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Abstract

Exogenous genes are generally expressed by integration into the chromosomes of Pichia
pastoris. However, systematic studies on the chromosomal position effect are lacking, and
locations that are conducive to the high expression of foreign genes are rarely reported. In
this study, a genomic random insertion mutagenesis library for P. pastoris was successfully
constructed using the piggyBac (PB) transposon system. Through sequencing, the sequence
TTAA was identified as the major recognition site of the PB transposon, which exhibited
relatively high coverage on P. pastoris chromosomes, making it a valuable tool for studying
position effect variegation in P. pastoris. Using the enhanced green fluorescent protein
gene (eGFP) as a reporter, two libraries including low-expression positions and high-
expression positions were obtained by flow cytometry. The low-expression sites were
mainly located upstream of ORFs around the promoter region and downstream near
the terminator region, while the high-expression sites were predominantly located at the
gene interior. KEGG and GO analyses showed that genes in high-expression positions
were significantly enriched in the ATP-dependent chromatin remodeling and histone
binding pathways, and genes in low-expression positions were significantly enriched in the
MAPK signaling pathway, autophagy, mitochondrial autophagy, ABC transporters, and
the arginine synthesis pathway. This study has clarified the genome-wide landscape of
position effect variegation in P. pastoris. Additionally, it has provided novel insights into
high-throughput screening strategies for strains with high exogenous gene expression.

Keywords: Pichia pastoris; piggyBac transposon; position effect variegation

1. Introduction

Pichia pastoris (also known as Komagataella phaffii) is a single-cell eukaryotic microor-
ganism that can grow using methanol as the sole carbon and energy source [1]. Due to its
convenient genetic manipulation, simple culture requirements, and high-density fermenta-
tion, P. pastoris is one of the most widely used eukaryotic expression systems for producing
foreign proteins [2-5]. The absence of endotoxins and endogenous viruses makes P. pastoris
suitable for food-grade production. It has been granted Generally Recognized As Safe
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(GRAS) status by the U.S. FDA and is also approved for food use by the Chinese National
Medical Products Administration. The success of the P. pastoris expression system is mainly
attributed to its diverse inducible and constitutive promoters, high-density fermentation
on specific media, efficient secretion, and capacity to undergo complex post-translational
modifications, such as proper protein folding, disulfide bond formation, and glycosylation.
However, the expression of exogenous genes in P. pastoris is often influenced by multiple
factors, including promoter selection, codon usage, gene dosages, protein secretion path-
ways, and so on [6]. Among these factors, the integration site of the exogenous gene in the
P. pastoris genome is a critical determinant. This phenomenon, known as the position effect,
has been observed in various organisms and can lead to substantial variations in foreign
protein production.

The position effect has been reported in Escherichia coli, Salmonella typhimurium, Bacillus
subtilis, Lactobacillus lactis, Saccharomyces cerevisiae, Drosophila melanogaster, and mouse and
human cells [7-17]. A classic example of the position effect is the translocation of the white
gene in Drosophila melanogaster into heterochromatin, resulting in the mottled appearance
of the originally pure red eyes with white and red patches [18]. Recent genome-wide
studies have provided more mechanistic details of the position effect from multiple aspects,
including the regulatory role of enhancers, gene order, various epigenetic modifications,
chromatin domains, and 3D positioning [7,9,10,19]. The position effect has significant
impacts on the evolution of chromosomal organization [20], improvements in genetic
engineering [21], and some genetic diseases [22,23]. In S. cerevisiae, the impact of the po-
sition effect on gene expression has attracted attention for decades due to its widespread
application. P. pastoris, as one of the most widely used eukaryotic expression systems, has
over 5000 genes distributed across four chromosomes. With glucose or methanol as the
carbon source, the essential genes were identified in P. pastoris by transposon mutagene-
sis [24]. The P. pastoris genome contains several common integration loci (e.g., AOX1, GAP,
FLD1), and the chromatin accessibility, transcriptional activity, and epigenetic regulation
of these sites significantly affect the recombinant protein yields [25]. Studies have shown
that integrating exogenous genes into the AOX1 locus typically results in high protein
production due to the strong inducible promoter (Paox1) [26]. However, alternative sites
(e.g., GAP or PEXS) provide more stable constitutive expression [27]. Recent studies have
highlighted the importance of understanding and optimizing the insertion site for foreign
protein production in P. pastoris. For example, it was demonstrated that the expression of
the recombinant human BiP gene rhBiP in P. pastoris was influenced by its integration site
in the genome [28]. It was found that some integration sites led to higher expression levels
compared to others, emphasizing the requirement for the careful selection of insertion sites
in foreign protein production. Therefore, systematically evaluating the impacts of different
integration sites on exogenous gene expression is essential in P. pastoris.

