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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 Pa ura3 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 Pa ura3 strain. The Pa LYS12 and Pa ADE2 loci were disrupted via site-directed 
homologous recombination of Pa URA3 ( pop-in ) , followed by the removal of Pa URA3 ( pop-out ) . In the obtained double 
auxotrophic strain ( Pa lys12 �, Pa ura3 ) , Pa ADE2 was further disrupted, and Pa URA3 was removed to obtain the triple 
auxotrophic strain PGB800 ( Pa ura3 , Pa lys12 �, Pa ade2 �) . The whole-genome sequence of the PGB800 strain did not contain 

foreign genes used for genetic manipulation and disrupted Pa ADE2 and Pa LYS12, and removed Pa URA3 , as planned. 

Graphical Abstract 

Triple auxotrophic strain was constructed using URA3 marker recycling system in basidiomycetous yeast Pseudozyma 
antarctica. 
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asidiomycetous yeasts have been used as genetic resources
or various degrading enzymes; however, due to their ability
o produce enzymes, they can also be used as host strains
o produce proteins and useful chemicals. A basidiomyce- 
ous yeast Pseudozyma antarctica ( P. antarctica; recently renamed 
oesziomyces antarcticus ) secretes lipases ( Nielsen, Ishii and Kirk
999 ) , biodegradable plastic-degrading enzymes ( Kitamoto et al.
011 ) , and mannosylerythritol lipids ( Kitamoto et al. 1990 ) . These
aterials were selected from their natural environment for their
utstanding properties, such as the thermal stability and struc-
ural specificity of lipases ( Nielsen, Ishii and Kirk 1999 ) , the
nzyme with the degradation ability of biodegradable plastics
hat can functionally replace conventional non-degradable plas- 
ics, and the unique properties of mannosylerythritol lipids as
urfactants ( eg easy production conditions, low toxicity, high
iodegradability, and environmental compatibility ) compared 
ith chemically synthesized surfactants ( Morita et al. 2009 ) . If
hese materials can be mass-produced, they can be applied to
he industry and everyday life. When lipases A and B were
iscovered from P. antarctica in the late 1980s, the number
f genetically engineered microorganisms was limited. Thus,
hey were produced by genetically modifying Aspergillus oryzae
nd used for a variety of applications worldwide ( Hoegh et al.
995 ) . However, mass production of conventionally produced 
ubstances from wild strains is more likely to be successful
han that of substances from different organisms. Recently, it
as become possible to introduce genes into the P. antarctica
hromosome in various ways, so that P. antarctica itself could
e used as a host for mass production of the above useful
aterials. 
In addition, a strain that has been genetically modified using

nly endogenous genes is known as a self-cloning strain. Self-
loned strains are considered safe for use in Japan ( Akada 2002 ) .
here are no restrictions on their handling as recombinant mi-
roorganisms and many typical existing facilities are available 
or their production at a low cost. Various bacterial and fun-
al self-cloning strains are constructed in Japan for use in the
roduction of enzymes, nucleic acids, and amino acids. To con-
truct P. antarctica self-cloning strains for the mass production
f useful substances , the auxotrophic strain is essential as a
ost strain because it allows for the introduction of useful genes
sing its complementary marker genes ( Sameshima-Yamashita 
t al. 2019 ) . 

