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Abstract 

Komagataella phaffii has gained recognition as a versatile platform for recombinant protein production, with applications covering 
biopharmaceuticals, industrial enzymes, food additi v es, etc. Its adv anta ges include high-lev el pr otein expr ession, moderate post- 
translational modifications, high-density culti v ation, and cost-effecti v e methanol utilization. Nev ertheless, it still faces challenges for 
the impr ov ement of pr oduction efficiency and extension of applica bility. This r e vie w highlights the ke y str ate gies used to facilitate 
pr oducti vity in K. phaffii , including systematic advances in genetic manipulation tools, transcriptional and translational regulation, 
protein folding and secretion optimization. Glycosylation engineering is also concerned as it ena b les humanized gl ycosylation pr o- 
files for the use in therapeutic proteins and functional food additivities. Omics technologies and genome-scale metabolic models 
provide new insights into cellular metabolism, enhancing recombinant protein expression. High-throughput screening technologies 
are also emphasized as crucial for constructing high-expression strains and accelerating strain optimization. With advancements in 

gene-editing, synthetic and systems biology tools, the K. phaffii expression platform has been significantly improved for fundamen- 
tal resear c h and industrial use . Futur e innov ations aim to full y harness K. phaffii as a next-generation cell factor y, pr oviding efficient, 
scala b le, and cost-effecti v e solutions for di v erse applications. It contin ues to hold pr omise as a key dri v er in the field of biotechnology. 

Ke yw ords: K omagataella phaffii ; non-conventional yeast; protein expression re gulation; ad vanced methods; biotec hnology applications 
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Introduction 

Recombinant pr oteins, as cor e pr oducts in the field of biotech- 
nology, have found extensive applications in production of 
biopharmaceuticals (Duarte and Monteiro. 2021 ), food addi- 
tiv es (Kn yc hala et al. 2024 ), industrial enzymes (Chen et al.
2024 ), etc. The increasing demand for recombinant protein 

pr oduction, driv en by r a pid biotec hnological adv ancements (Lu 

et al. 2024 ), has underscored the importance of selecting the 
optimal expression system. The primary biological expression 

systems can be categorized into prokaryotic microorganisms, 
eukaryotic micr oor ganisms , and mammalian cell systems . T he 
Esc heric hia coli expr ession system is widel y utilized due to its 
r a pid gr owth r ate, low cultur e cost, and str aightforw ar d oper- 
ation. Ho w e v er, it faces man y c hallenges, including impr oper 
protein folding, inclusion body formation and the absence of 
post-translational modifications (Jiang et al. 2024a ). Mammalian 

expr ession systems, suc h as Chinese hamster o vary cells , excel 
at performing complex post-translational modifications and 

ensuring proper protein folding and glycosylation (Shi and 

McHugh. 2023 ). Despite these adv anta ges, they ar e hamper ed 

by high production costs, slow cell gr owth, and expensiv e nu- 
tritional r equir ements (Elegheert et al. 2018 ). In comparison,
yeast expr ession systems, particularl y the non-conv entional 
y east K omagataella phaffii (syn. Pichia pastoris ), offer a balance 
betw een high-efficienc y expr ession and cost-effectiv eness,
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aking them uniquely suited for recombinant protein 

roduction. 
Komagataella phaffii is a gener all y r ecognized as safe strain ap-

r ov ed by the the American Food and Drug Administration (FDA)
Vuree 2020 ). It is an ideal platform for recombinant protein
roduction due to its clear genetic bac kgr ound, full y sequenced
enome and accessible molecular manipulation tools (Sun et al.
022 ). As an eukaryotic host, K. phaffii supports proper protein
olding and performs essential post-translational modifications,
uc h as gl ycosylation (Deng et al. 2023 ) and phosphorylation (Pa-
ala et al. 2017 ), which are critical for the functionality of many
iopharmaceutical products. Its robust secretory capacity allows 
 ecombinant pr oteins to be efficientl y secr eted into the cultur e
edium, minimizing intr acellular accum ulation and str eamlin- 

ng downstream purification processes (Gao et al. 2023a ). More-
v er, K. phaffii pr oduces less endogenous secreted proteins, reduc-
ng interfer ence fr om non-tar get pr oteins and impr oving the pu-
ity of the desired product (Tian et al. 2024 ). Komagataella phaffii
lso demonstrates an efficient ability to utilize inexpensive raw 

aterials such as methanol, making it advantageous for large- 
cale industrial production (Karbalaei et al. 2020 b). It can achieve
igh-density fermentation (a ppr oximatel y 150 g/l dry cell weight)
ithin a short period (Barone et al. 2023 ), which is beneficial for

mpr oving r ecombinant pr otein yield and ov er all pr oduction effi-
ienc y. Till no w, K. phaffii has been extensiv el y a pplied for the pr o-
 is an Open Access article distributed under the terms of the Cr eati v e 
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uction of vaccines, enzymes and antibodies, which represents a
r eferr ed eukaryotic expr ession system in industry (Nand et al.
024 ). 

