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The methylotrophic yeast Pichia pastoris (also known as Komagataella phaffii) is widely used as a yeast cell factory
for producing heterologous proteins. Recently, it has gained attention for its potential in producing chemicals from
inexpensive feedstocks, which requires efficient genetic engineering platforms. This review provides an overview
of the current advances in developing genetic tools for metabolic engineering of P. pastoris. The topics cover
promoters, terminators, plasmids, genome integration sites, and genetic editing systems, with a special focus on
the development of CRISPR/Cas systems and their comparison to other genome editing tools. Additionally, this
review highlights the prospects of multiplex genome integration, fine-tuning gene expression, and single-base
editing systems. Overall, the aim of this review is to provide valuable insights into current genetic engineering

and discuss potential directions for future efforts in developing efficient genetic tools in P. pastoris.

1. Introduction

Pichia pastoris is a generally regarded as safe microorganism that has
been widely used as a platform for both fundamental research and indus-
trial applications in recombinant protein expression [1,2]. P. pastoris is
a Crabtree negative yeast, which does not accumulate by-products such
as ethanol, making it a promising chassis microbe for chemical produc-
tion with potential for high yields [3]. Additionally, as a methylotrophic
yeast, it is being increasingly explored as a host for methanol biotrans-
formation [4,5]. P. pastoris has demonstrated potential for the produc-
tion of a wide range of products, including terpenes [6-8], polyketides
[9,10], flavonoids [11], catharanthine [12], fatty acid derivatives [13],
and 3-hydroxypropionic acid [14].

Genomics [15-18], transcriptomics [19] and proteomics [20] stud-
ies have provided valuable insights into the cellular metabolism of P.
pastoris. Furthermore, several genome-scale metabolic models such as
PpaMBEL1254 [21], iPP668 [22], and iLC915 [23] have been devel-
oped to design strategies for rewiring cellular metabolism for the pro-
duction of target compounds. To achieve this, proficient genetic engi-
neering tools such as promoters, terminators, plasmids, and gene editing
systems are essential. Fortunately, advanced gene-editing tools such as
the Cre/Lox recombination [24] and the clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9 system [25], have been devel-
oped, greatly facilitating metabolic engineering efforts in P. pastoris.
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This review discusses recent advances in developing genetic tools in
P. pastoris, including promoters and terminators, plasmids, genome in-
tegration sites, and genetic editing systems. In particular, prospects and
challenges in the development of multiplex genome engineering tools,
gene regulation systems, and single-base editing systems are also dis-
cussed, providing guidance for future developments of efficient genetic
tools in P. pastoris.

2. Promoters and terminators

A promoter is a DNA sequence located upstream of a gene that reg-
ulates transcription by RNA polymerase and transcription factors [26].
In eukaryotes, promoters are more complex than those in prokaryotes,
and are typically categorized into core promoters and regulatory com-
ponents [27]. The core promoter determines the transcriptional level
and basic promoter strength, while the regulatory components consist
of an upstream activating sequence (UAS) or upstream repressing se-
quence (URS), contain one or more transcription factor binding sites
(TFBSs) that activate or repress transcription by binding to specific tran-
scription factors (TFs) (Fig. 1A). Promoters play a pivotal role in di-
rectly controlling gene expression levels. Therefore, the characteriza-
tion and construction of inducible and constitutive promoters of vari-
able strengths is critical for rewiring cellular metabolism and optimiz-
ing biosynthetic pathways [28,29]. To provide a promoter toolbox for
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Fig. 1. Overview of promoter engineering strategies in P. pastoris. (A) Structure of promoter. TF: transcription factor, TFBS: transcription factor binding site, UAS:

upstream activating sequence, URS: upstream repressing sequence, INR: initiator, TSS:
performance from methanol-dependent to methanol-independent. (C) Regulating pro
libraries were constructed by altering promoter strength through mutation.

metabolic engineering in P. pastoris, Vogl et al. characterized 45 promot-
ers involved in the methanol utilization pathway under different carbon
source conditions (glucose or methanol) using high-throughput 96-deep-
well plates [30]. We also evaluated the expression patterns of 18 pro-
moters of P. pastoris across various carbon sources (methanol, glucose,
and methanol/glucose mixture) in shaken flask culture [31]. Table 1
lists the most commonly used promoters in P. pastoris for metabolic en-
gineering.