Although P. antarctica is characterized by the formation of
seudohyphae, P. antarctica GB4- ( 0 ) isolated from rice husks
ends to maintain a single round shape similar to yeasts rather
han pseudohyphae ( Yarimizu et al. 2017 ) . The yeast-like form
s advantageous when used as a platform for material produc-
ion because it increases the stability of the transformed gene
n budding cells, enables a stable culture, and is uniformly dis-
ersed in the medium. On the other hand, the mycelium tends
o form aggregates, adhere to the apparatus and does not dis-
erse in the medium, making it challenging to establish a sta-
le culture. To increase the variety of transformation markers,
 uracil-auxotrophic strain was constructed from P. antarctica 
B4- ( 0 ) by disrupting the orotidine-5 ′ -phosphate decarboxylase 
ene ( Pa URA3 ) using site-directed homologous recombination 
 HR ) of Pa URA3 and the antibiotic nourseothricin resistance gene
 Pa ura3 �:: natMX4 ) ( Yarimizu et al. 2017 ) . An adenine auxotrophic
train with disrupted Pa ADE2 was obtained using the same
ethod ( Pa ade 2 �:: natMX4 ) ( Yarimizu et al. 2017 ) . Furthermore,
 lysine-auxotrophic strain L1 was obtained via ultraviolet ( UV )
rradiation and the mutant gene was identified as Pa LYS12 . Us-
ng Pa LYS12 as a transformation marker, a biodegradable plastic-
egrading enzyme-encoding gene under the control of a highly
xpressed xylanase promoter was introduced, and the mass pro-
uction of the biodegradable plastic-degrading enzyme using a
elf-cloning system was demonstrated ( Sameshima-Yamashita 
t al. 2019 ) . 

Methods for introducing multiple genes into the chromo-
omes of host microorganisms are often used to create strains
uitable for the desired production. The marker recycling sys-
em is a method for repeatedly introducing and deleting marker
enes and is a powerful tool for performing multiple genetic
anipulations using a single marker gene. This has been
hown in various ascomycetes, including S. cerevisiae ( Kaneko
t al. 2009 ) and Aspergillus filamentous fungi ( Maruyama and
itamoto 2008 ; Kadooka et al. 2016 ) , in which URA3/PyrG and ATP
ulfurylase ( sC ) have been used as marker genes. It has also been
pplied to a basidiomycetous white-rot fungus ( Nakazawa et al.
016 ) . 

This study aimed to develop a marker recycling system using
a URA3 from P. antarctica to produce host strains with multiple
uxotrophic phenotypes. 

aterials and methods 
trains 

he P. antarctica GB-4 ( 0 ) strain was isolated from rice husk
 Oryza sativa ) and deposited in the National Agriculture and
ood Research Organization Genebank, Japan ( accession no.
AFF306999 ) ( Kitamoto et al. 2011 ) . The P. antarctica strains
GB028 ( Pa ade 2 �:: natMX4 ) and L1 ( Pa lys12 ) were previously con-
tructed from the GB-4 ( 0 ) strain and were stocked in our labo-
atory ( Yarimizu et al. 2017 ; Sameshima-Yamashita et al. 2019 ) .
he P. antarctica strains constructed in this study are listed
n Table 1 . We also used the ascomycetous yeast S. cerevisiae
288C strain ( Mortimer and Johnston 1986 ) . In addition, the ba-
idiomycetous yeasts Cryptococcus flavus GB-1 ( Kitamoto et al.
011 ) , and Rhodotorula mucilaginosa IY-05 ( MAFF516139 ) , iso-
ated from rice husks and Italian ryegrass ( Lolium multiflorum ) ,
espectively, were used as yeast species living on plant
urfaces. 

edia 

east strains were cultivated in YM medium ( 0.3% yeast extract
Becton Dickinson {BD}, New Jersey, USA], 0.3% malt extract [BD],
.5% peptone [BD], and 1% glucose ) or YPD medium ( 1% yeast
xtract, 2% peptone [BD], 2% glucose ) . Also, minimal medium
 MM ) , which was composed of 0.17% yeast nitrogen base with-
ut amino acids and ammonium sulfate ( BD ) , 0.5% ammonium
ulfate, and 2% glucose was used. 30 mg/L lysine hydrochloride,
000 mg/L adenine sulfate, and 1000 mg/L uracil ( Sigma-Aldrich,
t. Louis, MO, USA ) were added to each medium, as required.
n FOA medium, MM supplemented with 1000 mg/L uracil and
000 mg/L 5 ′ -fluoroorotic acid ( 5 ′ -FOA ) , was used to obtain uracil-
uxotrophic mutants, as described previously ( Yarimizu et al.
017 ) . 

