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ABSTRACT

The basidiomycetous yeast Pseudozyma antarctica, which has multiple auxotrophic markers, was constructed, without
inserting a foreign gene, as the host strain for the introduction of multiple useful genes. P. antarctica was more resistant
to ultraviolet (UV) irradiation than the model yeast Saccharomyces cerevisiae, and a Paura3 mutant (C867T) was obtained
after 3 min of UV exposure. A uracil-auxotrophic marker (URA3) recycling system developed in ascomycetous yeasts and
fungi was applied to the P. antarctica Paura3 strain. The PaLYS12 and PaADE2 loci were disrupted via site-directed
homologous recombination of PaURA3 (pop-in), followed by the removal of PaURA3 (pop-out). In the obtained double
auxotrophic strain (Palys12A, Paura3), PAADE2 was further disrupted, and PaURA3 was removed to obtain the triple
auxotrophic strain PGB800 (Paura3, Palys12A, Paade2A). The whole-genome sequence of the PGB800 strain did not contain
foreign genes used for genetic manipulation and disrupted PaADE2 and PalYS12, and removed PaURA3, as planned.

Graphical Abstract

Triple auxotrophic sirain was constructed using URAZ marker recycling system
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Triple auxotrophic strain was constructed using URA3 marker recycling system in basidiomycetous yeast Pseudozyma
antarctica.
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Basidiomycetous yeasts have been used as genetic resources
for various degrading enzymes; however, due to their ability
to produce enzymes, they can also be used as host strains
to produce proteins and useful chemicals. A basidiomyce-
tous yeast Pseudozyma antarctica (P. antarctica; recently renamed
Moesziomyces antarcticus) secretes lipases (Nielsen, Ishii and Kirk
1999), biodegradable plastic-degrading enzymes (Kitamoto et al.
2011), and mannosylerythritol lipids (Kitamoto et al. 1990). These
materials were selected from their natural environment for their
outstanding properties, such as the thermal stability and struc-
tural specificity of lipases (Nielsen, Ishii and Kirk 1999), the
enzyme with the degradation ability of biodegradable plastics
that can functionally replace conventional non-degradable plas-
tics, and the unique properties of mannosylerythritol lipids as
surfactants (eg easy production conditions, low toxicity, high
biodegradability, and environmental compatibility) compared
with chemically synthesized surfactants (Morita et al. 2009). If
these materials can be mass-produced, they can be applied to
the industry and everyday life. When lipases A and B were
discovered from P. antarctica in the late 1980s, the number
of genetically engineered microorganisms was limited. Thus,
they were produced by genetically modifying Aspergillus oryzae
and used for a variety of applications worldwide (Hoegh et al.
1995). However, mass production of conventionally produced
substances from wild strains is more likely to be successful
than that of substances from different organisms. Recently, it
has become possible to introduce genes into the P. antarctica
chromosome in various ways, so that P. antarctica itself could
be used as a host for mass production of the above useful
materials.

In addition, a strain that has been genetically modified using
only endogenous genes is known as a self-cloning strain. Self-
cloned strains are considered safe for use in Japan (Akada 2002).
There are no restrictions on their handling as recombinant mi-
croorganisms and many typical existing facilities are available
for their production at a low cost. Various bacterial and fun-
gal self-cloning strains are constructed in Japan for use in the
production of enzymes, nucleic acids, and amino acids. To con-
struct P. antarctica self-cloning strains for the mass production
of useful substances, the auxotrophic strain is essential as a
host strain because it allows for the introduction of useful genes
using its complementary marker genes (Sameshima-Yamashita
et al. 2019).

Although P. antarctica is characterized by the formation of
pseudohyphae, P. antarctica GB4-(0) isolated from rice husks
tends to maintain a single round shape similar to yeasts rather
than pseudohyphae (Yarimizu et al. 2017). The yeast-like form
is advantageous when used as a platform for material produc-
tion because it increases the stability of the transformed gene
in budding cells, enables a stable culture, and is uniformly dis-
persed in the medium. On the other hand, the mycelium tends
to form aggregates, adhere to the apparatus and does not dis-
perse in the medium, making it challenging to establish a sta-
ble culture. To increase the variety of transformation markers,
a uracil-auxotrophic strain was constructed from P. antarctica
GB4-(0) by disrupting the orotidine-5'-phosphate decarboxylase
gene (PaURA3) using site-directed homologous recombination
(HR) of PaURA3 and the antibiotic nourseothricin resistance gene
(Paura3A::natMX4) (Yarimizu et al. 2017). An adenine auxotrophic
strain with disrupted PaADE2 was obtained using the same
method (Paade2A::natMX4) (Yarimizu et al. 2017). Furthermore,
a lysine-auxotrophic strain L1 was obtained via ultraviolet (UV)
irradiation and the mutant gene was identified as PaLYS12. Us-
ing PalYS12 as a transformation marker, a biodegradable plastic-

degrading enzyme-encoding gene under the control of a highly
expressed xylanase promoter was introduced, and the mass pro-
duction of the biodegradable plastic-degrading enzyme using a
self-cloning system was demonstrated (Sameshima-Yamashita
et al. 2019).