The promoter of the alcohol oxidase I (AOX1) gene (P,px;) is con-
sidered the strongest inducible promoter and is frequently utilized for
recombinant protein production in P. pastoris [32]. It is strongly induced
by methanol but repressed by glycerol, ethanol, and glucose, with its
activity being regulated by interactions between TFs and their TFBSs,
also known as cis- and trans-acting elements. The cis-acting elements of
P,ox: are located in the D (—638 and —510) and E (-552 and —442)
regions [33]. Three transcriptional activators Mitl, Mxrl, and Prml,
respond to methanol and activate the promoter in a cascade without
interfering with each other [34]. Mxrl mainly functions during carbon
de-repression, while Mitl and Prm1 function during methanol induc-
tion. Three transcriptional repressors Nrgl, Migl, and Mig2, can bind
to P4ox; and inhibit its expression in the presence of glucose or glycerol
[35,36]. Nrgl competes with Mxrl for P,ox; binding sites, as Nrgl-
deficient strains can express Aox1 at low glucose concentrations. To en-
able expression under P,y; in a methanol-independent manner, the ex-
pression of Mitl, Mxr1, and Prm1 under the derepressed promoter Pq41;
[37], or the expression of Mxrl under the weak methanol-induced pro-
moter P,ox, [38] can be utilized (Fig. 1B). Changing the sequence of
P,ox:1 is another feasible approach to regulate the promoter strength.

transcriptional start site, GOI: gene of interest. (B) Alteration of P,y; expression
moter strengths by changing TFBSs and core promoter sequences. (D) Promoter

Table 1

The commonly used promoters in P. pastoris.
Promoter  Type Expression level ~ Ref.
Paoxi Methanol inducible Strong® [30]
Ppasi Methanol inducible Strong [30]
Ppasz Methanol inducible Strong [30]
Ppupao Methanol inducible Strong [30]
Pears Methanol inducible Strong [30]
Proms Methanol inducible Strong [30]
Pup: Methanol inducible Strong [30]
Paox2 Methanol inducible Weak [30]
- Limited glucose inducible  Strong” [135]
- Repressed by thiamine Strong [50,136]
Peap Constitutive Strong [30,32]
Prgp Constitutive Strong [32]
Pewia Constitutive Strong [54]
Popc Constitutive Strong [137]
Papus Constitutive Intermediate [138,139]

a Methanol inducible: strong, >67%; intermediate, 33—67%; weak,
<33% of Py,

b Other types: strong, >67%; intermediate, 33—-67%; weak, <33%
of Pgap.

