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Abstract

An ideal inducible promoter presents inducibility with an inducer and no basal transcription without inducer. Previous stud-
ies have shown that P, ,; in Pichia pastoris is a strong rhamnose-inducible promoter for driving the industrial production
of recombinant proteins. However, another important profile of P, 43, the basal transcription, was not investigated yet. In
this study, the basal transcription of P, ,; was assessed according to the profiles of two test strains grown in media lacking
rhamnose: (1) the production of secretory -galactosidase in P. pastoris GS115/P; ,4;-LacB, in which lacB expression was
regulated by P; 45 and (2) growth in P. pastoris GS115/P;4;-MazF, in which the expression of mazF, which encodes an
intracellular toxic protein, was controlled by P, ;. Analyses revealed low p-galactosidase production and non-obviously
inhibited growth of the test strains, which suggests that there was a low basal transcription level of P;,; when rhamnose
was absent. Thus, P; »,; was an excellent candidate for genetic manipulation in P. pastoris due to its strict regulation, a strong
and a low transcriptional activity with and without rhamnose, respectively. Subsequently, two systems were developed based
on P; .5 1n P. pastoris: (1) an efficient markerless gene deletion system for single or multiple genes and (2) a high efficient
piggyBac transposase-mediated mutation system for investigating the functions of unknown genes, as well as for the screen-
ing of expected mutants.

Keywords Pichia pastoris - Rhamnose-inducible promoter - Basal transcription - Markerless gene deletion - Mutation
system

Introduction the transcription of target genes to be switched on or off in

the presence or absence of inducers (Meisner and Goldberg

The precise control of the expression levels of desired
genes is essential for basic biological research and bio-
technological applications. Inducible promoters allow for
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2016). Therefore, inducible promoters are widely used for
theoretical studies, as well as for the industrial production
of target proteins. A variety of inducible promoters, includ-
ing the methanol-inducible AOXI promoter from Pichia
pastoris (Unver et al. 2018; Zhao et al. 2018), rhamnose-
inducible rhaBAD promoter from E. coli (Meisner and
Goldberg 2016), galactose-inducible GAL promoter from
S. cerevisiae (Ahn et al. 2013), and nitrate-inducible nitA
promoter from R. rhodochrous (Herai et al. 2004), have been
used for the industrial production of desired proteins. Addi-
tionally, a variety of inducible promoters can be applied to
facilitate different types of molecular genetic manipulation:
for example, the control of specific gene expression levels
in metabolic engineering for improving the production of
target products (Da Silva and Srikrishnan 2012; Trassaert
et al. 2017), the development of markerless deletion sys-
tems (Yu et al. 2008; Luo et al. 2016), investigations of the
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connections between health and disease associated with gut
microbiota (Lim et al. 2017), and the improved tetracycline-
regulatable systems for conditional expression of genes in C.
albicans and C. tropicalis (Bijlani et al. 2018).

Typically, an ideal promoter should be completely
repressed in the absence of an inducer, as well as tunable to
different transcription levels using various concentrations of
an inducer (Rodriguez-Garcia et al. 2005). However, many
inducible promoters exhibit obvious levels of background
expression due to leaky expression and, as a result, target
proteins, especially growth-inhibited or toxic proteins, are
synthesized under non-inducible conditions and can result
in host growth defects or even cell death (Giacalone et al.
2006). Thus, it is important to use tightly regulated pro-
moters with low levels of leaky expression that enable host
strains to grow normally until induction to produce target
proteins, particularly when toxic proteins are produced
(Saida et al. 2006).

A previous study from our research group showed that
P, a3 1s a strong promoter that efficiently drives the produc-
tion of desired proteins in P. pastoris using thamnose as the
inducer (Liu et al. 2016; Yan et al. 2018). However, due to
leaky expression, the precise nature of the basal transcrip-
tion of P 545 has yet to be fully elucidated. Thus, the present
study evaluated the basal transcription profiles of P;p,; in
the absence of rhamnose induction. The results indicated
that P, ,,; exhibited low basal transcription levels and has
the potential for molecular genetic manipulation in P. pasto-
ris. Subsequently, based on P, 43, a markerless gene deletion
system and a mutation system were developed in P. pastoris.
The two systems were highly efficient and may be excellent
tools for molecular genetic manipulation in P. pastoris.

Materials and methods
Strains and media

The present study used E. coli Trans1-T1 (TransGen; Bei-
jing, China) as the gene cloning host, P. pastoris GS115
(Invitrogen; Carlsbad, CA, USA) as the expression host,
and the pEasy-Blunt Simple Cloning Vector (TransGen).
The plasmids (pGHO1, pGHLRA3, and pGHGAP/gfp) and
lacB-expressing strains (P. pastoris GS115/P;,,;-LacB, P.
pastoris GS115/P,,x;-LacB, and P. pastoris GS115/P g, p-
LacB) used in the present study have been described previ-
ously (Liu et al. 2016).

The MD, MR, and MM media contained 300 mM potas-
sium phosphate, 1.34% YNB, 0.00004% biotin, and either
2% dextrose for MD, 2% rhamnose for MR or 1% (v/v)
methanol, which was added every day, for MM.

The MDH, MRH, and MMH media contained 300 mM
potassium phosphate, 1.34% YNB, 0.00004% biotin, 0.004%
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histidine, and either 2% dextrose for MDH, 2% rhamnose
for MRH, or 1% (v/v) methanol, which were added every
day, for MMH.

