
www.fems-microbiology.org

FEMS Microbiology Letters 250 (2005) 63–69
Metabolism of fatty acid in yeast: Characterisation of
b-oxidation and ultrastructural changes in the genus Sporidiobolus sp.

cultivated on ricinoleic acid methyl ester

Gilles Feron a,*, Caroline Blin-Perrin a, Isabelle Krasniewski a,
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Abstract

Cell structure modifications and b-oxidation induction were monitored in two strains of Sporidiobolus, Sp. Ruinenii and Sp. par-

aroseus after cultivation on ricinoleic acid methyl ester. Ultrastructural observations of the yeast before and after cultivation on fatty
acid esters did not reveal major modifications in Sp. ruinenii. Unexpectedly, in Sp. pararoseus a proliferation of the mitochondrion
was observed. After induction, Sp. ruinenii principally exhibited an increase in the activities of acyl-CoA oxidase (ACO), hydrox-
yacyl-CoA deshydrogenase (HAD), thiolase and catalase. In contrast, Sp. pararoseus lacked ACO and catalase activities, but an
increase in acyl-CoA deshydrogenase (ACDH) and enoyl-CoA hydratase (ECH) activity was observed. These data suggest that
in Sp. ruinenii, b-oxidation is preferentially localized in the microbody, whereas in Sp. pararoseus it might be localized in the
mitochondria.
� 2005 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Fatty acid b-oxidation is a well-recognised process
which enables the degradation of a variety of fatty acids
to acetate units. The overall process comprises activa-
tion of the fatty acid to its corresponding acyl-CoA thi-
oester, which is subsequently completely oxidised with
the release of acetyl-CoA. While b-oxidation is almost
ubiquitous in nature, differences have been observed
with respect to the subcellular compartmentalization,
0378-1097/$22.00 � 2005 Federation of European Microbiological Societies

doi:10.1016/j.femsle.2005.06.045

* Corresponding author: Tel.: +33 3 80 69 32 78; fax: +33 3 80 69 32
27.

E-mail address: feron@arome.dijon.inra.fr (G. Feron).
substrate specificity and structural organization of the
b-oxidation complex. In general, mammalian b-oxida-
tion is localized in both the mitochondrial and peroxi-
somal apparatus, while in lower eukaryotes it is
considered to be located only in peroxisomes. However,
in 1999 Baltazar et al. [1], working on the Aspergillus ni-
ger fungus, suspected the presence of b-oxidation in the
mitochondrion. This hypothesis was confirmed very re-
cently by Magio-Hall and Keller [2] in Aspergillus nidu-

lans, when they presented unequivocal evidence for both
peroxisomal and mitochondrial b-oxidation. S. cerevi-
siae and other yeasts generally lack the mitochondrial
enzymes for b-oxidation, and the subcellular localisa-
tion of the oxidative complex remains unclear, although
. Published by Elsevier B.V. All rights reserved.
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it is considered to be localized in the peroxisome alone
[3,4].

Previous work by our laboratory on a yeast from the
Sporidiobolus genus highlighted differences in the meta-
bolic flux through the oxidative enzymatic complex, thus
questioning the possibility of mitochondrial compart-
mentalization in one species, i.e. Sporidiobolus pararo-

seus [5]. The present paper describes our further
investigation of b-oxidation in the Sporidiobolus genus
and throws new light on both enzyme induction and
the ultrastructural modifications to the yeast when culti-
vated on fatty acids.
2. Materials and methods