Transposable elements (TEs) are DNA fragments that use TE-encoded proteins to move
or copy themselves from a donor to a target site within the host genome. The insertion of
TEs can lead to gene inactivation, and the residuals of newly exposed ends at the donor site
after TE excision can result in chromosomal aberrations. Therefore, TEs have a profound
impact on gene expression and participate in genome evolution [29]. TEs can be divided
into two major classes, namely retrotransposons (Class I) and DNA transposons (Class II).
Retrotransposons employ replicative transposition via a ‘copy-and-paste’ mechanism, in
which an RNA intermediate for transposition is carried out, while DNA transposons
move via a non-replicative ‘cut-and-paste’ mechanism [30]. The piggyBac (PB) transposon
belongs to the family of DNA transposons and was originally discovered and isolated
from Trichoplusia ni cells [31]. About a decade later, the PB transposase was identified, and
it was found to be able to excise and integrate non-autonomous DNA elements flanking
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the transposon ends [32]. The original PB transposon is 2475 bp and consists of a gene
coding the PB transposase and two terminal inverted repeats (5 TIR and 3'TIR) [33]. PB
transposition occurs through a ‘cut-and-paste” mechanism [34]. In most applications, the
PB transposase and PB transposon are constructed on two separate plasmids. When the
PB transposase is expressed, it binds to the inverted repeats of the transposon, creating
nicks in the DNA and releasing the 3’ hydroxyl groups at both ends of the transposon. The
3’ hydroxyl groups then hydrolytically attack the flanking TTAA sequence, forming hairpin
structures that release the transposon from the plasmid [35]. The PB transposase recognizes
the TTAA sequence in the host genome and unwinds the hairpin structure of the transposon,
which subsequently hydrolytically attacks the genomic DNA with its 3’ hydroxyl groups,
creating a staggered 4 bp cut in the genomic DNA and finally inserting the transposon into
the TTAA site of the genome. The transposase can precisely excise the transposon from the
original TTAA site and reinsert it into other TTAA sites without leaving a footprint. Due
to its high transposition efficiency and large cargo capacity (>100 kb), the PB transposon
has become an effective tool for gene manipulation and analysis [36]. It can efficiently
integrate target genes into the genomes of various invertebrates and vertebrates through
transposition [37-40]. Moreover, the PB transposon system has been used to construct
mutagenesis libraries, and the phenotypes of mutants can be screened and analyzed to
explore positional functions. Although PB originated from insects, it has been proven to be
active in various organisms, including in Saccharomyces cerevisiae [35], Schizosaccharomyces
pombe [41], plants [42], mammals [37], and human cells [39]. In P. pastoris, the PB transposon
has been used for random mutagenesis [43]. However, compared with model strains such
as S. cerevisiae, the PB transposon system has rarely been reported in P. pastoris.

Inspired by a study on the screening of essential genes by the transposons TcBuster
(TcB) and Sleeping Beauty (SB) in P. pastoris [24], position effect variegation in the P. pastoris
chromosome was investigated using the PB transposon system in our study. This study
provides new ideas and a reference for the rapid and high-throughput screening of high-
producing strains of foreign proteins in P. pastoris.

