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a b s t r a c t

Fatty acyl-CoA synthetases are critical enzymes involved in lipid metabolism. The oleaginous yeast
Yarrowia lipolytica is currently generating interest in biofuel research due to its ability to convert raw
materials into value-added end products. In this study, the putative acyl-CoA synthetase gene YAL1 in Y.
lipolytica was interrupted with the copper resistance (CRF1) gene to allow selection without antibiotics
to facilitate industrial applications. Deletion of YAL1 led to reduced acyl-CoA synthetase activity. Fur-
thermore, the fatty acid profile and lipid content of the mutant were different from the wild-type strain.
atty acid
leaginous yeast
arrowia lipolytica

The ratio of saturated to unsaturated fatty acids increased 6-fold, and the total lipid production of the
mutant strain increased to 1.47-fold of the wild-type strain. The results indicate that YAL1 in Y. lipolytica is
involved in fatty acid elongation and desaturation, whereas the homologous, highly conserved FAA1 gene
from Saccharomyces cerevisiae was shown to be responsible for fatty acid activation. The increased ratio
of saturated to unsaturated fatty acids would result in a higher combustion value and better oxidative
stability for biofuel products obtained from the fatty acids from the engineered Y. lipolytica mutant.
. Introduction

Biofuels as alternatives for petroleum fuel have generated great
nterest in recent years. As alternative lipid sources, oleaginous

icrobes are being used as feedstock of biofuel [10,11,26]. Vari-
us oleaginous yeast species have a high lipid content (40–70% of
ry biomass) [22]. Among them, Yarrowia lipolytica is one of the
ost extensively studied “unconventional” microbes. Metabolism

n Y. lipolytica is directed toward lipid accumulation. Moreover,
he unique ability of this yeast to efficiently use hydrophobic sub-
trates (HS) makes this microorganism a prime candidate for use
n the production of bio-oils [1]. Genetic and metabolic engineer-
ng have been used to modify the strains for the production of a
igher amount of lipids and alternative novel chemicals and fuels
1]. Several enzymes including acyl-CoA oxidase (Aox), glycerol-3-
hosphate dehydrogenase (G3PDH), diacylglycerol acyltransferase,
nd sterol acyltransferase were shown to be involved in lipid accu-
ulation pathways [1]. It was reported that deletion of the POX1-6

enes coding for six Aox-related enzymes in �-oxidation path-

ays [18] and eliminating the GUT2 gene coding for G3PDH of the

lycerol pathway triggered lipid accumulation [2]. It has been con-
luded that genes involved in every step of fatty acid metabolism,
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including carbon flux toward triglycerides (TAG) and fatty acid �-
oxidation, could affect or control lipid accumulation [1,2,18].

Fatty acyl-CoA synthetases (E.C. 6.2.1.3) are present in most
organisms and are involved in the utilization of fatty acids. Fatty
acids are channeled through fatty acyl-CoA derivatives into the �-
oxidation pathway for degradation (Fig. 1); the activation of the
CoA molecule is catalyzed by the enzyme fatty acyl-CoA synthetase.
Several genes encoding acyl-CoA synthetases in Saccharomyces
cerevisiae were identified, including FAA1, FAA2, FAA3, FAA4, and
FAT1. Studies have shown that these enzymes are involved in fatty
acid trafficking, recycling, and intracellular utilization. Michinaka
et al. [17] and Scharnewski et al. [23] also demonstrated that S.
cerevisiae deficient in acyl-CoA synthetase could secrete fatty acids.
Interestingly, a number of studies in adipocytes suggest that differ-
ent isoforms of acyl-CoA synthetase are involved in lipid storage
and possibly channel fatty acids into TAG synthesis rather than
into �-oxidation and energy production [21,25]. However, the func-
tion of the fatty acyl-CoA synthetase of the oleaginous yeast Y.
lipolytica, which is comprised of 15 different genes located on sev-
eral chromosomes, remains largely unstudied in terms of its role
in lipid metabolism. Located on chromosome D, the YAL1 gene
was reported to have similar functions as the FAA1 gene encod-

ing the acyl-CoA synthetase in S. cerevisiae [5]. Thus, this study
was designed to understand the role of acyl-CoA synthetase in fatty
acid metabolism in the oleaginous yeast Y. lipolytica. The YAL1 gene
was deleted via homologous recombination to understand how it
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ig. 1. Fatty acid present in the cytoplasm first reacts with CoA catalyzed by acyl-CoA
ynthetase and then enters the �-oxidation pathway for fatty acid degradation.