The YPR, YPD and YPM media contained 1% yeast
extract and 2% peptone, and either 2% rhamnose for YPR,
2% dextrose for YPD, or 1% (v/v) methanol, which were
added every day, for YPM.

The MDH medium was supplemented with leucine to a
final concentration of 0.004% for preparation of the MDHL
medium. The MDH, MRH and YPD media were supple-
mented with Zeocin to a final concentration of 100 pg/ml for
preparation of the MDHZ, MRHZ and YPDZ media, respec-
tively. To prepare the solid media, agar was supplemented
into the above-mentioned media to a final concentration of
2% (WIv).

The primers used in this study are listed in Supplemen-
tary Table S1.

Determination of lacB expression
and B-galactosidase activity

The single colonies of different recombinant Pichia strains
(P. pastoris GS115/P;p,3-LacB, P. pastoris GS115/P ;-
LacB, and P. pastoris GS115/P;,p-LacB with P. pastoris
GS115 as a control strain) was inoculated into the YPD
medium and cultured at 28 °C for 36 h while shaking
(200 rpm). Next, the cultures were inoculated at 0.1% (v/v)
into fresh MDH, MMH, YPD, and YPM media, respectively,
and then cultured at 28 °C while shaking. The cultures were
sampled at 12-h intervals to determine [-galactosidase
activity in the fermentation supernatants using the follow-
ing procedure.

First, 800 pl of 0.25% (w/v) ortho-nitrophenyl-f-
galactoside (oNPQG) in phosphate—citrate buffer (50 mM,
pH 5.2) was pre-incubated at 60 °C for 5 min. Then, 200 ul
of enzyme solution was added and incubated at 60 °C for
15 min. Next, 1 ml of 10% trichloroacetic acid and 2 ml of
1 M Na,COj; were sequentially added into the mixture to
stop this reaction for the chromogenic reaction, and absorb-
ance was measured at 420 nm. One unit of p-galactosidase
was defined as the amount of enzyme that released 1 pmol
of o-nitrophenol per minute under standard conditions (pH
5.2, 60 °C, 15 min).

Construction and growth profiles of P. pastoris
harboring P,;,;-MazF

Genomic DNA from P. pastoris was isolated using the
TIANamp Yeast DNA Kit (Tiangen), and the left and right
homologous DNA fragments of the sorbitol dehydrogenase
gene (sdh) were cloned from the genomic DNA by two pairs
of primers, sdh-F1/sdh-R1 and sdh-F2/sdh-R2, respectively.
The two DNA fragments were fused into a single DNA
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fragment named “SDH” via overlap-extension polymerase
chain reaction (PCR) with the primers sdh-F1 and sdh-R2.
The SDH DNA fragment was ligated into the pEasy-Blunt
Simple Cloning Vector to generate plasmid pPICSO01, which
could be digested by SnaB I due to the introduction of an
additional restriction enzyme site for the insertion of a DNA
fragment between the left and right homologous recombi-
nant DNA fragments.

The toxic endoribonuclease MazF belonged to the mem-
bers of Type II toxin—antitoxin systems from E. coli (Berg-
hoff and Wagner 2017), and was used to assess the basal
transcription level of P;,,;. The nucleotide sequence of
the coding region of mazF (https://www.ncbi.nlm.nih.gov/
gene/947252) was cloned from E. coli IM109. Next, mazF
was ligated into plasmid pGHLRAS3 via two restriction
enzyme sites, EcoR I and Not I, which generated the mazF
expression cassette in which mazF expression was controlled
by P, 43 as the promoter and AOXITT as the terminator.
Simultaneously, the zeocin expression cassette was ampli-
fied from plasmid pPICZA by PCR with a pair of primers,
Zeocin-F and Zeocin-R. Subsequently, a tandem expression
cassette (mazF—zeocin) containing the mazF expression cas-
sette and the zeocin expression cassette was constructed via
overlap-extension PCR and inserted into plasmid pPICS01
at the restriction enzyme site of SnaB I to generate plasmid
pPICSmazF-zeo. After linearization with Swa I, the plasmid
was introduced into P. pastoris GS115 via electroporation
and the tandem expression cassette mazF—zeocin was inte-
grated into chromosomal DNA at the sdh locus. The positive
transformants, which were designated as P. pastoris GS115/
P, raz-MazF, were screened onto YPD with Zeocin (100 pg/
ml) and then identified using PCR.

Pichia pastoris GS115/P;p43;-MazF, along with P. pas-
toris GS115 and P. pastoris GS115/P;,,3-LacB as control
strains, was independently cultured in YPD at 28 °C for 48 h
while shaking (200 rpm). Optical density at 600 nm (ODg,)
was measured in the cultures and adjusted to the same value
using sterile water. Next, the cultures were inoculated at
0.1% (v/v) using fresh MDH and MRH media, respectively,
and cultured at 28 °C while shaking. The cultures were sam-
pled at 12-h intervals to determine ODgy,.

