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Abstract Microbial production of fats and oils is being
developed as a means of converting biomass to biofuels.
Here we investigate enhancing expression of enzymes in-
volved in the production of fatty acids and triglycerides as a
means to increase production of these compounds in Asper-
gillus oryzae. Examination of the 4. oryzae genome dem-
onstrates that it contains two fatty acid synthases and several
other genes that are predicted to be part of this biosynthetic
pathway. We enhanced the expression of fatty acid
synthesis-related genes by replacing their promoters with
the promoter from the constitutively highly expressed gene
tefl. We demonstrate that by simply increasing the expres-
sion of the fatty acid synthase genes we successfully in-
creased the production of fatty acids and triglycerides by
more than two-fold. Enhancement of expression of the fatty
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acid pathway genes ATP-citrate lyase and palmitoyl-ACP
thioesterase increased productivity to a lesser extent. In-
creasing expression of acetyl-CoA carboxylase caused no
detectable change in fatty acid levels. Increases in message
level for each gene were monitored using quantitative real-
time reverse transcription polymerase chain reaction. Our
data demonstrate that a simple increase in the abundance of
fatty acid synthase genes can increase the detectable amount
of fatty acids.
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Introduction

Fossil fuels supply energy and raw materials to most pro-
cesses in our daily life. However, increasing consumption
has been an important factor in global climate change and
has motivated the quest for alternative energetic com-
pounds. Biofuels are an important alternative to petroleum-
derived fuels and are considered to be carbon-neutral. To
date, bioethanol is the most widely consumed liquid fuel
produced using a microbial process. Ethanol is largely pro-
duced using corn starch or molasses feedstocks which are
fermented by the common baker’s yeast Saccharomyces
cerevisiae. Biodiesel, another liquid fuel derived from bio-
mass, has been produced from a variety of sources by
chemical conversion of triglycerides into fatty acyl methyl
esters.

Some oil feedstocks used to make biodiesel include
“used” cooking oils which are normally oxidized during
the cooking process. This leads to high diversity of fatty
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acyl side chains in the triglyceride making the quality of
biodiesel variable. Similar oxidation issues make the har-
vesting of biomass specifically for use as diesel fuel prob-
lematic as well. If triglycerides whose fatty acyl side chains
are unsuitable for biodiesel are used to make biodiesel, the
products exhibit undesirable characteristics such as solidifi-
cation, generation of sludge during combustion, and fuel
tank corrosion.

Oleaginous fungi accumulate fatty acids and triglycerides
in the form of lipid droplets in their cells. The qualities of
fatty acids and triglycerides synthesized by the fungi are
considered stable in terms of the component varieties and
constituent ratios. Therefore, if fungi were used for micro-
bial production of biodiesel, the quality of the fuel would be
more consistent. Furthermore, using genetic engineering,
varieties of fatty acyl side chains could be modified for
improved fuel characteristics. Genetic engineering could
also be used to develop systems for fatty acid and triglycer-
ide secretion to aid in separation of the material during
processing. If genetic engineering can alter fungi to not only
produce fatty acids and triglycerides more efficiently but
also vary their energetic characteristics and localization, a
very high quality biodiesel could be produced.

Aspergillus oryzae is a fungus that has been used industri-
ally to make Japanese alcohol (sake), soy paste, and soy sauce.
It is also the oleaginous fungus that is reported to contain high
amount of lipid intracellularly (Meng et al. 2009). In addition,
the whole-genome DNA sequence of the parental 4. oryzae
wild-type strain RIB40 is available (Machida et al. 2005). For
these reasons, we believe that 4. oryzae is an excellent system
in which we engineer increased production of fatty acids and
triglycerides genetically.

During fatty acid production in filamentous fungi, illus-
trated in Fig. 1, glucose is first metabolized to pyruvate by
the glycolysis pathway, and the resulting pyruvate is subse-
quently transported into the mitochondria. The tricarboxylic
acid cycle in the mitochondria converts the pyruvate to
citrate which is subsequently transported into the cytosol
where it stimulates the synthesis of fatty acids and trigly-
cerides. There are four enzymes involved in the process of
synthesizing palmitic acid from citrate (Fig. 1). These in-
clude ATP-citrate lyase, acetyl-CoA carboxylase, fatty acid
synthase, and palmitoyl-ACP thioesterase.

In this study, we examined the A. oryzae genome sequence
to determine a set of genes that play a role in fatty acid
biosynthesis. Based on predicted protein sequence similarity,
we targeted four genes for promoter replacement and in-
creased expression. Simply increasing expression of fatty acid
synthase genes could significantly increase the production of
these compounds. Our results also indicated which compo-
nents in the pathway might be rate-limiting steps, an essential
understanding needed when taking steps toward engineering
an organism to produce fatty acids and triglycerides.
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Fig. 1 Illustration of the synthesis of fatty acid and triglyceride in a
filamentous fungal cell. ATP-citrate lyase (ACL), acetyl-CoA carbox-
ylase (ACC), fatty acid synthase (FAS), and palmitoyl-ACP thioester-
ase (PAT) are involved in synthesis of the 16 carbon molecule palmitic
acid. Fatty acid molecules composed of more than 18 carbon atoms and
triglycerides are synthesized from palmitic acid. Reactions catalyzed
by the enzymes in this study are represented with thick arrows
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Materials and methods
Fungal strains and culture media