2.1. Yeast strains and biochemicals

Sporidiobolus ruinenii (CBS 5001) and Sporidiobolus

pararoseus (CBS 484) were cultivated in a medium and
under conditions which have been described previously
[6]. Briefly, cultures were performed in 500-ml flasks con-
taining 100 ml of the following medium: glucose 15 g l�1,
bactotryptone 0.5 g l�1, yeast extract 1 g l�1, malt extract
1 g l�1, casaminoacids 2 g l�1, KH2PO4 2 g l�1, CaCl2-
(2H2O) 0.13 g l�1, FeSO4(7H2O) 0.01 g l�1, MgSO4-
(7H2O) 3 g l�1, antifoam 0.1% (v/v). The pH was
adjusted to 6.0 with 6N KOH. The medium was then
sterilized at 121 �C for 20 min. Inoculation was per-
formed using 2% (v/v) of a yeast suspension (6 ·
108 cells ml�1) previously cultivated in the same medium.
The cultures were stirred at 250 rpm. Five per cent (v/v)
of methyl ricinoleate (MeRi) was added to the medium
after 24 h of culture in order to initiate the bioconversion
process.

All substrates were obtained from Sigma (Les Ulis,
France); however, when they were commercially unavail-
able, acyl-CoA and enoyl-CoA were synthesized accord-
ing to the methods described by Kawagushi et al. [7] and
Balthazar et al. [1], respectively. After synthesis, the dif-
ferent substrates were extracted using the method
described by Broadway et al. [8] and purified by HPLC
following the procedure developed by Norwood et al. [9].

2.2. Preparation of cell extracts

After 5 days of cultivation in 5% ricinoleic acid
methyl ester (MeRi), cells from 100 ml of culture were
harvested by 15 min centrifugation at 5000g and 4 �C.
Cells were washed twice with distilled water and then
three times with a 100 mM phosphate buffer, pH 7.5.
After the final washing, the yeast cells were suspended
in a 20 mM HEPES-KOH buffer pH 7.5 containing
1 mM PMSF (phenyl methyl sulfonyl fluoride) and
1 mM EDTA (ethylene diamine tetra acetic acid). Cells
were disrupted by three passages through a French pres-
sure cell (35 MPa) to produce a crude extract. Whole
cells and cell debris were removed by centrifugation at
100,000g for 30 min at 4 �C. The supernatant fraction,
designated �cell-free extract�, was either used immedi-
ately or frozen in small portions in liquid N2 and then
stored at �80 �C until required. The solubilization of en-
zymes from the mitochondrial matrix and microbodies
was tested by measuring respectively the citrate synthase
(as used by Sass et al. [10] to determine cross-contamina-
tion between cytosolic and mitochondrial fractions in
yeast), fumarase and catalase activities in the different
fractions obtained during cell fractionation (crude ex-
tract, 100,000g pellet, 100,000g supernatant). The results
(data not shown) indicated that 95 ± 2% of the total
activity were recovered in the cell-free extract with re-
spect to the enzyme tested and the yeast studied. The
soluble protein concentration of the cell-free extract
was determined by the method of Bradford [11] with bo-
vine serum albumin as a standard.