Methods for introducing multiple genes into the chromo-
somes of host microorganisms are often used to create strains
suitable for the desired production. The marker recycling sys-
tem is a method for repeatedly introducing and deleting marker
genes and is a powerful tool for performing multiple genetic
manipulations using a single marker gene. This has been
shown in various ascomycetes, including S. cerevisiae (Kaneko
et al. 2009) and Aspergillus filamentous fungi (Maruyama and
Kitamoto 2008; Kadooka et al. 2016), in which URA3/PyrG and ATP
sulfurylase (sC) have been used as marker genes. It has also been
applied to a basidiomycetous white-rot fungus (Nakazawa et al.
2016).

This study aimed to develop a marker recycling system using
PaURAS3 from P. antarctica to produce host strains with multiple
auxotrophic phenotypes.

Materials and methods

Strains

The P. antarctica GB-4(0) strain was isolated from rice husk
(Oryza sativa) and deposited in the National Agriculture and
Food Research Organization Genebank, Japan (accession no.
MAFF306999) (Kitamoto et al. 2011). The P. antarctica strains
PGB028 (Paade2A::natMX4) and L1 (Palys12) were previously con-
structed from the GB-4(0) strain and were stocked in our labo-
ratory (Yarimizu et al. 2017; Sameshima-Yamashita et al. 2019).
The P. antarctica strains constructed in this study are listed
in Table 1. We also used the ascomycetous yeast S. cerevisiae
S288C strain (Mortimer and Johnston 1986). In addition, the ba-
sidiomycetous yeasts Cryptococcus flavus GB-1 (Kitamoto et al.
2011), and Rhodotorula mucilaginosa IY-05 (MAFF516139), iso-
lated from rice husks and Italian ryegrass (Lolium multiflorum),
respectively, were used as yeast species living on plant
surfaces.

Media

Yeast strains were cultivated in YM medium (0.3% yeast extract
[Becton Dickinson {BD}, New Jersey, USA], 0.3% malt extract [BD],
0.5% peptone [BD], and 1% glucose) or YPD medium (1% yeast
extract, 2% peptone [BD], 2% glucose). Also, minimal medium
(MM), which was composed of 0.17% yeast nitrogen base with-
out amino acids and ammonium sulfate (BD), 0.5% ammonium
sulfate, and 2% glucose was used. 30 mg/L lysine hydrochloride,
1000 mg/L adenine sulfate, and 1000 mg/L uracil (Sigma-Aldrich,
St. Louis, MO, USA) were added to each medium, as required.
An FOA medium, MM supplemented with 1000 mg/L uracil and
1000 mg/L 5'-fluoroorotic acid (5'-FOA), was used to obtain uracil-
auxotrophic mutants, as described previously (Yarimizu et al.
2017).

To select the PaADE2, PaLYS12, and PaURA3 complemen-
tary transformants obtained after transformation using the
protoplast-polyethylene glycol (PEG) method, 0.8 M sucrose-
supplemented MM (MMS) containing DO Supplement -Ura
(Takara Bio Inc., Shiga, Japan), or MMS supplemented with ly-
sine hydrochloride (30 mg/L), adenine sulfate (60 mg/L), and
uracil (1000 mg/L) were used. All yeast strains were cultivated at
30 °C.
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Table 1. Strains constructed in this study
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Strain Genotype

Description

Pseudozyma antarctica

PGB045 Paura3 (C867T)

PGB776 Paade2A

PGB781 Palys12A

PGB782 Paura3, Paade2A

PGB785 Paura3, Palys12A

PGB797 Palys12A, Paade2A
PGB800 Paura3, Palys12A, Paade2A

Uracil-auxotrophic strain (UV mutant)
PaURA3 pop-in strain from PGB045
PaURA3 pop-in strain from PGB045
PaURA3 pop-out strain from PGB776
PaURA3 pop-out strain from PGB781
PaURA3 pop-in strain from PGB785
PaURA3 pop-out strain from PGB797

Table 2. Primers used in this study.

Name Sequence (5’ — 3')

PaADE2-1500
PaADE2-1000

CCAATGCAAGCCAGCGCGGGAC
GGCGGTGGATGCAATTCTGTCA

PaADE2+2887c¢ ACACTGCATTAGAGCGGGGTTG
PaADE2+3366¢ CCAGCGCAGGGGTCGGAACGGG
PaLlYS12-1500 GACTCTCCTTGGTGTGTTGA
PaLYS12—-1000 GCGTACATATAGTTGGCCGC
PalYS12+2314c CGAGGACCCCAACACCACCC
PalYS12+2814c TACGACGTCATCGCCTTCAT
PaURA3+899¢c CCAACCCGCCTTCTTGTACCGC
PaURA3+400 ACTCGTCGGGCGTGCACAAGAT
PaURA3+1 ATGTCGAGCATCACCCTCCAGACGT
PaURA3-300 GCTGCAGCTGCAGCTCTCCAAGCTG
PaURA3+150 GTGCGATGCCGTCGGCCCAGAC
PaURA3-500 CGGCACGGCCGGGTCGAAGCTCGAG
PaURA3+1433c ACAACAGTAGCGGAAGGGGCAG
PaLYS-500F ATTTCGGCCCGATCTATAGACTC
PalYS12+41777c¢ GTTCACCTCCATGGACGAGCAG
PaADE2-500 TAGCATCGCTCGTCGAAGTGGG
PaADE2+2390c CAAGCGGCCGACGAAGTGACAC

Evaluation of ultraviolet (UV) tolerance

Yeast cells were cultivated in a 2 mL YPD medium in
a test tube, shaking at 150 strokes min~! for 16 h. The
cells were then collected via centrifugation at 9000 x g
for 1 min and resuspended in 1 mL of MM. The concen-
tration of cell suspension was measured using a hemocy-
tometer, and a suspension containing 500 cells was spread
onto a YM plate. The plates were exposed to UV light at
50 cm on a clean bench at 1.5 W/m? for various periods (0, 15,
30, 60, 180, or 300 sec). After incubation for 2 days, the colony-
forming units were counted.

