) and a substrate
concentration of 5 g/l was used.

Fig. 5 shows that maximal accumulations of 3-hydroxy-y-
decalactone were reached under lower dissolved oxygen (5%). A
rapid and constant increase in the concentration of 3-hydroxy-y-
decalactone occurred. After 45 h of culture, just after the maximal
number of cells was reached (3.1 x 107 cells/ml at 42h), yield
reached 0.49. For the culture with 30% of dissolved oxygen, the
yield for 3-hydroxy-y-decalactone reached almost the same maxi-
mum value (0.43) but only after 74 h. In this case, the accumulation
taking place during growth was limited to 0.18 after 27 h (when the
maximal number of cells was reached (4 x 107 cells/ml). The lowest
yield observed was of 0.17 in 24 h, at 90% of dissolved oxygen. Accu-
mulation took place during the growth phase reaching the highest
value after 24 h of culture when the number of cells was the highest
(2.9 x 107 cells/ml). The yields for dec-2-en-4-olide were of 0.042
at 90% dissolved oxygen and increased to 0.057 at 5% dissolved oxy-
gen. For dec-3-en-4-olide, they were of 0.017 at 90% and increased
to 0.036 at 5% dissolved oxygen.

4. Discussion

In yeast, 3-oxidation is the main pathway of degradation of
fatty acids. It takes place in peroxisomes after the activation of
these metabolites into acyl-CoA esters. Contrasting with the mito-
chondrial [-oxidation of superior eukaryotes, the extent of the
peroxisomal degradation is usually limited to a few cycles although
in vitro observations by Bartlett et al. [19] in mammal cells sug-
gest that, at low substrate concentration, the degradation could be
complete. During (3-oxidation, metabolites can be excreted to the
surrounding medium and the degradation may be completed when

Yield of Lactones

0 10 20

30 40 50 60 70 80
Temps (h)

Fig. 5. Time course of conversion of methyl ricinoleate to 3-hydroxy-y-decalactone
during the culture of Y. lipolytica at pH 4.4 and (W) 5%, (A ) 30% and (#) 90% of dissolved
oxygen.
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more favourable conditions are reached. Many factors may exhibit
an effect on the extent of the degradation as for instance the equi-
librium between the concentrations of fatty acid, acyl-CoA (both
depending on the acyl-chain length), CoA, acetyl-CoA [19]. More-
over, the exit of metabolites can also be promoted by a deficiency
or a low activity of one [3-oxidation enzymes. These enzymes are
active at each cycle of oxidation and a low activity may result in an
exit after a limited number of cycles.

The acyl-CoA oxidase is generally considered as the enzyme
exhibiting the lowest activity. From previous studies, we observed
that decreasing this activity, which was possible by deleting genes
coding for isoforms in Y. lipolytica, modified drastically the accumu-
lation of lactones [16,20]. The strains for which the low acyl-CoA
oxidase activity resulted in an altered growth, accumulated +y-
decalactone (corresponding to an exit at the acyl-CoA oxidase
level) but not 3-hydroxy-y-decalactone (corresponding to an exit
at the 3-hydroxyacyl-CoA dehydrogenase level), suggesting that
the dehydrogenase activity was sufficient. In vitro, the activity of
this enzyme is far higher than the one of acyl-CoA oxidase but
in vivo, it is believed to be driven by the peroxisomal NADH/NAD
ratio, a ratio which cannot be monitored in conditions correspond-
ing to any metabolic reality [21,22]. A low dehydrogenase activity
results in the accumulation of 3-hydroxy intermediates, which has
already been observed in animal cells and which results in the
accumulation of methyl ketone or alcohol in fermented cheese or
sausages. Because of the barrier role played by the peroxisomal
membrane [23,24], the oxidation state of cofactors inside the per-
oxisome depends on the mitochondrial respiration through shuttle
mechanisms involving organic acids of the glyoxylate cycle [25].

Fluxes of 3-oxidation are thus quite complex and oxygen and pH
were the environmental parameters showing the highest effect on
this pathway. In particular, low aeration conditions altering signifi-
cantly growth were related to a high accumulation of y-decalactone
[14]. The results of the present study, together with those of recent
ones, show that aeration can be divided into four main domains
just as the effect of acyl-CoA oxidase activity on this pathway
has been divided into domains [15]. In the first one (observed by
Escamilla Garcia et al. [14]), very low oxygen levels inhibit acyl-
CoA oxidase (oxygen is the co-substrate), limit [3-oxidation and
promote the accumulation of y-decalactone. In the second domain
(observed in this study), the aeration level is still low, but does
not affect acyl-CoA oxidase activity. In this case, the impact would
be on 3-hydroxyacyl-CoA dehydrogenase through the regenera-
tion of NAD (respiration-dependent). In our study, this results in
yields of 3-hydroxy-vy-decalactone reaching 0.50. By increasing aer-
ation, a third domain is reached in which (3-oxidation is optimal
and few intermediates accumulate. Finally, a fourth domain has
been observed [12,13] in which very high aeration disturb the
[3-oxidation fluxes resulting in slightly higher accumulation of 3-
hydroxy-vy-decalactone.

In our study, the first aiming at producing the two flavouring
decenolides, it is possible to use this knowledge on 3-oxidation
fluxes to obtain yields of production of their direct precursor reach-

ing 0.50, which is very high considering the complexity of the
pathway. The next step, currently investigated deals with the dehy-
dration the hydroxylated lactone.
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