To select the Pa ADE2 , Pa LYS12 , and Pa URA3 complemen-
ary transformants obtained after transformation using the
rotoplast-polyethylene glycol ( PEG ) method, 0.8 M sucrose-
upplemented MM ( MMS ) containing DO Supplement –Ura
 Takara Bio Inc., Shiga, Japan ) , or MMS supplemented with ly-
ine hydrochloride ( 30 mg/L ) , adenine sulfate ( 60 mg/L ) , and
racil ( 1000 mg/L ) were used. All yeast strains were cultivated at
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Table 1. Strains constructed in this study 

Strain Genotype Description 

Pseudozyma antarctica 
PGB045 Pa ura3 ( C867T ) Uracil-auxotrophic strain ( UV mutant ) 
PGB776 Pa ade2 � Pa URA3 pop-in strain from PGB045 
PGB781 Pa lys12 � Pa URA3 pop-in strain from PGB045 
PGB782 Pa ura3 , Pa ade2 � Pa URA3 pop-out strain from PGB776 
PGB785 Pa ura3 , Pa lys12 � Pa URA3 pop-out strain from PGB781 
PGB797 Pa lys12 �, Pa ade2 � Pa URA3 pop-in strain from PGB785 
PGB800 Pa ura3 , Pa lys12 �, Pa ade2 � Pa URA3 pop-out strain from PGB797 

Table 2. Primers used in this study. 

Name Sequence ( 5 ′ → 3 ′ ) 

PaADE2 −1500 CCAATGCAAGCCAGCGCGGGAC 
PaADE2 −1000 GGCGGTGGATGCAATTCTGTCA 

PaADE2 + 2887c ACACTGCATTAGAGCGGGGTTG 
PaADE2 + 3366c CCAGCGCAGGGGTCGGAACGGG 
PaLYS12 −1500 GACTCTCCTTGGTGTGTTGA 

PaLYS12 −1000 GCGTACATATAGTTGGCCGC 
PaLYS12 + 2314c CGAGGACCCCAACACCACCC 
PaLYS12 + 2814c TACGACGTCATCGCCTTCAT 
PaURA3 + 899c CCAACCCGCCTTCTTGTACCGC 
PaURA3 + 400 ACTCGTCGGGCGTGCACAAGAT 
PaURA3 + 1 ATGTCGAGCATCACCCTCCAGACGT 
PaURA3 −300 GCTGCAGCTGCAGCTCTCCAAGCTG 
PaURA3 + 150 GTGCGATGCCGTCGGCCCAGAC 
PaURA3 −500 CGGCACGGCCGGGTCGAAGCTCGAG 
PaURA3 + 1433c ACAACAGTAGCGGAAGGGGCAG 

PaLYS-500F ATTTCGGCCCGATCTATAGACTC 
PaLYS12 + 1777c GTTCACCTCCATGGACGAGCAG 
PaADE2 −500 TAGCATCGCTCGTCGAAGTGGG 
PaADE2 + 2390c CAAGCGGCCGACGAAGTGACAC 
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Evaluation of ultraviolet ( UV ) tolerance 

Yeast cells were cultivated in a 2 mL YPD medium in 
a test tube, shaking at 150 strokes min −1 for 16 h. The 
cells were then collected via centrifugation at 9000 × 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 

2 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 × 10 7 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 Pa URA3 ( DDBJ accession number LC193822 ) 
transformation were selected as the Pa ura3 mutant. Pa URA3 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 .
equencing was performed using PaURA3 −300 and PaURA3 + 150 
rimers. 