The A. oryzae NS4DLP (RIB40 AligD::ptrA niaD— sC—
ApyrG) strain, which is a derivative of strain RIB40, was
used to make all enhanced expression strains and also used as
the parental strain control in this study (Marui et al. 2010;
Mizutani et al. 2008; Yamada et al. 1997). The pyrG gene was
disrupted in the strain RIB40 AligD::ptrA niaD— sC— by
deleting a 200-bp-long region which included the start codon,
bearing the strain NS4DLP (Marui et al. 2010). Control strains
were made by complementing the pyrG and/or sC genes
obtained from Aspergillus nidulans to the strain NS4DLP.
The NS4DLDP strain (RIB40 AligD::ptr4 niaD— ApyrG::
sC of A. nidulans) that was made by disrupting pyrG gene of
the strain RIB40 AligD:.ptrA niaD— sC— with insertion of sC
gene obtained from A4. nidulans was used for the gene disrup-
tion experiments (Marui et al. 2010). The Czapek—Dox (CD)
medium (2 % glucose, 0.3 % NaNO;, 0.2 % KCIL, 0.1 %
KH,PO,, 0.1 % MgSO,7H,0, 1.5x10* % FeSO,7H,0,
6.0x10°® % Na,B407-10H,0, 6.0x107> % CuSO,5H,0,
1.2x10™* % MnSO44H,0, 1.2x107* % Na,MoO,-2H,0,
1.2x107% % ZnSO47H,0, pH 6.0) was used as a regular
minimal medium (Tamano et al. 2007). Both NS4DLP and
NS4DLDP strains were maintained on the CD minimal agar
supplemented with 5 mM uridine, 10 mM uracil, 10 mM sodi-
um glutamate, and/or 30 pg/ml methionine. The modified CD
medium is the medium containing increased glucose concentra-
tion of 10 % and was used to cultivate hyphae for the fatty acid
and triglyceride productivities assays. The A. nidulans A851
strain was obtained from the Fungal Genetics Stock Center,
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USA, and its chromosomal DNA was used as a template to
amplify the A. nidulans pyrG, sC genes, and the promoter of the
translation elongation factor 1a (¢ef7) gene by PCR.

Disruption of the candidate genes of fatty acid synthase

Disruption constructs for the genes predicted to code for the
alpha (A0090124000083) and beta (AO090124000084)
subunits of the fatty acid synthase of 4. oryzae were gener-
ated by fusion PCR (Fig. 2a). All primers used in this study
are listed in Table S1. The complementing pyrG gene was
obtained from A. nidulans by amplification of a 1.8-kb
fragment using the PU_AnpyrG and PL_AnpyrG primers.
Two 1-kb-long DNA fragments of upstream and down-
stream of the coding sequences of candidate genes were
generated using LUd/LLd and RUd/RLd primer pairs, re-
spectively. Primer sequences in lowercase designate the tails
for fusion to respective adjacent DNA fragments during
fusion PCR (Table S1). Each DNA fragment was amplified
using KOD-PLUS DNA polymerase (Toyobo, Japan) which
is distributed as KOD HOT START DNA polymerase in the
USA. The three DNA fragments were purified by agarose
gel extraction and fused with primers LUd and RLd using
the KOD-PLUS polymerase (Fig. 2a). The program of fu-
sion PCR reaction was as follows: denaturation at 94 °C for
2 min, followed by 35 cycles of 94 °C for 15 s, 66 °C for
30 s, and 68 °C for 4 min, with a final extension at 68 °C for
4 min. The resulting 3.8-kb-long DNA disruption constructs
were purified by gel extraction and introduced into strain
NS4DLDP. Transformations were performed following a

Revert:
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An_tef1p

Ao_tef1p

Fig. 2 Construction of DNA fragments for genetic engineering for
enhanced expression. a DNA fragments for disruption and reversion of
the fatty acid synthase candidate genes in NS4DLDP. b DNA fragment
for constructing the enhanced expression strain of ATP-citrate lyase or
fatty acid synthase. ¢ DNA fragment for constructing the enhanced
expression strain of acetyl-CoA carboxylase or palmitoyl-ACP

previously described method (Tamano et al. 2007). Trans-
formants were selected on CD agar supplemented with
1.2 M sorbitol, 0.03 % (w/v) palmitic acid, and 1 % (w/v)
Tween 40 (polyoxyethylene sorbitan monopalmitate) and
were confirmed by PCR using primers cUd and cLd.

A construct for complementation of the fatty acid synthase
beta-subunit candidate gene was generated by amplification of
a 7.3-kb-long DNA fragment containing 1 kb of the upstream
sequence and 6.3 kb of the coding sequence using LUr and
LLr primers. A 1-kb fragment of the partial pyrG gene from A.
nidulans was generated using RUr and RLr primers. These
two DNA fragments were fused by PCR with primers LUr and
RLr and an extension time of 8 min 30 s (Fig. 2a) using EX-
Taq DNA polymerase (Takara, Japan). The fused DNA frag-
ment was introduced into the mutant strain of fatty acid
synthase beta-subunit. The transformants were selected on
CD agar without palmitic acid and were subjected to clone
check by PCR with cUr and cLr primers.

Construction of enhanced expression strains

Enhanced expression of fatty acid synthesis-related genes of 4.
oryzae was performed by replacing their original promoters
with strong constitutive promoters from the zef/ genes obtained
from A. oryzae or A. nidulans. Primers used to make these
constructs using fusion PCR are listed in Table SI. Schematic
drawings of the constructs are provided in Fig. 2b, c. The ATP-
citrate lyase and fatty acid synthase are each composed of two
subunits, and their two genes are situated next to each other in
reverse orientation and therefore share a common promoter. In
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thioesterase. d, e DNA fragments for generating the parental strain
control complemented with only pyrG gene and both pyrG and sC
genes of A. nidulans from NS4DLP, respectively. The box denoted by a
dotted line in d shows the deleted region of pyrG in NS4DLP. The
asterisk shown in e indicates the point mutation resulting in inactiva-
tion of sC
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order to generate similar overexpression constructs, the original
promoters were replaced with the fef! promoters of 4. oryzae
(named “Aoteflp”) and 4. nidulans (named “Anteflp”)
(Fig. 2b). The fefl promoter of A. oryzae (“Aoteflp”) was also
used for enhanced expression of genes not requiring a bidirec-
tional promoter (Fig. 2c). Fusion PCR was performed by the
same reaction composition and program as the case of gene
disruption except extension time being set at 5 min 30 s.
Southern hybridization was performed as previously de-
scribed (Tamano et al. 2007). Briefly, biotin labeled probes
were hybridized to the DNA fragments bound to Hybond N+
nylon membrane (GE Healthcare, Piscataway, NJ, USA) and
detected via chemiluminescence arisen from streptavidin—
horseradish peroxidase conjugate using the chemiluminescent
nucleic acid detection module (Pierce, Rockford, IL, USA).
Probes were prepared by PCR from genomic DNA and
labeled with biotin by the North2South biotin random
prime labeling kit (Pierce), followed by purification with the
QIAquick nucleotide removal kit (Qiagen, Hilden, Germany).