At least 12 cis-acting elements have been identified in P,x;, and dele-
tion or replication of putative TFBSs has generated a promoter library
ranging from 6% to 160% of wild-type P,ox; activity [39]. Replacing
the native P,oy; core promoter with synthetic ones resulted in expres-
sion strengths of 10% to 117% of P,x;, with preserved glucose inhi-
bition and methanol induction (Fig. 1C) [40]. Fusing a synthetic core
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promoter to the cis-regulatory module of P,x; generated a promoter
library with various strengths (0.3% to 70.6% of wild-type P4ox;) in
P. pastoris [41]. Substituting specific cis-regulatory DNA elements with
synthetic triplet-Cat8 and Adr1 cis-acting elements generated a synthetic
promoter P,,0x; that responds to ethanol with a 1.3-fold higher expres-
sion than that of wild-type P,nx; induced by methanol (Fig. 1C) [42].
To design artificial promoters with variable strengths, Zhu et al. con-
structed a constitutive transcriptional device library composed of 126
transcriptional devices with expression strengths of 16% to 520% of
P,0x1> and an inducible transcriptional device library composed of 162
methanol-inducible transcriptional devices with expression strengths of
30% to 500% of P,ox; by modifying tandem binding sequences, spacers
and differentiated input promoters (Fig. 1C) [43]. The core region mu-
tation analysis of P,x; revealed that the promoter strength was signifi-
cantly impacted by mutations within the TATA box motif, whereas most
mutations in other core regions had only minor effects (Fig. 1D), indicat-
ing high tolerance of the P,,x; core promoter to small mutations [44].
Additionally, transcript stability and translation initiation were found to
be influenced by the 5’ untranslated region (5’ UTR) [40]. Staley et al.
conducted site-directed mutagenesis to either shorten or lengthen the 5
UTR of P,px; and observed that both alterations had an effect on trans-
lation efficiency. It is worth noting that the 5" UTR of P,x; may contain
crucial regulatory regions [40,45].

Other inducible promoters have been identified in P. pastoris,
including Pppgpgg, Which is highly induced under phosphate-limited
growth conditions [46], and P;p4, and P;gpa3, which can be induced
by rhamnose and used as alternatives to methanol-induced promot-
ers [47]. Moreover, Vogl et al. also built a bidirectional promoter li-
brary with a cumulative expression range of 79-fold, allowing for ex-
tremely high levels of exogenous gene expression [48]. Additionally,
there are several repressible promoters, such as Py;r; (methionine-
repressed), Pgpgr; (serine-repressed), Pryr; (threonine-repressed), Ppg;
(zinc sulfate-repressed) [49], and Ppyy;; (thiamine-repressed) [50].
These promoters can be used to down-regulate genes that cannot be
deleted throughout fermentation.

Pgap is the most commonly used constitutive promoter for protein
expression in P. pastoris, as it maintains stable cellular function without
the use of toxic methanol inducer and is suitable for continuous cultiva-
tion [32]. Expression of an alkaline phytase under P;,p enabled eight
times higher protein level than using promoter P,,x; [51]. A promoter
library of 33 mutants was created through mutagenesis of P;,p, with
activities ranging from 0.6% to 19.6 times that of the wild-type pro-
moter (Fig. 1D) [52]. A synthetic promoter library was also created by
deleting and replicating putative TFBSs, with expression levels ranging
from 0.35 to 3.10 times that of wild-type Pg,p (Fig. 1C) [53]. Another
constitutive promote Pscyy14, has been demonstrated to have higher ac-
tivity than Pg,p under various carbon sources, which may also be used
for constitutive gene expression in P. pastoris [54].

Terminators also play an important role in gene regulation, influ-
encing mRNA abundance [55] and mRNA stability [56], and post-
transcriptional interactions with endogenous trans-acting factors [57] in
S. cerevisiae. In P. pastoris, Vogl et al. found no significant effect on eGFP
expression, outside of the finding that insertion of the NotI restriction
site into the terminator of AOX1 increased the fluorescence intensity by
37% [30]. Ito et al. constructed a library of terminators by testing 72
terminator sequences, including those from S. cerevisiae, P. pastoris, and
synthetic terminators, and found a 17-fold tunable range of terminator
activities [58].