lasmids used in this study 

NA fragments for plasmid construction were amplified via 
CR using the templates and primer pairs listed in Table S1.
he amplified DNA listed in Table S2 was purified via agarose 
el electrophoresis and extracted using the Wizard SV Gel and 
CR Clean-up System ( Promega Corporation, Madison, USA ) . The 
ethod used to construct the plasmids is illustrated in Figure S2.
he DNA mixtures were ligated using an In-fusion HD cloning 
it ( Takara Bio Inc. ) . pYT155 was constructed to disrupt Pa ADE2 
 DDBJ accession number LC276897 ) and pYT161 was constructed 
o disrupt Pa LYS12 ( DDBJ accession number LC431700 ) ( Figure 2 a,
able S2 ) . Both ends of Pa URA3 contain regions −500 to −1 up-
tream of the target gene and are flanked by regions upstream 

nd downstream of the target gene. 

isruption of Pa ADE2 and Pa LYS12 of P. antarctica 
sing the protoplast-PEG method 

he DNA fragments for Pa ADE2 disruption were amplified 
sing pYT155 with KOD plus polymerase ( Toyobo Co., Ltd., Os- 
ka, Japan ) with primer sets PaADE2 −1000 and PaURA3 + 899c,
aURA3 + 400, and PaADE2 + 2887c listed in Table 2 . Simi- 
arly, DNA fragments for Pa LYS12 disruption were amplified 
rom pYT161 using primers PaLYS12-1000 and PaURA3 + 899c,
aURA3 + 400, and PaLYS12 + 2314c. Purified DNA fragments 
ere mixed with an equal volume of 2 × KTC ( 1.6 M KCl,
.1 M Tris-HCl [pH 7.5], and 0.1 M CaCl 2 ) for isotonization. P.
ntarctica was cultured in 2 mL of YM medium and then shaken 
t 150 strokes min −1 for 1 day. Then, 1 μL of preculture was trans-
erred to a 300 mL flask containing 30 mL of YM medium and cul- 
ivated while being shaken at 200 rev min −1 for approximately 
6 h until the optical density at 600 nm ( OD 660 ) reached 0.5-0.9.
ells were centrifuged and washed with protoplast buffer 
 0.5 M sodium tartrate in McIlvaine buffer, pH 6.0 ) . Cells were re- 
uspended in 3.5 mL of protoplast buffer containing 0.5% ( w/w ) 
estase ( Takara Bio Inc. ) and incubated with gentle shaking 
or 15 min at 30 °C. Protoplasts were harvested at 1000 × g and 
ashed twice with wash buffer ( 0.8 M KCl, 50 mM Tris-HCl [pH 

.5], and 50 m m CaCl 2 ) . Aliquots of protoplasts ( 2.5 × 10 6 cells/50 
L of KTC ) were mixed with 8 μL of isotonic DNA solution, and 
7.5 μL of PTC ( 60% PEG3350, 50 m m Tris-HCl [pH 7.5], and 50 m m
aCl 2 ) . After incubation for 20 min at room temperature, 700 μL 
f PTC was added, and the mixture was further incubated for 
0 min at room temperature. Finally, the cell suspension was 
ixed with 1 mL of 1 × KTC and immediately spread on an 
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Figure 1. Ultraviolet radiation tolerance of P. antarctica . Filled circle, P. antarctica ; 
empty circle, S.cerevisiae. 
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MS plate containing drop-out uracil amino acids and 2% agar.
he plates were incubated at 30 °C for several days. 

onfirmation of target gene disruption via HR 

he selection of transformants, in which DNA fragments were
nserted at designated positions on the chromosome, was car-
ied out via PCR using crude genomic DNA ( Lõoke, Kristjuhan
nd Kristjuhan 2011 ) . The sets of primers are listed in Table 2 .
ells growing on the YM medium were suspended in 50 μL of
ithium acetate solution ( 0.2 M lithium acetate, 0.1% sodium do-
ecyl sulfate [SDS] ) . After heating to 70 °C, the samples were im-
ediately cooled on ice for 5 min. The lysates were precipitated
ith 150 μL of 100% ethanol. The precipitates were dissolved in
0 μL of TE buffer ( 10 m m Tris-HCl, 1 m m EDTA, pH 8.0 ) and cen-
rifuged again to remove cell debris. The supernatants were sub-
ected to PCR as the template DNA. PCR was performed using
OD FX neo ( Toyobo Co., Ltd. ) with step-down and 3-step meth-
ds according to the manufacturer’s instructions. 

