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Abstract Interest in using renewable sources of carbon, es-
pecially lignocellulosic biomass, for the production of hydro-
carbon fuels and chemicals has fueled interest in exploring
various organisms capable of producing hydrocarbon biofuels
and chemicals or their precursors. The oleaginous (oil-
producing) yeast Lipomyces starkeyi is the subject of active
research regarding the production of triacylglycerides as hy-
drocarbon fuel precursors using a variety of carbohydrate and
nutrient sources. The genome of L. starkeyi has been pub-
lished, which opens the door to production strain improve-
ments through the development and use of the tools of syn-
thetic biology for this oleaginous species. The first step in
establishment of synthetic biology tools for an organism is
the development of effective and reliable transformation
methods with suitable selectable marker genes and demonstra-
tion of the utility of the genetic elements needed for expres-
sion of introduced genes or deletion of endogenous genes.
Chemical-based methods of transformation have been pub-
lished but suffer from low efficiency. To address these prob-
lems, Agrobacterium-mediated transformation was investigat-
ed as an alternative method for L. starkeyi and other
Lipomyces species. In this study, Agrobacterium-mediated

transformation was demonstrated to be effective in the trans-
formation of both L. starkeyi and other Lipomyces species.
The deletion of the peroxisomal biogenesis factor 10 gene
was also demonstrated in L. starkeyi. In addition to the bacte-
rial antibiotic selection marker gene hygromycin B phospho-
transferase, the bacterial β-glucuronidase reporter gene under
the control of L. starkeyi translation elongation factor 1α pro-
moter was also stably expressed in six different Lipomyces
species. The results from this study demonstrate that
Agrobacterium-mediated transformation is a reliable and ef-
fective genetic tool for homologous recombination and ex-
pression of heterologous genes in L. starkeyi and other
Lipomyces species.
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Introduction

Concerns regarding the finite petroleum supply and the envi-
ronmental impacts of its use for production of fuels and
chemicals have stimulated interest in the development of sus-
tainable bioprocesses using robust organisms able to utilize
various carbohydrates from plant biomass to produce biofuels
and chemicals. Lipids from oilseed crops or oleaginous algae
and fungi can be converted by chemical catalysis to biodiesel
or hydrocarbon fuel blendstocks (i.e., liquid hydrocarbons that
take advantage of the current petrochemical refinery infra-
structure). The feasibility of large-scale, commercial produc-
tion of lipids using oleaginous microorganisms has been dem-
onstrated in the nutrition market for the production of
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docosahexaenoic acid, eicosapentaenoic acid, γ-linolenic ac-
id, and arachidonic acid (Sitepu et al. 2014).

The use of oleaginous fungi for lipid production has been
studied in several genera of fungi (e.g.,Candida,Cryptococcus,
Lipomyces, Mortierella, Rhodosporidium, Rhodotorula,
Rhizopus, Trichosporon, and Yarrowia) (Beopoulos et al.
2009; Boulton and Ratledge 1984; Gill et al. 1977; Rattray
et al. 1975; Sitepu et al. 2014; Starkey 1946; Streekstra 1997).
Oleaginous yeasts are appealing due to their ability to convert
lignocellulose-derived sugars to lipids and other chemicals. In
particular, members of the Lipomycetaceae family (e.g.,
Lipomyces doorenjongii, Lipomyces kononenkoae, Lipomyces
lipofer, Lipomyces smithiae, Lipomyces suomiensis, Lipomyces
starkeyi, and Lipomyces tetrasporus) can accumulate lipids at
up to 70% of their dry weight and utilize a variety of monosac-
charides and disaccharides found in lignocellulosic biomass as
carbon sources (Cullimore and Woodbine 1961; Oguri et al.
2012; Starkey 1946; Van Rensburg et al. 1995). Owing to its
importance in lipid production, the US Department of Energy
(DOE) Joint Genome Institute recently determined the genome
sequence of L. starkeyi (Riley et al. 2016).

Although extensive studies have been conducted on the bio-
chemistry and physiology of members of the Lipomycetaceae
family, an effective transformation method to delete the endoge-
nous genes or chromosomally integrate exogenous genes at spe-
cific loci has not been well established. An effective and reliable
transformation method for Lipomyces would facilitate genetic
modification of these species for improved lipid production.
One recent study demonstrated transformation of plasmid DNA
into the cells of L. starkeyi using lithium acetate-mediated trans-
formation (Calvey et al. 2014). However, in our laboratory, the
protocol described in that study provided low transformation
efficiency (<1 transformant per μg DNA) using hygromycin B
phosphotransferase (hph) or nourseothricin acetyltransferase
(nat1) genes as selectable markers for transgene expression in
L. starkeyi. Further, additional experiments using polyethylene
glycol [PEG] and electroporation-mediated transformation pro-
tocols yielded only marginal improvements in the transformation
efficiency in L. starkeyi. Therefore, we investigated
Agrobacterium-mediated transformation (AMT) as an alternative
method for its potential in geneticmanipulation ofL. starkeyi and
other Lipomyces species.

AMT has been used to transfer genes located in the T-DNA
region of the Agrobacterium tumor-inducing (Ti) plasmid into
the nucleus of an infected cell, with the DNA fragment sub-
sequently stably integrating into the host chromosomes
(Nester et al. 1984). This AMT technique, first demonstrated
in fungi (Saccharomyces cerevisiae) in 1995, has since been
widely and successfully applied to different fungal genera
ranging from single-cell yeasts to different filamentous fungi
of the major fungal phyla (e.g., Ascomycetes, Basidiomycetes,
Glomeromycota, Oomycetes, and Zygomycetes) (Bundock
et al. 1995; Frandsen 2011; Michielse et al. 2005; Soltani

et al. 2008). Recent advances in transgene expression con-
struction methods, such as Gibson assembly and yeast gap
repair (Gibson et al. 2009; Orr-Weaver and Szostak 1983),
have resulted in an effective one- or two-step method to con-
struct transgene expression cassettes in the T-DNA region of
the Ti-plasmid binary vector.