2. Materials and Methods
2.1. Strains and Cultivation

P. pastoris GS115 and its derivatives (Table S1) were grown in YPD medium, which
contained 20 g/L glucose, 20 g/L peptone, and 10 g/L yeast extract. To screen the
transformants, Minimal Dextrose (MD) medium was used, containing 20 g/L glucose,
1.34% (w/v) Yeast Nitrogen Base (YNB, containing biotin), and appropriate supplements
(zeocin, histidine, or adenine) as needed [44]. For fermentation, Buffered Minimal
Methanol (BMM) medium [44], containing 200 uM potassium phosphate buffer (pH 6.0)
and 1.34% YNB (w/v), with 10 g/L methanol as a carbon source, was used. A preculture
was grown in 3 mL of YPD medium supplemented with zeocin in a 15 mL glass tube for
10 h. The cells were then harvested by centrifugation, washed twice with BMM medium,
and resuspended in 100 mL of fresh BMM medium in a 500 mL flask for the main fer-
mentation. All P. pastoris strains were cultivated at 30 °C, 220 rpm in a shake incubator.
Escherichia coli DH5« was grown in LB medium (10 g/L tryptone, 10 g/L NaCl, and 5 g/L
yeast extract). LB medium supplemented with 100 mg/L of ampicillin was used for E. coli
transformant selection and growth.

2.2. Construction of the PB Binary Transposition System

To use the PB binary transposition system in P. pastoris, we firstly constructed the PBL-
eGFP-BleoR-PBR cassette. PBL and PBR were amplified from the plasmid pPB[ura4] [41]
with the primers PBL-F/PBL-R and PBR-F/PBR-R; the zeocin resistance gene BleoR was
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amplified from pPICZ«x with the primers BleoR-F/BleoR-R. The reporter gene eGFP was
expressed under the control of a weak promoter Py, which was amplified from P. pastoris
GS115 with the primers Pyptl-F/Pyptl-R. Overlap PCR was performed with the above
amplified fragments to generate the PBL-eGFP-BleoR-PBR cassette. The DNA fragments
containing the flanking sequences of ADE2 were amplified from P. pastoris G5115 with the
primers ADE2-L-F/ADE2-L-R and ADE2-R-F/ADE2-R-R and were fused on both sides of
the PBL-eGFP-BleoR-PBR cassette. The PBL-eGFP-BleoR-PBR cassette with the flanking
arms and the autonomously replicating sequence (PARS) amplified from P. pastoris GS5115
with the primers PARS-F/PARS-R were cloned into the backbone plasmid pUC19 (lin-
earization with Zral and Pcil) to generate pIMY015. The plasmid pIMY029 was constructed
based on pPICI9K by inserting the PARS and using Paox; to drive piggyBac Transposase
(PBase) gene expression. Then, pIMY015 was linearized by the restriction enzyme Ahdl.
The P. pastoris strain P.pg0015 was obtained by inserting the PBL-eGFP-BleoR-PBR cassette
at the TTAA site (n.t. 125-128) within the open reading frame (ORF) of ADE2. pIMY029
was then transformed into P.pg0015 to generate P.pg0015P. The strains and plasmids used
in this study are listed in Table S1. The primers used in this study are listed in Table S2. The
plasmid maps of pIMYO015 and pIMY029 are presented in Figure 1.
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Figure 1. The PB binary transposition system. (A) The plasmid pIMY015 carrying the PBL-eGFP-
BleoR-PBR cassette; (B) the plasmid pIMY029 for PBase gene expression under the control of the
methanol-induced promoter Ppox.-