This r e vie w summarizes the adv anta ges and c hallenges of
. phaffii in recombinant protein expression, focusing on the
rocesses of transcription, translation, protein folding, secre-
ion, and omics technologies and genome-scale metabolic mod-
ls (GEMs). Additionall y, high-thr oughput scr eening of high-
xpr ession str ains is discussed as a crucial strategy for accelerat-
ng strain optimization. By addressing these aspects, it is expected
o further unlock the potential of K. phaffii as an expression host,
ffering more efficient and cost-effective solutions for thephar-
aceutical and industrial sectors. 

ost c har acteristics of K. phaffii for 
ecombinant protein production 

train types and characteristics 

omagataella phaffii strains were isolated from oak trees in Califor-
ia and designated as P. pastoris in 1950s . T hese isolated P. pastoris
tr ains wer e r e-classified into the two species of K. pastoris and
. phaffii in 1990s. As K. phaffii has been widely used before re-
lassification, its original name P. pastoris is still in use especially
n industry no w ada ys . In the early phase , the wild-type K. phaf-
i Y-11430 was widely used due to its r a pid gr owth and efficient
ethanol utilization (Ogata et al. 1969 ). Then, the histidine aux-

tr ophic str ain GS115, obtained thr ough nitr osoguanidine m uta-
enesis, simplifies the process of gene integration and screening,
nabling its commercial use as a host (De Schutter et al. 2009 ). To
nhance the extracellular expression of recombinant proteins, the
rotease-deficient SMD series of strains were developed to min-

mize degradation by endogenous proteases (Ahmad et al. 2014 ).
he X-33 strain, a revertant of GS115 generated through HIS4 com-
lementation, is sometimes r eferr ed to as the wild type. It offers

mpr ov ed tr ansformation efficiency and membr ane pr otein secr e-
ion, making it a popular commercial expr ession str ain. (Br ady et
l. 2020 ). Eac h str ain shows distinct c har acteristics that contribut-
ng to the ov er all efficiency of the K. phaffii system, from facilitat-
ng gene integration to increasing the stability of protein secretion.

lexible culture conditions and industrial 
pplication potentiality 

mong various yeast species, K. phaffii stands out for its highly
e v eloped fermentation pr ocess, offering r emarkable pr oduction
dv anta ges for r ecombinant pr otein pr oduction. Its cell dry weight
an e v en r eac h up to 150 g/l and the fermentation scale can be ex-
anded to 80 000 l, making it applicable for large-scale industrial
r oduction (Mattanovic h et al. 2012 ). According to data from Re-
earc h Cor por ation Tec hnologies ( http://pic hia.com/), ov er 5 000
r oteins hav e been successfull y expr essed in this host, among
hic h ov er 70 commercial pr oducts hav e been commercialized,
ighlighting its widespread application and strong production
erformance (Zahrl et al. 2017 ). 

During fermentation process, the composition of medium
r eatl y impacts on protein expression by affecting cell growth and
iability. Komagataella phaffii is capable of utilizing methanol as
he sole carbon source. Methanol undergoes assimilation and dis-
imilation in per oxisomes, whic h supports cell gr owth and gen-
r ates NADH (Antonie wicz 2019 ). Compar ed to tr aditional carbon
ources like glucose and gl ycer ol, methanol is mor e effectiv e in
romoting biosynthesis. For example, Cai et al. ( 2022 ) success-
ully enhanced the production of fatty acids and fatty alcohols
y optimizing the methanol metabolic pathway and increasing
he supply of precursors and cofactors. Ho w ever, the flammabil-
ty and explosiveness of methanol pose safety risks. To address
his, Wang et al. ( 2018a ) reconstructed the P AOX1 transcriptional
egulation system, enabling efficient protein synthesis with de-
r eased methanol consumption. Additionall y, methanol-fr ee ex-
r ession systems hav e been de v eloped in r ecent years. Liu et al.
 2022a ) replaced methanol with formate as the carbon source and
nducer, improving safety and sustainability while increasing xy-
anase production by 103.5%. Similarly, Lee et al. ( 2017 ) developed
 buffer ed extr a-YNB gl ycer ol methanol auto-induction media,
hich shortened the screening and cultivation time while main-

aining membrane protein expression levels similar to traditional
edia. Furthermor e, modification or r econstruction of methanol
etabolic network may facilitate methanol metabolism and im-

r ov e pr oduction pr ocesses of tar get pr oducts, adv ancing yeast
latform upgrades. 