dapted from Beopoulos et al. [1].

ffects lipid content and fatty acid composition, and its potential to
roduce energy-efficient biofuel products.

. Materials and methods

.1. Strains, media, and growth conditions

The yeast strains used are shown in Table 1. Yeasts were grown at 30 ◦C on YPD
edium [2% (w/v) glucose, 2% (w/v) peptone, and 1% (w/v) yeast extract]. Recom-

inant strains were selected on YPD plates containing various amounts of CuSO4.
scherichia coli cells were grown at 37 ◦C on LB medium [1% (w/v) tryptone, 1% (w/v)
aCl, and 0.5% (w/v) yeast extract] containing 50 �g/ml ampicillin when necessary.
.5% agar was added to produce solid media. Cells were harvested at specified time
oints by centrifugation and the cell pellets were resuspended in deionized water
o achieve desired cell densities (OD600 in the range of 1.2–1.5).

.2. Construction of plasmids

Yeast genomic DNA was prepared as described by Burke et al.
4]. The YAL1 gene, whose sequence was used for homologous recom-
ination, was amplified from W29 genomic DNA by PCR with the
rimers YAL1-F (CGAATTCGCATCCACAATCTTCTTTCGG (EcoRI))/YAL1-R
AAGGATCCACACATTTACGCCCAGACCT (BamHI)) (Invitrogen). The PCR prod-
ct was subsequently sub-cloned into a pGEM-T Easy vector to generate the
lasmid pTA1. The CRF1 gene conferring copper resistance was amplified from W29
enomic DNA by PCR with the primers CRF1-F (CGAGATCTGATGTGAGCCGTTATTCG
BglII))/CRF1-R (CCCTCGAGAAGAAACGCACATCTGTAATCC (XhoI)) and sub-cloned
nto a pGEM-T Easy vector to generate the plasmid pTCRF. Plasmid pTA1 was
igested by BglII and XhoI, and the 2.9-kb fragment containing the CRF1 gene from
TCRF coding for copper resistance was ligated into the BglII/XhoI site of pTA1. The
esulting plasmid bearing the expression cassette YC (yal1�::CRF1) was designated
s pTAC (Fig. 2a).

.3. Yeast transformation and confirmation of recombinant strains

Plasmid pTAC was digested by ScaI and the linearized fragment containing cas-
ette YC was transformed into Y. lipolytica W29 by electroporation using the Gene
ulser XcellTM Electroporation System (Biorad). Recombinant strains bearing the
eleted genes were selected on YPD plates with 31 mM CuSO4 as a selection marker.
enomic DNA was extracted using a yeast DNA extraction kit (Thermo) and PCR
as performed to confirm the gene disruption, which results from the homologous

ecombination between the introduced linearized DNA and the homologous regions
f the genome. The 50 �l assay volume contained 25 �l Taq master mix (NEB) and
.2 �M primers; the PCR cycling parameters were 30 s at 94 ◦C, 45 s at 48–55 ◦C, and
min at 72 ◦C for a total of 30 cycles, followed by a final extension for 15 min at 72 ◦C.
CR products were sent for sequencing to confirm the disruption of YAL1 gene.

.4. Acyl-CoA synthetase assay
The acyl-CoA synthetase extraction protocol was modified from the approach
escribed by Fægeman et al. [8]. Once the cultures had reached the logarithmic
hase, they were centrifuged for 4 min at 3000 × g and 4 ◦C. The pellet, which con-
ained the yeast cells, was washed with cold distilled water and re-suspended in
lysis buffer composed of 200 mM Tris–HCl (pH 8.0), 5 mM �-mercaptoethanol,
Fig. 2. (a) Construction of plasmid pTAC and (b) cassette YC used for homologous
recombination.