Intracellular fatty acid assay

Cultures were prepared with 2.5x107 spores of each A.
oryzae strain inoculated into 50 ml of the modified CD
medium supplemented with 10 mM sodium glutamate and
30 pg/ml methionine in a 250-ml flask. These were incu-
bated at 30 °C, 200 rpm for 120 h. Hyphae were collected
by filtration through Miracloth (EMD Chemicals, San
Diego, CA, USA), followed by the wash with 100 ml MiliQ
water twice. Excess water was removed from the filtered
hyphae by squeezing between paper towels. The hyphae
were immediately frozen in liquid nitrogen and lyophilized
overnight. Fifty milligrams of lyophilized hyphae was
mixed with 300 mg of 0.5 mm glass beads in a 2-ml
screw-cap tube (BioSpec Products, Bartlesville, OK, USA)
containing 720 ul MiliQ water and 720 pl chloroform con-
taining 1 % Triton X-100. The hyphae were then homoge-
nized with a “Mini Beadbeater-8” (BioSpec Products) at the
maximal output for 1 min. After disruption, the hyphae were
centrifuged at 14,000xg at 25 °C for 10 min. The bottom of
the screw-cap tube was punctured with a needle, and 90 pl
of the lower chloroform layer was transferred to a 1.5-ml
microcentrifuge tube. The chloroform was evaporated by
overnight incubation at 50 °C in a fume hood. The pellet,
which was a mixture of fatty acid and Triton X-100, was
further dried by lyophilization for 30 min. The pellets were
then dissolved by pipetting up and down after sequential
addition of 1 ul ethanol, 14 ul MiliQ water, and 735 pul of a
solution containing 6 % ethanol and 6 % Triton X-100. Five
microliters of the sample was then assayed for intracel-
lular fatty acid using a commercial fatty acid assay kit
(Free fatty acids, Half-micro test kit; Roche Applied
Science, Mannheim, Germany).
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Intracellular triglyceride assay

For determining intracellular triglyceride concentrations, flask
culturing and hyphal lyophilization were performed using the
same protocols as used for the intracellular fatty acid assay
described above. Subsamples of lyophilized hyphae (50 mg)
were mixed with 300 mg of 0.5 mm glass beads (BioSpec
Products) and 800 pl MiliQ water in 2-ml screw-cap tubes. The
hyphae were then homogenized as described for the intracellu-
lar fatty acid assay. To each homogenized sample, 800 pl of
10 % (w/v) IGEPAL CA-630 was added and mixed well,
followed by incubation at 80 °C for 10 min. The extract was
then centrifuged at 14,000xg at 25 °C for 10 min, and a 100-pl
aliquot of the upper clear supernatant layer was transferred to a
1.5-ml microcentrifuge tube. A 10-fold dilution of each super-
natant was made with MiliQ water, and 10 pl of each dilution
was assayed for intracellular triglyceride using a triglyceride
assay kit (Cayman Chemical Company, Ann Arbor, MI, USA).

Quantitative reverse transcription polymerase chain reaction

To determine transcript levels using reverse transcription
polymerase chain reaction (RT-PCR), each A4. oryzae strain
was cultured at 30 °C, 200 rpm for 48 h in the same
modified CD medium as was used for cultivation for assay
of intracellular fatty acid and triglyceride. Hyphae were
harvested, immediately frozen with liquid nitrogen, and total
RNA (2 pg) was extracted using Trizol reagent (Invitrogen,
Carlsbad, CA, USA). Contaminating chromosomal DNA
was removed by treatment with RNase-Free DNase I (New
England Biolabs, Ipswich, MA, USA). These samples were
then used as templates for cDNA synthesis reaction using
the high-capacity RNA-to-cDNA kit from Applied Biosys-
tems (Foster City, CA, USA). One microliter of the resulting
cDNA solutions was applied to quantitative real-time PCR
with the Power SYBR Green PCR master mix (Applied
Biosystems) using the Applied Biosystems 7900HT Fast
Real-time PCR instrument, and the Ct values were
obtained. Also DNA standards of the genes subjected to
RT-PCR were made by PCR with “real fwd” and “real rev”
primers specific to each gene (Table S1). They were purified
by gel extraction using QIAquick gel extraction kit (Qiagen,
Germany), and the DNA concentration of each standard
solution was assayed using the Quant-iT dsDNA BR assay
kits (Invitrogen, Carlsbad, CA, USA) before being utilized
in quantitative PCR. An absolute value standard curve was
then made from serial dilutions of the DNA standard for
each gene product from 4 pM to 4 nM by plotting Cr values
against concentrations. Absolute transcript level of each
gene in parental and mutant strains was determined by
measuring the cDNA concentration corresponding to the
Cr value using the standard curve. Previous DNA micro-
array results indicated conserved expression levels of the 3-
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tubulin gene, AO090038000317, over a variety of culture
conditions (Tamano et al. 2008). Thus, the template cDNA
amount was normalized by the expression level of the [3-
tubulin gene determined by RT-PCR with primers 038-
0317real fwd and 038-0317real_rev.

