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Abstract Lipids are naturally derived products that offer an
attractive, renewable alternative to petroleum-based hydrocar-
bons. While naturally produced long-chain fatty acids can
replace some petroleum analogs, medium-chain fatty acid
would more closely match the desired physical and chemical
properties of currently employed petroleum products. In this
study, we engineered Yarrowia lipolytica, an oleaginous yeast
that naturally produces lipids at high titers, to produce
medium-chain fatty acids. Five different acyl-acyl carrier pro-
tein (ACP) thioesterases with specificity for medium-chain
acyl-ACP molecules were expressed in Y. lipolytica, resulting
in formation of either decanoic or octanoic acid. These novel
fatty acid products were found to comprise up to 40 % of the
total cell lipids. Furthermore, the reduction in chain length
resulted in a twofold increase in specific lipid productivity in
these engineered strains. The medium-chain fatty acids were
found to be incorporated into all lipid classes.
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Introduction

Renewable fuels and chemicals offer solutions to problems
ranging from global warming to supply stability (Fortman
et al. 2008; Liu et al. 2014; Lynd et al. 2005). Using yeast as
microbial cell factories to produce valuable commodity
chemicals offers a promising and sustainable alternative to
the continued use of petroleum-based products (Runguphan
and Keasling 2014). Fatty acids are molecules with a long
alkyl chain, very similar to the chemicals found in petroleum,
with a carboxylic acid attached to the end. They accumulate
within the cell as energy and carbon storage molecules. Fatty
acids can be further converted to other derivatives including
(1) methyl and ethyl esters which can be used as biodiesel
(Moser 2011); (2) fatty waxes to be used in cosmetics, food,
and paper industries (Santos et al. 2014); (3) fatty alcohols
with applications as surfactants and industrial solvents (Zheng
et al. 2012); and (4) alkanes that can directly be used as fuel
(Choi and Lee 2013).

Oleaginous yeasts naturally produce elevated amounts of
lipids compared to traditional yeast strains, making them a natu-
ral choice as a microbial platform for industrial production of
fatty-acid-derived products (Ageitos et al. 2011; Papanikolaou
and Aggelis 2011; Beopoulos et al. 2009). Yarrowia lipolytica
is the most-well studied of these yeasts, and researchers have
previously engineered it for increased lipid production by a va-
riety of rational and evolutionary approaches (Tai and
Stephanopoulos 2013; Wang et al. 2014; Liu et al. 2015; Qiao
et al. 2015; Zhang et al. 2014). In addition, many researchers
have successfully produced novel fatty acid products in
Y lipolytica including omega-3-fatty acids, linoleic acid-derived
unsaturated and polyunsaturated fatty acids, and alkanes (Xue
et al. 2013; Beopoulos et al. 2014; Zhang et al. 2013; Blazeck
et al. 2013; Madzak 2015). Although these yeast strains can be
engineered to produce large quantities of lipids and related
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products, the associated alkyl chains are much longer than
those found in typical petroleum-derived products, making
their physical properties less attractive for industrial and com-
mercial applications (Dwivedi and Sharma 2014; Ramos et al.
2009). Engineering oleaginous yeast for production of
medium-chain fatty acids would lead to production of renew-
able molecules more suitable as replacements for petroleum-
based products.