op-out of Pa URA3 

he resultant auxotrophic mutants Pa ade2 � or Pa lys12 �, estab-
ished in the pop-in step, were cultivated in 2 mL of YPD medium
or 24 h and harvested. After adjusting to an OD 600 of 1.0, 200 μL
f cell suspension was spread on FOA plates containing -Ura DO
upplement to select ura3 strains. The pop-out of Pa URA3 in the
esultant strain was confirmed via colony PCR, using the primers
isted in Table 2 . 

onfirmation of the auxotrophic phenotype 
f the generated cells 

trains were cultured in 2 mL of YM medium supplemented with
000 mg/L adenine sulfate, 30 mg/L lysine hydrochloride, and
000 mg/L uracil in test tubes for 16 h. After harvesting, the cells
ere washed twice with MM. A total of 2 μL of the cell suspen-
ion adjusted to OD 600 = 0.1 with MM were spotted on MM plates
nd MM plates supplemented with various nutrients. The plates
ere incubated at 30 °C for 2 days. 

omplementation of the auxotrophic phenotype 

a ADE2 , Pa LYS12, and Pa URA3 were amplified via PCR us-
ng the GB-4 ( 0 ) genome as a template, and the primer pairs
isted in Table 2 ( PaADE2 −500 and PaADE2 + 2390c for Pa ADE2,
aLYS −500F and PaLYS12 + 1777c for Pa LYS12 , and PaURA3 −500
nd PaURA3 + 1433c for Pa URA3 ) . Cell suspension of each aux-
trophic strain treated with 0.1 pmol of each amplified DNA frag-
ent using the protoplast-PEG method was diluted with 1 mL
f 1 × KTC and immediately spread over various MMS plates
hat were not supplemented with adenine, lysine, or uracil. The
lates were incubated at 30 °C for 3 days. The strain PGB800 was
lso transformed with three complementary genes at a time. 

enomic analysis of the triple auxotrophic 
train PGB800 

enomic DNA preparation was performed as previously de-
cribed ( Sameshima-Yamashita et al. 2019 ) . Briefly, strain PGB800
as cultivated in 30 mL of YM medium at 30 °C at 200 rev min −1 

or 16 h. Cells recovered from 30 mL of culture were incu-
ated in 10 mL of citrate buffer ( 150 m m KCl, 580 m m NaCl,
0 m m sodium citrate, pH5.5 ) containing 20 mg/mL glucanex
 Sigma-Aldrich ) at 30 °C for 2 h. The protoplasts were harvested
nd lysed with 1% SDS at 65 °C. The lysate was mixed with
.75 mL of 4 M potassium acetate, and the genomic DNA of the
upernatant was precipitated with 2-propanol. The recovered
enomic DNA was further purified using the cetyltrimethylam-
onium bromide ( CTAB ) method ( Richards et al. 1994 ) . 
The genomic DNA of PGB800 was sequenced using an Illu-

ina Novaseq6000 ( 150 base pairs [bp], paired-end ) and a PacBio
SII system ( Macrogen Japan Corp. Tokyo, Japan ) . Sequence sim-
larity was determined using the basic local alignment search
ool ( BLAST ) ( Altschul et al. 1997 ) . PacBio subreads showing sim-
larity ( BLAST score ≥50 ) to “pop-in” fragments of Pa ADE2 and
a LYS12 were extracted. Unitig sequences were generated with
he subreads extracted as a result of CANU assembly ( Koren et al.
017 ) to verify the precise excision of Pa ADE2 and Pa LYS12, as
xpected. Illumina reads were aligned on the GB-4 ( 0 ) genome
equence using Burrows-Wheeler Aligner ( BWA ) ( Li and Durbin
009 ) to examine unexpected deletions in the PGB800 genome.
he Illumina reads were also aligned using BWA to the vector
equence ( pAG25; Goldstein and McCusker 1999 ) to amplify the
op-in fragments and investigate the possible insertion of the
ector sequence into the PGB800 genome. 