In addition to methanol, K. phaffii has a br oad substr ate spec-
r a including glucose, gl ycer ol, sorbitol, ethanol, etc. Four genes
ncoding H 

+ /gl ycer ol tr ansporters hav e been identified in K. phaf-
i , enhancing its gl ycer ol utilization efficiency compared to other
easts (Mattanovich et al. 2009 ). It reached a maximum glyc-
rol utilization rate ( q Smax) of 0.37 h 

−1 . In contrast, the baker’s
east ( Sacc harom yces cerevisiae ) sho w ed a higher glucose utilization
 ate (Ha gman et al. 2014 ), with a maxim um glucose utilization
ate of 2.88 h 

−1 , whereas K. phaffii achieved only 0.35 h 

−1 . How-
 v er, as a typical Cr abtr ee-negativ e y east, K. phaffii av oids high-
ugar fermentation and by-product formation under aerobic con-
itions, giving it a distinct adv anta ge in industrial production.
hen methanol is used for inducible expression, the presence

f carbon sources such as glycerol and glucose can inhibit the
xpr ession of for eign pr oteins . T her efor e, sorbitol is commonl y
sed as a substitution for gl ycer ol. It does not affect activity of
he P AOX 1 pr omoter, but r educes cell gr owth r ate and incr ease
r otein expr ession. Azadi et al. ( 2017 ) found that when sorbitol
oncentration in the medium reached 50 g/l, recombinant pro-
ein expression was highly enhanced. Ethanol is converted into
cetyl-CoA through a three-step metabolic pathwa y. T he efficient
thanol assimilation ability of K. phaffii provides ample energy and
ynthetic precursors for the cells. Liu et al. ( 2019b ) de v eloped an
thanol-inducible regulatory system ESAD in K. phaffii and estab-
ished a novel biosynthesis system where ethanol serves as a car-
on source, precursor, and inducer sim ultaneousl y. This system
ould be used for the expression of recombinant proteins, offer-
ng a v ersatile a ppr oac h for metabolic engineering on this host
train. 

enetic manipulation tools and 

pplications 

esign and selection of expression systems 

ost protein expression in K. phaffii relies on the integration
f target genes into the genome through single- or double-
r ossov er homologous recombination (HR). Commercial ex-
r ession v ectors including pPIC 9 K, pPIC 3.5 K, pAO815 are
ommonly used especially for the multi-copy gene integra-
ion. The P AOX1 promoter region and auxotrophic gene HIS4
r e widel y used as single-cr ossov er insertion sites, with in-
egr ation efficiencies r anging fr om 50% ∼80% (Cer eghino and
regg. 2000 ). Ho w ever, this integration method may lead to a
econd-r ound single-cr ossov er especiall y for m ulti-copy con-
tructions, resulting in the loss of the target gene . T her efor e,

http://pichia.com/
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r esearc hers hav e de v eloped double-cr ossov er methods to r e- 
place specific sequences in the genome with an expression 

cassette, resulting in more stable and precise gene 
integration. 

Although integrated expression vectors provide stable protein 

pr oduction, their complex oper ation and low tr ansformation ef- 
ficiency limit the optimization of industrial strains. To overcome 
these challenges, episomal expression vectors have emerged as 
valuable tools for high-throughput screening due to their eas- 
ier manipulation and higher transformation efficiency. The au- 
tonomous replication sequence (ARS), a k e y part of episomal plas- 
mids, contr ols DNA r eplication initiation, stability and copy num- 
ber of plasmids (Gu et al. 2019 ). Although ARS such as PPARS1 
and mitoc hondrial DNA fr a gments hav e been successfull y used 

to construct episomal plasmids with high transformation effi- 
ciency, these plasmids often exhibit poor stability during mito- 
sis and thus limiting their applications (Schwarzhans et al. 2017 ).
Researc hers hav e identified centr omer e (CEN) sequences on four 
c hr omosomes in this host to impr ov e plasmid stability (Piva et al.
2020 ). Ho w e v er, the long length of the CEN sequence complicates 
plasmid transformation and may lead to genome integration, in- 
creasing the difficulties in screening procedure (Nakamura et al.
2018 ). 