In this study, we demonstrate that AMTof Lipomyces using
the bacterial hph selectionmarker gene is a viable and efficient
alternative method for transformation of Lipomyces species.
We further illustrate the feasibility of gene deletion in
L. starkeyi. We finally demonstrate the general utility of this
approach by transformation of seven different Lipomyces spe-
cies, successful heterologous expression of the bacterial hph
gene and the β-glucuronidase (gus) reporter gene, and the
effectiveness of two promoters (trpC promoter from
Aspergillus nidulans and translation elongation factor 1α
[tef1] from L. starkeyi) in driving gene expression in these
Lipomyces strains.

Materials and methods

Strains, media, culture methods, and microscopic
observation of cell growth

The Escherichia coli strain TOP10 (Thermo Scientific,
Waltham, MA, USA) and S. cerevisiae strain YVH10
(American Type Culture Collection,Manassas, VA, USA) were
used as hosts for routine cloning and gap repair experiments.
Luria-Bertani (LB) and yeast extract peptone media (YEP,
Becton, Dickinson and Company, Franklin Lakes, NJ, USA)
were mainly used for cell cultures of E. coli and Agrobacterium
tumefaciens. Table 1 lists the A. tumefaciens strains used in this
study. Various Lipomyces species and strains (e.g.,
L. doorenjongii [NRRL Y-27504]; L. kononenkoae [NRRL
Y-11553]; L. lipofer [NRRL Y-11555]; L. smithiae [NRRL
Y-17922]; L. starkeyi [NRRL Y-11557; NRRL Y-11558;
NRRL Y-27493; NRRL Y-27494; and NRRL Y-27495];
L. suomiensis [NRRL Y-17356]; and L. tetrasporus [NRRL
Y-11562]) were obtained from the ARS Culture Collection
(Peoria, IL, USA) and grown on yeast extract-peptone-
dextrose (YPD) medium agar plates at 30 °C for culture main-
tenance. Lipomyces strains were also stored at −80 °C as 2-day-
old YPD liquid cultures mixed with 7.5% dimethyl sulfoxide
(DMSO). YPD media (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) and yeast synthetic complete (SC)
media (Sunrise Science Products, Inc., San Diego, CA, USA)
were used for cell growth and selection. The culturemedium for
lipid production was modified Aspergillus niger minimal me-
dium (Dai et al. 2013) containing 80 g/l of glucose and 1.43 g/l
of ammonium chloride. Two types of culture conditions used to
grow Lipomyces strains included (1) 2 ml cultures in 16 × 125-
mm glass culture tubes or (2) 50-ml cultures in Pyrex brand
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250-ml Erlenmeyer flasks. The cultures were maintained at
30 °C and 200 rpm in the New Brunswick Innova 44 incubator
shaker (Eppendorf, Inc., Enfield, CA, USA). The biomass used
for genomic DNA isolation was harvested by centrifugation at
4500×g and 25 °C for 5 min, washed twice with sterile distilled
water, and dried via lyophilization. A stereo microscope (Leica
Microsystems Inc., Buffalo Grove, IL, USA) was used to ob-
serve and image Lipomyces cell growth under different culture
conditions.

Transgene expression vector construction for Lipomyces
transformation

Six different transgene expression cassettes were prepared for
either chemical and electroporation orAgrobacterium-mediated
transformation. The first transgene expression vector pRS426-
Ptef1-hph (Fig. 1a, hph gene under the control of the L. starkeyi
tef1 promoter, JGI accession number: jgi|Lipst1_1|63951) was
prepared with pRS426 as a backbone vector (Christianson et al.
1992, obtained from FGSC, KSU, Manhattan, KS, USA) by
yeast gap repair (Colot et al. 2006). The Ptef1 was isolated by
PCR from the L. starkeyi genomic DNA with oligos 1 and 2
(Table 2) and the coding region of the hph gene from plasmid
DNA of pCB1003 (Carroll et al. 1994, obtained from FGSC,
KSU,Manhattan, KS, USA) with oligos 3 and 4. The transgene
expression cassettes of pZD663-Ptef1-hph and pZD663–5′-
trpC-Ptef1-hph-3′-trpC (Fig. 1b, c) were first prepared by yeast
gap repair in the pRS426 vector and then sub-cloned into the Ti
plasmid binary vector pZD663. The pZD663 was originally
constructed by replacing the whole DNA fragment between
the left and right borders of the pBI121 vector (Jefferson et al.
1987, GenBank accession number: AF485783.1) with a syn-
thetic DNA fragment containing 10 unique restriction endonu-
clease sites (HindIII-BamHI-XbaI-ScaI-MluI-XhoI-HpaI-SacI-
BglII-EcoRI). The oligo pairs (oligo 1 to 4) used for pZD663-
Ptef1-hph (Fig. 1b) were detailed in the pRS426-Ptef1-hph con-
struction. For preparation of the trpC gene (JGI access number:
jgi|lipst1_1|238934) deletion construct (Fig. 1c), the first two
DNA fragments of the upstream and downstream regions of the
trpC gene were amplified from L. starkeyi genomic DNA by