esults and discussion 

V resistance of P. antarctica and the establishment 
f the Pa ura3 mutant via UV treatment 

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

The composition of the FOA medium used to select uracil-
uxotrophic P. antarctica strains was determined in a previous
tudy using the Pa URA3 disruptant ( strain Pa ura3 �:: natMX4 ) of
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Figure 2. Site-specific gene disruption of P. antarctica using the Pa URA3 marker recycling system. ( a ) Structures of pYT155 and pYT161 for the disruption of target genes 
( TGs ) using marker recycling system . ( b ) Homologous recombination via Pa URA3 pop-in disrupts the target site ( i ) . The cells are then transferred to the FOA medium in 

which only Pa URA3 pop-out cells can be grown ( ii ) . The Pa URA3 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 Pa URA3 sequence. 
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P. antarctica GB-4 ( 0 ) ( Yarimizu et al. 2017 ) . Strain GB-4 ( 0 ) grew on 
MM, but Pa ura3 �:: natMX4 did not. Strain Pa ura3 �:: natMX4 grew 

in a manner similar to strain GB-4 ( 0 ) when 1000 mg/L uracil was 
added to MM. The Pa ura3 �:: 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 Pa ura3 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 Pa URA3 fragment was named strain PGB045 ( Pa ura3 ) . The 
Pa URA3 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 uracil-auxotrophic mutant P. antarctica PGB045 was 
transformed separately with PCR-amplified fragments from 
lasmid pYT155/161. The upstream and downstream DNA frag- 
ents overlapped by Pa URA3 were simultaneously introduced 

 Figure 2 b, [i] ) . This method is reported to increase the efficiency 
f obtaining the correct transformant in Kluyveromyces lactis 
 Erdeniz, Mortensen and Rothstein 1997 ) and Aspergillus nidu- 
ans ( Nielsen et al. 2006 ) . After incubation on MMS containing 
O Supplement -Ura, 60 clones of each candidate Pa ADE2 or 
a LYS12 disruptant were transferred to MM and their auxotro- 
hy were examined; seven clones each failed to grow. Then, the 
enomic DNA of the selected seven candidates each was ex- 
racted and the site-specific insertion of the “pop-in” fragment 
ontaining Pa URA3 was confirmed via PCR ( Figure 3 a[i] ) . The 
redicted sizes of DNA fragments “b” and “c” ( Table 3 ) were am- 
lified successfully from the genomic DNA of the three strains.
esides the DNA fragment, which showed the size predicted 
sing the primer sets for DNA fragments ( “a” in Table 3 ) , several 
mplified bands were also detected. It was considered that −500 
o −1 upstream of the target gene located at both ends of the 
nserted Pa URA3 sequence inhibited the specific amplification 
y PCR. It was also considered that the “pop-out” of Pa URA3 
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Figure 3. Confirmation of Pa ADE2 and Pa LYS12 disruption. ( a ) Scheme to confirm target gene disruption by the introduction ( i ) and deletion ( ii ) of Pa URA3 using PCR. 
( b ) Confirmation of Pa ADE2 disruption and Pa URA3 deletion. ( c ) Confirmation of Pa LYS12 disruption and Pa URA3 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 ( Pa ura3 ) , host strain. PGB028 ( Pa ade2 �:: natMX4 ) and L1 ( Pa lys12 ) were 
used as controls. 
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ccurred spontaneously in the chromosomes of the “pop-in”
trains when they were cultured in a medium without selective
ressure. Therefore, three clones each that could “pop-in” cor- 
ectly were selected for the disruption of Pa ADE2 and Pa LYS12
ia HR, respectively. One each of them, PGB776 ( Pa ade2 �) and
GB781 ( Pa lys12 �) , were selected and designated ( Figures 3 b
nd c ) . 
Next, the “pop-out” of Pa URA3 in the “pop-in” strain was
ested ( Figure 2 b [ii] ) . Consequently, 42 and 11 FOA-resistant
trains were obtained from PGB776 and PGB781, respectively. Ge-
omic DNA of the selected six candidates on each auxotrophy
as extracted, and the site-specific deletion of Pa URA3 and the
arget gene ( ORF ) was confirmed via PCR ( Figure 3 a[ii] ) . The pre-
icted sizes of DNA fragments “a”, “b”, and “c,” which are listed
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Table 3. PCR product size for the confirmation of Pop-in/Pop-out 