4 mM EDTA, 10% glycerol, 0.01% Triton X-100, and 0.5 mM phenylmethylsulfonyl
fluoride (PMSF). The cells were lysed by a vigorous vortex of the cell suspension
containing glass beads with five 1-min cycles at 4 ◦C. After centrifugation for 5 min
at 1500 × g and 4 ◦C, the supernatants were used for the acyl-CoA synthetase activ-
ity assay. The amount of protein was determined by the Coomassie Brilliant Blue
method [3]. The acyl-CoA synthetase activity was determined as described by Ichi-
hara et al. [24]. Briefly, reactions (0.2 ml) contained 0.15 M MOPS-NaOH (pH 7.7),
1 mM DTT, 0.25 mM CoA Na3, 4.5 mM ATP Na2, 10 mM MgCl2, 1% methanol, 1.5 U
acyl-CoA oxidase, 2 KU catalase, 0.2 mM potassium salt of fatty acid, 0.55 mM Triton
X-100, and fractions prepared from Y. lipolytica (up to 100 �g protein). The reac-
tion was performed at 30 ◦C for 30 min. During the reaction, synthesized acyl-CoA
was converted into trans-enoyl-CoA and H2O2 by the action of acyl-CoA oxidase
in situ, and then formaldehyde was produced from the H2O2 and methanol by cata-
lase. The sequential reactions were terminated by adding 0.2 ml of 2 M KOH at 0 ◦C.
The color-producing reagent for aldehydes, 0.2 ml of 0.6% 4-amino-3-hydrazino-
5-mercapto-1,2,4-triazole in 0.5 M HCl, was then added to the chilled alkaline
solution. The mixture was incubated at 37 ◦C for 10 min, and then 0.5 ml of 1%
NaIO4 was added. The molar absorption coefficient of the resulting purple dye was
29,200/M/cm at 550 nm. One unit of acyl-CoA synthetase was calculated as the
amount of enzyme required to form 1.0 nmol of acyl-CoA per minute at 30 ◦C.

2.5. Preparation of yeast cells and fatty acid analysis

Yeast cells and supernatant were separated by centrifugation at 8000 × g for
5 min. The cell pellet was washed in 1 ml of distilled water and centrifuged at
8000 × g for 3 min. The fatty acid concentrations of cell pellet and supernatant were
measured using the gas chromatography (GC) method described by O’Fallon et al.
[19]. For biomass determination, cells were washed with distilled water and dried
at 80 ◦C until a constant weight was reached (approximately 24 h).

3. Results and discussion

3.1. Genetic manipulation of Y. lipolytica

Plasmid pTAC (Fig. 2a) was successfully constructed and con-
firmed by enzyme digestion and PCR. The linearized ScaI fragment
from pTAC was transformed into Y. lipolytica W29. Recombinant
strains were selected on 31 mM CuSO4, as the host strain could

only grow on less than 22 mM CuSO4. Seven different transfor-
mants were selected for resistance to higher copper concentrations
(31 mM CuSO4) and sequentially named using the nomenclature
TY1 up to TY7. The copper-resistant gene served as a selection
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Table 1
Strains and plasmids used in this study.

Strains or plasmids Genotype Source

Strains
Escherichia coli Top 10 F-mcrA �(mrr-hsdRMS-

mcrBC)�80lacZ�M15�lacX74recA1araD139�(ara-
leu)7697galUgalKrpsL(StrR)endA1nupG

Invitrogen

Yarrowia lipolytica W29 Wild-type ATCC 20460
Plasmids

Promega
This work
This work
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Fig. 4. Measurement of acyl-CoA synthetase activities of mutant strains versus the
pGEM-T Easy Cloning vector, amp
pTA1 Cloning vector, amp
pTAC Recombinant plasmid

arker because this oleaginous yeast is widely used for biofuel
roduction by simultaneous bioremediation of industrial polluted
astewater for biofuel production [14,20]. Unlike the antibiotic

esistance genes, the expression of CRF1 gene in Y. lipolytica would
ot prevent the use of this yeast in an industrial setting, which
ight be the case an exogenous antibiotic tag was introduced. In

ddition, higher copper resistance could broaden the industrial use
f Y. lipolytica.