PCR with oligos 5 and 6 and oligos 9 and 10, respectively. The
third DNA fragment of the Ptef1-hph was amplified from the
pRS426-Ptef1-hph plasmid by PCR with oligos 7 and 8. The
binary vector of pZD663hph for the orotidine-5′-phosphate de-
carboxylase (ura3, JGI access number: jgi|lipst1_1|299000)
gene deletion (Fig. 1d) was first prepared using the double-
joint PCR method (Yu et al. 2004). Briefly, three DNA frag-
ments corresponding to the promoter and transcriptional termi-
nator regions of the L. starkeyi ura3 gene and the E. coli hph
coding sequence were first isolated by PCRwith oligo pairs 11/
13, 16/18, and 14/15, respectively. The three PCR fragments
were then fused together by a second PCR for 15 cycles with no
addition of oligo pairs. The third PCR was performed with the
product of the second PCR reaction and the oligo pair 12/17 to

Table 1 Agrobacterium strains
used Strain Chromosomal background Disarmed Ti plasmid

EHA105a C58 (rifampicin resistance) pTiBo542 ΔT-DNA (Hood et al. 1993)

A348a C58 (rifampicin resistance) pTiA6NC (Sciaky et al. 1978)

LBA1100b C58 (rifampicin resistance) pTiB6 ΔT-DNA (Beijersbergen et al. 1992)

LBA1126b C58 (rifampicin resistance) pTiB6 ΔT-DNAVirGI77V
virA-TAR

(Beijersbergen et al. 1992)

LBA4404 Ach5 (rifampicin resistance) pTiAch5 ΔT-DNA (Hoekema et al. 1983)

a Obtained from Dr. Eugene W. Nester’s lab at University of Washington, WA, USA
bObtained from Dr. Paul J. J. Hooykaas’ lab at Leiden University, The Netherlands

Ptef1 hph
RB LB

Ptef1hph5’-trpC 3’-trpC
LBRB

Ptef1 hph

Pura3hph3’-ura3
LBRB

Ptef1gusT
RB LB

Pura3hph3’-ura3

PtrpChph5’-pex10 3’-pex10
LBRB

(A)

(B)

(C)

(D)

(E)

(F)

Fig. 1 The transgene expression constructs used for lithium acetate,
PEG-mediated protoplast, electroporation, and Agrobacterium-mediated
transformations. The pRS426-Ptef1-hph construct (a) prepared for lithium
acetate, PEG-mediated protoplast, and electroporation transformation
containing the coding region of the bacterial hygromycin B phospho-
transferase (hph) gene under the control of the L. starkeyi tef1 gene pro-
moter and its transcriptional terminator. The other vectors prepared for
Agrobacterium-mediated transformation were the pZD663-Ptef1-hph con-
struct (b) for evaluation of hph expression; the pZD663-5′-trpC-Ptef1-hph-
3′-trpC construct (c), the pZD663hph construct (d), and the pRF-Hu2-
5’pex10-ptrpC-hph-3′-pex10 construct (e) for homologous recombination
of trpC, and ura3 and pex10 genes, respectively, and the pZD663hph-
Ptef1-gus construct (f) for functional analysis of the L. starkeyi tef1 pro-
moter with the gus reporter gene under different culture conditions and in
different Lipomyces species
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produce the whole Pura3-hph-Tura3 transgene expression cas-
sette, which was further cloned into pZD663 at the PmeI site
to generate pZD663hph. The peroxisomal biogenesis factor 10
(pex10) gene (JGI access number: jgi|Lipst1_1|294824) disrup-
tion construct (pRF-Hu2-5′-pex10-PtrpC-hph-3′-pex10, Fig. 1e)
was prepared by Gibson Assembly (Gibson et al. 2009). The 5′-
and 3′-fragments of pex10 were amplified by PCR from the
L. starkeyi genomic DNAwith oligos of 19 and 20 and oligos

23 and 24, respectively, while the PtrpC-hph gene cassette was
amplified from pRF-Hu2 (Frandsen 2011) with oligos 21 and
22. The pRF-Hu2 vector was digested with BglII/SacI to re-
move the entire hph expression cassette, and the remaining
plasmid was used as the backbone vector for the assembly of
the pex10 gene disruption cassette. To construct the
pZD663hph-Ptef1-gus vector, the L. starkeyi tef1 promoter and
its transcription terminator and coding region of the gus reporter