Isolation of the uracil-auxotrophic strains
via UV irradiation

The cell suspension containing 1 x 10 cells was spread onto an
FOA plate and exposed to UV light for 180 sec, as described above.
After incubation for 5 days at 30 °C, colonies were transferred
onto YM and MM plates. Cells that could not grow on MM were
selected as candidates to establish uracil auxotroph mutants.
Among them, strains whose uracil-auxotrophic phenotype was
complemented by PaURA3 (DDBJ accession number LC193822)
transformation were selected as the Paura3 mutant. PAURA3 was
amplified via polymerase chain reaction (PCR) using GB-4(0) ge-
nomic DNA as a template and the primer pairs listed in Table 2.

Sequencing was performed using PAURA3-300 and PaURA3+150
primers.

Plasmids used in this study

DNA fragments for plasmid construction were amplified via
PCR using the templates and primer pairs listed in Table S1.
The amplified DNA listed in Table S2 was purified via agarose
gel electrophoresis and extracted using the Wizard SV Gel and
PCR Clean-up System (Promega Corporation, Madison, USA). The
method used to construct the plasmids is illustrated in Figure S2.
The DNA mixtures were ligated using an In-fusion HD cloning
kit (Takara Bio Inc.). pYT155 was constructed to disrupt PaADE2
(DDBJ accession number LC276897) and pYT161 was constructed
to disrupt PaLYS12 (DDB]J accession number LC431700) (Figure 2a,
Table S2). Both ends of PaURA3 contain regions —500 to —1 up-
stream of the target gene and are flanked by regions upstream
and downstream of the target gene.

Disruption of PAADE2 and PaLYS12 of P. antarctica
using the protoplast-PEG method

The DNA fragments for PaADE2 disruption were amplified
using pYT155 with KOD plus polymerase (Toyobo Co., Ltd., Os-
aka, Japan) with primer sets PAADE2—1000 and PaURA3+899c,
PaURA3+400, and PaADE2+42887c listed in Table 2. Simi-
larly, DNA fragments for PalYS12 disruption were amplified
from pYT161 using primers PaLYS12-1000 and PaURA3+899c,
PaURA3+400, and PaLYS12+2314c. Purified DNA fragments
were mixed with an equal volume of 2 x KTC (1.6 M KCl,
0.1 M Tris-HCl [pH 7.5], and 0.1 M CaCl,) for isotonization. P.
antarctica was cultured in 2 mL of YM medium and then shaken
at 150 strokes min~! for 1 day. Then, 1 pL of preculture was trans-
ferred to a 300 mL flask containing 30 mL of YM medium and cul-
tivated while being shaken at 200 rev min~! for approximately
16 h until the optical density at 600 nm (ODggo) reached 0.5-0.9.
Cells were centrifuged and washed with protoplast buffer
(0.5 M sodium tartrate in Mcllvaine buffer, pH 6.0). Cells were re-
suspended in 3.5 mL of protoplast buffer containing 0.5% (w/w)
westase (Takara Bio Inc.) and incubated with gentle shaking
for 15 min at 30 °C. Protoplasts were harvested at 1000 x g and
washed twice with wash buffer (0.8 M KCI, 50 mM Tris-HCl [pH
7.5], and 50 mm CaCly). Aliquots of protoplasts (2.5 x 10° cells/50
PL of KTC) were mixed with 8 pL of isotonic DNA solution, and
17.5 uL of PTC (60% PEG3350, 50 mum Tris-HCI [pH 7.5], and 50 mm
CacCly). After incubation for 20 min at room temperature, 700 pL
of PTC was added, and the mixture was further incubated for
20 min at room temperature. Finally, the cell suspension was
mixed with 1 mL of 1 x KTC and immediately spread on an
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MMS plate containing drop-out uracil amino acids and 2% agar.
The plates were incubated at 30 °C for several days.

Confirmation of target gene disruption via HR

The selection of transformants, in which DNA fragments were
inserted at designated positions on the chromosome, was car-
ried out via PCR using crude genomic DNA (Looke, Kristjuhan
and Kristjuhan 2011). The sets of primers are listed in Table 2.
Cells growing on the YM medium were suspended in 50 pL of
lithium acetate solution (0.2 M lithium acetate, 0.1% sodium do-
decyl sulfate [SDS]). After heating to 70 °C, the samples were im-
mediately cooled on ice for 5 min. The lysates were precipitated
with 150 pL of 100% ethanol. The precipitates were dissolved in
50 pL of TE buffer (10 mm Tris-HCl, 1 mm EDTA, pH 8.0) and cen-
trifuged again to remove cell debris. The supernatants were sub-
jected to PCR as the template DNA. PCR was performed using
KOD FX neo (Toyobo Co., Ltd.) with step-down and 3-step meth-
ods according to the manufacturer’s instructions.