The mechanism of fatty acid synthesis by the multienzyme
fungal type I fatty acid synthase (FAS) is illustrated in Fig. 1.
Initiation of fatty acid synthesis occurs when acetyl-CoA is
condensed with carbon dioxide by acetyl-CoA carboxylase to
form malonyl-CoA. Malonyl-CoA and acetyl-CoA are then
incorporated in the FAS complex by transacylase activity to
produce malonyl-acyl carrier protein (ACP) or acetyl-ACP,
respectively. The ACP will have been previously activated
with phosphopantetheine at a conserved serine residue by
the phosphopantetheinyl transferase subunit (Lomakin et al.
2007). Malonyl-ACP is then decarboxylated, and keto-
synthase catalyzes its condensation with acetyl-ACP. Keto-
reductase, dehydratase, and enoylreductase subunits act in se-
ries to catalyze removal of the remaining oxygen atom and
carbon-carbon double bond to form a saturated acyl-ACP
(Landriscina et al. 1972; von Wettstein-Knowles et al.
2006). The acyl-ACP then becomes the substrate for further
addition of decarboxylated malonyl-ACP. This cycle of
malonyl-CoA addition to the acyl chain continues until elon-
gation is terminated by malonyl/palmitoyl transacylase which
catalyzes the transacylation of the acyl-ACP with CoA to
produce a fatty acyl-CoA (Leibundgut et al. 2008; Lynen
1969; Lomakin et al. 2007). This is slightly different from
fatty acid synthesis in other domains such as bacteria and
plants where elongation is terminated by an acyl-ACP
thioesterase which catalyzes a transesterification of fatty
acyl-ACP with water to produce free fatty acid (Jing et al.
2011; Moreno-Pérez et al. 2012).

In addition to a different mechanism of termination, bacte-
rial, plant, and mammalian FASs have widely different struc-
tures than their fungal counterpart. In bacterial and plant sys-
tems, the different catalytic subunits required for fatty acid
synthesis are dissociated (White et al. 2005; Zhang et al.
2006; Wakil 1989). In many eukaryotes including mammals
and fungi, however, multisubunit complexes form that contain
all the necessary catalytic subunits in a single enzyme. Fur-
thermore, the mammalian FASs consist of a hexamer of -
subunits while the fungal FAS consists of a hexamer of «-
subunits that form a central core capped on either side by three
[3-subunits (Leibundgut et al. 2008; Lynen 1969; Lomakin
et al. 2007). The dissociated nature of synthases in bacterial
and plant systems makes them well suited for modification of
fatty acid length by expression of heterologous proteins. Many
acyl-ACP thioesterases have been identified that use medium-
chain acyl-ACP molecules as their substrate (McMahon and
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Fig. 1 Mechanism of fatty acid elongation and termination

Prather 2014; Voelker et al. 1997; Pollard et al. 1991;
Doérmann et al. 1993). Numerous studies have shown that
expression of a medium-chain acyl-ACP-specific acyl-ACP
thioesterase leads to production of shorter fatty acids in
Escherichia coli as well as several plant species (Eccleston
et al. 1996; Sherkhanov et al. 2014; Liu et al. 2010; Lu et al.
2008; Steen et al. 2010; Voelker et al. 1992).

Most organisms produce only 16- and 18-carbon fatty
acids, indicating that a majority of acyl-ACP-thioesterases
and transacylases have specificity toward longer acyl-ACP
chains (Cronan and Rock 1996; Harwood 1988). While at-
tempts at engineering E. coli for medium-chain fatty acid pro-
duction have been successful, the lack of variety in
transacylase specificity combined with the bulwark-like qua-
ternary structure of fungal FAS makes engineering yeast for
medium-chain fatty acid production challenging. In fact, the
first attempt at producing medium-chain fatty acids was done
by induction of the 3-oxidation pathway, which breaks lipids
down into acetyl-CoA, along with expression of carnitine O-
octanoyltransferase to terminate (3-oxidation early to allow
accumulation of medium-chain fatty acids. This approach
was dependent on supplementation of oleic acid in the medi-
um (Chen et al. 2014). One successful strategy for de novo
short-chain fatty acid production in Saccharomyces cerevisiae
required concurrent expression of a more accessible mamma-
lian FAS with its C-terminal thioesterase domain replaced
with an acyl-ACP thioesterase known to produce short-chain
fatty acids (Leber and Da Silva 2014).
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In this work, we tested whether a heterologous thioesterase
would be able to associate with the native FAS complex in
Y. lipolytica and prematurely terminate elongation to produce
medium-chain fatty acids. We demonstrate that the expression
of different plant and bacterial acyl-ACP-thioesterases re-
duces the chain length of fatty acids in Y. lipolytica. Addition-
ally, the final length of the fatty acids produced depends on the
identity of the enzyme expressed and each enzyme produces a
single-length fatty acid. An increase in specific lipid yield
along with a reduction in final cell mass was also observed
during production of medium-chain fatty acids. Novel prod-
ucts were detected in all lipid classes.