Table 2 Oligos used for DNA
fragment isolation and
transformation confirmation

Oligo name Oligo DNA sequence

Ptef1-hph construct

Oligo-1 gtaacgccagggttttcccagtcacgacggtttaaacaccattaagattcactgtccttg

Oligo-2 tttgccggatcggtctgctaacagcttacttctacagggacctgaactcaccgcgacgtc

Oligo-3 gacgtcgcggtgagttcaggtccctgtagaagtaagctgttagcagaccgatccggcaaa

Oligo-4 gcggataacaatttcacacaggaaacagcgtttaaaccggtcggcatctactctatt

5′-trpC-Ptef1-hph-3′-trpC construct

Oligo-5 gtaacgccagggttttcccagtcacgacggagctcagatcagcatctatcgctcgat

Oligo-6 aggaatagagtagatgccgaccgagtgtgggaggcaaccaat

Oligo-7 attggttgcctcccacactcggtcggcatctactctattcct

Oligo-8 tctggctttacccaatcagctagatatcgggccatcagggat

Oligo-9 atccctgatggcccgatatctagctgattgggtaaagccaga

Oligo-10 gcggataacaatttcacacaggaaacagcgtttaaacagctatggagagcggacttgt

5′-Pura3-hph-3′-Tura3 construct

Oligo-11 ggacaacatctcaagtctgc

Oligo-12 tctcaagtctgctgttcagc

Oligo-13 cgtcgcggtgagttcaggcatgttgaatttagggatatactgtag

Oligo-14 ctacagtatatccctaaattcaacatgcctgaactcaccgcgacg

Oligo-15 ctgcccttcactcatcaattaccaacggtcggcatctactctatt

Oligo-16 aatagagtagatgccgaccgttggtaattgatgagtgaagggcag

Oligo-17 aaggagacctggagtatctc

Oligo-18 gcaacgagttcatgcttgag

5′-pex10-PtrpC-hph-3′-pex10

Oligo-19 agcactagtcgggggatcctctacaagcccagacgccttattat

Oligo-20 tacgagactgaggcaaagacgcaagccaacatc

Oligo-21 gcttgcgtctttgcctcagtctcgtaggtctctt

Oligo-22 tcgatttcgtgacgagctcaggcctcgacagaagatgat

Oligo-23 tctgtcgaggcctgagctcgtcacgaaatcgacaagctag

Oligo-24 acgacggccagtgaattcgagctacggaggtccatctcatacac

Oligo-1683 gcgataccgggatagaagaatatg

Oligo-1684 cagatgcacttagtcccttctaa

hph-Ptef1-gus construct

Oligo-25 gtaacgccagggttttcccagtcacgacgtttaaacagatatcgggccatcaggga

Oligo-26 gttggggtttctacaggacgtaatccctgtagaagtaagctgttagca

Oligo-27 tgctaacagcttacttctacagggattacgtcctgtagaaaccccaac

Oligo-28 acttcttggaagccttgatggctattcattgtttgcctccctgct

Oligo-29 agcagggaggcaaacaatgaatagccatcaaggcttccaagaagt

Oligo-30 gcggataacaatttcacacaggaaacagcaagcttactgcgttcattgctgtgact

Transgene expression confirmation with oligo pair within hph coding region

Oligo-107 gtacttctacacagccatcggtcca

Oligo-108 cgttatgtttatcggcactttgcat
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gene were isolated from L. starkeyi genomic DNA and pBI121
plasmid DNA (Jefferson et al. 1987) by PCR with the oligo
pairs 25 and 26, 29 and 30, and 27 and 28, respectively. The
PCR DNA fragments were then fused together by yeast gap
repair. The whole Ptef1-gus fragment was further cloned into
pZD663hph to form pZD663hph-Ptef1-gus (Fig. 1f).

Evaluation of antibiotic selection effectiveness to various
Lipomyces strains

To determine the antibiotic sensitivity ranges (minimal inhibi-
tion concentration) for Lipomyces strains, the effects of three
common antibiotics (i.e., geneticin [G418], hygromycin
[hyg], and Zeocin [Zeo]) were observed on Lipomyces growth
on SC and YPDmedium plates. Two-day-old Lipomyces cells
grown in an YPD liquid culture were used to evaluate the
antibiotic’s effectiveness on SC and YPD agar plates. The
1 × 107 culture cells/ml were diluted sequentially in a 1:10
ratio with distilled water five times, and 10-μl cells of each
dilution were spotted onto the SC agar medium plates that
contained 400 mg/l G418, 100 mg/l hyg, or 50 mg/l Zeo or
YPD agar medium plates containing 2.5 mg/l hyg. The plates
were incubated at 30 °C for 5 days. The suppressive effects of
selected antibiotics on each plate were documented using a
Nikon D300s SLR digital camera (Nikon Inc., Melville, NY,
USA).

Agrobacterium-mediated transformation

Five to eight colonies of L. starkeyi or other Lipomyces spe-
cies from 4-day-old YPD agar plate cultures were inoculated
into 10∼20mlYPD liquid culture medium and grown at 30 °C
and 200 rpm for 2 days. The culture cells were diluted and
enumerated in a hemocytometer and used for Agrobacterium-
mediated transformation.

The transgene expression T-DNA binary vector pZD663-
P t e f1-hph was transformed into the five different
A. tumefaciens strains listed in Table 1 using a freeze-thaw
technique (Holsters et al. 1978). The same method was also
employed to transform the pRF-Hu2-5′-pex10-PtrpC-hph-3′-
pex10, pZD663-5′-trpC-Ptef1-hph-3′-trpC, pZD663hph, or
pZD663hph-Ptef1-gus vectors into the EHA105 strain of
A. tumefaciens. The cell density of the overnight culture of
the A. tumefaciens strain grown in YEP (10 g/l yeast extract,
10 g/l peptone, and 5 g/L NaCl) medium was determined
spectrophotometrically and diluted into 5 ml induction media
(IM, Bundock et al. 1995) with and without 0.2 mM
acetosyringone (AS) to an OD600nm absorbance of 0.2 and
then grown for an additional 5∼6 h to a final OD600 of
0.5∼0.6 (∼2 × 109 cells/ml as determined by plate growth
count). Three different amounts (5 × 106, 1 × 107, and
5 × 107 cells) of 2-day-old Lipomyces cells grown in YPD
liquid culture medium were aliquoted into microcentrifuge

tubes and washed twice with IM buffer. Five different ratios
of Lipomyces to Agrobacterium cells (i.e., 5 × 106, 1 × 107,
and 5 × 107 Lipomyces:100 μl [∼2 × 108] Agrobacterium cells
with 0.2 mM AS; 1 × 107 Lipomyces:300 μl [∼6 × 108] of
Agrobacterium cells with 0.2 mM AS; and 1 × 107

Lipomyces:100 μl [∼2 × 108] of Agrobacterium cells without
AS as a negative control) were mixed well in a final volume of
200 μl and spread onto the 25 × 30-mm sterile 0.45-μm
Hybond N+ nylon membrane (GE Healthcare Bio-Sciences,
Pittsburgh, PA, USA) laid on an IM agar plate with or without
AS. After 2 days of incubation at room temperature (∼23 °C),
the transformed Lipomyces cells were washed from the nylon
membrane with 2 ml sterile distilled water and 20% of the
volume was spread onto the YPD agar plate with 250 mg/l
cefotaxime (ceft250) and 10 to 25 mg/l hyg. The transformed
Lipomyces cells were visible on the plate after incubation at
30 °C for 3 to 5 days. The visible colonies were counted from
each plate to determine transformation efficiency per trans-
formed event. Then, individual colonies were picked and
streaked onto new YPD agar plates containing 10 to 25 mg/l
hyg and ceft250 for further purification of single colony iso-
lates. Finally, the single colony isolates were grown in 2 ml of
YPD liquid medium containing the same set of antibiotics at
30 °C and 200 rpm for 2 days. These cultures were then used
for strain storage and genomic DNA isolations.