.2. YAL1 gene disrupted reduces acyl-CoA synthetase activity

Genomic DNA was extracted from mutant strains and wild-type
train and PCR was performed to analyze the disruption of the YAL1
ene. As Fig. 3 shows, when using the primer pair YAL1-F/CRF1-F,
he sizes of the PCR products from mutant strains were 3.1 kb, while
o fragment was obtained from wild-type strain W29. Moreover,
he sizes of the PCR products from mutant strains using the primer
air YAL1-F/YAL1-R were 3.4 kb, which aligns with the expression
assette YC (yal1�::CRF1) (Fig. 2b), while the sizes of the PCR prod-
cts from the wild-type strain were 1.7 kb. This indicated that the
AL1 gene was disrupted in mutant strains. The sequencing results
f the PCR products also confirmed the disruption of YAL1 gene in
he mutant strains. However, acyl-CoA synthetase activities were
till detected in mutants (Fig. 4), whereas the activities measured
n mutants were lower than wild-type strain to different degrees.
he acyl-CoA synthetase enzyme has multiple functions in fatty
cid metabolism [8,23] and plays a crucial role in intermediary
etabolism by catalyzing the formation of fatty acyl-CoA through

two-step process. It is also reportedly involved in the regulation
f various cell functions by catalyzing the production of long chain
atty acyl-CoA esters (e.g. protein transporters, enzyme activation,
rotein acylation, cell signaling, and transcriptional regulation) [9].

ig. 3. PCR analysis of recombinant strains using different primer pairs. Lane M:
kb marker; lane 1–7: mutant strains TY1-TY7 (primer pair YAL1-F/CRF1-F); lane
–14: mutant strains TY1-TY7 (primer pair YAL1-F/YAL1-R); lane 15: wild-type
train w29 (primer pair YAL1-F/CRF1-F); lane 16: wild-type strain w29 (primer pair
AL1-F/YAL1-R). For mutant strains, the sizes of PCR products using primer pair
AL1-F/CRF1-F were 3.1 kb and the PCR products using YAL1-F/YAL1-R were 3.4 kb;

or the wild-type strain, no product was obtained using YAL1-F/CRF1-F, and PCR
roducts using YAL1-F/YAL1-R were 1.7 kb.
wild-type strain (column). Measurements are done in three biological replicates,
and in every biological replicate three technical replicates are applied.

As shown in Fig. 4, when compared with the wild type strain, which
has an activity of 10.10 U/mg protein, all mutant strains exhibited
lower activities (2.35–3.23 U/mg protein). According to the ANOVA
result, though the enzyme activities of all mutants were different,
the difference was not significant (p > 0.05) (Table 2). However, we
still chose TY7 for further study because it had the lowest enzyme
activity.

3.3. Growth of Y. lipolytica mutants containing an interrupted
YAL1 gene

To examine whether YAL1 gene disruption has any effect on cell
growth, cell growth curves were determined. YAL1 gene disruption
slightly influenced recombinant strain growth. Defective growth
was fully restored by reintroducing the YAL1 gene to mutant strains
(Fig. 5a). One explanation for decreased cell growth in the mutant
strains is the altered ratio of unsaturated to saturated fatty acid
when acyl-CoA synthetase expression was decreased, which caused

changes in the physical properties of membranes and subsequently
affected growth properties.

Table 2
ANOVA of acyl-CoA synthetase activities of mutant strains (mean ± SD, n = 3).