Markerless gene deletion plasmid pHISABCZ-mazF

For the markerless deletion of his4, a 1.2-kb left homolo-
gous sequence (A) and a 0.6-kb right homologous sequence
(C) were amplified from chromosomal DNA via PCR with
the following pairs of primers: his4A-F/his4A-R and his4C-
F/his4C-R, respectively; there was a 29-bp overlap between
his4A-R and his4C-F. Then, two restriction enzyme sites,
Pme 1 and SnaB 1, were introduced and DNA fragments A
and C were fused into a single DNA fragment designated
as HIS4AC, which was ligated into the pEasy-Blunt Simple

Cloning Vector to generate plasmid pHISACO1. Addition-
ally, a 0.6-kb DNA fragment (B) upstream of the 3’ end of
DNA fragment A was amplified from chromosomal DNA
via PCR and inserted into plasmid pHISACO1 at restriction
site SnaB 1 to develop plasmid pHISABCO1. Finally, the
mazF-zeocin expression cassette was inserted into pHIS-
ABCO1 at restriction site Pme I to generate the markerless
deletion plasmid pHISABCZ-mazF.

Construction and identification of markerless gene
deletion strains

After linearization with Swa I, plasmid pHISABCZ-mazF
was introduced into P. pastoris GS115 and integrated into
chromosomal DNA at the his4 locus. The positive transfor-
mants, designated as P. pastoris GS115/his4Z-mazF, were
screened onto YPDZ and then identified using PCR.
Pichia pastoris GS115/his4Z-mazF was inoculated into
YPD and incubated at 28 °C for 36 h while shaking. The
cultures were then inoculated into the YPD and YPR media
at 0.1% (v/v) each and grown at 28 °C while shaking. The
ODyy, values of the cultures were measured at 12-h inter-
vals. Simultaneously, the cultures were each diluted with
sterile water and plated onto solid YPD medium until single
colonies occurred. Approximately 100 single colonies were
transferred onto each of the YPD and YPDZ media, and the
number of big colonies on the YPD medium and number of
small colonies on the YPDZ medium were counted. PCR
was performed using chromosomal DNA from the cells of
small colonies as templates, and then the PCR products were
sequenced to assay whether the target gene was deleted.

Construction of plasmid p53TRZ/P,,;-PB

A DNA fragment containing the inverted terminal repeats of
piggyBac (5TR/3TR) recognized by piggyBac transposase
(GenBank: EF587698.1) and multiple cloning sites (MCS)
was synthesized (Table S2). The DNA fragment was inserted
into the pEasy-Blunt Simple Cloning Vector to generate the
plasmid p53TR. Then, the zeocin expression cassette was
cloned from plasmid pPICZA and inserted into plasmid
p53TR at restriction enzyme site Pme I to develop plasmid
p53TRZ.

The sequence of piggyBac encoding PB was synthesized
by GenScript Biotech Corp in Nanjing, China. Then, pig-
gyBac was inserted into plasmid pGHLRA3 via EcoR I and
Not 1 to generate the resultant plasmid pGHLRA3/P; 545~
PB, in which piggyBac expression was under the control of
P; a3 Plasmid pGHLRA3/P, ;,;-PB was digested by Asc I
and Pac I and the DNA fragment containing piggyBac was
ligated into plasmid p53TRZ after the digestion of Asc I and
Pac I to generate the plasmid pS3TRZ/P, p,;-PB.
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Development of the leucine-deficient strain P.
pastoris GS115/leu2T

The expression cassette of leu2 was amplified from the
genomic DNA of P. pastoris cells by PCR with the following
two pairs of primers: leu2-F1/leu2-R1and leu2-F2/leu2-R2.
Using the above two PCR products and plasmid pS3TRZ/
P;ras-PB as the templates and leu2-F1 and leu2-R2 as the
primers for overlap-extension PCR, the PCR products were
introduced into P. pastoris GS115 and then integrated into
the leu2 locus via homologous recombination to develop
the strain P. pastoris GS115/leu2T. This resultant strain,
P. pastoris GS115/leu2T, was deficient in leu2 due to the
insertion of an exogenous DNA fragment into the coding
sequence (CDS) of leu2 and could not survive in leucine-
deficient medium.

Mutation library of P. pastoris GS115

Pichia pastoris GS115/leu2T was grown into YPR or MRH
media and produced PB following rhamnose induction at
P; ra3- Once PB was expressed, the exogenous DNA frag-
ment would move from the /eu2 locus with four nucleotides
(TTAA) remaining. These four nucleotides and two other
nucleotides (GC) introduced into PCR primers in turn intro-
duced two additional codons into the CDS of leu2. The strain
designated as P. pastoris GS115/leu2m would then present
with leucine-autotrophic growth. Subsequently, exogenous
DNA would lose or insert into other TTAA sites, thereby
mutating P. pastoris GS115; the mutants could be screened
onto MDHZ or MRHZ media.

gfp expression and assays of green fluorescence
intensity

Green fluorescent protein (GFP) gene gfp was obtained from
plasmid pGHGAP/gfp via restriction enzymes EcoR I and
Not 1, and then was inserted into plasmid pPIC3.5 digested
by EcoR I and Not I to develop plasmid pPIC3.5/gfp. Plas-
mid pPIC3.5/gfp after linearization with Bg/ II was, respec-
tively, introduced into P. pastoris GS115 and P. pastoris
GS115/leu2T to develop strains P. pastoris GS115/P ;-
GFP and P. pastoris GS115/ leu2T/P 4,x,;-GFP in which
expression of gfp was regulated by P,y;. Strain P. pastoris
GS115/P;4p-GFP in which gfp expression was controlled
by the strong constitute promoter P, was used a positive
control.