Materials and methods
Strains and growth conditions

All strains and plasmids used in this study are listed in Table 1.
E. coli DH5 & was used for all plasmid construction and prop-
agation. DHS5x was grown in Luria Bertani (LB) medium at
37 °C with constant shaking at 250 rpm. Ampicillin was
added to a concentration of 100 pug/mL for plasmid mainte-
nance. Y. lipolytica PO1f, a leucine and uracil auxotroph var-
iant of the W29 strain (ATCC 20460), was used as a base
strain for all studies (Madzak et al. 2000). Cultivation of
Y. lipolytica strains was carried out at 30 °C with shaking at
200 rpm. Two different types of media were used for cultiva-
tion of Y. lipolytica strains. Yeast Synthetic Complete (YSC)
media, which was used for cultivation of the PO1f wild type,
consisted of 20 g/L glucose (Sigma), 0.67 g/L Yeast Nitrogen
Base (Becton, Dickinson and Company), and 0.69 g/L. Com-
plete Supplement Mixture (CSM) supplement (MP Biomedi-
cals). YSC-LEU, which was used for cultivation of acyl-ACP
thioesterase expressing derivatives of PO1f, is the same as
above with CSM replaced with 0.69 g/l CSM-Leu. Lipid ac-
cumulation was achieved by cultivation in a medium with a
high C/N ratio containing 50 g/L glucose, the appropriate
CSM supplement, 0.17 g/L Yeast Nitrogen Base without amino
acids or ammonium sulfate, 0.15 g/L yeast extract, and 1 g/L
ammonium sulfate. Acyl-ACP thioesterase expressing strains
of Y. lipolytica PO1f were grown in high C/N medium at 30 °C
and 200 rpm and samples collected after 48 and 96 h of incu-
bation. Agar was added to 20 g/L for solid media preparations.

Plasmid construction

Five acyl-ACP thioesterase genes were codon optimized for
expression in Y. lipolytica and cloned into the pINT4 vector.
This was achieved by amplifying the TEFintron region of
pINT4 using primers ProF and ProR and the ACP thioesterase
genes from Anaerococcus tetradius (GenBank Accession No:
KR180390), Cuphea hookeriana (GenBank Accession No:

KR180391), Cuphea palustris (GenBank Accession No:
KR180392), Clostridium perfringens (GenBank Accession
No: KR180393), and Umbellularia californica (GenBank Ac-
cession No: KR180394) (Tables S1 and S2 and Fig. S1) by
primers AtetF and AtetR, ChoF and ChoR, CpaF and CpaR,
CpeF an CpeR, and UcaF and UcaR, respectively. The for-
ward primers for ACP thioesterase amplifications contained a
region of homology to the 3’ region of the TEFintron. The
TEFintron and individual ACP thioesterase fragments were
then joined by simultaneous overlap extension polymerase
chain reaction. The joined fragments were then digested by
BstBI and A4scl and ligated into the pINT4 vector digested by
the same enzymes to generate the pINT4/ACP plasmids. PCR
reactions were carried out with Phusion High-Fidelity DNA
polymerase (New England Biolabs), and recommended reac-
tion conditions were used. Ligation was carried out at room
temperature for 1 h using T4 DNA ligase (New England
Biolabs). Table S3 lists all primers used for plasmid
construction.

Transformation

E. coli was transformed using standard electroporation proto-
cols on a Bio-Rad Gene Pulser. Plasmids were miniprepped
from E. coli using a GeneJet Kit (Thermo Scientific), digested
with Aatll restriction enzyme, and transformed into
Y. lipolytica to get random integrants of the TEFin-ACPT-
Leu?2 cassette. In order to transform Y. lipolytica, cells were
taken from solid media and resuspended in 100 uL of'a 50 %
PEG solution containing 50 mM lithium acetate and 50 mM
dithiothreitol and incubated at 39 °C for 1 h before plating the
whole mixture onto YSC-LEU solid medium (Gietz and
Woods 2002). Colonies were picked after 3 days, genomic
DNA was extracted, and integration of the acyl-ACP
thioesterase gene was verified by PCR amplification.