Strains Enzyme activity (U/mg protein)

Replicate #1 Replicate #2 Replicate #3

TY1 2.63 ± 0.01 2.77 ± 0.02 2.49 ± 0.01
TY2 3.23 ± 0.01 3.39 ± 0.01 3.05 ± 0.00
TY3 3.40 ± 0.02 3.57 ± 0.01 3.23 ± 0.02
TY4 2.72 ± 0.01 2.86 ± 0.00 2.59 ± 0.01
TY5 3.02 ± 0.02 3.18 ± 0.03 2.89 ± 0.02
TY6 3.22 ± 0.03 3.38 ± 0.04 3.01 ± 0.02
TY7 2.35 ± 0.02 2.47 ± 0.03 2.23 ± 0.03
F-Value 1.127
p-Value 0.346
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Fig. 5. Fatty acid analysis of the W29 host strain and the TY7 mutant strain. (a)
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Table 3
Fatty acid profiles from Y. lipolytica host strain W29, mutant strain TY7a and the
recovered strain TY7+b (mean ± SD, n = 3).

Fatty acids % of total fatty acids in strains

W29 TY7 TY7+b

Palmitic C16:0 25.51 ± 0.86 65.15 ± 6.76 28.61 ± 1.33
Palmitoleic C16:1 8.00 ± 0.01 1.06 ± 0.04 6.84 ± 0.04
Oleic C18:1 54.30 ± 0.53 22.44 ± 1.00 45.95 ± 1.86
Linoleic C18:2 12.11 ± 0.20 3.93 ± 1.00 10.24 ± 0.44
Saturated/unsaturated

fatty acid ratio
1:3 2.4:1 1:2.9

a

constructed (Fig. 6). The gene most similar to YAL1 was found in
ipid content. Measurements are done in three biological replicates, and in every
iological replicate three technical replicates are applied.

.4. Fatty acid analysis

Fatty acids were not detected in the supernatant of recombi-
ant strains. However, the recombinant strain TY7 accumulated
ore lipid than the host strain. The maximum lipid production

f TY7 (123.34 ± 0.64 mg/g dry weight, p < 0.01) increased 1.47-
old compared to that of the host strain (83.58 ± 1.19 mg/g dry
eight, p < 0.01) (Fig. 5a). Previous studies in S. cerevisiae indicated

hat a deficiency in acyl-CoA synthetase activity might result in
nduced fatty acid transport across the cell membrane into the

edia [8,17,23]. However, because S. cerevisiae is not a strain that
ormally stores lipid in the cytoplasm, it is possible that attenua-
ion of acyl-CoA synthetase activity elicits an active export of fatty
cids that might be necessary for cellular homeostasis [8]. However,
leaginous yeast can accumulate large amounts of lipid in the cyto-

lasm and does not need to excrete fatty acids to maintain cellular
omeostasis. Such an explanation could account for the fact that no

atty acids were detected in the supernatant of the mutant strains.
Fatty acid was analyzed from cells growing for 120 h by gas–liquid chromatog-
raphy. The results are mean values from three independent experiments.

b The complementary strain of TY7 was named as TY7+.

Instead, the amount of total lipid accumulation increased 1.47-fold
in a recombinant strain compared to that of the host strain.

The four most prevalent fatty acids in Y. lipolytica cells when
glucose was used as carbon source were palmitic acid (C16:0),
palmitoleic acid (C16:1), oleic acid (C18:1), and linoleic acid
(C18:2). In the wild-type strain, the concentration of the four fatty
acids remained constant during culture (Fig. 5b). Unsaturated fatty
acids accounted for 74.41% of the total fatty acids present. The pre-
dominant unsaturated fatty acid was oleic acid, which accounted
for 54.30% of the total fatty acids. However, in the recombinant
strain TY7, the amount of saturated palmitic acid (C16:0) increased
from 25.51% to 65.15% (Table 3). Therefore, the ratio of saturated to
unsaturated fatty acids increased during the later phase of culture
(from 1:3 to 2.4:1 (Table 3, Fig. 5c)), which also happened in other
mutant strains (e.g. s/u fatty acid ratio in TY3 was 2.1:1, and s/u
fatty acid ratio in TY5 was 2.3:1). After reintroducing the YAL1 gene
to the mutant strain, the profile of fatty acids measured from the
cell was similar to the wild-type strain (Table 3), indicating that the
disruption of the YAL1 gene was the reason for the changes in fatty
acid profiles. Thevenieau et al. [27] reported that after activation
by the fatty acyl-CoA synthetase specific for long chain fatty acids
localized in the endoplasmic reticulum or cytosol, fatty acids could
either be used directly for lipid biosynthesis upon desaturation and
elongation or transported into peroxisomes to be degraded by the
�-oxidation pathway. In this study, the YAL1 gene was disrupted,
resulting in a deficient fatty acyl-CoA synthetase that blocked the
process of desaturation and elongation, which could explain an
increased amount of C16:0 fatty acid and an increased ratio of
saturated to unsaturated fatty acid.