Pop-out of PAURA3

The resultant auxotrophic mutants Paade2A or Palys12A, estab-
lished in the pop-in step, were cultivated in 2 mL of YPD medium
for 24 h and harvested. After adjusting to an ODgg of 1.0, 200 puL
of cell suspension was spread on FOA plates containing -Ura DO
Supplement to select ura3 strains. The pop-out of PAURA3 in the
resultant strain was confirmed via colony PCR, using the primers
listed in Table 2.

Confirmation of the auxotrophic phenotype
of the generated cells

Strains were cultured in 2 mL of YM medium supplemented with
1000 mg/L adenine sulfate, 30 mg/L lysine hydrochloride, and
1000 mg/L uracil in test tubes for 16 h. After harvesting, the cells
were washed twice with MM. A total of 2 pL of the cell suspen-
sion adjusted to ODgp = 0.1 with MM were spotted on MM plates
and MM plates supplemented with various nutrients. The plates
were incubated at 30 °C for 2 days.

Complementation of the auxotrophic phenotype

PaADE2, PalYS12, and PaURA3 were amplified via PCR us-
ing the GB-4(0) genome as a template, and the primer pairs
listed in Table 2 (PaADE2-500 and PaADE2+2390c for PaADE2,
PaLYS—500F and PaLYS12+1777c for PaLYS12, and PaURA3—500
and PaURA3+1433c for PaURA3). Cell suspension of each aux-
otrophic strain treated with 0.1 pmol of each amplified DNA frag-
ment using the protoplast-PEG method was diluted with 1 mL
of 1 x KTC and immediately spread over various MMS plates
that were not supplemented with adenine, lysine, or uracil. The
plates were incubated at 30 °C for 3 days. The strain PGB800 was
also transformed with three complementary genes at a time.

Genomic analysis of the triple auxotrophic
strain PGB800

Genomic DNA preparation was performed as previously de-
scribed (Sameshima-Yamashita et al. 2019). Briefly, strain PGB800
was cultivated in 30 mL of YM medium at 30 °C at 200 rev min—!
for 16 h. Cells recovered from 30 mL of culture were incu-
bated in 10 mL of citrate buffer (150 mm KCl, 580 mmM NaCl,

=-o— P_antarctica
=0~ S. cerevisiae

Survive rate [%]
S

0 60 120 180 240 300

UV-exposure time [sec]

Figure 1. Ultraviolet radiation tolerance of P. antarctica. Filled circle, P. antarctica;
empty circle, S.cerevisiae.

50 mM sodium citrate, pH5.5) containing 20 mg/mL glucanex
(Sigma-Aldrich) at 30 °C for 2 h. The protoplasts were harvested
and lysed with 1% SDS at 65 °C. The lysate was mixed with
3.75 mL of 4 M potassium acetate, and the genomic DNA of the
supernatant was precipitated with 2-propanol. The recovered
genomic DNA was further purified using the cetyltrimethylam-
monium bromide (CTAB) method (Richards et al. 1994).

The genomic DNA of PGB800 was sequenced using an Illu-
mina Novaseq6000 (150 base pairs [bp], paired-end) and a PacBio
RSII system (Macrogen Japan Corp. Tokyo, Japan). Sequence sim-
ilarity was determined using the basic local alignment search
tool (BLAST) (Altschul et al. 1997). PacBio subreads showing sim-
ilarity (BLAST score >50) to “pop-in” fragments of PaADE2 and
PalYS12 were extracted. Unitig sequences were generated with
the subreads extracted as a result of CANU assembly (Koren et al.
2017) to verify the precise excision of PaADE2 and PaLYS12, as
expected. Illumina reads were aligned on the GB-4(0) genome
sequence using Burrows-Wheeler Aligner (BWA) (Li and Durbin
2009) to examine unexpected deletions in the PGB800 genome.
The Illumina reads were also aligned using BWA to the vector
sequence (pAG25; Goldstein and McCusker 1999) to amplify the
pop-in fragments and investigate the possible insertion of the
vector sequence into the PGB800 genome.

Results and discussion

UV resistance of P. antarctica and the establishment
of the Paura3 mutant via UV treatment

The P. antarctica GB-4(0) strain required UV irradiation for
180 sec to achieve 60% survival. The comparable survival rate
for the model yeast S. cerevisiae cells was 30 sec, which is one-
sixth of that required for P. antarctica (Figure 1). In contrast, the
basidiomycetous yeasts Cryptococcus flavus GB-1 and Rhodotorula
mucilaginosa IY-05, isolated from the plant surface, showed the
same UV resistance as P. antarctica (Figure S1). All three ba-
sidiomycetous yeasts isolated from leaf surfaces tested in this
study were more UV-resistant than S. cerevisiae. The reason for
this is not clear, but it may be related to the fact that plant sur-
faces inhabited by these yeasts are exposed to sunlight. When
obtaining mutants of S. cerevisiae, UV irradiation treatment was
recommended to achieve approximately half the survival rate
(Lawrence 1991); the irradiation length for UV treatment of
P. antarctica was set to 180 sec in this study.