Total genomic DNA isolation for PCR and Southern
blotting analysis

Total genomic DNAwas isolated from Lipomyces cells using
a sodium dodecyl sulfate (SDS) extractionmethod (Dellaporta
et al. 1983), but with an increased SDS concentration (2.85%)
(Dai et al. 2013; Dellaporta et al. 1983). The genomic DNA in
the supernatants of cell extracts was precipitated using 2-
propanol, and the genomic DNA pellets were re-suspended
in 200 μl TE (i.e., 10 mM Tris-HCl, pH 8.0, and 1 mM
EDTA) buffer and 25∼50μg of RNase. After RNase treatment
at 50 °C for 30 to 60 min, the genomic DNA in the TE buffer
was extracted once with an equal volume of phenol/
chloroform solution and once with chloroform. Due to co-
extraction of extracellular polymeric substances, the genomic
DNA in the supernatant was further treated with 2% PEG
8000 and 0.6 M NaCl to precipitate the extracellular polymer-
ic substances. Genomic DNA was further precipitated from
the supernatant with 8% PEG 8000 and 0.6 M NaCl by cen-
trifugation at 17,000×g and 4 °C for 15 min. The genomic
DNA pellets were re-suspended in 0.3 M sodium acetate
(pH 5.2), precipitated with 2.5× volume of 95% ethanol, cen-
trifuged at 10,000× g for 10 min, and then washed with 70%
ethanol. Finally, the genomic DNA was re-suspended in
50∼100 μl 10 mM Tris-HCl (pH 8.0) buffer and the concen-
tration determined with a Qubit fluorometer (Invitrogen,
Carlsbad, CA, USA). One microgram of total genomic DNA
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was digested with the proper restriction endonucleases and
separated on 1% agarose gel. The digested DNA was trans-
ferred onto an Hybond N+ nylon membrane (GE Healthcare
Bio-Sciences, Pittsburgh, PA, USA) using an alkaline capil-
lary transfer method (Sambrook 2001). The 1.1-kb PCR DNA
fragment of the downstream region of the pex10 gene or the
2.2-kb Ptef1-hph plasmid DNA fragment containing the
L. starkeyi tef1 promoter and the bacterial hph coding se-
quence was used for preparation of a biotin-labeled probe
using the North2South chemiluminescent hybridization and
detection kit from Pierce (Rockford, IL, USA). The genomic
DNA on the Hybond N+ nylon membrane was hybridized
with the biotin-labeled probe overnight at 60 °C in the
ProBlot Hybridization Oven (Labnet International, Edison,
NJ, USA). The genomic DNA on the hybridized membrane
was visualized with a North2South chemiluminescent detec-
tion kit (Pierce Protein Research Products, Rockford, IL,
USA) and the Kodak gel imaging system (Rochester, NY,
USA).

The β-glucuronidase activity measurement

Two milliliters of 2∼3-day-old transgenic Lipomyces cells
grown in YPD liquid culture with ceft250 and 10 or 25 mg
hyg/l were harvested by centrifugation at 10,000× g for 30 s.
The cell pellets were washed once with 1 ml sterile distilled
water, re-centrifuged to remove the distilled water, quickly
frozen in liquid nitrogen for 5 min, and stored at −80 °C until
use. A total of 200 μl of ice-cold GUS enzyme extraction
buffer (12.5 mM phosphate buffer, pH 7.0; 7 mM β-
mercaptoethanol; 1 mM EDTA; 0.1% Triton X-100; 0.1%
sodium lauryl sarcosine) was added to the cell pellets. The
cells were lysed on ice four times using ultrasonic lysis with
a micro-tip connected to a Cole-Parmer Ultrasonic
Homogenizer 4710 Series (Cole-Parmer North America,
Vernon Hills, IL, USA) set at the 70% duty cycle and the
output control of 3. Lysis time was 5 s with 1-min intervals
on ice. Cell debris was pelleted by centrifugation at 15,000× g
and 4 °C for 10min, and the supernatants were transferred into
new microcentrifuge tubes for GUS activity and total soluble
protein measurements. GUS activity was quantified
fluorometrically by monitoring 4-methylumbelliferone (MU)
released from 4-methylumbelliferyl-β-D-glucuronide (MUG)
in the microplate wells at 37 °C and different intervals of
incubation with a SpectraMaxM5/M5emultimode microplate
reader (Molecular Devices, Sunnyvale, CA, USA) with the
wavelengths set at 365 and 460 nm for excitation and emis-
sion, respectively. GUS activity and MU calibration standard
measurements followed, for the most part, previous described
methods (Gallagher 1992; Jefferson et al. 1987). Total pro-
teins in the supernatants were spectrophotometrically deter-
mined in triplicated microplate assays using a Coomassie

(Bradford) protein assay kit (Thermo Scientific, Waltham,
MA, USA).