Identification and quantification of lipids

Saponification was carried out to convert neutral and charged
lipids to their respective methyl esters for analysis by gas
chromatography/mass spectrometry (GC/MS). Lyophilized
pellets were resuspended in 2 mL of 20:1 mixture of methanol
and acetyl chloride and 2 mL of hexanes. Five microliters of
25 mg/mL tridecanoic acid dissolved in a 3:2 methanol/
benzene mixture was added as an internal standard. Samples
were placed in sealed glass tubes and boiled for 30 min. Upon
completion, 1 mL of water was added and phases allowed to
separate (Lepage and Roy 1984). The upper organic phase
was collected as the total saponified cell lipid.

GC/MS was used to determine the lengths of lipid species
produced and their abundance. Saponified cell lipid samples
were analyzed using DB-5 ms capillary column (Agilent) on a
Shimadzu GC-2010 equipped with a GCMS-QP2010.
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Table 1  Strains and plasmids

Strain or plasmid name Description

Reference or source

E. coli strains

DH5«

Y. lipolytica strains
POLf

F endAl gInV44 thi-1 recAl relAl gyrA96 deoR nupG
®80dlacZAMI15 A(lacZYA-argF)U169, hsdR17 (rg” mg "), A-

MatA, leu2-270, ura3-302, xpr2-322, axp1-2

from U. californica codon optimized for Y. lipolytica, fused to TEFin

New England Biolabs

Madzak et al. (2000)

PO1f-Leu2 PO1f, Leu2 This study
POIf-AtACPT PO1f, TEF-AtACP-Leu2 This study
PO1{-ChACPT PO1f, TEF-ChACP-Leu2 This study
PO1{-CpaACPT PO1f, TEF-CpaACP-Leu2 This study
PO1{-CpeACPT PO1f, TEF-CpeACP-Leu2 This study
PO1{-UcACPT PO1f, TEF-UcACP-Leu2 This study
Plasmids
pINT4 Amp®, ColE1 ori, Leu2, TEFin Chandler et al. (2003)
pINT4/AtACP pINT4 with cDNA for acyl-ACP thioesterase (KR180390) from A. This study
tetradius codon optimized for Y. lipolytica, fused to TEFin and
ligated in at 4Ascl and BsfBI sites
pINT4/ChACP pINT4 with cDNA for acyl-ACP thioesterase FatB2 from C. hookeriana This study
(KR180391) codon optimized for Y. lipolytica, fused to
TEFin and ligated in at Ascl and Bs/BI sites
pINT4/CpaACP pINT4 with cDNA for acyl-ACP thioesterase (KR180392)from C. This study
palustris codon optimized for Y. lipolytica, fused to TEFin and
ligated in at Ascl and BstBI sites
pINT4/CpeACP pINT4 with cDNA for acyl-ACP thioesterase (KR180393) from C. This study
perfringens codon optimized for Y. lipolytica, fused to TEFin and
ligated in at Ascl and Bs/BI sites
pINT4/UcACP pINT4 with cDNA for acyl-ACP thioesterase FatB2 (KR180394) This study

and ligated in at Ascl and BstBI sites

Samples (1 uL) were injected at a 10:1 split ratio using hexane
as the solvent. Helium carrier gas pressure was 121.7 kPa at a
flow rate of 1.0 mL/min. Injection port temperature was
250 °C. Column temperature started at 30 °C and increased
to 250 °C at a rate of 10 °C/min. The eluent from the GC
entered the ionization chamber at 250 °C and measured at a
full scan between 15 and 250 amu (Tariq et al. 2011). Con-
centrations were determined using standards as a reference.
Sample chromatograms and mass spectra are provided in
Fig. S2.