The construction of efficient protein expression chassis strains 
r equir es extensiv e metabolic r epr ogr amming and expr ession of 
m ultiple genes. Compar ed to tr aditional plasmid-based expr es- 
sion systems, genome integration is considered as a viable al- 
ternative for the stable expression of genes. For genome inte- 
gr ation, identification of neutr al sites , i.e . c hr omosomal locations 
that can be disrupted with minimal impact on cell physiology and 

metabolism, is essential for stable multi-gene expression. Cai et 
al. ( 2021 ) identified 46 neutral sites in K. phaffii . Gao et al. ( 2022 ) 
further screened and identified 23 potential integration sites. Most 
r ecentl y, Ruan et al. ( 2024 ) utilized CRISPR-Cpf1 technology to dis- 
cov er 15 ne w and efficient integr ation sites in K. phaffii , offering 
more options for gene integration. 

For genetic manipulation, marker genes are commonly used 

to select recombinant strains. In K. phaffii , antibiotic resistance 
genes , i.e . Sh ble (Zeocin 

R ) (Drocourt et al. 1990 ), kan (G418 R ) (Lin- 
Cereghino et al. 2008 ), hph (hygromycin 

R ) (Yang et al. 2014 ), nat 
(nourseothricin 

R ) (Baghban et al. 2018 ), and bsd (blasticidin 

R ) (Ma- 
suda et al. 2005 ), and auxotrophic markers like URA5 , URA3 , MET2 ,
and HIS4 (Nett et al. 2005 ), are commonly used. Nevertheless,
efficient marker genes are still limited when performing multi- 
ple gene manipulations and exploration of a ppr opriate scr eening 
markers still keeps c hallenging. Intr oduction of r e v erse selection 

markers offers a solution by enabling marker-free gene manipula- 
tion, whic h pr ovides a ne w tool for microbial genetic engineering.
Researc hers hav e incor por ated the Cr e/loxP r ecombinase system 

and r e v erse scr eening markers, suc h as URA3 (Wang et al. 2023a ) 
and mazF (Yang et al. 2009 ), into K. phaffii to enable marker r emov al 
thr ough site-specific r ecombination. This r e v erse scr eening str at- 
egy impr ov es the efficiency of marker r ecov ery, while c hallenges 
such as long cycle times and complex pr ocedur es still needs to be 
solved. 

Progress and potential applications of gene 

editing systems 

Gene-editing technologies have revolutionized the ability to ma- 
nipulate K. phaffii strains for recombinant protein production. In 

addition to traditional methods like golden-gate assembly and 

Cre/loxP system, the CRISPR/Cas system (Weninger et al. 2016 ) has 
ighl y impr ov ed the efficiency and accur acy of gene manipulation
Fig. 1 A and B). By screening ARS and adjusting the promoter of
RNA expression, Gu et al. ( 2019 ) improved the editing efficiency
f CRISPR/Cas9 by 10 times. Liu et al. ( 2019a ) established an effi-
ient m ulti-site integr ation tec hnology based on CRISPR/Cas9 in
. phaffii . The gene editing ac hie v ed a double-site integration ef-
ciency of 57.7% ∼70% and a three-site integration efficiency of
2.5% ∼32.1%. Mor eov er, Zhang et al. ( 2021 ) established a CRISPR-
pf1-mediated genome editing method in K. phaffii , which effi-
iently enabled multi-gene knockout with deletions of up to 20 kb.
t also facilitated one-step integration of multiple genes, with a
hree-gene editing efficiency of 30%. 

Despite these advancements, the primary mechanism for re- 
airing c hr omosome double-str and br eaks (DSBs) in K. phaffii is
on-homologous end joining (NHEJ) (McCarty et al. 2020 ), which

eads to the randomness and uncontrollability of gene integra- 
ion, making screening a time-consuming and labor-intensive pro- 
ess (Fig. 1 C). Knoc k out of NHEJ-r elated gene K u70 and o v er expr es-
ion of HR-related proteins RAD52 and RAD59, increasing the ef-
ciency of seamless knoc k out and gene integration to over 90%