2.3. Transposition Induction in P. pastoris

P.pg0015P was streaked onto a YPDZ (YPD agar containing zeocin) plate and incu-
bated at 30 °C to obtain a single colony. One single colony was picked and inoculated
in BMG liquid medium (200 uM potassium phosphate buffer, 1.34% YNB, 10 g/L glyc-
erol) supplemented with adenine and cultured at 30 °C with shaking at 220 rpm until it
reached the logarithmic growth phase. The cells were harvested by centrifugation, washed,
and adjusted to a final ODgyy of 0.001 in BMM medium, followed by daily methanol
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supplementation. In our design, the PBase gene expression is under the control of the
methanol-inducible Ppoox; promoter. Hence, 1% (v/v) methanol was utilized to induce
PBase gene expression and then initiate piggyBac transposition. Samples were taken every
24 h, serially diluted, and spread onto MDH medium (MD supplemented with histidine),
MDHA medium (MDH with adenine), and MDHZ medium (MDH with zeocin) for colony
counting. The PB excision efficiency was calculated as (colony count on MDH/colony
count on MDHA) x 100%. The PB reinsertion rate was determined as (colony count on
MDHZ/ colony count on MDHA) x 100%.

2.4. Flow Cytometry

P.pg0015P was induced by adding methanol and spread on MDHZ medium for growth
until small white colonies emerged. Then, cells were collected, washed, and resuspended
in PBS bulffer before sorting. A BD FACSAria III (BD Biosciences, San Jose, CA, USA)
equipped with 488 nm lasers was used for fluorescence-activated cell sorting (FACS). The
strains with low expression or high expression of eGFP were sorted and named G15P-P4
and G15P-P67, respectively.

2.5. Microscopy

After transposition was induced with methanol, cells were collected by centrifugation,
washed and resuspended, and subsequently spread on MDHZ and YPDZ plates, respec-
tively. The plates were incubated at 30 °C for two days. The fluorescence of eGFP was
excited at 488 nm and detected at 491-535 nm on a Leica SP8 confocal laser microscope.

2.6. Profiling the Insertion Sites of PB with High-Throughput Sequencing

The genomic DNA of G15P, G15P-P4, and G15P-P67 was extracted using the TTANamp
Yeast DNA Kit (TTANGEN, Beijing, China). Tagmentation was carried out using the
TruePrep DNA Library Prep Kit V2 for [llumina (Vazyme Biotech, Nanjing, China). The
first-round PCR was carried out using PBLseq and N7XX to amplify the PB element together
with its flanking sequences. The second-round PCR was performed using Illumine-R
and DM5XX (Vazyme Biotech, Nanjing, China) to add sequences required for Illumina
sequencing. The size selection and purification of the PCR products were carried out with
VAHTS DNA Clean Beads (Vazyme Biotech, Nanjing, China). The PB insertion site mapping
was performed using the processing and analysis pipeline previously described [45].

3. Results
3.1. Construction of the piggyBac Transposition System in P. pastoris

To establish a PB binary transposition system in P. pastoris, we constructed a plasmid
pIMYO015 (Figure 1A) carrying the PBL-eGFP-BleoR-PBR cassette. After linearization by
the restriction enzyme Ahdl, pIMY015 was transformed into P. pastoris G5115. Finally, the
strain P.pg0015 was obtained by inserting the PBL-eGFP-BleoR-PBR cassette of pIMY015 at
the TTAA site (n.t. 125-128) within the open reading frame (ORF) of ADE2. The insertion
of BleoR endowed P.pg0015 with resistance to zeocin. The disruption of ADE? led to the
adenine auxotrophy of P.pg0015 and caused the accumulation of purine precursors in the
cellular vacuole, which gave the cells a pink color. The eGFP gene was designed to be
driven by a weak constitutive promoter Py to mitigate the confounding influence of
endogenous promoters at the transposon insertion sites.

Subsequently, the plasmid pIMY029 (Figure 1B) was constructed based on pPICIK, in
which P4ox1 was used to drive the expression of the piggyBac transposase (PBase) gene. Due
to lacking a self-replicating component, we amplified the P. pastoris autonomous replication
sequence (PARS) and inserted it in the Ndel site of pPIC9K. The resulting pIMY029 was
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transformed into P.pg0015 to generate the strain P.pg0015P. The precise excision of PB would
convert Ppg0015P cells from adenine-auxotrophic to adenine-prototrophic, restoring the
cell color to white. Zeocin resistance was retained only when the PBL-eGFP-BleoR-PBR
cassette was excised from the donor site and successfully reintegrated into a new genomic
locus, thereby maintaining the resistance cassette in the genome. When PB excision occurred
without a productive reintegration event (i.e., the transposon was lost), the zeocin resistance
cassette was no longer present in the genome and the zeocin resistance was lost (Figure 2).