The composition of the FOA medium used to select uracil-
auxotrophic P. antarctica strains was determined in a previous
study using the PaURA3 disruptant (strain Paura3A:natMX4) of
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Figure 2. Site-specific gene disruption of P. antarctica using the PaURA3 marker recycling system. (a) Structures of pYT155 and pYT161 for the disruption of target genes
(TGs) using marker recycling system. (b) Homologous recombination via PaURA3 pop-in disrupts the target site (i). The cells are then transferred to the FOA medium in
which only PaURA3 pop-out cells can be grown (ii). The PaURA3 cassette in the genomic DNA of FOA-resistant strains was deleted through homologous recombination
between —500 to —1 upstream of the target gene located at both ends of the inserted PaURA3 sequence.

P. antarctica GB-4(0) (Yarimizu et al. 2017). Strain GB-4(0) grew on
MM, but Paura3A::natMX4 did not. Strain Paura3A::natMX4 grew
in a manner similar to strain GB-4(0) when 1000 mg/L uracil was
added to MM. The Paura3A::natMX4 strain, but not GB-4(0), grew
on an FOA medium supplemented with MM-uracil (1000 mg/L)
and 1000 mg/L of 5'-FOA. In this study, FOA medium was used
as the selective medium for Paura3 mutants. P. antarctica GB-4(0)
cells were grown on the FOA medium to obtain clones that grew
after 180 sec of UV irradiation. Among the clones obtained, aux-
otrophic strains that did not grow on MM were selected. A strain
whose auxotroph was complemented by the transformation of
the PaURA3 fragment was named strain PGB045 (Paura3). The
PaURA3 sequence of strain PGB045 was changed from C to T at
position 867, resulting in a stop codon.

Acquisition of auxotrophic strains using a marker
recycling system

The wuracil-auxotrophic mutant P. antarctica PGB045 was
transformed separately with PCR-amplified fragments from

plasmid pYT155/161. The upstream and downstream DNA frag-
ments overlapped by PaURA3 were simultaneously introduced
(Figure 2b, [i]). This method is reported to increase the efficiency
of obtaining the correct transformant in Kluyveromyces lactis
(Erdeniz, Mortensen and Rothstein 1997) and Aspergillus nidu-
lans (Nielsen et al. 2006). After incubation on MMS containing
DO Supplement -Ura, 60 clones of each candidate PaADE2 or
PalYS12 disruptant were transferred to MM and their auxotro-
phy were examined; seven clones each failed to grow. Then, the
genomic DNA of the selected seven candidates each was ex-
tracted and the site-specific insertion of the “pop-in” fragment
containing PaURA3 was confirmed via PCR (Figure 3a[i]). The
predicted sizes of DNA fragments “b” and “c” (Table 3) were am-
plified successfully from the genomic DNA of the three strains.
Besides the DNA fragment, which showed the size predicted
using the primer sets for DNA fragments (“a” in Table 3), several
amplified bands were also detected. It was considered that —500
to —1 upstream of the target gene located at both ends of the
inserted PaURA3 sequence inhibited the specific amplification
by PCR. It was also considered that the “pop-out” of PaURA3
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Figure 3. Confirmation of PaAADE2 and PaLYS12 disruption. (a) Scheme to confirm target gene disruption by the introduction (i) and deletion (ii) of PAURA3 using PCR.
(b) Confirmation of PaADE2 disruption and PaURA3 deletion. (c) Confirmation of PaLYS12 disruption and PaURA3 deletion. (d) Growth of wild-type and mutant samples
on MM plates supplemented various nutrients. AL, supplemented with adenine and lysine; AU, supplemented with adenine and uracil; LU, supplemented with lysine
and uracil; ALU, supplemented with adenine, lysine, and uracil; GB-4(0), wild-type strain; PGB045 (Paura3), host strain. PGB028 (Paade2A::natMX4) and L1 (Palys12) were

used as controls.

»

occurred spontaneously in the chromosomes of the “pop-in’
strains when they were cultured in a medium without selective
pressure. Therefore, three clones each that could “pop-in” cor-
rectly were selected for the disruption of PAaADE2 and PaLYS12
via HR, respectively. One each of them, PGB776 (Paade2A) and
PGB781 (Palys12A), were selected and designated (Figures 3b
and c).

Next, the “pop-out” of PaURA3 in the “pop-in” strain was
tested (Figure 2b [ii]). Consequently, 42 and 11 FOA-resistant
strains were obtained from PGB776 and PGB781, respectively. Ge-
nomic DNA of the selected six candidates on each auxotrophy
was extracted, and the site-specific deletion of PaURA3 and the
target gene (ORF) was confirmed via PCR (Figure 3al[ii]). The pre-
dicted sizes of DNA fragments “a”, “b”, and “c,” which are listed