Results

The effects of selected antibiotics on Lipomyces cell growth

Several antibiotics commonly used for transformant selection
of yeasts, filamentous fungi, and higher plants (i.e., geneticin
[G418], hygromycin B [hyg], and Zeocin™ [Zeo]) were test-
ed for their ability to effectively suppress the growth of
L. starkeyi (NRRLY-11557) on yeast SC medium agar plates.
Both 100mg/l hyg and 400mg/l G-418 effectively suppressed
L. starkeyi growth on SC medium (Fig. 2). Further tests were
conducted to gauge the effects of 100 mg/l hyg on the growth
of four additional L. starkeyi strains (i.e., NRRL Y-11558,
NRRL Y-27493, NRRL Y-27494, and NRRL Y-27495) and
six other Lipomyces species (i.e., L. kononenkoae [NRRL
Y-11553], L. lipofer [NRRL Y-11555], L. tetrasporus
[NRRL Y-11562], L. suomiensis [NRRL Y-17356],
L. smithiae [NRRL Y-17922], and L. doorenjongii [NRRL
Y-27504]) on yeast SC medium agar plates. The results show
that 100 mg/l hyg effectively suppressed the growth of three
L. starkeyi strains (i.e., NRRLY-27493, NRRLY-27494, and
NRRL Y-27495), L. kononenkoae (NRRL Y-27504), and
L. lipofer (NRRLY-11555) (supplementary Fig. S1). Various
concentrations of hyg ranging from 2.5 to 100 mg/l were also
used to evaluate their suppressions of L. starkeyi growth on
YPD agar plates. The results showed that the minimum inhib-
itory concentration (MIC) on YPD plates was 2.5 mg/l hyg for
L. starkeyi (data not shown). Therefore, tests were conducted
for all 11 Lipomyces strains on YPD agar plates containing
2.5 mg/l hyg; the results show that growth was effectively
suppressed in all cases except that of L. suomiensis ([NRRL
Y-17356], supplementary Fig. S2). L. suomiensis was further
evaluated and found to have an MIC of 10 mg/l hyg.
Thereafter, YPD agar plates containing 10 or 25 mg/l hyg
(hyg10 or hyg25) were chosen for Lipomyces transformant
selections.

L. starkeyi transformation by AMT

The AMT efficiency was estimated with 20% of the trans-
formed cells grown on YPD agar plates containing 10 mg
hyg/l (hyg10) and ceft250. Various amounts of transformed
cell colonies of L. starkeyi (NRRLY-11557) appeared on the
agar plates (Table 3).

Several transformed cell colonies of L. starkeyi carrying the
Ptef1-hph transgene expression cassette were further grown on
YPD agar plates containing both hyg10 and ceft250 with the
parent strain as a negative control. After 2 days of incubation
at 30 °C, the transformed cell colonies were well grown on the
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antibiotic selection YPD plates; however, the parent strain was
unable to grow under identical conditions. The PCR frag-
ments of the Ptef1-hph transgene in the genomic DNA of mu-
tants corresponding to the coding region of the hph gene with
oligo 107/108 were detected in all transgenic clones (supple-
mentary Fig. S3). Hyg selection and PCR results confirmed
that the hph gene was integrated into the chromosomes and
functionally expressed in L. starkeyi.

AMT in different Lipomyces strains

Four additional L. starkeyi strains (NRRL Y-11558, NRRL
Y-27493, NRRLY-27494, and NRRLY-27495) and six addi-
tional Lipomyces species (L. doorenjongii [NRRL Y-27504],
L. lipofer [NRRL Y-11555], L. kononenkoae [NRRL
Y-11553], L. smithiae [NRRL Y-17922], L. suomiensis
[NRRLY-17356], and L. tetrasporus [NRRLY-11562]) were
studied for the feasibility of using AMT in these species. As
exhibited in Table 3, the number of colonies obtained using
AMT varied significantly among these Lipomyces species and
strains. Genomic PCR analysis with the oligo pair 107/108
corresponding to the hph gene for the single-colony isolates
from the selected transgenic strains confirmed the genomic
integration of the Ptef1-hph transgene expression cassette (data
not shown). The parent and hyg resistance of transformed
Lipomyces cells in 1/10 serial dilutions from the initial
1 × 105 total cells were compared on the sameYPD agar plates

containing ceft250 and either hyg10 or hyg25. All transgenic
Lipomyces cells grew well on agar plates containing hyg,
while the growth of the parental strains was severely sup-
pressed under the same conditions (supplementary Fig. S4).
This demonstrates that Ptef1-hphwas expressed properly in the
selected transgenic strains. These results show that AMT can
be employed for cost-effective genetic engineering of these
Lipomyces species.

Evaluation of homologous recombination and transgene
DNA integration profile in L. starkeyi

After the successful transfer of the bacterial hph gene into
the chromosomes of various Lipomyces strains via AMT,
the feasibility of homologous replacement at the pex10,
trpC, or ura3 gene locus in L. starkeyi was further studied
using the transgene expression cassettes shown in Fig. 1c, d,
or e. A part of the pex10 gene coding region was success-
fully replaced by the bacterial hph marker gene. A single
tentative homologous replacement clone (M18) was first
identified from 48 randomly selected transformants by ge-
nomic DNA PCR (data not shown). The deletion was fur-
ther confirmed by Southern blot analysis (Fig. 3). Figure 3a
shows the predicted restriction endonuclease digestion pat-
terns of genomic DNA of the parent and mutant strains with
BamHI, PstI, and SacI, and Fig. 3b is the Southern blot
analysis of the digested genomic DNA of the parent and
mutant strains with correct pattern of restriction fragment
length polymorphism. The pex10 deletion rate was about
2% (one out of 48 clones). However, no homologous recom-
bination was detected at either trpC or ura3 gene locus with
similar amounts of randomly selected clones.

Southern blot analysis was also used to examine 12 ran-
domly selected transgenic clones from the Agrobacterium-
mediated insertion of the pZD663-5′-trpC-Ptef1-hph-3′-trpC
construct into the L. starkeyi genome. Figure 4 indicates that
AMT results in the transgenic cassette being predominately
integrated into the genomic DNA of L. starkeyi as random
insertions of a single copy of the T-DNA (Fig. 4).