Phylogenetic analysis

The analysis was performed referring to previous phylogenet-
ic analysis of ketosynthase domains of polyketide synthase
performed previously (Baker et al. 2012; Kroken et al. 2003).
Amino acid sequences of fatty acid synthases derived from the
seven fungal species whose whole genome had been se-
quenced were used for the analysis. The amino acid sequences
of'the ketoacyl synthase (KS) domain of alpha-subunit and the
malonyl/palmitoyl transferase (MPT) domain of beta-subunit
of fatty acid synthase were aligned using CLUSTAL X and
subsequently manually adjusted. The genealogy of fatty acid
synthases on the bases of the KS domain for the alpha-subunit
and the MPT domain for the beta-subunit was inferred by
maximum-parsimony (MP) and maximum-likelihood (ML)
analysis using MEGA software package version 5 (Tamura
et al. 2011). The majority rule consensus bootstrap tree in-
ferred from 1,000 replicates is taken to represent the evolu-
tionary history of the taxa analyzed. The MP trees were
obtained using the close-neighbor-interchange algorithm with
search level 3, in which the initial trees were obtained with the
random addition of sequences (ten replicates). The trees are
drawn to scale, with branch lengths calculated using the
average pathway method, and are in the units of the number
of changes over the whole sequence. All positions containing
gaps and missing data were eliminated from the dataset (com-
plete deletion option). In addition, a more robust approach was
used to infer phylogenetic relationship among the fatty acid
synthases studied by performing a randomized bootstrap ML
analysis using MEGA version 5, setting the bootstrap analysis
to 1,000 runs. The Dayhoff mutation data matrix was used for
the analysis of the alignment. And the ML trees were obtained
using the nearest-neighbor-interchange algorithm, in which
the initial trees were obtained automatically.

Results

Identification of the genes of 4. oryzae related to fatty acid
synthesis

Using genomic information available for 4. oryzae, genes
predicted to encode four enzymes for fatty acid synthesis
were found. Their names and roles in fatty acid synthesis are
shown in Fig. 1. The ATP-citrate lyase (ACL) and fatty acid
synthase (FAS) enzymes are reported to be composed of two
subunits in the filamentous fungus 4. nidulans (Brown et al.

1996; Hynes and Murray 2010; Schiiller et al. 1992). There-
fore, it seemed likely that there would be two genes encod-
ing them in 4. oryzae as well. Using sequence similarity to
the orthologs of S. cerevisiae (except ACL) and 4. nidulans,
the genes encoding ACL (A0090023000205 for subunit 2;
A0090023000206 for subunit 1), acetyl-CoA carboxylase
(A0090011000838), and palmitoyl-ACP thioesterase
(AO090012000721) were putatively identified. On the other
hand, more than two gene pairs were predicted for fatty acid
synthase subunits with significant homology. Therefore,
detailed analyses including phylogenetic analysis were per-
formed to identify the most probable orthologous gene pair
working predominantly in 4. oryzae.

In the original genomic analysis and the annotation-
improved analysis of 4. oryzae, ten candidates were predicted
to code for fatty acid synthases (Machida et al. 2005;
Vongsangnak et al. 2008). Five of them encode alpha sub-
units, while another five encode beta-subunits. Among them,
the AO090124000083 and AO090124000084 genes were
considered most plausible in 4. oryzae. This conclusion was
drawn from the following three observations: (a) They had the
highest amino acid sequence homologies to the orthologs of S.
cerevisiae and A. nidulans that were essential to growth,
respectively. The amino acid sequences translated from
A0090124000083 and AO090124000084 are identical at 63
and 56 % to YPL231W and YKL182W of S. cerevisiae and at
88 and 89 % to AN9407 and AN9408 of A. nidulans, respec-
tively, from the BLASTP analyses; (b) their cDNA was read
most frequently among the candidate genes in the previous
expressed sequence tag analysis of A. oryzae (Akao et al.
2007); (c) we made molecular phylogenetic trees of genes
encoding fatty acid synthases from some fungi that have
sequenced whole genomes (Figs. 3 and S1) (Andersen et al.
2011; Galagan et al. 2003, 2005; Gofteau et al. 1996; Jones et
al. 2004; Machida et al. 2005; Nierman et al. 2005; Pel et al.
2007), and AO090124000083 and AO090124000084 were
located nearest the orthologous genes of S. cerevisiae and A.
nidulans among the genes encoding fatty acid synthase of A4.
oryzae. Given these data taken from genome sequence infor-
mation alone, we felt it was plausible to target these two genes
for gene disruption analysis.

Fatty acid synthesis is linked to cell membrane synthesis
because fatty acids are used to make phospholipids, the major
components of cell membrane. Null mutations of fatty acid
synthesis-related genes in S. cerevisiae and A. nidulans
are not viable on minimal media (Brown et al. 1996;
Schiiller et al. 1992). This indicates fatty acid synthesis
is essential. Supplementation with palmitic acid or myr-
istic acid restores viability to these mutants (Brown et
al. 1996; Schiiller et al. 1992). We reasoned that if we
targeted the primary genes responsible for fatty acid synthe-
sis in A. oryzae, the strains would display a similar phenotype.
Therefore, we targeted the genes AO090124000083 and

@ Springer



274

Appl Microbiol Biotechnol (2013) 97:269-281

Alpha KS
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A0090124000083 A. oryzae
An01g00060 A. niger
NCU07308.5 N. crassa
YPL231W S. cerevisiae
0rf19.5949 C. albicans
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An10g00630 A. niger
86 AO090010000171 A. oryzae
{ An08g10930 A. niger
95 An12901980 A. niger
100 AO090010000107 A. oryzae
AN3380.1 A. nidulans
[ AO090026000012 A. oryzae

Beta MPT
A0090124000084 A. oryzae
Afu3g04220 A. fumigatus
jgi 206414 A. niger* FAS