202 Iudy Gz uo 3sanb Aq G951 659/1.€01/8/98/0101ME/qqM/W00 dNO"dlWapede//:sdiy Woly papeojumoq



Table 3. PCR product size for the confirmation of Pop-in/Pop-out

PaADE2
Primer set Strain (template) PCR fragment (bp)
a. PaADE2-1500 PGB045 4866
PaADE2+-3366¢ PGB776 5628
PGB782 3000
PGB785 4866
PGB797 5628
PGB800 3000
b. PaADE2-1500 PGB045 nd
PaURA3+899¢c PGB776 3087
PGB782 nd
PGB785 nd
PGB797 3087
PGB800 nd
C. PaURA3+1 PGB045 nd
PaADE2+-3366¢ PGB776 3455
PGB782 nd
PGB785 nd
PGB797 3455
PGB800 nd
PaLYS12
Primer set Strain (template) PCR fragment (bp)
a. PaLYS12-1500 PGB045 4314
PalYS12+2814c PGB781 5628
PGB785 3000
b. PaLYS12—-1500 PGB045 nd
PaURA3+899¢c PGB781 3087
PGB785 nd
C. PaURA3+1 PGB045 nd
PalYS12+2814c PGB781 3455
PGB785 nd

Nd, not amplified; bp, base pair.

in Table 3, were amplified successfully from the genomic DNA of
all tested strains. Thus, all tested FOA-resistant strains showed
PaURA3 deletion. One each of them, PGB782 (Paura3, Paade2A)
and PGB785 (Paura3, Palys12A), were selected and designated
(Figures 3b and c). The resulting strains showed no auxotrophic
requirements, except for adenine or lysine and uracil (Figure 3d).
This result demonstrates that the marker recycling system was
functional in P. antarctica GB-4(0) and is an effective method for
gene disruption.

Construction of the triple auxotrophic strain

Additional PaADE2 disruption using a marker recycling system
was established in PGB785 (Paura3, Palys12A).In a previous study,
we found that P. antarctica cells with disrupted PaADE2 by the
drug resistance gene exhibited a red color as the ADE2 disrup-
tant of S. cerevisiae. After introducing the “pop-in” fragments
for PaADE2 disruption, red colored colonies were selected, and
25 colonies that could not grow on MM supplemented with ly-
sine hydrochloride were obtained. Genomic DNA of six candi-
dates was extracted and the site-specific insertion of the “pop-
in” fragment was confirmed via PCR. For three strains among
six colonies, the predicted sizes of DNA fragments “b” and “c”
were amplified successfully from the genomic DNA (Figure 4a).
Among them, one strain was selected and designated as PGB797
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Figure 4. Construction of the triple auxotrophic mutant strain PGB800 and com-
plementation of each gene. (a) Confirmation of PaADE2 disruption and PaURA3
deletion. (b) Growth of wild-type and mutants on MM plates supplemented var-
ious nutrients. GB-4(0), wild-type strain; PGB785 (Paura3, Palys12A), host strain.
PGB045 (Paura3), PGB028 (Paade2A::natMX4) and L1 (Palys12) were used as con-
trols. (c) The complementation of adenine, lysine, and uracil auxotroph in strain
PGB800.

(Paade2A, Palys12A) (Figure 4b). Subsequently, a “pop-out” of
PaURA3 was performed for PGB797 on the FOA medium. Among
the 30 FOA-resistant strains obtained, genomic DNA of selected
six candidates was extracted, and the site-specific deletion of
PaURA3 and ORF was confirmed via PCR (Figure 4a). The DNA
fragments were successfully amplified from the genomic DNA
of all the tested strains. Among them, one strain was selected
and designated as PGB800 (Paura3, Paade2A, and Palys12A). The
growth of all strains on various media was checked and the re-
sulting strains were found to have no auxotrophic requirements
except for uracil, adenine, and lysine, as intended (Figure 4b).
This result demonstrates that the marker recycling system is
an effective method for multiple gene disruptions in P. antarc-
tica. Each complementary gene was introduced separately or
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Figure 5. Identification of the nucleotide sequence of the gene disruption site in triple auxotrophic strain PGB800. Open reading frame (ORF) of PaADE2 (a) and PaLYS12
(b) was deleted, respectively. Arrows indicate continuity between inserted sequences and original genomic sequences. The nucleotide sequence of the chromosome
shows that the target gene has been completely deleted and the surrounding sequence has not changed. The underlined sequences correspond downstream of the

target gene, and the bolded sequences correspond within the target gene ORF.

simultaneously into the triple auxotrophic strain PGB800, and
each resultant strain was confirmed to lose its auxotrophic trait
(Figure 4c).

Examination of the disruption of PAADE2 and PaLYS12
via genome sequencing

Genome sequencing of PGB800 was performed to verify the
disruption of PaADE2 and PalYS12 via “pop-out,” as ex-
pected. PacBio sequencing generated 245870 subreads contain-
ing 2520575215 bases. Illumina sequencing generated 21410410
reads, containing 3232971910 bases. The PacBio subreads show-
ing similarity with “pop-in” fragments for PAaADE2 and PaLYS12
were 722 and 1107, respectively. PAADE2 subreads were as-
sembled into two unitigs. PaLYS12 subreads were assembled
into three unitigs with 13 unassembled subreads. The as-
sembled sequences of PaADE2 and PalYS12 included sin-
gle sequences carrying PaADE2 and PalYS12, the ORFs of
which were excised. The ORF excised sequences did not
show any other insertions or deletions except for excision
(Figure 5).