3. Plasmids

Plasmids are an indispensable tool in genetic engineering and have
recently been reviewed for their use in P. pastoris [29]. Plasmids are typ-
ically preferred over genomic integration because of their high transfor-
mation efficiencies, and the use of screening markers can significantly
affect plasmid copy numbers [59]. Based on their ability to replicate in-
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dependently in the host cell, plasmids can be classified as either episo-
mal or integrative. Integrative plasmids can be linearized and integrated
into the genome, resulting in single-copy integration [60]. Alternatively,
they can be integrated into repetitive genome sequences (delta integra-
tion and rDNA cluster integration) using high concentrations of antibi-
otics, leading to multiple-copy integration. [61-63]. Episomal plasmids
replicate independently of the genome using autonomously replicating
sequences (ARSs) or centromeres. ARSs generally serve as the origins
of DNA replication during mitosis, and constitute the primary origins
of plasmid replication in yeast host cells [64]. Although a P. pastoris-
specific ARS has been identified [65], its stability requires improvement
[66]. A heterologous ARS derived from Kluyveromyces lactis has been
shown to provide the best stability for plasmid replication in P. pastoris
[67], and is now the most widely used ARS in P. pastoris. Additionally,
a mitochondrial DNA fragment was discovered to function as a novel
ARS in P. pastoris [68]. Furthermore, it has recently been found that a
stable replicating plasmid can be constructed using the entire chromo-
some 2 centromeric DNA sequence (Cen2). However, the large size of
Cen2 limits its application [66].

A selection marker is another essential component for maintaining
plasmids in microbial cells [69]. Two commonly used selection markers
are auxotrophic markers and antibiotic resistance genes. Several aux-
otrophic markers such as HIS4, ADE1, and MET2 require the correspond-
ing genes in the chromosome to be deleted. More recently, PRO3 has
been used as a selection marker in P. pastoris by constructing a PRO3
deletion strain, resulting in a proline auxotroph [70]. Antibiotic resis-
tance markers require no modification other than the introduction of a
gene on the plasmid that confers resistance to a given antibiotic [71].
Episomal plasmid-based gene expression is not stable for long-term cul-
tivation and thus not suitable for constructing biosynthetic pathways
[72,73]. However, they are suitable for expressing the genetic compo-
nents of CRISPR gene editing systems since these plasmids can be easily
removed after genetic engineering.

4. Genome integration sites

The construction of efficient microbial cell factories requires exten-
sive metabolic rewiring and the expression of multiple genes. Tradi-
tional plasmid-based expression systems require different genetic mark-
ers and are likely to be unstable due to recombination between plas-
mids [72,74]. Genome integration is considered a feasible alternative
approach for the stable expression of multiple genes. In this case, iden-
tifying neutral sites, chromosomal loci that can be disrupted without
significant effects on cellular physiology and metabolism, is a prerequi-
site for stable expression of multiple genes. Several neutral sites have
been identified in the model yeast S. cerevisiae [74-77] and other non-
conventional yeasts [78,79], which greatly facilitates the construction
of complex and long biosynthetic pathways. In P. pastoris, AOX1 [80],
GAP [69], as well as the HIS4 locus [60], have been used for integrating
gene expression cassettes. However, these loci might perturb cellular
metabolism, and more integration sites are required to expand genome
integration capacity in P. pastoris. To address this issue, we screened
the genome of P. pastoris and identified 46 neutral sites that had no
significant impact on cell physiology and metabolism [31]. Liu et al.
also screened 10 sites for integration of exogenous genes in P. pastoris
[81], and Gao et al. further identified 23 potential integration sites in
P. pastoris [82]. These works greatly expand gene integration sites and
facilitate extensive metabolic engineering in P. pastoris.

5. Genetic editing systems
5.1. Establishment of genetic editing systems
Early gene editing techniques relied on simultaneous recombination

of target genes and selection markers [83], which hindered later genetic
modification and industrial applications. To enable multiple rounds of
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Fig. 2. CRISPR-base genome engineering and gene regulation in P. pastoris. (A) The workflow of the CRISPR/Cas9 system: the top portion represents the gRNA design
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gene editing, several marker-free editing systems have been established
in P. pastoris. For example, Flp/FRT [84,85] and Cre/loxP [24,86,87]
recombinase-based systems were developed, and the virulence gene
mazF from E. coli was used to construct a set of anti-selection techniques
for marker-free genome editing in P. pastoris [88]. However, these sys-
tems leave unnecessary scars in the genome, which may cause genetic
recombination in the host [89].