2.3. Enzyme assays

All measurements were performed at 30 �C, using a
double-beam spectrophotometer. Acyl-CoA oxidase
(ACO) activity was assayed according to the method de-
scribed by Shimizu et al. [12] on Tris–HCl 120 mM pH
8.6 buffer, 1 mM EDTA, by monitoring the formation
of quinoneimine at 500 nm. In a final volume of
1.04 ml, a sample contained 0.8 lmol of 4-amino-antipy-
rine, 11 lmol of phenol, 50 nmol of FAD (flavin adenine
dinucleotide), 50 units of peroxidase and 72 nmol of
acyl-CoA (acyl-Coenzymes A). The reaction started
with the addition of the enzyme extract. Acyl-Coa
deshydrogenase (ACDH) activity was measured accord-
ing to the method developed by Baltazar et al. [1]. On
HEPES (N-2-hydroxyethylpiperazine-N-2-ethanesulf-
onic acid)/KOH buffer 50 mM pH 8.0 in a total volume
of 1 ml, the reduction of 100 lmol of DCPIP (2,6-di-
chloro-phenolindophenol) was monitored at 600 nm in
the presence of 50 lmol phenazine metosulfate, 72 nmol
acyl CoA and a certain quantity of crude extract (50–
200 lg proteins). When determining ACDH activity, ac-
count was always taken of thioesterase activity which
might interfere with the measurement method. The as-
say for thioesterase activity contained 120 lmol DTP
(4,4 0-dithiopyridine), 72 nmol acyl-CoA in 1 ml of
HEPES/KOH buffer 50 mM pH 7.5 and cell free ex-
tracts (50–200 lg proteins). Activity was determined by
monitoring the reduction of DTP at 324 nm [13] and
the resulting value was subtracted from that obtained
with ACDH. Enoyl-CoA hydratase (ECH) was assayed
at 30 �C following the procedure described by Binstock
[14], in a total volume of 1 ml phosphate buffer 0.1 M
pH 7.5, 28.8 nmol of crotonoyl-CoA or 2-trans-dece-
noyl-CoA and enzyme extract (10–50 lg protein). 3-
hydroxyacyl-CoA dehydrogenase (HAD) activity was
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measured in terms of the increase in absorbance at
340 nm due to the oxidation of 3-hydroxydecanoyl-
CoA into 3-keto-decanoyl-CoA at 30 �C in the pres-
ence of NAD (nicotinamide adenine dinucleotide). In
Tris (tris-(hydroxymethyl)-aminomethane)–HCl buffer
120 mM pH 8.6, each assay contained NAD 1.02 lmol,
Triton-X100 0.05%, EDTA 1 mM, (DL)-3-hydroxy-
decanoyl-CoA 76 nmol. The reaction was triggered by
addition of the cell-free extract solution (50–200 lg pro-
teins). Catalase was tested using the method described
by Lück [15], which consisted in following the reduction
of H2O2 at 240 nm. In a total volume of 1 ml and in a
potassium phosphate buffer 60 mM at pH 7, the assay
contained 1 lmol H2O2 and a variable quantity of enzy-
matic extract (10–60 lg proteins). Fumarase was tested
according to the method described by Stitt [16]. In a
total volume of 595 ll and in a potassium phosphate
buffer 100 mM, pH 7.5, the assay contained 27 lmol
L-malate and cell-free extract (30–60 lg proteins). The
accumulation of fumarate could be measured by the
increase in absorbance at 240 nm. Citrate synthase was
assayed as described by Kim et al. [17] by following
the reduction of acetyl-CoA at 412 nm. Reactions con-
tained 100 mM Tris hydrochloride, pH 8, 0.25 mM
5,5 0-dithiobis-(2-nitrobenzoate), 0.1 mM acetyl coen-
zyme A, 0.2 mM oxaloacetate and cell extract (10–
30 lg proteins).

2.4. Microscopy

The yeast fraction was obtained as described above.
Aliquots of cells were washed with 100 mM sodium
phosphate buffer, pH 7.2, containing 5 mM MgCl2,
and then fixed in the same sodium phosphate buffer con-
taining 3% glutaraldehyde (v/v) and 2% formaldehyde
(w/v) for 24 h at 4 �C. Throughout the protocol, cells
were pelleted by low-speed centrifugation (3 min,
3000 rpm) between each step. After fixation, the cells
were washed three times with the sodium phosphate buf-
fer for a period of 30 min. They were then treated for
15 min in 1% sodium metaperiodate as recommended
by Wright [18], and post-fixed with 0.5% (w/v) osmium
tetroxide for 1 h at 4 �C. The samples were then dehy-
drated through a graded ethanol series and propylene
oxide and embedded in Epon (TAAB, UK) according
to the standard procedure [19]. Thick sections (0.5 lm)
were mounted on glass slides and stained with 0.1%
(w/v) toluidine blue at pH 11, prior to examination un-
der bright field microscopy with a DMRB microscope
(Leica, Rueil-Malmaison, France) coupled with a Ham-
amatsu Orca 100 camera. Morphometric analysis of the
cells was performed using the Visilog image analysis
software (Noesis, Les Ulis, France). Ultra-thin sections
(90 nm), obtained with an ultramicrotome (Reichert,
Ultracut E) fitted with a diamond knife, were collected
and counterstained with uranyl acetate and lead citrate
before observation with a Hitachi 7500 transmission
electron microscope (operating at 80 kV). The H7500
was equipped with an AMT camera driven by AMT
software (AMT, Danvers, USA). Locally developed
programs made it possible to measure the total area of
the cell (without taking account of cell wall thickness)
and the areas of mitochondria and microbody compart-
ments within each cell.
3. Results and discussion