Pa ADE2 

Primer set Strain ( template ) PCR fragment ( bp ) 

a. PaADE2 −1500 PGB045 4866 
PaADE2 + 3366c PGB776 5628 

PGB782 3000 
PGB785 4866 
PGB797 5628 
PGB800 3000 

b. PaADE2 −1500 PGB045 nd 
PaURA3 + 899c PGB776 3087 

PGB782 nd 
PGB785 nd 
PGB797 3087 
PGB800 nd 

c. PaURA3 + 1 PGB045 nd 
PaADE2 + 3366c PGB776 3455 

PGB782 nd 
PGB785 nd 
PGB797 3455 
PGB800 nd 

Pa LYS12 

Primer set Strain ( template ) PCR fragment ( bp ) 

a. PaLYS12 −1500 PGB045 4314 
PaLYS12 + 2814c PGB781 5628 

PGB785 3000 

b. PaLYS12 −1500 PGB045 nd 
PaURA3 + 899c PGB781 3087 

PGB785 nd 

c. PaURA3 + 1 PGB045 nd 
PaLYS12 + 2814c PGB781 3455 

PGB785 nd 

Nd, not amplified; bp, base pair. 

 

 

 

Figure 4. Construction of the triple auxotrophic mutant strain PGB800 and com- 

plementation of each gene. ( a ) Confirmation of Pa ADE2 disruption and Pa URA3 
deletion. ( b ) Growth of wild-type and mutants on MM plates supplemented var- 
ious nutrients. GB-4 ( 0 ) , wild-type strain; PGB785 ( Pa ura3 , Pa lys12 �) , host strain. 
PGB045 ( Pa ura3 ) , PGB028 ( Pa ade2 �:: natMX4 ) and L1 ( Pa lys12 ) were used as con- 

trols. ( c ) The complementation of adenine, lysine, and uracil auxotroph in strain 
PGB800. 
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in Table 3 , were amplified successfully from the genomic DNA of 
all tested strains. Thus, all tested FOA-resistant strains showed 
Pa URA3 deletion. One each of them, PGB782 ( Pa ura3 , Pa ade2 �) 
and PGB785 ( Pa ura3 , Pa lys12 �) , were selected and designated 
( Figures 3 b and c ) . The resulting strains showed no auxotrophic 
requirements, except for adenine or lysine and uracil ( Figure 3 d ) .
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 Pa ADE2 disruption using a marker recycling system 

was established in PGB785 ( Pa ura3 , Pa lys12 �) . In a previous study,
we found that P. antarctica cells with disrupted Pa ADE2 by the 
drug resistance gene exhibited a red color as the ADE2 disrup- 
tant of S. cerevisiae . After introducing the “pop-in” fragments 
for Pa ADE2 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 4 a ) .
Among them, one strain was selected and designated as PGB797 
 Pa ade2 �, Pa lys12 �) ( Figure 4 b ) . Subsequently, a “pop-out” of 
a URA3 was performed for PGB797 on the FOA medium. Among 
he 30 FOA-resistant strains obtained, genomic DNA of selected 
ix candidates was extracted, and the site-specific deletion of 
a URA3 and ORF was confirmed via PCR ( Figure 4 a ) . The DNA 

ragments were successfully amplified from the genomic DNA 

f all the tested strains. Among them, one strain was selected 
nd designated as PGB800 ( Pa ura3 , Pa ade2 �, and Pa lys12 �) . The
rowth of all strains on various media was checked and the re- 
ulting strains were found to have no auxotrophic requirements 
xcept for uracil, adenine, and lysine, as intended ( Figure 4 b ) .
his result demonstrates that the marker recycling system is 
n effective method for multiple gene disruptions in P. antarc- 
ica . 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 Pa ADE2 ( a ) and Pa LYS12 