In recent years, genome editing tools such as zinc-finger nucleases
and transcription activator-like effector nucleases have significantly im-
proved the efficiency and accuracy of genetic manipulation [89], but
they are not suitable for editing multiple targets simultaneously. In
particular, the CRISPR/Cas9 system has revolutionized genome editing
[90] (Fig. 2A). Weninger et al. first established CRISPR/Cas9 technology
in P. pastoris by optimizing the expression of CAS9 and screening suit-
able promoters and ribozymes for guide RNA (gRNA) expression [25].
They found that adding an ARS to the donor fragment increased integra-
tion rates from 0% to 50% in the wild-type strain, and the CRISPR/Cas9
system enabled 100% seamless gene deletion in the ku70A strain [91].
ARS screening showed that a panARS-based plasmid for gRNA expres-
sion resulted in the highest disruption of the ADE2 locus [92]. To sim-
plify the construction of gRNA expression plasmid and save primer cost,
the CAS9 gene was integrated into chromosome, and the N6 variable
sequence on the gRNA plasmid, which is reverse complementary to the
last six base pairs of the hammerhead ribozyme part was fixed [31]. In
addition, RNA pol-III type promoters were tested and successfully used
for the expression of gRNA without requiring extra ribozyme cleavage

[93,94]1, which enabled a 95% knockout efficiency in P. pastoris [95].
The CRISPR/Cas9 system has also been used for multi-loci gene inte-
gration [31,81], but the efficiency is relatively low (<40% for three-site
integrations) and needs improvement. Outside of the CRISPR/Cas9 sys-
tem, the CRISPR-Cas12a/Cpfl system has also been established in P.
pastoris. Cpfl produces sticky ends on the target sequence, which are
more conducive to host cell repair than blunt ends [96]. Zhang et al.
used the CRISPR-Cas12a/Cpf1 system and achieved the deletion of large
DNA fragments and integration of multiplexed gene fragments, and the
system exhibited a precise and high editing efficiency for single-gene
disruption (99%), duplex genome editing (65% to 80%), and triplex
genome editing (30%) [97]. Table 2 provides a detailed summary of
CRISPR-based genetic engineering systems in P. pastoris.

5.2. Improvement of genetic engineering accuracy

The CRISPR/Cas system efficiently generates DNA double-strand
breaks (DSBs) through targeted DNA cutting, and DSB repair is essen-
tial for precise genetic engineering. Two competing mechanisms for
DSB repair in eukaryotes are homologous recombination (HR) and non-
homologous end joining (NHEJ) (Fig. 2A). In P. pastoris, NHEJ is domi-
nant over HR, resulting in low accuracy of targeted genome engineering,
such as inefficient seamless gene deletion and gene integration [98].
Deleting the key NHEJ-related gene KU70 improved the efficiency of
seamless gene deletion to over 90% using 250 bp flanking homologous
arms [85]. However, the ku70A deletion strain became more sensitive
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Table 2
Comparison of CRISPR editing systems in P. pastoris.
Genome cutting Seamless deletion Genome integration Minimal HA"

Strain engineering Nucleases sgRNA promoter  efficiency® efficiency efficiency length Ref.
/¢ Cas9 Purs: 43-95% 2.4% 24% (Single gene) 1000 bp [25]
ku70A Cas9 Pyrs: 94% 100% / 1000 bp [91]
/ Cas9 Pggr 80% 75% / 250 bp [92]
ku70A Cas9 Panai 93% / 20% (Three genes) 500 bp [95]
ku70A Cas9 Pyre; 75-98% / 58-70% (Two genes) 1000 bp [81]

13-32% (Three genes)
/ Cas9 Pyrx: 78% / / / [106]
Overexpress RAD52 Cas9 Prre; 93% 90% 43-70% (Single gene) 50 bp [31]
or mphlA 68% (Three genes at one

site)

25% (Three genes at

three sites)
Overexpress Cas9 Pgpr 91% / 100% (Single gene) 40 bp [100]
ScRAD52, ScCRAD59 98% (Two genes at two
and ScMRE11 sites)