Lipid extraction and total dry weight estimation

Whole lipid extracts were collected and weighed to determine
lipid titer and total lipid content. Lyophilized cell pellets were
resuspended in 1 mL of a 2:1 chloroform/methanol mixture
and shaken in a FastPrep 24 (MP Biomedicals) three times for
40 s at 5 m/s. Then, 0.2 mL of water was added, and samples
were vortexed. Samples were centrifuged at 15,000xg for
5 min, and the lower organic phase was removed. The organic
layer was then washed with 0.1 M NaCl and centrifuged at 15,
000xg for 5 min. The lower organic layer was removed and
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allowed to dry overnight to obtain a total lipid mass (Bligh and
Dyer 1959). The same volume of culture was centrifuged and
washed with one volume of phosphate-buffered saline pH 6.8,
allowed to dry at 70 °C overnight, and weighed to determine
the total dry cell weight (DCW).

Separation of lipid classes

Total lipids were fractionated to determine the abundance of
different lipid species in strains expressing heterologous ACP
thioesterase enzymes. Florisil hydrated to 7 % by incubation
with shaking overnight at room temperature was used as the
adsorbent for chromatography. Total lipids extracted from
50 mL of culture were loaded onto the column, and fractions
were cluted in the following solvents: 95:5 hexane/ether,
85:15 hexane/ether, 75:25 hexane/ether, 50:50 hexane/ether,
98:2 ether/methanol, and 96:4 ether/acetate to elute off steryl
esters, triacylglycerides, sterols, diacylglycerides,
monoacylglycerides, and free fatty acids, respectively (Carroll
1961).

Abundance of lipid in collected eluents was measured by
dichromate reduction. Samples were collected and allowed to
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completely dry before analysis. Each dried sample was resus-
pended in 1 mL ofa 0.2 % potassium dichromate dissolved in
96 % sulfuric acid and boiled for 15 min. Samples were
allowed to cool, and an additional 1 mL of water was added.
Samples were again allowed to cool, and their absorbance was
measured at 440 nm to detect formation of Cr* " (Freeman and
West 1966).

Results

Production of non-native fatty acid species in Y. lipolytica
by expression of heterologous acyl-ACP thioesterases

Most microorganisms produce fatty acids predominantly with
acyl chains 16 or 18 carbons in length. In an attempt to pro-
duce shorter fatty acids, we expressed heterologous acyl-ACP
thioesterase enzymes from five different species previously
shown to have specificity toward acyl-ACP chains eight car-
bons in length (McMahon and Prather 2014; Sherkhanov et al.
2014). We evaluated Y. lipolytica PO1f strains with acyl-ACP-
thioesterases from A. ftetradius, Cuphea hookeriana, Cuphea
palustris, Clostridium perfringens, and U. californica ran-
domly integrated into the genome (referred to as PO1f-
AtACPT, PO1f-AChACPT, PO1f-CpaACPT, POI1f-
CpeACPT, and PO1f-UcACPT, respectively) for their ability
to produce medium-chain fatty acids (Fig. 2). We found that
the expression of each enzyme tested was capable of termi-
nating the elongation of fatty acid early to produce either
decanoic acid or octanoic acid. PO1f-AtACPT, POI1f-
ChACPT, PO1{-CpaACPT, and PO1{-CpeACPT produced
36+8, 44+1, 57+8, and 46+8 % of their lipids as ten-
carbon fatty acid species on a mass basis, respectively.
PO1f-UcACPT produced 1445 % of their lipids as eight-
carbon fatty acid species on a mass basis. The Y. lipolytica
PO1f wild-type strain showed no production of either eight-
or ten-carbon fatty acid species when grown under the same
conditions. In all cases, production of shorter acids was
coupled with reduction in the abundance of 18-carbon acid
species. In the PO1f-UcACPT strain, 16-carbon fatty acid
abundance increased to 75+5 % on a mass basis compared
to 34+2 % in the wild-type strain.