The remaining assembled and unassembled sequences were
matched to the original genomic sequence. Therefore, we con-
cluded that the “pop-out” occurred precisely. Any lllumina reads
aligned with the vector sequence used to amplify the “pop-in”
fragments were not detected. In addition, none of the PacBio
subreads was similar to the vector sequence. Several genomic
regions of GB-4(0) did not align with the Illumina reads; how-

ever, the uncovered genomic regions had corresponding PacBio
subreads (data not shown). Therefore, we concluded that PGB800O
did not have any unexpected insertions of external sequences,
such as vectors.

In this study, we demonstrate a marker recycling system us-
ing the orotidine-5'-phosphate decarboxylase gene functions in
the basidiomycetous yeast P. antarctica. The triple auxotrophic
strain was constructed without the insertion of a foreign gene,
which can be used as a host for self-cloning strains to mod-
ify their genes using complementary genes as transformation
markers.

Previously, we found that the xylanase promoter of P. antarc-
tica GB-4(0) strongly induces xylanase gene expression in the
presence of xylose (Watanabe et al. 2014). The yeast Phichia pas-
toris is commonly used for the overexpression of recombinant
proteins using the methanol-inducible AOX1 promoter. How-
ever, because methanol is toxic and dangerous, adequate con-
trols for industrial mass production are required. On the other
hand, xylose is abundant on Earth as a component of plant
hemicellulose. In a high-yield protein production using P. antarc-
tica as a host, xylose is intended to be used as a substrate for the
xylanase promoter and a carbon source that can be safely used
in large-scale culture.

The P. antarctica wild-type strain has previously been trans-
formed using a DNA cassette containing a biodegradable plastic-
degrading enzyme (PaE)-encoding gene downstream of the xy-
lanase promoter using a foreign drug resistance marker that
secretes large amounts of PaE (Watanabe et al. 2016). In Japan, the
self-cloned cells can be grown in a variety of existing facilities
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that have already recouped capital expenditures, thus reduc-
ing the enzyme production cost. The lysine-auxotrophic Palys12
mutant that transforms the cassette using PalYS12 markers
also secretes large amounts of PaE (Sameshima-Yamashita et al.
2019). However, the higher the production, the better the practi-
cal use of the enzyme. Multiple auxotrophic host strains can be
used to generate self-cloning strains with enhanced productiv-
ity of not only PaE but also other useful substances by introduc-
ing several cassettes into the chromosome using complemen-
tary markers. In addition, by using the PaURA3 marker recycling
system, a variety of auxotrophic markers other than those pre-
sented in this study can be applied (Yarimizu et al. 2013). This
system can be used for various applications in order to utilize
P. antarctica as a recombinant protein production platform as
well as for functional analysis of P. antarctica cells.

Acknowledgments

We thank Ms. Xiao-hong Cao for technical assistance. We would
like to thank Editage (www.editage.com) for English language
editing.

Supplementary material

Supplementary material is available at Bioscience, Biotechnology,
and Biochemistry online.

Data availability

The data underlying this article are available in the article.

Author contribution

Y.S-Y, T, T.T. and H.K. conceived and designed the experi-
ments. Y.S-Y. and TY. performed the main experiments. H.U.
and T.T. analyzed the genome sequence data. Y.S-Y., T.Y. and
H.K. wrote the paper. All authors discussed the results and com-
mented on the manuscript.

Funding

This research was supported by the Science and Technology Re-
search Promotion Program (grant number 25017AB) for Agricul-
ture, Forestry, Fisheries, and Food Industry from Ministry of Agri-
culture, Forestry and Fisheries (Japan) and the research program
on the development of innovative technology grant [Number
JPJ007097] from the Project of the Bio-oriented Technology
Research Advancement Institution (BRAIN) [01029C].

Disclosure statement

Y.S-Y., T.Y. and H.K. are inventors of the applied patent (Japanese
Laid-Open Patent Publication 2018-157 814) relevant to this work.

References

Akada R. Genetically modified industrial yeast ready for applica-
tion. ] Biosci Bioeng 2002;94:536-44.

Altschul SF, Madden TL, Schéffer AA et al. Gapped BLAST and
PSI-BLAST: a new generation of protein database search pro-
grams. Nucleic Acids Res 1997;25:3389-402.

Erdeniz N, Mortensen UH, Rothstein R. Cloning-free PCR-
based allele replacement methods. Genome Res 1997;7:
1174-83.

URA3 recycling system in Pseudozyma antarctica | 1039

Goldstein AL, McCusker JH. Three new dominant drug resistance
cassettes for gene disruption in Saccharomyces cerevisiae. Yeast
1999;15:1541-53.

Hoegh I, Patkar S, Halkier T et al. Two lipases from Candida antarc-
tica: cloning and expression in Aspergillus oryzae. Can ] Bot
1995;73:869-75.

Kadooka C, Onitsuka S, Uzawa M et al. Marker recycling system
using the sC gene in the white koji mold, Aspergillus luchuensis
mut. kawachii. ] Gen Appl Microbiol 2016;62:160-3.

Kaneko S, Tanaka T, Noda H et al. Marker-disruptive gene inte-
gration and URA3 recycling for multiple gene manipulation in
Saccharomyces cerevisiae. Appl Microbiol Biotechnol 2009;83:783-
9.

Kitamoto D, Akiba S, Hioki C et al. Extracellular accumulation
of mannosylerythritol lipids by a strain of Candida antarctica.
Agric Biol Chem 1990;54:31-6.