Comparison of transformation efficiency of five different
Agrobacterium tumefaciens strains in L. starkeyi

The AMT efficiency in L. starkeyi NRRL Y-11558 was com-
pared among five different A. tumefaciens strains carrying dif-
ferent disarmed Ti plasmids (Table 1). All A. tumefaciens
strains used in this study can effectively mobilize the Ptef1-hph
expression cassette into the chromosomes of L. starkeyi in four
different initial cell mixes of L. starkeyi and A. tumefaciens
(Table 4). Among the five strains, A. tumefaciens EHA105
had the highest transformation efficiency.

Zeo-50

Hyg-100

G418-400

No an�bio�cs

Fig. 2 The effects of geneticin (G418), hygromycin B (hyg), and
Zeocin™ (Zeo) on Lipomyces starkeyi growth on yeast synthetic com-
plete (SC) medium agar plates. L. starkeyi was spotted onto plates con-
taining 400 mg/l G418, 100 mg/l hyg, and 50 mg/l Zeo, and no antibiotic
in 10-fold serial dilutions from 100,000 cells/spot and grown at 30 °C for
7 days
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Examination of L. starkeyi tef1 promoter activity
with bacterial β-glucuronidase (gus) reporter gene

The transgene expression cassette (Fig. 1f) containing
both the hph marker gene and the gus reporter gene under
the control of the L. starkeyi tef1 promoter and its

transcriptional terminator was integrated into the genome
of L. starkeyi NRRLY-11558 via AMT. As expected, sub-
stantial variation in GUS activity was detected in the se-
lected transgenic strains (Fig. 5). The tef1 promoter activ-
ity was further evaluated by measurement of GUS activity
in transgenic strain 3923-11 during 6 days of growth under
lipid production culture conditions (Fig. 6). The results
indicate that tef1 promoter activity remained relatively sta-
ble during those 6 days of growth, suggesting that this
promoter is useful for constitutive expression of intro-
duced genes.

Table 3 Number of
transformants obtained with
Agrobacterium (pZD663-Ptef1-
hph)-mediated transformation in
different Lipomyces strains at
different infection ratios

Species Strain no Lipomyces cells

5 × 106 1 × 107 5 × 107 1 × 107 1 × 107 2 × 107

+ASa +AS +AS +AS −AS +AS

EHA105 Agrobacterium cells

2 × 108 2 × 108 2 × 108 6 × 108 2 × 108 2 × 108

L. starkeyi Y-11557 920 2110 7460 770 0

Y-11558 1980 2820 4730 2020 0

Y-27943 0 30 170 10 0

Y-27944 0 0 30 10 0

Y-27945 20 20 150 0 0

L. kononenkoae Y-11553 1300 1970 2770 1870 5

L. doorenjongii Y-27504 70 100 1230 150 0

L. lipofer Y-11555 1120 540 0 1170

L. smithiae Y-17922 60 50 300 60 0

L. suomiensis Y-17356 490 1050 2280 3020 0

L. tetrasporus Y-11562 1580 730 620 1030 0

a Induction medium with 0.2 mM AS (+AS [acetosyringone]) or without AS (−AS)

BB

PP SS Probe1kb

hph
B

PS

B

P S

SB P

1.65

5.0
7.0
12.0

3.0
4.0

1k
b
pl
us

Pa
re
nt

pe
x1
0

-1
pe
x1
0

-2
Pa
re
nt

pe
x1
0

-1
pe
x1
0

-2
Pa
re
nt

pe
x1
0

-1
pe
x1
0

-2

kb

BamHI (B) PstI (P) SacI (S)

(A)

(B)

Fig. 3 Southern blot analysis confirms the partial deletion of pex10 gene
in pex10Δ strain. a Restriction map of the genomic DNA fragments
containing the L. starkeyi pex10 gene in the parental strain and of the
pex10 gene that was replaced by homologous recombination with the hph
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Fig. 4 Southern blot analysis showing random integration of the T-DNA
sequences from selected L. starkeyi transgenic clones containing the Ptef1-
hph transgene expression cassette flanked with the upstream and down-
stream regions of the trpC gene. a The transgene expression cassette used
for Agrobacterium-mediated transformation and the corresponding DNA
fragment for probe template. b Southern blot analysis results showing
hybridization of probes corresponding to the tef1 promoter and hph cod-
ing sequence to the genome DNA of parental and transgenic strains
digested with the restriction endonuclease SacI
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Examination of L. starkeyi tef1 promoter activity
with the bacterial gus reporter gene in different Lipomyces
species

The L. starkeyi genome sequence is available, enabling iden-
tification of its genetic elements (e.g., promoter and transcrip-
tional terminator) for transgene expression in L. starkeyi and,
potentially, other Lipomyces species. To test this idea, the
L. starkeyi tef1 promoter was evaluated for its effectiveness
in L. starkeyi and in five other Lipomyces species (Fig. 7). The
GUS activity in Fig. 7 shows that the L. starkeyi tef1 promoter
exhibited similar activity among L. starkeyi, L. doorenjongii,
L. kononenkoae, and L. tetrasporus, but was substantially
lower in L. smithiae and L. suomiensis.

Discussion

Lipomyces is one of microorganisms known to effectively
convert simple sugars derived from various lignocellulosic

biomasses into lipids, a precursor for biofuels. Reliable genet-
ic tools have to be established for development of relevant
production strains. Recently, Calvey et al. (2014) demonstrat-
ed that lithium acetate-mediated transformation was feasible
with L. starkeyi (NRRLY-11557). However, we were unable
to reproduce the reported transformation efficiency with sim-
ilar experimental conditions and transgene expression cas-
settes containing either the hph selection marker or the gene
for nourseothricin acetyltransferase. Consequently, we inves-
tigated AMT as an alternative method for genetic engineering
in Lipomyces species.