81% (Three genes at

three sites)
Overexpress RAD52, Cas9 Purs1 92% 87% (Two genes) 92% (Three genes at one 1000 bp [102]
CAS9-MRE11 17% (Three genes) site)
/ Cas12a/Cpfl Pgpr 99% 65-80% (Two genes) / 250 bp [97]

30% (Three genes)

2 Efficiency=The number of positive clones/The number of picked clones.
b HA: homologous arms.
¢ “/” means not mentioned.

to UV light, and the growth rate decreased by 20%. We also observed
that ku70A resulted in the loss of large genomic fragments when inte-
grating genes at the chromosome terminal [31]. Deletion of the DNA
ligase IV gene, dnl4A, was found to have three times higher HR effi-
ciency than that of the ku70A strain, and combined knockout showed a
10-fold higher HR efficiency than that of the wild-type strain. In partic-
ular, it had a high genome integration efficiency of >70% using 50 bp
homology arms [99].

Enhancing the HR procedure has been shown to be a viable alter-
native to blocking the NHEJ process, as it can improve the accuracy
of DSB repair. Our previous work has demonstrated that overexpress-
ing the HR-related gene RAD52 can increase HR-based DSB repair up
to 90% at single-loci and to 25% at triple-loci [31]. Additionally, delet-
ing the endogenous helicase gene MPHI can significantly enhance the
simultaneous integration of three DNA fragments by 13.5 times [31].
Similarly, Gao et al. showed that overexpression of HR-related genes,
such as RAD52, RAD59, MRE11, and SAE2, can enable integration of
heterologous genes at single-, two-, and three-loci with high efficien-
cies of 100%, ~98%, and ~81%, respectively [100]. Exonuclease Mrel1l
can execute short-range resection of DSBs, which makes it conducive
to HR repair [101]. Fusion of Mrell at the C-terminus of Cas9 can im-
prove the positive rates of double-gene deletion (from 76.7% to 86.7%),
triple-gene deletion (from 10.8% to 16.7%), as well as the efficiency of
simultaneous three-fragment integration (from 66.7% to 91.7%), when
combined with RAD52 overexpression [102]. Engineering HR- or NHEJ-
related genes may put stress on cellular fitness, and dynamic regulation
of these genes could help to alleviate this stress, making it suitable for
constructing robust cell factories.

5.3. Fine-tuning gene expression

Fine-tuning gene expression is a useful strategy for balancing cellu-
lar metabolism without completely blocking essential pathways for cel-
lular function. CRISPR-mediated transcriptional regulation approaches
involve fusing transcriptional repressors or activators to the nuclease
dead Cas9 protein (dCas9) [103], which can achieve CRISPR interfer-
ence (CRISPRi) [104] or CRISPR activation (CRISPRa) in eukaryotic
cells (Fig. 2B) [105]. For example, CRISPRi was used to repress P,y ac-
tivity to 28%-34% after 24 h in P. pastoris, which subsequently affected

the cell morphology of P. pastoris in methanol-induced medium [106].
Similarly, a CRISPRa system was employed to activate the thiamine-
repressible promoter, Pyy;;; under repression conditions, resulting in
increased riboflavin production [107]. The CRISPR/dCas9 system can
perform multiple functions simultaneously, in addition to single gene
activation or repression. Recently, a CRISPR based gene regulation sys-
tem using a single Cas9-activator protein was developed, enabling the
simultaneous gene activation, repression, and editing of genes in P. pas-
toris [108]. The development of the programmable high expression yeast
platform SynPic-X, achieved through the combination of CRISPR/dCas9
and CRISPR/dCpf1 systems, has been demonstrated as an effective strat-
egy for enabling a programmable expression platform in response to
multiple defined signals [109]. Furthermore, biosensor-based metabolic
regulation has emerged as another beneficial fine-tuning method for en-
hancing the production of a target product. Specifically, regulating the
content of intermediates can reduce the toxicity of their excessive accu-
mulation. To achieve dynamic regulation of malonyl-CoA in P. pastoris,
Wen et al. constructed a synthetic malonyl-CoA metabolic oscillator us-
ing the FapR/FapO system. This system enabled dynamic regulation of
the production and consumption of malonyl-CoA, leading to a signifi-
cant 260% increase in the titer of malonyl-CoA derived polyketide under
the control of this oscillator [110,111].