Wang et al. 2023a ). The tar geted r ecognition function of Cas9
elies on the PAM sequence. A series of Cas9 proteins, includ-
ng StCas9, spCas9, NmCas9, and CjCas9, whic h r ecognize dif-
erent PAM sequences , ha ve been successfully applied in gene-
diting. These proteins are expected to become effective tools for
ene-editing in K. phaffii in the future . Besides , dCas9 is widely
sed in gene inhibition and activation (CRISPRi and CRISPRa) 

Fig. 1 D). Unlike Cas9, dCas9 does not cause DNA double-strand
reaks but instead regulates gene expression by fusing tran- 
criptional r epr ession (TRD) or activ ation (TAD) domains (Qiao
t al. 2023 ). CRISPRi and CRISPRa hav e been well a pplied in
. phaffii , generating a strong and precise regulatory SynPic-X
xpression platform of user-defined signal inducible behavior 
Liu et al. 2022b ). 

r anscriptional regula tion str a tegies 

esign and application of promoters and 

erminators 

igh titer, high yield, and efficient productivity are always desired
or r ecombinant pr otein expr ession. To ac hie v e these goals, opti-

ization str ategies typicall y focus on enhancing the efficiency of
eter ologous gene expr ession, modifying c hassis cells (Wang et al.
024a ), and refining fermentation processes (Shemesh and Fish- 
an 2024 ). Therein, modifying expression regulatory elements re- 
ains one of the most fundamental strategies for expression op-

imization. 
Komagataella phaffii possesses a highly effective transcriptional 

 egulation system. Pr omoter plays a critical r ole as a cor e element
o determine tr anscription le v el and regulatory mode of a certain
ene. Curr entl y, se v er al high-intensity inducible and constitutive
r omoters hav e been identified and a pplied for pr otein expr ession

n K. phaffii (Table 1 ). 
Inducible promoters decouple cell growth from product syn- 

hesis, allowing for precise regulation of recombinant protein ex- 
ression (Wang et al. 2024d ). One of the earliest and most widely
sed promoters is the alcohol oxidase promoter P AOX1 , which is
ethanol-inducible and exhibits strict regulation mode (Wang 

t al. 2017 ). Ther e ar e se v er al other methanol-inducible pr omot-
rs with v arying str engths, suc h as P DAS1 , P DAS2 , and P FLDH1 , which
r ovide v aluable tools for methanol-induced expr ession systems
nd metabolic engineering. Ho w e v er, the use of methanol poses
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Figure 1. Genome editing in K. phaffii . (A) CRISPR/Cas9-mediated gene editing. (B) CRISPR/Cas12a-mediated gene editing. (C) DNA double-strand break 
r epair mec hanisms pr oduced by CRISPR systems. (D) CRISPRi (CRISPRa) inhibits (activ ates) tar get gene expr ession and tr anslation. 

Table 1. Promoters used to express recombinant protein in K. phaffii . 

Promoter Production Yield Reference 

P AOX1 human insulin precursor 1.05 g/l (Nurdiani et al. 2021 ) 
P AOX1 lacto-protein 5.4 g/l (Lv et al. 2023 ) 
P AOX1 human interleukin-3 2.23 g/l (Dagar and Khasa. 2018 ) 
P AOX1 glucose oxidase 30.7 g/l (Zhou et al. 2024 ) 
P AOX1 phytase 9.58 g/l (Li et al. 2015 ) 
P AOX1 human collagen II 3.04 g/l (Wang et al. 2024b ) 
P AOX1 soy hemoglobin 3.5 g/l (Shao et al. 2022 ) 
P AOX1 patatin 1.4 g/l (Dai et al. 2022 ) 
P AOX1 rHSA 17.47 g/l (Zhu et al. 2021 ) 
P AOX1 A33scFv 8 g/l (Das et al. 2024 ) 
P GAP SAM synthetase 2 2.49 g/l (Zhang et al. 2009 ) 
P GTH1 i-body 4.2 g/l (Prielhofer et al. 2018 ) 
P GCW14 xylanase 8.7 g/l (Xia et al. 2021 ) 
P FLD1 lipase LIP2 35 000 U/ml (Wang et al. 2012 ) 
P DAS1 lipases 22 342 U/ml (Wang et al. 2019b ) 
P ADH3 xylanase 3725 U/ml (Karaoglan et al. 2016 ) 
P TEF1 human serum albumin 63 556 U/ml (Huang et al. 2020 ) 
P MOX endoglucanase 3 711 U/ml (Mombeni et al. 2020 ) 
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t  
afety risks, limiting its application in pharmaceutical and food
r ea. As a r esult, r esearc hers continue to explor e alternativ e in-
ucible pr omoters, suc h as rhamnose-induced P LRA3 and P LRA4 ,
thanol-r esponsiv e P ICL1 and P ADH2 , thiamine starvation-induced
romoter P THI11 , and so on. These alternative promoters provide
ffective solutions for regulating protein and metabolite produc-
ion, thereby expanding the versatility of K. phaffii . Jiao et al. ( 2020 )
e v eloped rhamnose-induced str ains and r e v ealed their surviv al
echanism without carbon sources and the pathway to enhance
r otein expr ession. Flor es-Villegas et al. ( 2023 ) scr eened a ne w
 GTH1 pr omoter with str onger expr ession intensity and similar reg-
latory c har acteristics, incr easing scFv yield by 55%. 