The above three strains, P. pastoris GS115/P 4,x,-GFP, P.
pastoris GS115/leu2T/P ,x;-GFP, and P. pastoris GS115/
P, ra3-GFP, were inoculated into the YPD medium and cul-
tured at 28 °C for 36 h while shaking (200 rpm). Next, the
cultures were inoculated at 0.1% (v/v) into fresh MRHZ
media, respectively, and then cultured at 28 °C while shaking
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to ODg, reaching to ~2.0. Green fluorescence intensities
from ~ 1,000,000 cells from each culture were monitored by
cell analyzer (BD LSRFortessa).

Results

LacB expression profiles of P. pastoris G5115/
P,ra3-LacB under non-inducible conditions

Although P;z,; can be activated to efficiently drive the
expression of target genes via induction with rhamnose (Liu
et al. 2016; Yang et al. 2018), its basal transcription level has
yet to be fully elucidated. Thus, to investigate the basal tran-
scription level of P43, the P. pastoris GS115/P; ,;-LacB
strain, in which lacB expression was controlled by P; 43,
was developed. p-Galactosidase encoded by lacB can be
secreted into the fermentation supernatants of cultures and,
therefore, f-galactosidase activities can be used as an index
of the transcription levels of P, , ;. Thus, the basal transcrip-
tion level of P; 43 was preliminarily assayed according to
B-galactosidase activity in the fermentation supernatants of
P. pastoris GS115/P;z,;-LacB grown under non-inducible
conditions. Simultaneously, the P. pastoris GS115/P ,,y;-
LacB and P. pastoris GS115/P,p-LacB strains, in which
lacB expression levels were controlled by P,.y; and P, p,
respectively, were used as the controls.

The three strains, P. pastoris GS115/P;,,;-LacB, P. pas-
toris GS115/P ox;-LacB, and P. pastoris GS115/P;,p-LacB,
were grown in non-inducible glucose-containing YPD and
MD media and p-galactosidase activity in the fermentation
supernatants was determined at various intervals (Fig. 1a,
b). Very little p-galactosidase activity was detected in the
fermentation supernatants of P. pastoris GS115/P;,;-LacB
and P. pastoris GS115/P,y,-LacB. When estimated accord-
ing to the specific activity of f-galactosidase (575 U/mg),
the maximal amounts of p-galactosidase produced for P.
pastoris GS115/P; p,s-LacB and P. pastoris GS115/P 4,x;-
LacB were 0.1 pg/ml and 0.017 pg/ml, respectively, in the
YPD medium and 0.17 pg/ml and 0.012 pg/ml, respectively,
in the MD medium. In the YPR and MR media contain-
ing inducible rhamnose, p-galactosidase production in the
fermentation supernatants of P. pastoris GS115/P;,,;-LacB
reached approximately 34.8 ug/ml and 17.4 ug/ml, respec-
tively. Thus, P; 4z; exhibited low basal transcription levels
under non-inducible conditions.

Methanol is the most commonly used inducer for the pro-
duction of heterologous proteins in P. pastoris; therefore, the
basal transcription profiles of P; 43 in methanol-containing
YPM and MM media were also investigated. The maximal
[-galactosidase production levels in the fermentation super-
natants of P. pastoris GS115/P; p,;-LacB cultured in YPM
and MM media were approximately 0.17 pg/ml and 0.06 pg/
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Fig. 1 Basal transcription assay of P, ,; according to f-galactosidase
activities in the fermentation supernatants in P. pastoris GS115/
P, raz-LacB grown in YPD (a), MD (b), YPM (c), MM (d). Meth-
anol-inducible promoter P,,y; and constitute strong promoter Pg,p
were used as the controls. P. pastoris GS115/P;,;-LacB, P. pasto-

ml, respectively (Fig. 1c, d). The control strains P. pastoris
GS115/P,,x;-LacB and P. pastoris GS115/P,p-LacB pro-
duced massive amounts of B-galactosidase in the fermenta-
tion supernatants of the cultures (Fig. 1c, d). Taken together,
these results suggest that P, », ; had a low leaky transcription
profile when methanol was used as the main carbon. Further-
more, P; p4; was tightly regulated by rhamnose and exhibited
relatively low basal transcription levels under non-inducible
conditions even though it was less tightly regulated than the
well-known methanol-inducible promoter P, y;.

Growth profiles of P. pastoris GS115/P,,;-MazF

A secretory protein, -galactosidase, was used as the
reporter to indicate the basal transcription of P ,,;. Secre-
tory proteins might not be fully secreted into the fermenta-
tion supernatants of cultures and non-secretory compart-
ments are resident in cells; as a result, B-galactosidase
activities in fermentation supernatants might not accu-
rately reflect the basal transcription levels of P;4;. To
account for this possibility, the non-secretory protein
MazF was used as an additional reporter for assay of the
basal transcription levels of P;,;. MazF is encoded by
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ris GS115/P,ox;-LacB and P. pastoris GS115/Pg,p-LacB were the
strains in which expression of lacB was under control of P, 43, P,ox;
and P, p, respectively. Each test was performed in triplicates, and the
results are presented as means + SD of three replicates

mazF, which is a sequence-specific endoribonuclease that
can inhibit protein synthesis and lead to cell death. Theo-
retically, the growth profiles of P. pastoris GS115/Pp, ;-
mazF, in which mazF expression is regulated by P;z,;
would be closely related to the production of MazF. Due
to the massive production of MazF that arises from rham-
nose induction at P; g3, P. pastoris GS115/P; 5, -mazF
could not survive in the YPR and MRH media containing
rhamnose as a carbon source. When inoculated into YPD
and MDH media containing glucose as the carbon source,
P. pastoris GS115/P; p,;-MazF grew normally if P, ,,; was
tightly regulated by rhamnose, and died if P, ,; exhibited
some degree of basal transcription.