AN9408.1 A. nidulans ze‘i:[)"cjgm

NCUO07307.5 N. crassa

YKL182W S. cerevisiae

orf19.979 C. albicans

AO090011000040 A. oryzae

jgi 43457 A. niger*

AN7873.1 A. nidulans

An10g00650 A. niger FAS of
unknown

AO0090010000156 A. oryzae

{ An08g10860 A. niger

53 AO090010000108 A. oryzae
@'_E AN3381.1 A. nidulans
86 An12g01990 A. niger

[ AO090026000013 A. oryzae FAS

roles

1001— AN7815.1 A. nidulans

Fig. 3 Genealogy of fatty acid synthases, inferred by maximum-
parsimony analysis of the ketoacyl synthase domain for the alpha-
subunit, whereas the malonyl/palmitoyl transferase domain for the
beta-subunit. Left panel shows the tree of alpha-subunit genes, while
right panel shows that of beta-subunit genes. Systematic name and
derivation of each gene are written at the right side of each tree.
Numbers close to branches indicate percentage bootstrap support for
each clade (numbers below 50 % are not shown). Two genes “jgi
206414” and “jgi 43457” marked with asterisks are from A. niger

A0090124000084 for gene replacement and tested the
mutants for viability on minimal media. The mutant of
A0090124000084 could not grow in the absence of palmitic
acid (Fig. 4), and it lost the ability to make spores when grown
even with palmitic acid supplementation. A complementation
test of the AO090124000084 mutant was performed by

1001— AN7814.1 A. nidulans of secondary
metabolism

[aflatoxin/
sterigmatocystin]

ATCC 1015 strain sequenced by the Joint Genome Institute of DOE
(Andersen et al. 2011). They are orthologous to “An01g00050” and
“An09g01740” genes from A. niger CBS 513.88 strain whose genome
was sequenced by DSM Food Specialties (Pel et al. 2007). The reason
why their sequences were used for this analysis instead of orthologs
from CBS 513.88 is that the predicted sequences of CBS orthologs
seem shorter than the actual lengths and do not contain malonyl/
palmitoyl thioesterase domain required to the analysis, resulting in
unavailability for it

reintroducing the whole gene at the original locus. The result-
ing strain recovered both the capability to grow without pal-
mitic acid and to form spores (Fig. 4). By comparison,
attempts at gene replacement of AO090124000083 resulted
only in obtaining heterokaryons that had nuclei of both paren-
tal strain and mutant. Though single spore isolation was

Palmitic acid and Tween 40

_I_

WT  AFASP

AFASB/FASP

Fig. 4 Fatty acid synthase beta-subunit disruption mutant. Growth of
the disruptant and the revertant of fatty acid synthase beta-subunit gene
(A0090124000084) on CD plates supplemented with (lefi panel) or
without (right panel) 0.03 % palmitic acid and 1 % Tween 40 is shown.
The disruptant strain (AFAS{3) was inoculated with hyphae. NS4DLP
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complemented with both pyrG and sC of A. nidulans as a parental
strain control (WT) and the revertant (AFASB/FASP) were spot-
inoculated with 1x10* spores, respectively. All plates were incubated
at 30 °C for 96 h
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performed three times in the presence of palmitic acid, no
mutant homokaryons were obtained. This may indicate that
the gene is essential and required for viability even in the
presence of palmitic acid supplementation. From these data,
both genes seem likely to play an important role in fatty acid
synthesis in 4. oryzae.

Generating the enhanced expression strains of genes
involved in fatty acid synthesis in 4. oryzae

We made enhanced expression strains of the two primary
genes for fatty acid synthesis in an attempt to increase the
production of fatty acid. Promoter sequence of the fef/ gene
was used to replace their original promoters for enhancing
expression (Kitamoto et al. 1998). Schematic drawings of
the constructs for increased expression are illustrated in
Fig. 2. The tefl gene promoter of A. oryzae was reported
to be useful in overexpression of genes when used to replace
native promoters (Marui et al. 2010). The zef/ gene promot-
er of A. nidulans has not yet been reported to be similarly
useful; however, its expression is reported to be constitu-
tively high by the DNA microarray analysis (Mogensen et
al. 2006). Therefore, we used both fef] promoters for mak-
ing enhanced expression strains in this study.

As described above, two genes encoding distinct subunits
of ATP-citrate lyase and fatty acid synthase are situated side
by side in outward directions on the chromosome of 4.
oryzae. The promoters of both genes were replaced with
tefl promoters. In this replacement, if fef! promoters de-
rived from the same species were to be used, the resulting
construct proved to be unstable due to proximity of the same
two DNA sequences. Constructs containing inverted copies
of the identical fef] promoter sequence were attempted, but
no positive clones were obtained in this study. In an attempt
to construct a more stable bidirectional promoter, we used
both zef1 promoters of A. oryzae and A. nidulans to make the
enhanced expression strains. Only the fef/ promoter of A.
oryzae was used in the construction of enhanced expression
strains of the single genes encoding acetyl-CoA carboxylase
and palmitoyl-ACP thioesterase.

Each enhanced expression strain obtained was tested for
growth on CD agar plates supplemented with sodium glu-
tamate and methionine. Each of the mutants was spotted
with 5x10* spores at the center of a minimal agar plate.
Another set of plates were prepared by spreading 5x10°
spores across the surface of an entire minimal media plate.
These plates were incubated at 30 °C for 6 days and growth
was observed. The upper row in Fig. 5a shows the plates
where spores were spotted at the center, while the lower row
contains images of the plates where spores were spread for
spore production. Enhanced expression of fatty acid syn-
thase caused a decrease in colony diameter. Enhanced ex-
pression of ATP-citrate lyase also had a negative effect on

overall colony growth rate while increased expression of
palmitoyl-ACP thioesterase or acetyl-CoA carboxylase had
little impact on growth. The parental strain control made the
largest colony. The diameter of each colony was measured
and represented as a graph (Fig. 5b). After 6 days of incu-
bation, the fatty acid synthase expression strain was 27 mm
in diameter, which was only 39 % of the size of the parental
strain. The enhanced ATP-citrate lyase expression strain was
44 mm in diameter, which was 64 % of the parental strain.