3.1. Ultrastructural observations of Sporidiobolus spp

cells

The differences observed previously in the Sporidiobo-
lus [5] genus led us to investigate ultrastructural modifi-
cations to the cells using light and electron microscopy
in two species, Sp. ruinenii and Sp. pararoseus. Whether
methyl ricinoleate was present or not in the culture med-
ium, and whatever the species considered, the average
size of cells (9 lm length and 5 lm width) was not mod-
ified (data not shown). This result differed from those
obtained by Wolf et al. [20] in S. roseus with a smaller
size of yeast when the cells were cultured in methane.
However, a more detailed investigation using electron
microscopy revealed ultrastructural modifications to
the cells after culture on fatty acid methyl ester.

Sp. ruinenii cells cultured on glucose exhibit a cell
wall of about 71 nm, surrounded by a capsule which is
characteristic of the basidiomycete family. The cytosolic
compartment is dense and granular, suggesting strong
protein synthesis. Both small vacuoles and mitochon-
drial and microbody structures could be observed (Fig.
1A and B). Microbodies contained a homogeneous ma-
trix surrounded by a single-unit membrane. The number
of microbodies observed per cell section appeared to be
stable at around 1.5 organelles per cell (Table 1). After 5
days of culture on 5% methyl ricinoleate, Sp. ruinenii
cells exhibited a thicker cell wall (approximately
106 nm). The cytoplasmic compartment contained
numerous vacuoles, which were often large and occu-
pied the major part of the cytoplasm (Fig. 1C and D).
The mitochondrial apparatus could be seen clearly,
and in some cases was concentrated at the top of the cell
(Fig. 1F). Contrary to what has generally been observed
in C. tropicalis [21], S. cerevisiae [22] and Y. lypolitica

[23], microbodies did not proliferate in our yeast after
cultivation on fatty acid, their number remaining at
around 1.2–1.5 and covering a similar surface area (Ta-
ble 1). The same observation had been made previously
with S. salmonicolor [24] and was in accordance with the
enzyme activity measurements described below. Fur-
thermore, microbodies exhibited the presence of crystal-
line cores (Fig. 1E), which may correspond to the
accumulation of alcohol oxidase proteins [25].



Fig. 1. Ultrathin sections of Sp. ruinenii grown without (A, B) and with (C, D, E, F) MeRi 5%. Micrographs were taken of 2% paraformaldehyde/3%
glutaraldehyde-fixed, metaperiodate-treated, reduced osmium post-fixed and EPON embedded cells. Abbreviations: Cc: crystalline core, M:
mitochondria, N: nucleus, Mb: microbody, V: vacuole.
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By comparison with Sp. ruinenii, Sp. pararoseus cells
were very difficult to infiltrate with resin, probably be-
cause of the different cell wall composition in the two
species. Consequently, vacuoles or inclusions and their
membranes were often poorly preserved, resulting in
white areas in the micrographs (Fig. 2).