Several experiments were performed to determine if the
above assumptions were correct. P. pastoris GS115/P; ;-
MazF and two control strains, P. pastoris GS115 and P. pas-
toris GS115/P;x4;-LacB, grew well on the YPD and MDH
media (Fig. 2a, c), which indicated that the growth of P.
pastoris GS115/P;p,;-MazF was not inhibited by low or
trace amounts of MazF due to the low basal transcription of
P; ra3- When inoculated into rhamnose-containing YPR and
MRH media, P. pastoris GS115/P; p43-MazF did not survive
due to the massive production of MazF following rhamnose
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Fig.2 Growth profiles of P. pastoris GS115/P;4;-MazF grown on/
in YPD (a), YPR (b), MDH (c), MRH (d), liquid MDH (e), liquid
MRH (f). P. pastoris GS115 and P. pastoris GS115/P;,;-LacB were
used as the control strains. a, b and c in A, B, C, and D represented

induction. The control strains P. pastoris GS115 and P. pas-
toris GS115/P; g4 3-lacB grew normally on all media (Fig. 2b,
d).

The growth profiles were further confirmed by deter-
mining cell growth in liquid media. In MDH, P. pastoris
GS115/P; p43-MazF was able to grow, but at a relatively
slower rate than P. pastoris GS115 and P. pastoris GS115/
P, ra;-LacB (Fig. 2e); this indicated that the low produc-
tion of MazF due to the basal transcription of P, ,,; weakly
inhibited the growth of P. pastoris GS115//P;p,;-MazF. On
the other hand, in MRH, P. pastoris GS115/P;g,;-mazF
was completely inhibited by the severe toxicity of massive
MazF production arising from rhamnose induction at P; z,;
(Fig. 2f). Taken together, these results further indicated that
P; r43 exhibited low basal transcription levels in the absence
of rhamnose.
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the strains P. pastoris GS115, P. pastoris GS115/P;,5-LacB, and P.
pastoris GS115/P; x4 ;-MazF, respectively. Each test was performed in
triplicates, and the results are presented as means+ SD of three repli-
cates

Markerless gene deletion system based on P,

Due to the advantages of P;,;, which include an almost
complete attenuation of transcription in the absence of rham-
nose and the maintenance of high transcription activity in
the presence of rhamnose, it can be a useful tool for genetic
manipulation. Thus, a markerless gene deletion system based
on P;,; was developed in the present study (Fig. 3); six
steps were involved in the deletion of a single gene. First,
homologous fragment A and homologous fragment C were
fused via overlap-PCR and two restriction enzyme sites,
Pme I and SnaB 1, were introduced. Second, the DNA frag-
ment B, and the expression cassette mazF—zeocin, were
inserted into the SnaB I and Pme I restriction enzyme sites,
respectively. Third, homologous recombination occurred
between the DNA fragment and the chromosomal DNA via
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Fig.3 Schematic diagram of a markerless deletion system in P. pastoris GS115

fragment A and fragment C after introduction of the result-
ant DNA fragment into P. pastoris GS115 cells. Fourth,
the positive recombinant strain, which was designated as
P. pastoris GS115-MZ, was isolated with YPDZ and then
verified by PCR. Fifth, a second recombination between the
two repeats of fragment B led to deletion of the expression
cassette mazF—zeocin. Cells without the expression cassette
mazF-zeocin grew normally and were enriched in rham-
nose-containing YPR medium.

Markerless gene deletion of his4

To evaluate the usefulness and efficiency of this gene dele-
tion system, a his4 deletion procedure was performed.
First, a markerless deletion plasmid, pHISABCZ-mazF,
was constructed for his4 and the expression cassette
mazF-zeocin was integrated into chromosomal DNA at
the his4 locus after its introduction into P. pastoris GS115.
The positive transformant, which was designated as P.

pastoris GS115/his4Z—mazF, was then screened onto YPDZ
medium. A single colony of P. pastoris GS115/his4Z-mazF
was inoculated into a YPD medium and grown at 28 °C
for 48 h while shaking. The cultures were then inoculated
into YPD and YPR media at 0.1% (v/v). The ODgy, values
of cultures in the YPD and YPR media were determined
simultaneously.