Lipid yields from engineered strains

Total lipid titers and specific lipid production were determined
for strains expressing heterologous enzyme during growth
under lipid accumulation conditions (Fig. 3). Total lipid titers
from engineered strains were comparable to those of the wild-
type strain with PO1f-AtACPT, PO1{f-ChACPT, POI1f{-
CpaACPT, PO1{-CpeACPT, and PO1f-UcACPT producing
2.9+0.7, 2.3+0.1, 1.7£0.1, 1.840.1, and 1.5+0.6 g of lipid
per liter, respectively. A lipid titer of 1.7+0.6 g/L was
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Mass Fraction
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Fig. 2 Lipid length profiles in Y. lipolytica POI1f strains expressing
different heterologous acyl-ACP thioesterase enzymes

produced by the wild-type strain (Fig. 3a). The above strains
were found to grow to a final DCW 0f4.5+0.4,4.1+0.2,2.4+
0.2, 3.9+0.1, and 9.84+0.9-g DCW per liter. The wild-type
strain grew to 10.8+1.3-g DCW per liter (Fig. 3c). The above
strains produced 0.66+0.23, 0.57+0.32, 0.66+0.06, 0.46+
0.02, and 0.13+0.05 g lipid per gram DCW, respectively.
The wild-type strain produced 0.15+0.1 g lipid per gram dry
cell weight, indicating that the improved specific lipid produc-
tivity was due to reduced growth of engineered strains capable
of producing decanoic acid (Fig. 3b).

Incorporation of medium-chain fatty acids into different
lipid classes

To evaluate the capacity for Y. lipolytica to incorporate non-
native fatty acids into acylglycerides (mono, di, and tri), ste-
rols, and steryl esters, total lipids were separated into different
classes by chromatography and the composition with respect
to carbon chain length of each fraction was determined
(Fig. 4). Lipids harvested from wild-type cells were found to
be 23 % triacylglyceride (TAG) while 17, 19, 17, 21, 19 and
15 % of total lipids were found in the TAG fraction from
PO1{-AtACPT, PO1{f-ChACPT, PO1{-CpaACPT, PO1f-
CpeACPT, and PO1f-UcACPT, respectively. This reduction
in TAG abundance coincided with an increase in free fatty
acid (FFA) abundance with 17, 17, 21, 25, and 31 % of
PO1{-AtACPT, PO1{-ChACPT, PO1{f-CpaACPT, PO1f-
CpeACPT, and PO1{-UcACPT lipids present as FFA, respec-
tively, compared to 15 % of wild-type lipids present as FFA
species.

Medium-chain fatty acids produced were found in all lipid
classes. In the PO1{-AtACPT strain, 15 and 22 % of decanoic

@ Springer
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Table2 Amount of medium-chain fatty acids in each lipid class (mass % (ratio to FFA))

#C Steryl ester Triacylglyceride Sterol Diacylglyceride Monoacylglyceride Free fatty acid
Atet 10 26 (1.2) 15 (0.7) 9(0.4) 15 (0.7) 13 (0.6) 22
Cho 10 8(0.4) 20 (1.1) 20 (1.1) 13 (0.7) 20 (1.1) 19
Cpal 10 18 (0.9) 16 (0.8) 25(1.2) 12 (0.6) 18 (0.9) 21
Cper 10 11 (0.5) 32(14) 11 (0.5) 15 (0.7) 8(0.3) 23
Ucal 8 11 (0.4) 20 (0.7) 13 (0.5) 18 (0.6) 10 (0.4) 28

acid were found in the TAG and FFA fractions, respectively.
In the PO1f-ChACPT strain, 20 and 19 % of decanoic acid
were found in the TAG and FFA fractions, respectively. In
PO1f-CpaACPT, 16 and 21 % of decanoic acid were found
in the TAG and FFA fractions, respectively. In PO1f-
CpeACPT, 32 and 23 % of decanoic acid were found in the
TAG and FFA fractions, respectively. In PO1f-UcACPT, 20
and 28 % of octanoic acid were found in the TAG and FFA
fractions, respectively (Table 2).

Expression of heterologous enzymes changed the localiza-
tion of native fatty acids with respect to lipid classes. Of the
16-carbon fatty acids produced by the wild type, 19 % were
found to be FFAs while PO1{f-AtACPT, PO1{-ChACPT,
PO1{-CpaACPT, PO1{-CpeACPT, and PO1{-UcACPT strains
showed 44, 25, 46, 52, and 60 % of their 16-carbon fatty acids
to be present as FFAs, respectively (Table 3). Eighteen-carbon
fatty acids from PO1f-AtACPT, PO1f-ChACPT, PO1f-
CpaACPT, PO1f-CpeACPT, and PO1{-UcACPT were found
to be 36, 17, 43, 56, and 51 % FFAs, respectively (Table 4).
Wild-type strains produced 12 % of their 18-carbon fatty acids
as FFAs (Fig. 5). An increase in the FFA abundance of native
lipids corresponds to the increase in FFA found in total cellu-
lar lipids.