Kitamoto HK, Shinozaki Y, Cao XH et al. Phyllosphere yeasts
rapidly break down biodegradable plastics. AMB Express
2011;1:44.

Koren S, Walenz BP, Berlin K et al. Canu: scalable and accu-
rate long-read assembly via adaptive. Genome Res 2017;27:
722-36.

Lawrence CW. Classical mutagenesis techniques. In: Guthrie C
Fink GR (eds). Guide to Yeast Genetics and Molecular Biology. San
Diego: Academic Press, Inc., 1991, 273-81.

Li H, Durbin R. Fast and accurate short read alignment
with burrows-wheeler transform. Bioinformatics 2009;25:
1754-60.

Looke M, Kristjuhan K, Kristjuhan A. Extraction of genomic
DNA from yeasts for PCR-based applications. BioTechniques
2011;50:325-8.

Maruyama J, Kitamoto K. Multiple gene disruptions by
marker recycling with highly efficient gene-targeting back-
ground (AligD) in Aspergillus oryzae. Biotechnol Lett 2008;30:
1811-7.

Morita T, Fukuoka T, Imura T et al. Production of glycolipid
biosurfactants by basidiomycetous yeasts. Biotechnol Appl
Biochem 2009;53:39-49.

Mortimer RK, Johnston JR. Genealogy of principal strains of the
yeast genetic stock center. Genetics 1986;113:35-43.

Nakazawa T, Tsuzuki M, Irie T et al. Marker recycling via 5-
fluoroorotic acid and 5-fluorocytosine counter-selection in
the white-rot agaricomycete Pleurotus ostreatus. Fungal Biol
2016;120:1146-55.

Nielsen ML, Albertsen L, Lettier G et al. Efficient PCR-based gene
targeting with a recyclable marker for Aspergillus nidulans.
Fungal Genet Biol 2006;43:54-64.

Nielsen TB, Ishii M, Kirk O. Lipases A and B from the yeast Can-
dida antarctica. In: Margesin R Schinner F (eds). Biotechnological
Applications of Cold-Adapted Organisms. Berlin: Springer, 1999,
49-61.

Richards E, Reichardt M, Rogers S. Preparation of genomic DNA
from plant tissue. In: Ausubel FM, Brent R Kingston RE et al.
(eds). Curr Protoc Mol Biol. New York: Wiley, 1994, Unit 2.3.1-
2.3.7.

Sameshima-Yamashita Y, Watanabe T, Tanaka T et al. Construc-
tion of a Pseudozyma antarctica strain without foreign DNA
sequences (self-cloning strain) for high yield production of
a biodegradable plastic-degrading enzyme. Biosci Biotechnol
Biochem 2019;83:1547-56.

Watanabe T, Morita T, Koike H et al. High-level recombinant
protein production by the basidiomycetous yeast Pseudozyma
antarctica under a xylose-inducible xylanase promoter. Appl
Microbiol Biotechnol 2016;100:3207-17.

202 Iudy Gz uo 3sanb Aq G951 659/1.€01/8/98/0101ME/qqM/W00 dNO"dlWapede//:sdiy Woly papeojumoq


http://www.editage.com
https://academic.oup.com/bbb/article-lookup/doi/10.1093/bbb/zbac075#supplementary-data

1040 | Bioscience, Biotechnology, and Biochemistry, 2022, Vol. 86, No. 8

Watanabe T, Shinozaki Y, Yoshida S et al. Xylose in-
duces the phyllosphere yeast Pseudozyma antarctica to
produce a cutinase-like enzyme which efficiently de-
grades biodegradable plastics. ] Biosci Bioeng 2014;117:
325-9.

Yarimizu T, Nonklang S, Nakamura ] et al. Identification of
auxotrophic mutants of the yeast Kluyveromyces marxianus

by non-homologous end joining-mediated integrative trans-
formation with genes from Saccharomyces cerevisiae. Yeast
2013;30:485-500.

Yarimizu T, Shimoi H, Sameshima-Yamashita Y et al. Targeted
gene replacement at the URA3 locus of the basidiomyce-
tous yeast Pseudozyma antarctica and its transformation using
lithium acetate treatment. Yeast 2017;34:483-94.

202 Iudy Gz uo 3sanb Aq G951 659/1.€01/8/98/0101ME/qqd/W00 dno"dlWapede//:sdiy woly papeojumoq



	Materials and methods
	Strains
	Media
	Evaluation of ultraviolet UV tolerance
	Isolation of the uracil-auxotrophic strains via UV irradiation
	Plasmids used in this study
	Disruption of PaADE2 and PaLYS12 of P. antarctica using the protoplast-PEG method
	Confirmation of target gene disruption via HR
	Pop-out of PaURA3
	Confirmation of the auxotrophic phenotype of the generated cells
	Complementation of the auxotrophic phenotype
	Genomic analysis of the triple auxotrophic strain PGB800

	Results and discussion
	UV resistance of P. antarctica and the establishment of the Paura3 mutant via UV treatment
	Acquisition of auxotrophic strains using a marker recycling system
	Construction of the triple auxotrophic strain
	Examination of the disruption of PaADE2 and PaLYS12 via genome sequencing

	Acknowledgments
	Supplementary material
	Data availability
	Author contribution
	Funding
	Disclosure statement
	References