Compared with inducible promoters, constitutive promoters
ypically do not require inducers, which simplifies the culture pro-
ess and offers broad compatibility under various conditions . T his
ak es constituti v e pr omoters highl y suitable for studying phys-

ological traits, component assembly, and large-scale fermenta-
ion (Nieto-Taype et al. 2020 ). For non-toxic proteins, the robust
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nature of the constitutive system helps maximize yield per unit 
time, gr eatl y enhancing the optimization potential of K. phaffii cell 
factories . T he P GAP promoter is a commonly used constitutive pro- 
moter in K. phaffii in academic r esearc h and industrial pr oduc- 
tion due to its ease of use and stable expression under various 
conditions (García-Ortega et al. 2019 ). Lin et al. ( 2024 ) enhanced 

the activity of P GAP , resulting in a 2.43-fold increase in cellulase 
expr ession. Besides, se v er al other constitutiv e pr omoters with 

v arying expr ession c har acteristics and str engths hav e been r e- 
ported in K. phaffii , such as P TEF1 , P GCW14 , and P PGK1 . 

Although natural inducible and constitutive promoters have 
been widely used, they may not always meet the evolving require- 
ments of K. phaffii for more complex pr oduction. Ther efor e, pr o- 
moter engineering has emerged as an effective approach to pre- 
cisel y r egulate metabolism at the tr anscriptional le v el, offering 
various possibilities to meet different production demands. Eu- 
karyotic promoters consist of a cor e pr omoter and an upstream 

r egulatory r egion. The cor e pr omoter binds to RNA pol ymer ase to 
determine the transcription initiation site and strength, while the 
upstr eam r egulatory r egion contains tr anscription factor bind- 
ing sites that regulating promoter strength (Gibbons et al. 2022 ).
Promoter engineering typically focuses on modifying these ele- 
ments. Vogl and Glieder ( 2013 ) firstly synthesized and modified 

the cor e pr omoter of P AOX1 , cr eating v ariants with distinct ex- 
pr ession le v els. Wang et al. ( 2018b ) created a hybrid promoter by 
modifying the upstream activation sequence and core element, 
ac hie ving tr anscription activity twice that of a common yeast con- 
stitutiv e pr omoter P TEF1 . Lai et al. ( 2024 ) constructed a gradient 
str ength pr omoter libr ary in K. phaffii thr ough r andom hybridiza- 
tion and high-thr oughput scr eening. With GFP as a r eporter, the 
expr ession le v el of P hy47 was 2.93 times higher than that of the 
P GAP promoter. 

Additionally, the terminator also plays a crucial role in regu- 
lating gene expression levels by influencing mRNA stability and 

affecting the subsequent translation process. Protein expression 

le v els can be finely regulated by adjusting appropriate terminator 
sequences (Zhang et al. 2024a ). To date, only 20 terminators have 
been identified in K. phaffii , with activity ranging from 57% ( CAT1 t) 
to 100% ( AOX1 t), indicating a limited ability to regulate pathway 
flux. To explore terminator sequences that can regulate protein 

expr ession le v els in K. phaffii , a terminator libr ary of 72 sequences 
was constructed, exhibiting adjustable expression intensity range 
of 17-fold (Ito et al. 2020 ). These advances in promoter and termi- 
nator engineering enable the precise regulation and expression 

impr ov ement of heterologous proteins in K. phaffii . 