As the only FAA homologous gene in Y. lipolytica, the YAL1
gene was reported to function most similarly to FAA1 gene, which
accounted for most of the acyl-CoA synthetase activity among the
five genes encoding the acyl-CoA synthetase in S. cerevisiae (FAA1
to FAA4, and FAT1) [5]. The acyl-CoA synthetase encoded by FAA1
actively imported fatty acids with a preference for C12:0–C16:0
chain lengths. This is pertinent for this study in that the YAL1 gene
encodes the acyl-CoA synthetase that catalyzed palmitic acid to
palmitic acyl-CoA. Therefore, after disruption of the YAL1 gene, the
amount of palmitic acid (C16:0) increased dramatically because
palmitic acid could not be transferred to next step of fatty acid
metabolism. To explain the reason for the reduction in longer-
chain fatty acid (C18) concentrations, studies focusing on acyl-CoA
synthetase-1 (encoded by the ACSL1 gene) in adipocytes revealed
that ACSL1 is involved in the fatty acid elongation process [15].
To understand the role of these enzymes further, we compared
the genes encoding acyl-CoA synthetase in different organisms.
The phylogenetic tree of genes related to acyl-CoA synthetase was
Lachancea thermotolerans with 59% homology and similar functions
to FAA1 in S. cerevisiae. YAL1 showed 53% identity with FAA1 and
51% identity with Faa1p protein from S. cerevisiae. Meanwhile, YAL1
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Fig. 6. Phylogenetic tree of genes encoding acyl-CoA synthetases in different organ-
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howed 43% identity with ACSL1 and 31% identity with the primary
tructure of the homologous protein from Mus musculus. Therefore,
he YAL1 gene could have functions related to both FAA1 and ACSL1.
n studies involving S. cerevisiae genetic modifications, disruption of
single gene can affect the functions of multiple genes [28]. Because

he function of many genes of oleaginous yeast remain unclear, it is
easonable to hypothesize that these yeasts could have interrelated
ene functions to allow for precise adaptation to environmental
hanges.

For the production of biofuel, oxidative stability has been the
ubject of considerable research. The percentage of unsaturated
atty acid will affect the oxidative stability of the final product [7]
nd affects the quality of biofuel during extended storage [6,13].
he yeast Y. lipolytica has been recognized as a very good candi-
ate for biotechnological uses due to its capability to accumulate
igh amounts of lipids [1]. This yeast is able to grow on industrial
aste and agro-industrial by-products to produce large amounts of
on-specific oils, which could be used as starting materials for bio-

uel synthesis [16]. The increased ratio of saturated to unsaturated
atty acids in the YAL1 mutant could increase oxidative stability,
hich could help prolong the storage life of biofuel made from this

rganism. In addition, a higher amount of saturated fats could help
ncrease the cetane numbers (CN) of produced biofuel, which is
irectly related to a better combustion value. A low unsaturated
atty acid concentration could improve the CN because unsatu-
ated fatty acids are low-cetane compounds that have a negative
ffect on biofuel combustion values [12]. In contrast, the methyl
ster of palmitic acid (C16:0) is solid at room temperature and thus
iodiesel cannot contain a large percentage of methyl palmitate.
he ideal biodiesel is made from methyl esters from unsaturated
almitoleic (C16:1) and oleic (C18:1) acids.