When P. pastoris GS115/his4Z—mazF was grown in YPD,
the ODg, of the cultures increased rapidly to 9.0 at 36 h
(Fig. 4a). Only trace amounts of MazF were produced due to
the low basal transcription of P;z,; in YPD and the growth
of P. pastoris GS115/his4Z—mazF was slightly inhibited.
On the contrary, the ODg, of the cultures slowly increased
when P. pastoris GS115/his4Z-mazF was grown in YPR and
reached 0.213 at 36 h (Fig. 4a). This might have been due
to the massive production of MazF following the induction
of thamnose in YPR, which severely inhibited the growth
of P. pastoris GS115/his4Z—mazF. Only the cells that abol-
ished the expression cassette mazF—zeocin by homologous
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Fig.4 Markerless deletion of his4 in P. pastoris GS115. a Growth
profiles of P. pastoris GS115/his4Z-MazF grown in YPD and YPR.
b Growth profiles of sub-cultures of P. pastoris GS115/his4Z—MazF
grown in YPD on YPD (a) and YPDZ (b); growth profiles of sub-
cultures of P. pastoris GS115/his4Z-mazF grown in YPR on YPD
(¢) and YPDZ (d). ¢ Strain verification via PCR. PCR products for

recombination of the two repeats of fragment B could sur-
vive and grow in YPR. The ODyy, of cultures in YPD and
YPR at the final incubation of 84 h were similar to previous
values.

Theoretically, almost all cells from the cultures of P. pas-
toris GS115/his4Z—mazF grown in YPD and YPR should
be Zeocin-resistant and Zeocin-sensitive, respectively. As
expected, all of the cells collected from the sub-cultures
of P. pastoris GS115/his4Z-mazF grown in YPD formed
big colonies on YPD and YPDZ (Fig. 4ba, b), which
indicates that homologous recombination did not occur
between the two repeats of fragment B; thus, the expression
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wild-type strain, recombinant strain P. pastoris GS115-MZ, and his4-
deleted strain were ~4.38 kb, ~4.46 kb, and ~1.7 kb, respectively.
Lanes 1-6, 7-12, strains from big and small colonies on YPDZ,
respectively; lane 13, wild-type strain P. pastoris GS115; lane M,
DNA marker. d Nucleotide assay in his4-deleted strain by DNA
sequencing

cassette mazF—zeocin was not deleted. On the other hand,
all of the cells collected from the sub-cultures of P. pas-
toris GS115/his4Z-mazF inoculated into YPR formed big
colonies on YPD (Fig. 4bc) and small colonies on YPDZ
(Fig. 4bd). These small colonies on YPDZ might have
formed from mazF—zeocin-deleted cells and were designated
as P. pastoris GS115/hisKO.

To verify these results, DNA fragments containing
his4 were amplified using chromosomal DNA from cells
in six big colonies and six small colonies that were ran-
domly selected from YPDZ. The PCR products were of the
expected size: 4.38 kb for the wild-type strain, 4.46 kb for
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the recombinant strain of P. pastoris GS115/his4Z-mazF,
and 1.7 kb for the P. pastoris GS115/hisKO strain (Fig. 4c¢).
The PCR products that responded to the his4-deleted strains
were sequenced (Fig. 4d), which revealed that his4 and the
expression cassette mazF—zeocin were deleted with four
nucleotides (GTAG) remaining as the deletion scar. Three
nucleotides (GTA) comprised the right part of the recogni-
tion sequence 5-TACGTA-3' for SnaB I, while the fourth
nucleotide (G) was introduced after the recognition sequence
of SnaB 1 in the primers (his4A-R and his4C-F). In fact, the
fourth nucleotide (G) was not necessary and could not be
introduced into the primers; i.e., this system exhibited high
efficiency in realizing markerless gene deletion as well as
scarless gene deletion, as only three nucleotides remained.
To further verify the validity of this system, a leu2
knockout was carried out. The construction of a deletion
plasmid pPLEU2ABCZ-mazF harboring the expression cas-
sette mazF—zeocin was similar to that of pHISABCZ-mazF.
The expression cassette mazF—zeocin was introduced into
P. pastoris GS115/hisKO and then integrated at the leu2
locus. The transformants screened onto YPDZ were primar-
ily formed by a single step of double-crossover recombi-
nation via the left and right homologous arms of leu2. A
total of 400-800 transformants per microgram of plasmid

occurred and the frequency of positive transformants that
could not grow on MDH was relatively high, reaching 84%
(42/50; Fig. 5a). The selective markerless strains obtained
a frequency of nearly 100% after the positive transformants
were grown in YPR, which was verified using PCR. The
expected sizes of the PCR products were as follows: ~3.0 kb
for the wild-type strain, ~ 3.8 kb for transformants harboring
the expression cassette mazF-zeocin, and ~ 1.6 kb for the
leu2-deleted strain (Fig. 5b).

Mutation strategy based on P,;,; and PB

Transposon insertional mutagenesis has been widely applied
to investigate gene function and screen for expected mutants
(Barquist et al. 2013). Recently, it was reported that the pig-
gyBac transposon under control of the repressible MET3
promoter is effective in P. pastoris (Zhu et al. 2018). Com-
pared to repressible promoters, inducible promoters are
advantageous in that they promote the precise expression of
a target gene. Thus, in the present study, P, ,; was applied
to regulate piggyBac expression for the construction of a
mutation library of P. pastoris (Fig. 6a).