With the spread-inoculated spore production plates
(Fig. 5a lower row), the enhanced fatty acid synthase ex-
pression strain appeared to be making more spores than the
parental strain control plates while the enhanced ATP-citrate
lyase and palmitoyl-ACP thioesterase expression strains
appeared to be making fewer spores. Enhanced expression
of acetyl-CoA carboxylase appeared to have no effect on
spore production. To quantify this, we collected spores from
each plate and counted the total number of spores per plate
(Fig. 5¢). The enhanced fatty acid synthase expression strain
had 1.8-fold more spores relative to the parental strain
control per plate while the ATP-citrate lyase and
palmitoyl-ACP thioesterase strains produced fewer spores
and the acetyl-CoA carboxylase had no effect on spore
production. These results demonstrate that enhanced expres-
sion of fatty acid synthase negatively affects radial growth
rate, but does not have a negative impact on asexual
sporulation.

Quantification of intracellular fatty acid and triglyceride

Growth rates in modified CD media supplemented with
sodium glutamate and methionine were determined to be
similar for all strains used in this study over a period of
5 days (Fig. 5d). Also they proved to be increasing cellular
mass even at the passage of 5 days after inoculation
(Fig. 5d). Therefore, fatty acid and triglyceride productiv-
ities were determined from hyphae cultivated for 5 days.
Intracellular fatty acid and triglyceride were assayed us-
ing commercially available bioassay kits as described in
“Materials and methods.” The results of these assays
showed that the greatest increases in both fatty acids and
triglycerides were observed in the enhanced fatty acid syn-
thase expression strain. Relative to the parental strain, in the
fatty acid synthase expression strain, the fatty acids per gram
of lyophilized hyphae increased 2.1-fold and triglycerides
increased 2.2-fold (Fig. 6a, ¢). Expressed as production per
liter of flask culture, fatty acids increased 2.4-fold and
triglycerides increased 2.8-fold in the fatty acid synthase
expression strain relative to the parental strain (Fig. 6b, d).
The resulting mass productivity of fatty acid in the enhanced
expression strain of fatty acid synthase was 0.047 mmol/g of
lyophilized hyphae, which corresponded to 12 mg of pal-
mitic acid-converted weight (Fig. 6a). From the point of unit
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Fig. 5 Comparison of growth between enhanced expression strains
and the parental strain control. The parental strain control (WT) is
NS4DLP complemented with the pyrG of A. nidulans. The data of
enhanced expression strains were indicated with abbreviations of the
genes subjected to enhanced expression, respectively. Graphs show the
averages and standard deviations of data from three independent
clones. Experiments were performed in triplicate. a Growth pheno-
types of the tested strains. The mutants and the parental strain control
were spot-inoculated with 5 x 10* spores (upper row) or spread with 5 x
10° spores (lower row) onto the CD agar supplemented with 10 mM
sodium glutamate and 30 pg/ml methionine, followed by incubation at

culture volume, 0.26 mmol fatty acid was produced per liter,
which was equivalent to 67 mg of palmitic acid-converted
weight (Fig. 6b). For triglycerides, 0.25 mmol was made per
gram of lyophilized hyphae, which corresponded to 221 mg
triglyceride (Fig. 6¢). And it was 1.39 mmol of the produc-
tion per liter of culture, corresponding to 1.23 g triglyceride
(Fig. 6d).

The second greatest increase in productivity was seen in
the ATP-citrate lyase-enhanced expression strain, where a
1.7-fold increase in the productivities of both fatty acids and
triglycerides per gram of lyophilized hyphae relative to the
parental strain was observed (Fig. 6a, c). Expressed relative
to culture volume, this amounted to 1.7- and 1.9-fold
increases in fatty acid and triglyceride per liter, respectively,
relative to the parental strain control (Fig. 6b, d). The
palmitoyl-ACP thioesterase-enhanced expression strain also
showed increased productivity of fatty acids and triglycer-
ides (1.5- and 1.4-fold increase, respectively). These
increases were similar to the enhanced ATP-citrate lyase

@ Springer

Cultivation days

30 °C for 6 days. b Colony diameters of the mutants compared with the
parental strain control. These plates were spot-inoculated as for the
upper row of a and were incubated at 30 °C for 3—-6 days. Colony
diameters were measured. ¢ Comparison of the efficiency of spore
formation. The mutants and the parental strain control were spread-
inoculated as for the lower row of a and were incubated at 30 °C for
6 days. Spores were collected and their numbers were counted with the
improved Neubauer hemocytometer. d Lyophilized mutant and the
parental strain control hyphae from 2 and 5 day flask cultures were
weighed

expression strain. The acetyl-CoA carboxylase-enhanced
expression strain did not show a significant increase in
productivities of either fatty acids or triglycerides relative
to the parental strain.

Quantitative real-time RT-PCR determination of transcriptional
levels of fatty acid synthesis-related genes from enhanced
expression strains

As described in “Materials and methods,” the tef7 promoters
of A. oryzae and A. nidulans were used to make strains with
enhanced expression of several fatty acid synthesis-related
genes. The tef] promoter of 4. oryzae was reported to be
effective in achieving high level expression of target genes
in A. oryzae (Marui et al. 2010), whereas the effectiveness of
the fefl promoter from A. nidulans was unknown. There-
fore, quantitative real-time RT-PCR was used to determine
the expression levels of genes whose promoters were
replaced with the tef/ promoters from A. oryzae and A.
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nidulans. The results shown in Table 1 showed that in-
creased expression was obtained for all genes investigated.
The greatest fold increases in mRNA levels relative to the
parental strain were observed for the palmitoyl-ACP
thioesterase-enhanced expression strain (5.7-fold) and for
the acetyl-CoA carboxylase-enhanced expression strain,
(3.8-fold). Expression levels of the ATP-citrate lyase and
fatty acid synthase genes in these enhanced expression
strains were also elevated, but to a lesser extent (1.2- and
1.8-fold, respectively).

It is interesting to note that the fold increases in
production of fatty acids and triglycerides were inverse-
ly related to the fold increases in transcript level. And
since the increases of expression levels were 1.2- to 1.8-
fold, there seemed to be quantitative relationship be-
tween them and increase ratios of the productivities of
fatty acid and triglyceride.