. Conclusion
The YAL1 gene in Y. lipolytica was interrupted by the copper-
esistant (CRF1) gene via homologous recombination. As a result,
ore fatty acids accumulated in the mutant strains, leading to a

ignificant increase in the percentage of C16:0 and an increased

[

try 46 (2011) 1436–1441

ratio of saturated to unsaturated fatty acids. Although YAL1 did not
show activity in transport of fatty acids across the cell membrane,
the results revealed a function of YAL1 in fatty acid metabolism
during the fatty acid elongation process, with a preference for a C16
chain length. The findings from this study are potentially useful in
synthetic biology research involving the production of short chain
fatty acids for applications such as the production of aviation fuel.

Acknowledgement

The authors would like to thank Dr. James V. O’Fallon for the
fatty acid analysis.

References

[1] Beopoulos A, Chardot T, Nicaud JM. Yarrowia lipolytica: a model and a tool
to understand the mechanisms implicated in lipid accumulation. Biochimie
2009;91:692–6.

[2] Beopoulos A, Mrozova Z, Thevenieau F, Le Dall MT, Hapala I, Papanikolaou S,
et al. Control of lipid accumulation in the yeast Yarrowia lipolytica. Applied and
Environment Microbiology 2008;74:7779–89.

[3] Bradford M. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical
Biochemistry 1976;72:248–54.

[4] Burke D, Dawson D, Stearns T. Yeast DNA isolations. Methods in yeast genetics:
a Cold Spring Harbor Laboratory course manual. Cold Spring Harbor, NY: Cold
Spring Harbor Laboratory Press; 2000. pp. 110–111.

[5] Dujon B, Sherman D, Fischer G, Durrens P, Casaregola S, Lafontaine I, et al.
Genome evolution in yeasts. Nature 2004;430:35–44.

[6] Dunn RO. Effect of oxidation under accelerated conditions on fuel properties
of methyl soyate (biodiesel). Journal of the American Oil Chemists’ Society
2002;79:915–20.

[7] Frankel EN. Lipid oxidation. Dundee: Oily Press; 1998.
[8] Fægeman NJ, Black PN, Zhao XD, Knudsen J, DiRusso CC. The acyl-CoA syn-

thetases encoded within FAA1 and FAA4 in Saccharomyces cerevisiae function
as components of the fatty acid transport system linking import, activation,
and intracellular utilization. Journal of Biological Chemistry 2001;276:37051.

[9] Hisanaga Y, Ago H, Nakagawa N, Hamada K, Ida K, Yamamoto M, et al. Structural
basis of the substrate-specific two-step catalysis of long chain fatty acyl-CoA
synthetase dimer. Journal of Biological Chemistry 2004;279:31717.

10] Kalscheuer R, Stolting T, Steinbuchel A. Microdiesel: Escherichia coli engi-
neered for fuel production. Microbiology 2006;152:2529.

11] Keasling JD, Chou H. Metabolic engineering delivers next-generation biofuels.
Nature Biotechnology 2008;26:298–9.

12] Knothe G, Bagby MO, Ryan TW. Precombustion of fatty acids and esters of
biodiesel. A possible explanation for differing cetane numbers. Journal of the
American Oil Chemists’ Society 1998;75:1007–13.

13] Knothe G, Dunn RO. Dependence of oil stability index of fatty compounds
on their structure and concentration and presence of metals. Journal of the
American Oil Chemists’ Society 2003;80:1021–6.

14] Lanciotti R, Gianotti A, Baldi D, Angrisani R, Suzzi G, Mastrocola D, et al. Use of
Yarrowia lipolytica strains for the treatment of olive mill wastewater. Biore-
source Technology 2005;96:317–22.

15] Li L, Ellis J, Paich H, Wang S, Gong N, Altshuller G, et al. Liver-specific loss of long
chain acyl-CoA synthetase-1 decreases triacylglycerol synthesis and -oxidation
and alters phospholipid fatty acid composition. Journal of Biological Chemistry
2009;284:27816.

16] Makri A, Fakas S, Aggelis G. Metabolic activities of biotechnological interest in
Yarrowia lipolytica grown on glycerol in repeated batch cultures. Bioresource
Technology 2010;101:2351–8.