For the mutant library construction, two nucleotides
(G and C), an exogenous DNA fragment containing the

Fig.5 Markerless deletion of leu2 in P. pastoris GS115/hisKO. a
Growth profiles of sub-cultures of transformants grown on YPDZ and
MDH. Positive transformants could grew on YPDZ instead of MDH
due to leu2 disruption. b Strain verification by PCR. The PCR prod-

ucts were ~3.0 kb for the wild-type strain, ~3.8 kb for transformants
harboring the expression cassette mazF—zeocin, and ~1.6 kb for the
leu2-deleted strain
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Fig.6 Mutation system based on P;,,; regulating PB expression. a
Schematic diagram of mutation system in P. pastoris. b Growth pro-
files of different strains on media MDHL and MDH. GS115, P. pasto-

PB-recognizing sequence (PB/5STR and PB/3TR), a selec-
tive marker (zeocin), and piggyBac (the expression of
which was under the control of P;,;) were introduced
into the CDS of leu2 via overlap-extension PCR to build
the DNA fragment leu2T. The leu2T fragment was then
introduced into P. pastoris GS115 and integrated into the
leu2 locus via homologous recombination. Due to the leu2

@ Springer

ris GS115; GS115/1eu2T, P. pastoris GS115/leu2T; GS115/leu2m, P.
pastoris GS115/leu2m. ¢ Nucleotide assay of leu2 locus in P. pastoris
GS115/leu2m by DNA sequencing

disruption, P. pastoris GS115 cells harboring leu2T, which
were designated as P. pastoris GS115/leu2T, could survive
on a leucine-supplemented MDHL medium instead of an
MDH medium. When P. pastoris GS115/leu2T was grown
in rhamnose-containing media, such as MRH and YPR,
piggyBac was intensively expressed. The exogenous DNA
fragment in P. pastoris GS115/leu2T could be excised
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from the CDS of leu2 with four nucleotides (TTAA)
remaining. As a result, six nucleotides (GTTAAC) were
introduced into the CDS of leu2 to generate the modi-
fied version of leu2, which was termed leu2m. The leu2m
gene could encode functional proteins involved in leucine
biosynthesis and the P. pastoris GS115/leu2m strain could
survive in the MDH medium. As expected, the P. pasto-
ris GS115/leuT strain could not grow on MDH medium
but did grow on MDHL medium, whereas the P. pastoris
GS115 and P. pastoris GS115/leu2m strains grew well on
both media (Fig. 6b). DNA sequencing analyses further
verified that the exogenous DNA fragment in P. pastoris
GS115/leu2T was precisely excised from the leu2 locus
with two artificially introduced nucleotides in primers (G
and C) and four nucleotides (TTAA) remaining (Fig. 6¢).

When the P. pastoris GS115/leu2T strain was cultured
in a YPR or MRH medium, the exogenous DNA fragment
could be excised from the leu2 locus with two resulting pos-
sibilities for the exogenous DNA fragment: reinsertion into
a new genomic locus of TTAA or loss during/after cell divi-
sion. The mutation occurred only when the exogenous DNA
fragment was reinserted into another locus of TTAA and the
mutants could be screened onto MDH medium with Zeocin
(100 pg/ml). To determine the frequency of excision and
reinsertion of the exogenous DNA fragment from the /leu2
locus when P. pastoris GS115/leu2T was cultured in MRH,
the colony-forming units (CFU) on the YPD, MDH, and
MDHZ were assessed. The colonies on YPD were formed
from all living cells, the colonies on MDH were formed from
all cells in which the exogenous DNA fragment was excised
from leu2, and the colonies on MDHZ were formed from
cells in which the exogenous DNA fragment was excised
from leu2 and then reinserted into another locus of TTAA.
Based on the CFU number (Fig. 7), the excision frequency
of the exogenous DNA fragment from the leu2 locus was
61.3% and the reinsertion frequency of the exogenous DNA
fragment was 12.01%. These results indicate that this system

was highly efficient for producing mutations in Pichia and
may be an excellent tool to establish a mutant library.

Screening of rhamnose repression-resistant
mutants

As a carbon source, rhamnose is preferred over methanol
in P. pastoris, and methanol utilization is repressed in the
presence of thamnose. P,y; was not activated in rhamnose-
containing media, such as YPR and MR, and P. pastoris
GS115/P,yy,;-GFP did not express GFP using rhamnose as
a sole carbon source. To investigate mechanism of rham-
nose repression, it was essential to isolate rhamnose repres-
sion-resistant mutants. To isolate these mutants, P. pastoris
GS115/1eu2T/P,x;-GFP was thereby developed from P.
pastoris GS115/P 4 x;-GFP. When P. pastoris GS115/leu2T/
P,ox;-GFP was grown in MRHZ medium, mutants occurred
due to excision and subsequent insertion into other TTAA
locus of the exogenous DNA fragment. The mutants
expressed GFP which was under control of P,,y; were con-
sidered as rhamnose repression-resistant mutants. Analyzing
genomes of these mutants would provided some insights into
rhamnose repression and into designing P. pastoris GS115
with rhamnose or other carbon sources instead of flammable
and hazardous methanol as the inducers to activate P, y;.
~ 1,000,000 cells from each culture of P. pastoris GS115/
P,ox;-GFP grown in MRH, P. pastoris GS115/leu2T/P ,x;-
GFP grown in MRHZ, and P. pastoris GS115/P, p-GFP
grown in MRH were analyzed. P. pastoris GS115/P,ox;-
GFP was used as the negative control, and the gate without
green fluorescence signal was drawn as P1 gate. Similarly, P.
pastoris GS115/P, p-GFP was used as the positive control,
the area with stronger green fluorescence signal as P2 gate.
Only two cells from P. pastoris GS115/P 4,x;-GFP cultures
fell into P1 gate, and no cells fell into P2 gate (Fig. 8a).
As for P. pastoris GS115/P;4p-GFP, 92.2% and 30.9% of
cells were in P1 and P2 gates, respectively (Fig. 8b). When