The promoter of fef] gene has been reported to constitu-
tively express high levels of homologous and heterologous
transcripts in 4. oryzae and A. nidulans (Kitamoto et al.
1998; Mogensen et al. 2006). However, our results indicated
that the level of expression of homologous genes whose
promoters were replaced with the tefl promoter was quite
variable. To further investigate this phenomenon, quantita-
tive real-time RT-PCR was used to compare the expression
levels of genes subjected to enhanced expression with the
native tef] gene in those strains. While expression of each
gene was enhanced when the native promoter was
replaced by the fefl promoter, the results presented in
Table 1 indicate that expression levels were all lower
than the expression of the native fefl gene. The smallest

WT ACC PAT ACL FAS

expressional difference from fef/ gene was observed in
the ATP-citrate lyase subunit 1-enhanced expression
strain with an expression level that was one third of
that of tefl gene. The largest expressional difference
from tefl gene occurred in the ATP-citrate lyase subunit
2-enhanced expression strain where the expression level
was 100 times less than that of fefl/ gene.

Discussion

This study utilized genetic engineering methods in 4. oryzae
to increase production of fatty acids and triglycerides, the
source materials of biodiesel. Enhancement of expression of
the genes directly involved in fatty acid synthesis was chosen
as the strategy. Our results indicated that enhancing expres-
sions of the fatty acid synthase genes yielded the greatest
increases in production of both fatty acids and triglycerides.

Fatty acid synthase is formed from two subunits encoded
by separate genes. However, in 4. oryzae, ten genes that
compose five gene pairs with homology to known fatty acid
synthases were found. The gene pair that we chose to
investigate was predicted to be most important in fatty acid
synthesis based on (1) homology to the orthologs of S.
cerevisiae and A. nidulans that were essential to their growth
and (2) showed the highest level of expression in A. oryzae
microarray data (Tamano et al. 2008). Consequently, the
gene pair of AO090124000083 and AO090124000084
was predicted to be most important for fatty acid synthesis
in A. oryzae. This conclusion was supported by the results
obtained from disruption of these genes.
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Table 1 Differences of enhanced gene expressions from their native levels or native fefl levels

Expression-enhanced gene Function Origin of tefl Expression ratio
promoter

Gene_enhanced Gene_enhanced

over Gene_native over Tefl native
A0090023000205 ATP-citrate lyase subunit-2 A. nidulans 1.2 0.01
A0090023000206 ATP-citrate lyase subunit-1 A. oryzae 1.7 0.33
A0090011000838 Acetyl-CoA carboxylase A. oryzae 3.8 0.18
A0090124000083 Fatty acid synthase subunit-o A. nidulans 1.2 0.18
A0090124000084 Fatty acid synthase subunit-f§ A. oryzae 1.8 0.13
A0090012000721 Palmitoyl-ACP thioesterase A. oryzae 5.7 0.05

It should be noted that the orthologous gene AN9407.1 of
A. nidulans corresponding to AO090124000083 encoding
fatty acid synthase alpha-subunit was successfully disrupted
in the previous study (Brown et al. 1996). Differently from
A. nidulans, disruptants of 4. oryzae, which possesses mul-
tiple nuclei (heterokaryon), must be purified two to three
times by the single spore isolation to exclude the trans-
formants having the intact nucleus. During this process,
the cells having the intact nuclei might have been more
efficiently selected due to better growth than the true dis-
ruptant without the intact nucleus (homokaryon), if any,
even when palmitic acid was supplemented. As a result,
we might have failed to obtain the homokaryon disruptant.

One hypothesis concerning the function of two of the
four additional fatty acid synthase gene pair homologues
(other than AO090124000083 and AO090124000084) is
based on the observation that some polyketide synthases
involved in synthesis of secondary metabolites use the fatty
acid synthase product fatty acyl CoA as a substrate. In these
instances, genes of both fatty acid synthase and polyketide
synthase are often situated proximally in a secondary me-
tabolite gene cluster. In A. oryzae, the polyketide synthase
genes A0O090026000009 and AO090010000114 are situat-
ed near the fatty acid synthase gene pairs AO09002600012/
3 and AO090010000107/8, respectively. The former is in-
corporated in the aflatoxin biosynthesis gene cluster that is
inactivated in 4. oryzae by spontaneous mutations, while the
latter seems to be incorporated in a secondary metabolite
gene cluster of unknown function. Further support for the
hypothesis that these additional fatty acid synthase genes
being involved in secondary metabolite production rather
than fatty acid synthesis is provided by the fact that they are
phylogenetically distinct from the essential fatty acid syn-
thase genes (Fig. 3).

The subunit genes of the two remaining fatty acid synthase
gene pairs in A. oryzae (AO090010000156/71 and
A0090011000040/6) are located 28 and 37 kb apart, with
12 and five genes intervening between them, respectively. In
addition, these genes are not associated with identifiable
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polyketide gene clusters. The function of these genes is unde-
termined. Possibly these genes originated through duplication
and translocation of the other fatty acid synthase genes at
some point in the evolution of A. oryzae. In support of this
hypothesis, phylogenetic analysis indicated that the
A0090011000040/6 and AO090010000156/71 gene pair
clusters were segregated with AO090124000083—4 and
A0090010000107-8 (Fig. 3), respectively. This leads to the
hypothesis that AO090011000040/6 and AO090010000156/
71 are derived from A0090124000083—-4 and
A0090010000107-8, respectively.