— e ) T —
y
- ~ PBL ¢GFP - Bleo® PBR ' -

PBase (pIMY029)

N

e N, P i W

Figure 2. Diagram of transposition via the PB binary system in P. pastoris.

With methanol as the carbon source, the expression of the PBase gene was induced
in P.pg0015P and the cells were spread on adenine-deficient (-Ade) plates with/without
zeocin. When the methanol-induced cells were spread on MDH or MDHZ plates, white
colonies were obtained (Figure 3), while the non-induced cells could not grow. This result
indicated that the methanol-induced PBase successfully excised the PB cassette from the
original locus and reinserted it into a new locus.

A ) original strain/ PB removal from PB reinsertion into
media PB transposed into ADE2 original locus new locus
MDHA + + +
MDH = + +
MDHAZ + = +
MDHZ - = +
B

Figure 3. The growth of the transposable strains at different stages. (A) Theoretical growth profile
of the transposable strains at different stages on MD medium supplemented with/without adenine
or zeocin. “—", no visible growth; “+”, normal growth. (B) Growth of the transposable strains after
methanol induction on MDHA, MDH, and MDHZ.
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3.2. PB Transposition Efficiency in P. pastoris

Aliquots of methanol-induced cells were harvested at intervals, and each was divided
into three equal parts. One part was spread on MDHA medium, in which all cells could
normally grow; another part was spread on MDH medium, in which the cells where the
PB cassette was excised could grow; and the third part was spread on MDHZ medium, in
which only the PB-reinserted cells could grow. Finally, the PB removal rate was calculated
as 1.24% through dividing the number of colonies on MDH by the total number of colonies
on MDHA. The PB transposition frequency was calculated through dividing the number of
colonies on MDHZ by the total number of colonies on MDHA. The results demonstrated
that the PB transposition frequency increased with the extension of the methanol induction
time, and it reached about 0.39% at 70 h (Figure S1).

3.3. Position Effect Variegation in P. pastoris

To initially evaluate the fluorescence intensity, the strain P.pg0015P was induced to
undergo transposition and then incubated on YPDZ medium (YPD medium supplemented
with zeocin) and MDHZ medium. Upon observation under confocal fluorescence mi-
croscopy, the majority of the strains displayed negligible fluorescence, a smaller subset
exhibited faint fluorescence, and only a minute fraction demonstrated marked fluorescence
(Figure 4). These variations in the fluorescence intensity possibly arose from the position
effect due to the insertion of the eGFP-carrying PB element in diverse genomic loci. In the
strains grown on MDHZ, the PB element was successfully transposed from its original
site—specifically, the TTAA insertion site of the ADE2 gene—to a novel locus. Subsequently,
these strains, designated as G15P, were collected. One aliquot of the collected strains was
used to construct a library for sequencing, while the remaining aliquot was preserved for
subsequent flow cytometry-based cell sorting.

eGFP merge

TD

YPDZA

MDHZA

Figure 4. Fluorescence intensity of G15P observed under confocal fluorescence microscopy. YPDZA,
the G15P strains were cultured in YPD medium supplemented with adenine and zeocin; MDHZA, the
G15P strains were cultured in MDH medium supplemented with adenine and zeocin. TD, transmitted
detector image; eGFP, fluorescence of the G15P strains expressing eGFP (Ex 488 nm/Em 500-550 nm);
merge, merge of eGFP (green) fluorescence and transmitted light image (TD, gray). Orange arrow,
low-eGFP-expression strains; red arrow, high-eGFP-expression strains.