6. Perspectives and conclusions

P. pastoris is a widely used host for the production of recombinant
proteins and small molecules, and efficient genetic tools for metabolic
engineering are essential for this purpose. Precise genetic engineering
tools can significantly reduce development times and costs compared to
time-consuming random mutation. Although CRISPR/Cas systems have
significantly improved genetic engineering efficiency in P. pastoris, there
are areas that require further improvement.

For instance, the efficiency of genome integration in P. pastoris,
specifically for large DNA fragments, needs further improvement to con-
struct complex biosynthetic pathways [82,100]. Compared to the highly
efficient multiplex genome engineering in S. cerevisiae [112-114], ex-
pressing multiple gRNAs in P. pastoris for multiplex genome engineering
remains challenging [31,81,100]. This is because current gRNAs are ex-
pressed individually and require a cleaving process to obtain functional



X. Wu, P. Cai, L. Yao et al.

gRNAs [31,81,100,102], resulting in low efficiency [115]. However,
Cpfl has the potential process to simplify multiplexed genome editing in
P. pastoris by processing its own CRISPR RNA and expressing multiple
gRNAs in one cassette [116,117]. Additionally, GoldenPiCS, a Golden
Gate-derived modular cloning system [118], has been developed as a
general-purpose vector for the rapid assembly of multiple genes in P.
pastoris. Nonetheless, this approach requires the removal of specific re-
striction enzyme sites within the target gene, promoter, and terminator
for proper linearization of the constructed plasmid, thereby increasing
the difficulty of plasmid construction [81]. An alternative method, Bio-
Brick, can assemble short strands of synthetic DNA into longer strands
through combination of DNA fragments treated with different restric-
tion endonucleases using iterative pairwise assembly without exhaust-
ing the unique restriction site [119,120]. BioBrick-compatible parts are
relatively facile to design as the upstream prefix sequence and the down-
stream suffix sequence are the same for each part. Therefore, BioBrick
may provide another avenue to link multiple gene segments in P. pastoris
in the future.

Fine-tuning gene expression is essential for balancing metabolic flux
in chemical production. However, the development of such tools in P.
pastoris lags far behind those in other model microbes [43,109]. Re-
cent advances in new CRISPR/Cas systems, such as type III and VI, have
enabled targeting of RNA to regulate gene expression without editing
the genomic DNA [121-124]. RNA interference is another tool that can
guide the repression of target transcripts [125] and knockdown target
genes without genome editing in host cells [126]. Despite these capabil-
ities, these systems have not been established in P. pastoris. Thus, further
developments of these genetic tools may allow for flexible regulation of
gene editing, activation, and repression in P. pastoris.

The CRISPR/Cas9 system can also edit a target base in addition to
gene knockout, integration, repression, or activation [127]. Single-base
editing systems such as cytosine base editor [127], adenine base edi-
tor [128], guanine base editor [129], and Prime Editor (PE) [130] have
been developed in S. cerevisiae [131,132] and Corynebacterium glutam-
icum [133,134]. PE enables not only base replacement, but also accurate
insertion and deletion of multiple bases. These editors do not generate
DNA DSB and therefore do not activate the DNA double-strand repair
machinery, which reduces the risk of introducing indels. None of these
editors have been established in P. pastoris, making them the focus of
future research.

In summary, the development of efficient genetic tools could pave
the way for using P. pastoris as a microbial cell factory for the production
of chemicals, biofuels, and natural products.
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