In our enhanced expression strains, a correlation between
colony size and increase in fatty acid and triglyceride pro-
ductivities was observed (Fig. 5a, b). The enhanced fatty
acid synthase expression strain that showed the greatest
increase in fatty acid and triglyceride productivity made
the smallest colonies among the tested mutants. The en-
hanced acetyl-CoA carboxylase expression strain that
showed no increase in fatty acid or triglyceride production
produced colonies indistinguishable from the parental strain
control. The other strains showed intermediate colony size
and productivity phenotypes. On the other hand, differences
in hyphal growth were not obvious between the transform-
ant and the wild-type strains at any time points during the
cultivation when their spores were spread over the entire
agar surface of the plate. Taking the reduced hyphal growth
above when the spores are spotted at the center of the agar
plate into consideration, the results suggest reduction of
hyphal extension along the agar surface. Therefore, it is
possible that the correlation between the enhanced expres-
sion and the hyphal growth in Fig. 5a may be related to the
diversion of acetyl-CoA from sterol synthesis to fatty acid
and triglyceride synthesis affecting hyphal growth charac-
teristics. Further, transformant of the enhanced FAS expres-
sion in the flask cultivation showed morphological change
of mycelia from clustered globular shape of about 2 mm in
diameter to evenly dispersed thin filaments in the medium
(data not shown). This supports the idea that sterol biosyn-
thesis essential to plasma membrane might be affected by
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the enhancement of the fatty acid biosynthesis. Another
interesting observation was that the enhanced fatty acid
synthase expression strain made more spores than any of
the other strains tested. This strain made 1.8 times more
spores than the parental strain control, whereas the other
strains made the same or fewer spores. The reason is un-
clear, but this characteristic should not be a drawback for
further improvements or industrial use in the future.

Further enhancement of expression of these enzymatic
functions may result from improvements in the expression
of the genes involved. Microarray data obtained by our
group indicated that expression of the fefl gene is constitu-
tively high (Tamano et al. 2008). In this study, we observed
that, although expression was driven by the same fef! pro-
moter, the levels of expression of each fatty acid synthesis-
related gene were less than expression of the native fef!
gene. The reason for this reduced expression is not clear;
however, it is possible that this difference is due to a posi-
tion effect resulting from the fefl promoter being introduced
into different loci on the chromosome of 4. oryzae. It is also
possible that expression rates are actually equal, but the
mRNAs of these fatty acid synthesis-related genes are less
stable than the tef7 mRNA. The length of the A. oryzae tef]
promoter used in this study was sufficient to attained en-
hanced expression of other 4. oryzae genes in two previous
studies (Kitamoto et al. 1998; Marui et al. 2010). However,
it is possible that these genes contain enhancer elements that
are absent in the fatty acid synthesis-related genes. Further
optimization of expression of these genes may result in
greater increases in productivities of fatty acids and trigly-
cerides through enhanced expression of enzyme functions in
A. oryzae. Although we have found that the tef! promoter
showed the strongest expression, other promoters such as
those of amyB (x-amylase gene) (Matsushita-Morita et al.
2011) and pgk (phosphoglycerate kinase gene) (Sakai et al.
2012) could be used in the presence of maltose and glucose,
respectively. Further to enhance the fatty acid productivity,
integration into other loci using other marker genes could
also be examined as a trial.

To date, attempts have been made to increase fatty acid
and triglyceride production in Mucor and Escherichia coli
(Courchesne et al. 2009; Meng et al. 2009; Zhang et al.
2007). In the fungus Mucor, a 2.5-fold increase in accumu-
lation of intracellular total lipid was attained by overexpres-
sion of a malic enzyme gene (Zhang et al. 2007). To test this
idea in A. oryzae, we generated a strain with enhanced
expression of two malic enzyme genes (AO090011000876
and AO090038000621) by replacing their promoters with
tefl promoters of 4. oryzae. However, in contrast to the
result in Mucor, no increase in productivity of fatty acids
was observed (data not shown). Overexpressing the acetyl-
CoA carboxylase gene in a Hansenula spp. of yeast resulted
in a 1.4-fold increase in fatty acid productivity (Ruenwai et

al. 2009). The increased productivity in this Hansenula
strain was about 50 mg/g of dry cell which is approximately
four times higher than the maximal productivity we attained
in this study (12 mg/g of lyophilized hyphae in the enhanced
fatty acid synthase gene expression strain). In bacteria,
productivity of 1.0 to 2.5 g of fatty acid/l was attained in
E. coli by combining overexpression of a thioesterase gene
with deletion of fatty acid degradation-related genes
(Handke et al. 2011; Lu et al. 2008; Steen et al. 2010). This
is 15- to 38-fold higher fatty acid productivity than the
enhanced fatty acid synthase expression strain of 4. oryzae
that accomplished the largest productivity in this study.
Additional research reported that co-overexpression of
acetyl-CoA carboxylase and malic enzyme in E. coli
resulted in a 5.6-fold increase in fatty acid productivity
relative to the parental strain (Meng et al. 2011). This
corresponded to 285 mg fatty acids/g of dry cell which is
4.3-fold higher than the maximum obtained in this study.

The fungus Mortierella isabellina has been reported to
produce approximately 6 g of triglyceride/l of flask culture
at 30 °C for 120 h (Chatzifragkou et al. 2010). In compar-
ison, our strain with enhanced expression of the fatty acid
synthase gene produced 1.23 g triglyceride/l of flask culture
at 30 °C for 120 h. Although there are differences in culture
media and growth rate, triglyceride productivity of M. isa-
bellina appears to be 4.9-fold higher than we obtained with
the enhanced fatty acid synthase expression strain of 4.
oryzae.

Our results indicated that enhancing expression of the
fatty acid synthase genes in 4. oryzae yielded a significant
increase in production of both fatty acids and triglycerides.
The influence of several other genes involved in fatty acid
and triglyceride biosynthesis was also investigated. The
maximal productivities we obtained in this study are less
than those obtained in other microorganisms. However, the
culture conditions used for this study have not been opti-
mized, and other growth conditions may be more suitable
for production of fatty acids. Changes in the composition of
the media (such as changing concentrations of carbon and
nitrogen sources and their ratio) and cultivation period could
significantly improve fatty acid and triglyceride production
by A4. oryzae. As was observed in E. coli, further increases in
productivity may be achieved in A. oryzae through intro-
duction of multiple genetic changes. It will be particularly
interesting to see the results of further research directed at
determining the effects of combining overexpression of fatty
acid biosynthetic genes with disruptions of genes related to
fatty acid degradation.
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