Gene dosage regulation 

Increasing gene copies is an effective strategy to boost recom- 
binant pr otein pr oduction (Zheng et al. 2014 ). Antibiotic-based 

m ulticopy scr eening methods ar e widel y used for constructing 
high-copy strains (Wang et al. 2023c ), e.g. geneticin, zeocin, and 

hygromycin. Ho w ever, high concentrations of antibiotics may re- 
duce the number of positiv e tr ansformants, ther eby incr easing 
the difficulties of the screening process (Aw and Polizzi 2016 ).
To solve this problem, the post-transformation vector amplifica- 
tion (PTVA) a ppr oac h was de v eloped, scr eening lo w-cop y strains 
by gr aduall y incr easing the concentr ation of antibiotics, allowing 
the strains to undergo multiple recombination events that ulti- 
matel y r esulting in high-copy tr ansformants (Sunga et al. 2008 ).
Although effective, this method faces challenges such as long 
duration, high costs and the potential for gene mutations. To 
optimize this process, the liquid PTVA method was proposed to 
void the time and expense (Aw and Polizzi 2016 ). Another sig-
ificant advancement involves CRISPR-mediated rDNA integra- 
ion technology. Jiang et al. ( 2024b ) designed a gl ycer ol-induced
nd glucose-inhibited promoter system (CRISPOi) and also used a 
tr ong pr omoter (CRISPOc) to ac hie v e high-copy expr ession of the
arget gene through one-step integration, resulting in a 19.5-fold 

ncrease in the yield of geraniol. 
For all that, increasing gene dosage does not always result in a

inear increase in expression levels. For example, L-aspar a ginase
ield r eac hed the highest le v el with onl y thr ee-copy genes in K.
haffii, and more copies could not improve production further 
Erden-Kar ao ̆glan and Kar ao ̆glan 2023 ). It might be ascribed to
hat increased gene dosages cause o xidati ve stress related to pro-
ein folding, as well as a shortage of carbon and energy supply,
hich in turn affects the transcription and translation processes 

Mao et al. 2024 ). Ther efor e, balancing gene dosage with the phys-
ological burden on the cells remains a topic that requires further
xploration. 

r ansla tion regula tion str a tegies 

he tr anscription le v el of a gene does not always align with the fi-
al expr ession le v el of the pr otein. The tr anslation fr om mRNA to
r otein involv es m ultiple v ariables. Tr anslation factors and their
egulation play a crucial role in the quality of protein synthesis,
olding, modification, and secretion (Vogel and Marcotte 2012 ). As
 result, optimizing translation regulation has proved to be an ef-
ectiv e str ategy to enhance pr otein expr ession. In K. phaffii , some
r anslation-r elated factors have been studied. Lin et al. ( 2013 )
ound that the upregulation of certain translation factors was pos-
tiv el y corr elated with the incr eased expr ession of xylanase by
he Isobaric Tag for Relative and Absolute Quantitation- Liquid
hr omatogr a phy-Tandem Mass Spectrometry (iTRAQ–LC–MS/MS 
ethod). The translation process can be divided into three stages:

nitiation, elongation, and termination. The initiation of transla- 
ion, which is regulated by multiple subunits, is the rate-limiting
tep (Zhang et al. 2022 ). By strengthening the k e y factors involved
n tr anslation initiation, Staudac her et al. ( 2022 ) highl y incr eased
he yield of recombinant nanobody protein and enhanced over- 
ll protein translation intensity. Ribosomes are the core of mRNA
ranslation, Liao et al. ( 2020 ) demonstrated that overexpressing
hese factors not only promoted cell growth but also increased
he yield of reporter protein. Recent studies have also focused on
he ov er expr ession of factors involv ed in the closed-loop structur e
f tr anslation, whic h r emarkabl y enhanced the stability and effi-
iency of translation initiation. By overexpressing these factors,
ither individually or in combination, the fermentation yield of 
xogenous proteins can be increased by up to three times (Stau-
acher et al. 2022 ). Codon optimization is also a commonly used
trategy to improve translation efficiency. The effect of codon pref-
rence on gene expression is largely due to its influence on trans-
ation, as codons impact translation efficiency through elongation 

nd accuracy (Wu et al. 2024 ). Li et al. ( 2021 ) achieved a 62.2-
old increase in acetylcholinesterase enzyme activity by employ- 
ng codon substitution in K. phaffii . Ho w e v er, ac hie ving a balance
etween translation rate and mRNA stability remains a challenge.
xcessiv el y r a pid tr anslation or ov erl y stable mRNA can incr ease
he metabolic burden on cells, thereby affecting protein expres- 
ion efficiency and cell growth (Dave et al. 2023 ). T herefore , it is
ssential to establish a pr ecise r elationship betw een mRN A se-
uence and protein synthesis yield, including both protein syn- 
hesis rate and mRNA half-life (Bicknell et al. 2024 ). 
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Figure 2. Sc hematic dia gr am of impr oving r ecombinant pr otein expr ession in K. phaffii at the folding le v el. 
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ptimization of protein folding 