Discussion

Oleaginous yeasts are attractive because they produce lipids at
high titers from simple carbohydrates. Numerous researchers
have engineered Y. lipolytica for increased lipid titers and pro-
ductivity. Like most other microbes, Y. lipolytica produces
lipids 16 carbons in length or longer. Medium- and short-

chain lipids have more desirable physical properties compared
to the naturally produced long-chain lipids for the production
of many industrially relevant chemicals and fuels. In this
study, natural lipids were shortened to medium-chain lengths
of eight or ten carbons by the expression of heterologous acyl-
ACP thioesterases. In addition, lipid productivity doubled in
some cases, suggesting that this approach can be used to in-
crease flux through the lipid metabolism pathway as well as
introduce novel products into an oleaginous yeast strain.

Expression of four acyl-ACP thioesterases in a
Y. lipolytica host resulted in production of decanoic acid
as 40 % or more of the total lipids produced. These
decanoic-acid-producing strains did so without drastical-
ly changing the abundance of 16-carbon lipids, and
seemingly, the medium-chain lipids were produced at
the expense of 18-carbon lipids. The acyl-ACP
thioesterase from U. californica, when expressed in
Y. lipolytica, led to production of a modest amount of
octanoic acid. Additionally, the abundance of 16-carbon
lipids nearly doubled in this octanoic-acid-producing
strain. Again, the increase in octanoic and hexadecanoic
acids was coupled to a reduction in 18-carbon lipids.
These results demonstrate that an acyl-ACP thioesterase
with specificity for shorter acyl-ACP molecules is capa-
ble of associating with the FAS complex and catalyzing
the termination of fatty acid elongation to produce
medium-chain fatty acids. It was previously shown that
all enzymes tested catalyzed formation of octanoic acid
in an E. coli system (McMahon and Prather 2014;
Sherkhanov et al. 2014), yet decanoic acid was the
product in most cases when they were expressed in
Y. lipolytica.

Table 3 Amount of 16-carbon fatty acids in each lipid class (mass % (ratio to FFA))

Steryl ester Triacylglyceride Sterol Diacylglyceride Monoacylglyceride Free fatty acid
Atet 12 (0.3) 12 (0.3) 14 (0.3) 9(0.2) 10 (0.2) 44
Cho 23(0.9) 19 (0.8) 8(0.3) 7(0.3) 18 (0.7) 25
Cpal 14 (0.3) 20 (0.4) 4(0.1) 14 (0.3) 2(0.4) 46
Cper 8(0.2) 8(0.2) 9(0.2) 12 (0.2) 9(0.2) 52
Ucal 4(0.1) 8(0.1) 8(0.1) 12 (0.2) 8(0.1) 60
Control 18 (0.9) 25(1.3) 11 (0.5) 22(1.2) 5(0.3) 19
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Table 4 Amount of 18-carbon fatty acids in each lipid class (mass % (ratio to FFA))
Steryl ester Triacylglyceride Sterol Diacylglyceride Monoacylglyceride Free fatty acid

Atet 8(0.2) 16 (0.4) 24(0.7) 4(0.1) 12 (0.3) 36
Cho 13 (0.8) 19 (1.1) 18 (1.1) 13 (0.8) 20(1.2) 17
Cpal 11 (0.3) 18 (0.4) 4(0.1) 22 (0.5) 2(0.1) 43
Cper 7(0.1) 7(0.1) 13(0.2) 9(0.2) 8(0.1) 56
Ucal 5(0.2) 8(0.2) 10 (0.2) 16 (0.3) 10 (0.2) 51
Control 19 (1.6) 25 (2.1) 21(1.8) 20 (1.7) 3(0.3) 12