AMT was first used to transform L. starkeyi with
A. tumefaciens that contained the T-DNA binary expression
vector pZD663-Ptef1-hph (Fig. 1b). In this study, we determine
the AMT efficiency using an approach similar to those de-
scribed in previous studies (Bundock et al. 1995; Lin et al.
2014; Piers et al. 1996; Rolloos et al. 2015). The results in

Table 4 Number of
transformants obtained in
Lipomyces starkeyi NRRLY-
11558 with various
Agrobacterium tumefaciens
strains carrying the pZD663-Ptef1-
hph vector at different infection
ratios of L. starkeyi versus
A. tumefaciens

Agrobacterium Disarmed plasmid L. starkeyi cells

5 × 106 1 × 107 5 × 107 1 × 107 1 × 107

+ASa +AS +AS +AS −AS
A. tumefaciens cells

2 × 108 2 × 108 2 × 108 6 × 108 2 × 108

EHA105 pTiBo542 ΔT-DNA 320 360 940 680 0

A348 pTiA6NC 180 190 330 220 0

LBA1100 pTiB6 ΔT-DNA 160 370 320 280 0

LBA1126 VirGI77V virA-TAR 190 230 280 250 0

LBA4404 pTiAch5 ΔT-DNA 180 330 340 170 0

a Induction medium with 0.2 mM AS (+AS [acetosyringone]) or without AS (−AS)
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Table 3 show that the AMT of L. starkeyi can produce hun-
dreds of stable transformants per transformation. Lipomyces is
one of the largest genera of oleaginous yeasts, with 15 species
and 83 identified strains (Kurtzman et al. 2007; Oguri et al.
2012). Most Lipomyces strains are able to utilize the carbohy-
drates derived from lignocellulosic biomass for lipid produc-
tion. Therefore, AMT was also evaluated in three other
L. starkeyi strains and six additional Lipomyces species. The
results in Table 3 demonstrate that AMTcan effectively trans-
form these strains.

Different A. tumefaciens strains are known to vary in the
strength of their virulence, and these differences are known to
influence transformation efficiency (Bundock et al. 1995;
Michielse et al. 2004). Transformation efficiencies were com-
pared among five different A. tumefaciens strains (Table 1),
and our results show that, while the A. tumefaciens strain
EHA105 appears to be somewhat more effective, all five
strains were shown to efficiently transform L. starkeyi
(Table 4).

The potential for using AMT for homologous recombina-
tion was examined at the pex10, trpC, and ura3 gene loci in
L. starkeyi. Southern blotting analysis confirmed that AMT
was successful in homologous replacement of a portion of the
pex10 gene coding region with the hph gene flanked by
L. starkeyi pex10 homologous sequences (with about a 2%
homologous replacement rate). No homologous replacement
was found at the trpC or ura3 gene locus after screening over
50 selected transformants, suggesting that the overall efficien-
cy of homologous recombination may be lower than 2%. The
efficiency of homologous recombination can be influenced by

a number of factors including the position of the gene on the
chromosome, transcriptional activity of the target gene, the
proximity to adjacent genes, the function of the genes in
growth and development, and the efficiency of the native ho-
mologous recombination proteins (San Filippo et al. 2008;
Heyer et al. 2010; Symington et al. 2014). Because the Ku70
gene is involved in the non-homologous end joining DNA
repair pathway, deletion of this gene has the potential to de-
crease the number of the predominant non-homologous re-
combination events and therefore make recovery of the less
frequent homologous recombination events significantly more
likely (Celli et al. 2006; Shrivastav et al. 2008). In a number of
fungi, Ku70 gene deletion has been shown to greatly improve
the chances of an individual transformant being the result of a
homologous integration event (Krappmann et al. 2006;
Krappmann 2007; Meyer 2008). We are currently investigat-
ing this approach, as well as the CRISPR-Cas9 gene editing
technique for generating gene knockouts (Nodvig et al. 2015;
Krappmann 2017). These approaches have the potential to
speed up gene modifications in L. starkeyi.

Promoter and transcriptional terminator sequences are key
components in genetic engineering used for improvement of
production strains. Therefore, the promoter and transcriptional
terminator of the L. starkeyi tef1 gene were selected and ex-
amined for effectiveness in the transgenic gus reporter gene
expression. The GUS activity shown in Fig. 5 demonstrates
that the tef1 promoter and its transcriptional terminator are
functional in AMT-transformed L. starkeyi and that tef1 pro-
moter activity varies in different selected transformed clones.
This variation in expression levels is commonly observedwith
random integrations and has been attributed to the transgene
copy number or chromosomal position effects. The tef1
promoter-driven GUS activity was strong and stable through-
out the growth period when L. starkeyi produces lipids
(Fig. 6). The effectiveness of the L. starkeyi tef1 promoter
was also compared among six different Lipomyces species.
The results in Fig. 7 show that the L. starkeyi tef1 promoter
has similar activities in transgenic strains of Lipomyces spe-
cies that share a relatively close phylogenetic relationship with
L. starkeyi (Kurtzman et al. 2007).

In summary, ATM is a reproducible method for genetic
modification of various Lipomyces species and can pro-
duce large numbers of transgenic strains for further stud-
ies. This study indicates that, in combination with ad-
vanced cloning techniques, AMT can circumvent the
time-consuming optimization of transformation conditions
often required for chemical or electroporation-mediated
transformation in various oleaginous yeasts and other fun-
gi. Our tef1 promoter data suggests that genetic elements
(e.g., promoters, transcriptional terminators, or relevant
genes) derived from L. starkeyi may be useful in those
Lipomyces species with a close phylogenetic relationship
to L. starkeyi.
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