3.4. Genome-Wide Analysis of the PB Transposon Distribution in P. pastoris

The PB distribution in the P. pastoris genome was analyzed using next-generation
sequencing (NGS). The genomic DNA of transposable strains was extracted from the G15P
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pool and subjected to NGS. A total of 30,092,056 raw reads and 15,452,566 clean reads
were acquired. Through sequencing analysis, 14,064 loci that aligned with the P. pastoris
GS115 genomic sequence were identified, exhibiting a notably uniform distribution across
distinct chromosomal positions (Figure 5A). Notably, the PB transposon was found to pre-
dominantly target TTAA sites, a preference that corroborates previous reports (Figure 5C).
Nucleotide motif analysis revealed that 77.87% of the insertion sites were located at TTAA
sites, 1.17% at CTAA sites, 1.14% at TTAG sites, 0.88% at ATAA sites, and 0.87% at TTAT
sites (Figure 5B).

Target Number of events Percentage(%)

TTAA 10951 77.87
CTAA 164 1.17
TTAG 161 1.14
ATAA 124 0.88
TTAT 122 0.87
TTTT 69 0.49
ATAT 68 0.48
CTAG 65 0.46
CAGC 50 0.36
others 2290 16.28
1.oiT

s TIT11T AAAAA
505 AAACA GGTTI
g TTGGG
= IGGGGGea==

o
o

5-4321TTAA12345

=== |ntergenic region E 1000~
= Gene

750

500
n=14,064

Insertion site count

250

0-
-2000 -1000 0 0 1000 2000

Distance to ORF (bp)

Figure 5. Insertion distribution and target site bias of the PB transposon in the P. pastoris chromosome.
(A) Distribution of the ORF and transposon insertions in the P. pastoris GS5115 genome. From the
outermost to innermost, the first circle represents the genomic position in megabases, the second circle
represents ORFs, and the third circle indicates the insertion number per 10 kb, while the innermost
circle indicates the read number per 10 kb. (B) Number and proportion of PB transposon insertion
target sequences. (C) WebLogos generated from the insertion sites containing 5 bp upstream and
downstream sequences of the PB transposon using www.weblogo.berkeley.edu. (D) Distribution of
PB transposon insertions in the genes and their intergenic regions. (E) The PB transposon insertion
sites are plotted relative to the ORF positions. Each ORF is divided into 25 equal-sized segments and
the number of insertions in each segment is displayed. Insertion sites in the intergenic regions closer
to the 5’ or 3’ ends of an ORF are plotted upstream or downstream of the ORF, respectively. X-axis
indicates distance to ORF, while Y-axis indicates integration events.

Genome annotation and the detailed analysis of the distribution of the PB insertions
indicated that 58% of these insertions were located in intergenic regions (Figure 5D). This
is very similar to previous studies conducted using the transposons TcBuster (TcB) and
Sleeping Beauty (SB) in P. pastoris [24]. This preference of PB insertion for intergenic regions
was possibly influenced by the distribution of nucleosomes, as reported in S. cerevisiae,
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in which the insertion of Hermes transposons from the hAT family was significantly af-
fected by the nucleosome distribution, with higher nucleosome occupancy correlating
with a lower transposon insertion density and the lowest nucleosome occupancy in the
intergenic regions, particularly near the start and end sites of genes [46]. In fact, the PB
transposon has been used to reveal gene functions in P. pastoris [47]. The distances of the
insertion sites from open reading frames (ORFs) were analyzed, and the results demon-
strated that PB transposons exhibited a high insertion density in the promoter regions
upstream of ORFs and the terminator regions downstream of ORFs, with a sharp decrease
in the insertion density within the ORFs and an extremely low insertion density at sites
far from the ORFs (Figure 5E).

3.5. Distribution of High- and Low-Expression Loci in the P. pastoris Genome

To investigate positional effect variegation in P. pastoris using the PB system, G15P was
subjected to flow cytometry cell sorting. A low-fluorescence strain pool named G15P-P4 and
a high-fluorescence strain pool named G15P-P67 were obtained, from which the genomic
DNA was extracted and used for sequencing (Figure S2). A total of 21,033,168 clean reads
were obtained, including 5.26 G clean data, for G15P-P4, and 16,654,590 clean reads were
obtained, including 4.16 G clean data, for G15P-P67 (Table 1).