It is unknown how a plant or bacterial acyl-ACP
thioesterase is capable of associating with the fungal type I
FAS, whose structure is known to orient most of the pertinent
catalytic sites within a capsule-like structure (Lomakin et al.
2007; Leibundgut et al. 2008). One possibility is that the het-
erologous thioesterase is somehow disrupting the natural
structure of the FAS in a way that allows the thioesterase
catalytic access to the growing acyl-ACP molecule. This dis-
ruption may also explain why cells expressing the
thioesterases exhibit reduced growth due to the FAS function-
ing incorrectly. We note that the change in growth also man-
ifests itself as a change in the color of the culture from pale
white to green, possibly due to the production of the shorter-
chain fatty acids or altered physiology of the cell (Fig. S3).
Furthermore, in most cases, the fatty acid products are longer
in Y. lipolytica than when the same enzyme is expressed in

E. coli suggesting impeded access of the thioesterase to acyl-
ACP substrate in the fungal FAS compared to a bacterial one,
indicating that the association of the thioesterase with the FAS
is not optimal yet still functional.

We observed that production of decanoic acid resulted in
more than double the specific yield of lipids on a dry cell
weight basis. An increase in lipid titer during the fermentation,
however, was not observed for any engineered strains. This
increase in specific yield was not observed in the strain ex-
pressing the U. californica acyl-ACP thioesterase. Feedback
inhibition of several enzymes in the fatty acid metabolism
pathway by long-chain fatty acyl-CoA is known to occur
(Jiang and Cronan 1994; Ohlrogge and Jaworski 1997).
Decanoic-acid-producing strains show drastically reduced
levels of long-chain fatty acids compared to the wild type,
potentially removing feedback inhibition and increasing
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productivity in these engineered strains. This effect is not ob-
served in the octanoic-acid-producing strain, because it pro-
duces high amounts of long-chain fatty acids. As mentioned
above, the disruption of the native FAS along with reduction
in native fatty acids (16 and 18) and production of potentially
toxic medium-chain fatty acids retards cell growth (Viegas
et al. 1989). Despite the slower growth of these engineered
strains, final lipid titers remain unchanged relative to the wild
type and indicate that fermentation by engineered strains re-
sults in a lower final density of more productive cells.

Fatty acids naturally segregate into several classes of lipids.
This segregation requires the activity of a variety of enzymes
that may or may not have activity toward these newly created
medium-chain fatty acids. We found non-native fatty acids in
all the different lipid classes including triacylglycerides,
diacylglycerides, and monoacylglycerides; sterol; steryl es-
ters; and FFAs. This indicates that the native machinery in
Y. lipolytica is capable of recognizing and modifying fatty
acids as short as octanoic acid. Some engineered strains also
showed altered abundances of different lipid classes as com-
pared to the wild type. Typically, the abundance of FFAs was
increased in the engineered strains with a corresponding de-
crease in sterol and TCA abundance. A corresponding change
was not observed in the medium-chain fatty acid lipid class
abundances but rather in the modification of the native long-
chain fatty acids. An increase in the amount of hexadecanoic
and octadecanoic acids present as FFAs was increased in all
engineered strains.

In this study, we demonstrated that expression of a single
acyl-ACP thioesterase with activity toward short acyl-ACP
substrates in Y. lipolytica results in alteration of the length
of fatty acids produced. Enzymes previously shown to pro-
duce fatty acids as short as octanoic acid in E. coli
(McMahon and Prather 2014; Sherkhanov et al. 2014) were
able to produce either octanoic or decanoic acid in
Y. lipolytica. The production of novel medium-chain fatty
acids accompanied reduction in native long-chain fatty acid
production, which resulted in a reduction of cell growth and
an increase in lipid yields. Finally, we found that the
medium-chain fatty acids were found to incorporate in all
different lipid classes. Taken together, this data shows that
oleaginous yeasts can be engineered to produce medium-
chain fatty acids which, in turn, results in improved flux
through the fatty acid metabolism pathway. The ability of
Y. lipolytica to further modify medium-chain fatty acids
makes it a promising host for production of molecules de-
rived from fatty acid precursors.
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