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

xamination of the disruption of Pa ADE2 and Pa LYS12 
ia genome sequencing 

enome sequencing of PGB800 was performed to verify the
isruption of Pa ADE2 and Pa LYS12 via “pop-out,” as ex-
ected. PacBio sequencing generated 245870 subreads contain- 
ng 2520575215 bases. Illumina sequencing generated 21410410 
eads, containing 3232971910 bases. The PacBio subreads show-
ng similarity with “pop-in” fragments for Pa ADE2 and Pa LYS12
ere 722 and 1107, respectively. Pa ADE2 subreads were as-
embled into two unitigs. Pa LYS12 subreads were assembled
nto three unitigs with 13 unassembled subreads. The as-
embled sequences of Pa ADE2 and Pa LYS12 included sin-
le sequences carrying Pa ADE2 and Pa LYS12 , the ORFs of
hich were excised. The ORF excised sequences did not
how any other insertions or deletions except for excision
 Figure 5 ) . 

The remaining assembled and unassembled sequences were 
atched to the original genomic sequence. Therefore, we con-
luded that the “pop-out” occurred precisely. Any Illumina reads
ligned with the vector sequence used to amplify the “pop-in”
ragments were not detected. In addition, none of the PacBio
ubreads was similar to the vector sequence. Several genomic
egions of GB-4 ( 0 ) did not align with the Illumina reads; how-
ver, the uncovered genomic regions had corresponding PacBio
ubreads ( data not shown ) . Therefore, we concluded that PGB800
id not have any unexpected insertions of external sequences,
uch as vectors. 

In this study, we demonstrate a marker recycling system us-
ng the orotidine-5 ′ -phosphate decarboxylase gene functions in
he basidiomycetous yeast P. antarctica . The triple auxotrophic
train was constructed without the insertion of a foreign gene,
hich can be used as a host for self-cloning strains to mod-

fy their genes using complementary genes as transformation
arkers. 
Previously, we found that the xylanase promoter of P. antarc-

ica GB-4 ( 0 ) strongly induces xylanase gene expression in the
resence of xylose ( Watanabe et al. 2014 ) . The yeast Phichia pas-
oris is commonly used for the overexpression of recombinant
roteins using the methanol-inducible AOX1 promoter. How-
ver, because methanol is toxic and dangerous, adequate con-
rols for industrial mass production are required. On the other
and, xylose is abundant on Earth as a component of plant
emicellulose. In a high-yield protein production using P. antarc-
ica as a host, xylose is intended to be used as a substrate for the
ylanase promoter and a carbon source that can be safely used
n large-scale culture. 

The P. antarctica wild-type strain has previously been trans-
ormed using a DNA cassette containing a biodegradable plastic-
egrading enzyme ( PaE ) -encoding gene downstream of the xy-
anase promoter using a foreign drug resistance marker that
ecretes large amounts of PaE ( Watanabe et al. 2016 ) . In Japan, the
elf-cloned cells can be grown in a variety of existing facilities



URA3 recycling system in Pseudozyma antarctica 1039 

 

 

 

G

H

K

K

K
 

K

K

L

L

L

M

M

M

N

N
 

N

 

R
 

S

W

D
ow

nloaded from
 https://academ

ic.oup.com
/bbb/article/86/8/1031/6591565 by guest on 25 April 2024
that have already recouped capital expenditures, thus reduc- 
ing the enzyme production cost. The lysine-auxotrophic Pa lys12 
mutant that transforms the cassette using Pa LYS12 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 Pa URA3 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. 
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