Fig.7 CFU on different media when P. pastoris GS115/leu2T was cultured in MRH. 100 ul of cultures after dilution with 10°-fold, 10*-fold and

10*-fold, respectively, were inoculated on YPD, MDH and MDHZ
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Fig.8 Green fluorescent intensity of ~ 1,000,000 cells from each cul- »

tures of the following strains. a P. pastoris GS115/P,,x,-GFP, b P.
pastoris GS115/P;,p-GFP, ¢ P. pastoris GS115/leu2T/P ,,x;-GFP.
Percentages of cells falling in each gate were indicated

P. pastoris GS115/1eu2T/P ,,x;-GFP was grown in selec-
tive medium MRHZ, only mutants could survive. Thus,
~ 1,000,000 cells from P. pastoris GS115/leu2T/P ,,x,-GFP
cultures were the mutant cells. It was shown that 0.055% and
0.009% of these mutant cells occurred in P1 and P2 gates,
respectively (Fig. 8c). To avoid false positive samples, cells
in P2 gate rather than P1 were considered as the positive
mutants, the rhamnose repression-resistant mutants. These
mutants were sorted, and some would be verified by genome
sequencing to identify the mutation sites. The results further
indicated that the developed mutation strategies were highly
efficient to screen expected mutants and to investigate func-
tions of specific genes.

Discussion

Inducible promoters are useful tools for controlling the
expression of target genes; moreover, tightly regulated pro-
moters are critical to achieve a massive yield of recombinant
proteins and stability in engineered strains (McCutcheon
et al. 2018; Rosano and Ceccarelli 2014). However, many
inducible promoters are disadvantageous due to high basal
expression levels; as a result, a variety of strategies have
been adopted to reduce basal transcription in some promot-
ers. For example, a T7 lysozyme or a lacO operator down-
stream of T7 promoter can be introduced in E. coli to reduce
the basal transcription of some promoters (Gopal and Kumar
2013; McCutcheon et al. 2018).

The rhamnose-inducible promoter from E. coli is an
ideal inducible promoter for the production of recombi-
nant proteins due to its strong transcription as well as for
theoretical studies due to its low basal expression. P; 43
from P. pastoris also has a great deal of potential for mas-
sive production of recombinant proteins (Liu et al. 2016;
Yan et al. 2018); thus, the present study conducted two
experiments to determine its basal transcription level. The
results indicated that P;,,; maintained a low basal tran-
scription level under non-inducible conditions based on
two indexes: (1) low pB-galactosidase production in the fer-
mentation supernatants of P. pastoris GS115/P;,,;-LacB
grown in non-inducible media and (2) the slightly slower
growth of P. pastoris GS115/P;p,3-MazF grown in non-
inducible media compared to wild-type P. pastoris GS115.
However, it was also noted that P, , ; was less tightly regu-
lated than the well-known methanol-inducible promoter
P,ox;- Thus, other strategies, such as the introduction of
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a glucose repression-related repressor-binding nucleotide
sequence into P;,,;, were implemented to reduce leaky
expression in another experiment.

Previously, a scarless gene deletion system was devel-
oped in Hansenula polymorpha using the split-marker
method (Song et al. 2015). In this method, transformants
with Zeocin resistance occurred via three-crossover homol-
ogous recombination, with two being due to homologous
recombination between the left/right homologous arms and
chromosomal DNA, and the third to the two split mark-
ers. Thus, transformation efficiency was low compared to
classical transformation using an intact disruption cassette.
Using the split-marker method, about 167 colonies of trans-
formants per microgram of DNA occur and half of those are
obtained from homologous recombination. In the present
study, an intact disruption cassette with double-crossover
homologous fragments was constructed in vitro via overlap-
extension PCR and T4-ligase-mediated ligation, and then
introduced into P. pastoris GS115. Transformants occurred
following only one step of double-crossover homologous
recombination, and about 400—-800 colonies of transfor-
mants per microgram of DNA occurred, with over 80% of
the transformants being positive. Compared to the split-
marker method, the present method was advantageous in
terms of transformation efficiency and a positive transfor-
mant ratio. However, one disadvantage to the present method
was a small scar left in the chromosomal DNA via three or
four nucleotides. Utilizing this system, a single strain with
deletions of his4, leu2, and sdh plus gasl was constructed
by subsequent gene deletion, and this strain would be used
as the host for expression of multiple secondary metabolite
genes to produce expected metabolites in Pichia.

Zhu et al. (2018) recently used the MET3 promoter to reg-
ulate piggyBac expression and established piggyBac trans-
poson-mediated mutagenesis in Pichia; the highest trans-
position frequency using the MET3 promoter to drive PB
expression was 3%. In the present study, a Pichia mutation
system based on the P, ,,;-regulated expression of piggyBac
was developed and the transposition frequency reached 12%,
which was higher than that reported in Schizosaccharomyces
pombe by Li et al. (2011). These findings indicate that this
system could be used to isolate expected mutants and to
identify the functions of unknown genes in Pichia.

The scarless gene deletion system in combination with the
mutation system would be an excellent strategy to develop
perfect Pichia hosts. Specific genes related to unfavorable
profiles was first screened via the mutation system, and then
were deleted using the markerless gene deletion system.
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