17] Michinaka Y, Shimauchi T, Aki T, Nakajima T, Kawamoto S, Shigeta S, et al. Extra-
cellular secretion of free fatty acids by disruption of a fatty acyl-CoA synthetase
gene in Saccharomyces cerevisiae. Journal of Bioscience and Bioengineering
2003;95:435–40.

18] Mlickova K, Roux E, Athenstaedt K, d’Andrea S, Daum G, Chardot T, et al. Lipid
accumulation, lipid body formation, and acyl coenzyme A oxidases of the yeast
Yarrowia lipolytica. Applied and Environment Microbiology 2004;70:3918–24.

19] O’Fallon JV, Busboom JR, Nelson ML, Gaskins CT. A direct method for fatty
acid methyl ester (FAME) synthesis: application to wet meat tissues, oils and
feedstuffs. Journal of Animal Science 2007;85:1511–21.

20] Papanikolaou S, Muniglia L, Chevalot I, Aggelis G, Marc I. Accumulation of
a cocoa-butter-like lipid by Yarrowia lipolytica cultivated on agro-industrial
residues. Current Microbiology 2003;46:124–30.

21] Parkes H, Preston E, Wilks D, Ballesteros M, Carpenter L, Wood L, et al. Overex-
pression of acyl-CoA synthetase-1 increases lipid deposition in hepatic (HepG2)

cells and rodent liver in vivo. American Journal of Physiology: Endocrinology
and Metabolism 2006;291:E737.

22] Ratledge C, Wynn JP. The biochemistry and molecular biology of lipid accu-
mulation in oleaginous microorganisms. Advances in Applied Microbiology
2002;51:1–44.



Journal Identification = PRBI Article Identification = 9205 Date: May 21, 2011 Time: 10:36 am

chemis

[

[

[

[

[

J. Wang et al. / Process Bio

23] Scharnewski M, Pongdontri P, Mora G, Hoppert M, Fulda M. Mutants of Saccha-
romyces cerevisiae deficient in acyl-CoA synthetases secrete fatty acids due to
interrupted fatty acid recycling. FEBS Journal 2008;275:2765–78.
24] Ichihara K, Kobayashi N, Saito K. Lipid synthesis and acyl-CoA synthetase in
developing rice seeds. Lipids 2003;38:881–4.

25] Soupene E, Dinh N, Siliakus M, Kuypers F. Activity of the acyl-CoA syn-
thetase ACSL 6 isoforms: role of the fatty acid gate-domains. BMC Biochemistry
2010;11:18.

[

try 46 (2011) 1436–1441 1441

26] Stephanopoulos G. Challenges in engineering microbes for biofuels production.
Science 2007;315:801.

27] Thevenieau F, Le Dall M, Nthangeni B, Mauersberger S, Marchal R, Nicaud J.

Characterization of Yarrowia lipolytica mutants affected in hydrophobic sub-
strate utilization. Fungal Genetics and Biology 2007;44:531–42.

28] Wang JJ, Wang ZY, Liu XF, Guo XN, He XP, Wensel PC, et al. Construction of an
industrial brewing yeast strain to manufacture beer with low caloric content
and improved flavor. Journal of Microbiology and Biotechnology 2010;20:767.


	Oleaginous yeast Yarrowia lipolytica mutants with a disrupted fatty acyl-CoA synthetase gene accumulate saturated fatty acid
	1 Introduction
	2 Materials and methods
	2.1 Strains, media, and growth conditions
	2.2 Construction of plasmids
	2.3 Yeast transformation and confirmation of recombinant strains
	2.4 Acyl-CoA synthetase assay
	2.5 Preparation of yeast cells and fatty acid analysis

	3 Results and discussion
	3.1 Genetic manipulation of Y. lipolytica
	3.2 YAL1 gene disrupted reduces acyl-CoA synthetase activity
	3.3 Growth of Y. lipolytica mutants containing an interrupted YAL1 gene
	3.4 Fatty acid analysis

	4 Conclusion
	Acknowledgement
	References