Table 1. Sequencing data from G15P-P4 and G15P-P67.

Sample Low Expression (G15P-P4) High Expression (G15P-P67)
Sorting cell number 1.4 x 107 1.8 x 10°
Clean reads 21,033,168 16,654,590
Clean base (G) 5.26 4.16
GC content (%) 3791 39.38

Sequencing analysis revealed that 8863 sites from G15P-P4 were aligned to the P. pas-
toris GS115 genome, and the insertion sites covered different loci in the four chromosomes,
whereas only 796 sites from G15P-P67 were aligned to the P. pastoris GS115 genome, and
the insertion sites were sparsely distributed across different loci in the four chromosomes
(Figure 6A—C). The analysis revealed that the proportion of high-expression loci in each
chromosome was significantly lower compared to the low-expression sites (Figure 6B).
Concurrently, an analysis of the distances of low-expression loci from open reading frames
(ORFs) revealed an exceptionally high insertion density in the promoter region and the
terminator region, a sharp reduction in the insertion density within ORFs, and a very low
insertion density at locations far from ORFs (Figure 6F). However, the high-expression
loci exhibited a different pattern in terms of their distances from ORFs, appearing as an
extremely high insertion density within ORFs, followed by the promoter region upstream of
ORFs and the terminator region downstream of ORFs (Figure 6G). Additionally, a statistical
analysis of the distribution of high- and low-expression loci within and between genes was
conducted. The proportion of low-expression loci in intergenic regions was found to be as
high as 63% (Figure 6D). In contrast, the proportion of high-expression loci within genes
was as high as 77% (Figure 6E).

We performed KEGG and GO analyses on the genes containing insertion sites (Figure 7).
Based on the KEGG analysis, we found that the low-expression genes were significantly
enriched in the MAPK signaling pathway, autophagy, mitochondrial autophagy, ABC
transporters, and the arginine synthesis pathway, while the high-expression genes were
significantly enriched in ATP-dependent chromatin remodeling and the arginine synthesis
pathway. The results of the GO analysis indicated that the low-expression genes were
primarily enriched in the transmembrane, phosphorylation, membrane formation, zinc
ion binding, and ATPase activity pathways, whereas the high-expression genes were
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mainly enriched in the DNA replication, plasma membrane formation, cytoplasm, and
histone binding pathways. It has been reported that ATP-dependent remodeling complexes
can move nucleosomes along DNA, facilitate histone exchange, or completely replace
nucleosomes in DNA, thereby affecting gene expression [48]. In our study, the high-
expression genes were significantly enriched in the ATP-dependent chromatin remodeling
and histone binding pathways (Table S3). This observation led us to postulate that the
insertion of the transposon in such genes for the ATP-dependent chromatin remodeling
machinery and histone binding factors could potentially alter nucleosome positioning and
histone binding, thereby exerting a profound influence on gene expression profiles.
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Figure 6. The insertion distributions and target site biases of high- and low-expression loci. (A) Distri-
bution of the insertion sites with high and low expression levels, respectively, in the P. pastoris G5115
genome. (B) The number of high- and low-expression loci in each chromosome. (C) The number
of high-expression loci in each chromosome per 0.5 Mb. (D,E) Distribution of low-expression loci
and high-expression loci in genes and intergenic regions. (F,G) Low- and high-expression loci are
plotted relative to ORF positions. Each ORF is divided into 25 equal-sized segments and the number
of insertions in each segment is displayed. Insertion sites in intergenic regions closer to the 5’ or 3’
end of an ORF are plotted upstream or downstream of the OREF, respectively. X-axis indicates distance
to ORF, while Y-axis indicates integration events.
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Figure 7. KEGG and GO analyses of the inserted genes with high or low expression levels. (A) KEGG
analysis of the inserted genes with low expression levels; (B) GO analysis of the inserted genes with
low expression levels; (C) KEGG analysis of the inserted genes with high expression levels; (D) GO
analysis of the inserted genes with high expression levels.