When cultivated on glucose, the cells exhibited a
thick cell wall (about 95 nm) (Fig. 2A and B). The cyto-
solic compartment contained mitochondria (from 4 to 5
sections, as indicated in Table 1), less than one micro-
body and electron-dense inclusions (indicated by * in
Fig. 2B) of unknown composition. However, with re-
spect to the strong pink colour of the cells, it is possible
to suggest that these inclusions may have corresponded
to the accumulation of a pigment such as b-carotenoid.
When cultured for five days with 5% methyl ricinoleate,
cells developed a thicker wall (160 nm). Moreover, they
exhibited a higher degree of vacuolisation (Fig. 2D)



Table 1
Average number and surface area covered (% of the total surface area of the cell) of visible mitochondrial sections and microbodies in Sporidiobolus

sp. yeasts cultivated without (non induced) or with (induced) ricinoleic acid methyl ester

Mitochondrion Microbodies

Number Occupied surface (%) Number Occupied surface (%)

Sp. ruinenii

Non-induced 5.3a ± 3.6 5.2a ± 2.6 1.5a ± 3.2 2.2a ± 1.9
Induced 3.6a ± 2.6 6.8a ± 2.8 1.2a ± 0.8 2.8a ± 2.5

Sp. pararoseus

Non-induced 4.5a ± 2.6 6.4a ± 3.7 0.4a ± 0.7 0.5a ± 1.1
Induced 9b ± 3.3 13b ± 6.5 0.15a ± 0.45 0.12a ± 0.5

Values are means ± SD from 15 to 20 cells analyzed.
a,b Means within columns and for one species with different letters are statistically different (P < 0.05).
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which could correspond to an accumulation of lipid in
some of the vacuoles, as has been observed elsewhere
[24]. As shown in Table 1, microbodies were not induced
in the presence of MeRi. The most surprising observa-
tion concerned development of the mitochondrial appa-
ratus (Fig. 2C and E). Both the average surface area
occupied in the cell, and the number of mitochondrial
sections, doubled after cultivation on MeRi (Table 1),
and in some cases this area could constitute up to 27%
of the total surface of the cell. Moreover, many ribo-
some-like granules were observed on the surfaces of out-
er membranes (cytoplasmic side, indicated by an arrow
on Fig. 2E). As has previously been suggested regarding
other yeasts [26], these ribosomes, similar to those on the
endoplasmic reticulum, probably synthesize proteins
which may be transferred via a vector inside the mito-
chondrion. Similarly, in 1980, Wolf et al. [20] demon-
strated the presence of numerous ribosomes
surrounding the mitochondria of S. roseus and R. gluti-

nis yeasts cultured in methane, but to our knowledge,
such a proliferation of the mitochondrial apparatus
has never before been described in a yeast.

3.2. Level of b-oxidation in Sporidiobolus spp cells

In Sporidiobolus pararoseus, the large mitochondrial
apparatus induced in several fatty acid methyl esters uti-
lizing yeasts may reflect a sub-cellular localization of
some enzymes involved in the catabolism of fatty acids.
For this reason, cell-free extracts of Sp. ruinenii and Sp.

salmonicolor were tested and compared for enzymes of
b-oxidation, with or without ricinoleic acid methyl ester
in the culture medium. The results are shown in Table 2.

In Sp. ruinenii, the four activities of peroxisomial b-
oxidation were detected in both extracts. Furthermore,
ACDH activity ranged from 0.47 nkat mg�1 protein in
the non-induced extract to about 1 nkat mg�1 protein
in the induced extract. Levels of ACO and thiolase were
enhanced 25-fold and 8-fold, respectively, after cultiva-
tion on fatty acid, although ECH and HAD remained
at similar levels under both conditions of culture. This
simultaneous presence of ACDH and ACO in the cells
was surprising because it had never been observed be-
fore. This raises the question of the localization of these
activities in the cell. It is well known that ACO is strictly
localized in the peroxisome, but ACDH can be located
in either the mitochondrial apparatus or in microbodies
[27].