4. Discussion

We constructed a binary transposition system based on the piggyBac (PB) transposon
and utilized this system to create a random insertional mutagenesis library in which the
eGFP expression cassette was randomly integrated at different chromosomal loci within
P. pastoris.

Next-generation sequencing revealed that the primary recognition site for the PB trans-
poson in P. pastoris is TTAA, which is highly represented in the chromosomes, making it
a useful tool for studying the position effect in P. pastoris. Despite the low proportion (19.8%)
of intergenic regions in P. pastoris, a significant proportion (58%) of PB transposon insertion
sites was distributed in regions possibly related to nucleosome positioning; alternatively,
insertions at intergenic regions may be favored because they are less lethal and harmful for
the cell. This finding is similar to those of previous studies conducted using TcB and SB [24],
indicating that transposons other than PB could be used to study gene function and screen
high-expression loci in P. pastoris. By employing flow cytometry to sort the transposon pool
named G15P, we obtained the pool of low-eGFP-expression strains G15P-P4 and the pool of
high-eGFP-expression strains G15P-P67. Sequencing analysis confirmed the existence of
chromosomal position effects in P. pastoris. The high-expression sites were predominantly
located within ORFs, while the low-expression sites were primarily found in the promoter
regions and the terminator regions. The proportion of low-expression sites in the intergenic
regions was found to be as high as 63%, closely resembling the 58% observed in G15P.
This may be due to the low-expression sites being primarily concentrated in the promoter
regions and the terminator regions, where nucleosome occupancy is diminished, making
them more susceptible to insertion, but not in actively transcribed regions, resulting in the
reduced expression of foreign proteins. In contrast, the proportion of high-expression sites
within genes was as high as 77%, which may have been due to the fact the gene regions
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where the high-expression sites were located were transcriptionally active areas, allowing
for the robust expression of foreign proteins. These loci with high expression levels could
be used for exogenous gene expression in P. pastoris.

In our study, the observed transposition frequency of PB was notably low at approx-
imately 0.39%. This limited efficiency could be caused by several factors. Primarily, the
use of wild-type PBase, rather than a hyperactive variant, likely constitutes a major con-
straint. Previous studies have demonstrated that hyperactive PBase can enhance excision
activity several-fold in yeast [49]. Furthermore, the recent development of highly effi-
cient, Al-engineered ‘mega-active’ synthetic transposases using protein language models
(e.g., Progen2) underscores the potential for substantial gains in transposition efficiency
through molecular optimization [50,51]. Beyond the transposase itself, the host cell’s DNA
repair machinery presents another critical barrier. The low frequency of homologous recom-
bination (HR) in P. pastoris may hinder the resolution of the transposition intermediate. To
favor homology-directed repair over the error-prone non-homologous end joining (NHE])
pathway, future efforts could involve the genetic engineering of the host, such as generating
a Aku70 knockout to disrupt NHE] and /or overexpressing key HR proteins like RAD52
and RAD59 [52,53].

This study has, to some extent, revealed the chromosomal position effects in P. pastoris
and provides a novel research approach for the high-throughput screening of strains with
high expression of foreign proteins in P. pastoris. Based on this work, we will implement
this approach—using eGFP as a selectable reporter and incorporating expression cassettes
for heterologous genes—to establish a rapid, high-throughput screening platform for the
isolation of microbial strains that achieve the exceptionally high-level production of the
target protein in the future.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/jof12020136/s1, Figure S1: Construction of the plasmids pIMY015 and
pIMY029; Figure S2: Efficiency of the PB transposon in P. pastoris; Figure S3: Flow cytometry sorting
different fluorescence intensity strains; Table S1: Strains and plasmids used in this study; Table S2:
Primers used in this study; Table S3: The high-expression loci in G15P-P67.
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