Similarly, catalase activity was enhanced 1.8-fold,
from 180 ± 12 nkat mg�1 protein to 330 ± 17 nkat
mg�1 protein. This low level of induction was unlike
that commonly observed in S. cerevisiae, Y. lipolytica,
P. Pastoris or C. tropicalis cultivated with fatty acids
[22,28] but was in line with the ultrastructural observa-
tions. However, in Candida spp [29] and S. cerevisiae

[22], this induction phenomenon has principally been
observed during the exponential growth phase (with an
average induction of 30–50 times in Candida) rather
than the stationary phase where induction is noticeably
lower (about 5 times in Candida), and that appeared to
be mainly the case during our study. Moreover, more re-
cent results have shown that the induction of catalase
activity during transfer from a glucose-rich medium to
an alcane-rich medium is moderate when compared to
ACO and thiolase activities [30].

In Sp. pararoseus, the b-oxidation activity profile dif-
fered markedly from that observed in Sp. ruinenii. Levels
of ACO remained extremely low in both non-induced
and induced extracts. In contrast, all other activities
were enhanced after cultivation on methyl ricinoleate;
from approximately 3-fold for ECH, HAD and thiolase
to 8-fold for ACDH. Neither catalase nor malate syn-
thetase could be detected in either extract, thus confirm-
ing the very limited development of microbodies
(peroxisomal and/or glyoxisomal apparatus). This pro-
file of b-oxidation enzymes can be compared to the re-
sults obtained with Neurospora crassa by Kionka and
Kunau [31]. However, concomitantly to induction (from
10-fold to 20-fold), these authors demonstrated a prefer-
ential increase of the glyoxisomal apparatus (about 25-
fold) rather than the mitochondrion.

The presence and strong induction of ACDH, the very
low levels of catalase and acyl-CoA oxidase during the
first step of b-oxidation, the channelling phenomenon



Fig. 2. Ultrathin sections of Sp. pararoseus grown without (A, B) and with (C, D, E) MeRi 5%. Micrographs were taken of 2% paraformaldehyde/
3%glutaraldehyde-fixed, metaperiodate-treated, reduced osmium post-fixed and EPON embedded cells. Abbreviations: CW: cell wall, M:
mitochondria, N: nucleus, Mb: microbody, V: vacuole. * indicates electron dense inclusions in the cytosol.

Table 2
Levels of b-oxidation enzyme activity measured in cell-free extracts obtained from Sporidiobolus sp. yeasts cultivated without (non-induced) or with
(induced) ricinoleic acid methyl ester

ACO ACDH ECH HAD Thiolase

Sp. ruinenii

Non-induced 0.16 ± 0.06 0.28 ± 0.01 38.6 ± 3.2 2.6 ± 0.55 0.98 ± 0.3
Induced 0.79 ± 0.24 0.50 ± 0.05 40.7 ± 2.4 3.4 ± 0.25 8.3 ± 0.45

Sp. pararoseus

Non-induced 0.03 ± 0.01 1.4 ± 0.4 6.2 ± 1.2 1.1 ± 0.18 1.8 ± 0.3
Induced 0.06 ± 0.02 8.9 ± 0.3 24.4 ± 1.8 3.6 ± 0.2 7.2 ± 0.32

ACO: Acyl-CoA oxidase, ACDH: Acyl-CoA dehydrogenase, ECH: Enoyl-CoA hydratase, HAD: Hydroxy-acyl-CoA dehydrogenase. Enzyme
activities are expressed in nkat/mg protein and values are means ± SD for three determinations.
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observed previously [5], associated with the development
of a very large mitochondrial apparatus in Sporidiobolus

pararoseus after cultivation on fatty acids, provide strong
evidence to back the hypothesis of a compartmentaliza-
tion of b-oxidation, primarily in the mitochondrion in
this yeast. This is a new finding in yeasts, because to date,
this b-oxidation strategy has mainly been observed in
mammalian cells. For this reason, Sporidiobolus pararo-
seus appears to be peculiar in the yeast family and thus
a useful micro-organism in lower eukaryotes, to enable
the more detailed investigation of b-oxidation at a
molecular level.
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