olding bottlenecks and regulatory strategies 

n K. phaffii , the secretion of recombinant proteins relies on
 complex folding process within the endoplasmic reticulum
ER), whic h serv es as the centr al hub for pr otein folding and
ost-translational modification (Fig. 2 ). Secretory proteins enter
he ER in an unfolded state and undergo folding with the assis-
ance of molecular c ha per ones, ensuring their pr oper function
nd stability (Idiris et al. 2010 ). Ho w e v er, when r ecombinant pr o-
ein expression levels are excessively high, unfolded or misfolded
roteins can accumulate in the ER, overwhelming its folding ca-
acity and triggering the unfolded protein response (UPR). The
PR mitigates ER stress by reducing translation rates, upregulat-

ng molecular c ha per one expr ession, and expanding ER ca pacity
o r estor e homeostasis. If the misfolded protein burden exceeds
he ER’s processing capabilities, it may lead to apoptosis that com-
r omising pr otein expr ession efficiency (Hetz et al. 2020 ). 

In addition to UPR, ER relies on the ER-associated degradation
ERAD) pathway to r emov e misfolded pr oteins. Thr ough ERAD,

isfolded pr oteins ar e tr ansported fr om the ER to the cytoplasm,
here they undergo ubiquitination and subsequent degradation
y the proteasome (Krshnan et al. 2022 ). The synergy of UPR and
RAD can reduce ER stress, but excessi ve acti vation may hinder
rotein synthesis and lo w er recombinant protein yield (Lin et al.
023 ). Balancing the activities of UPR and ERAD has ther efor e
merged as a critical challenge in optimizing protein folding and
nhancing production efficiency. 

To enhance the folding and secretion efficiency of recombinant
r oteins in K. phaffii , r esearc hers hav e focused on ov er expr ession
f endogenous or exogenous molecular c ha per ones to promote
r oper pr otein folding. K ey molecular c ha per ones, suc h as heat
hoc k pr oteins (Qu et al. 2024 ) and pr otein disulfide isomer ase
Pdi) (Fu et al. 2020 ), play critical roles in this process. Kar2 facil-
tates correct folding by binding to unfolded polypeptide chains,
her eby pr e v enting a ggr egation between molecules . For instance ,
un et al. ( 2017 ) demonstrated that ov er expr ession of Kar2 in re-
ombinant K. phaffii increased β-galactosidase secretion by 57.5%.
imilarl y, Pdi impr ov ed the secr etion of disulfide bond-containing
roteins by forming and rearranging disulfide bonds to stabilize
heir structure. Inan et al. ( 2006 ) reported that overexpression of
 fi
di significantly improved the secretion levels of the recombinant
r otein NA-ASPI. Additionall y, a v ariety of molecular c ha per ones
ave been identified and characterized in K. phaffii (Table 2 ) to sup-
ort recombinant protein expression. 

While co-expression of molecular c ha per ones is effectiv e in en-
ancing protein secretion efficiency, the varying folding require-
ents of different proteins and associated metabolic burden on

ost cells pose c hallenges. De v eloping standardized and univer-
all y a pplicable optimization str ategies r emains for further explo-
ation to achieve high-efficiency protein expression and secretion
ut minimizing cellular stress. 

ngineering of protein gl ycosyla tion 

ompared to prokaryotic systems, K. phaffii showed obvious ad-
 anta ges in protein post-translational modifications. Glycosyla-
ion stands out as a crucial modification that pr ofoundl y influ-
nces protein secretion efficiency and overall quality of proteins.
he K. phaffii host possesses the capability for both N - and O -
lycosylation (Thak et al. 2018 ). Furthermore, compared to S. cere-
isiae , the glycosylation pattern of K. phaffii was more like mam-
alian cells, with a lo w er degr ee (onl y 9 ∼14 mannose r esidue) of

igh-mannose glycosylation (Sun et al. 2022 ). This characteristic
rovides a crucial foundation for the application of this host in the
r oduction of ther a peutic gl ycopr oteins . T he Nb11-59 nanobody
as successfull y pr oduced at a lar ge scale by K. phaffii , ac hie ving
 yield of 20 g/l (Liu et al. 2022c ). 

Ho w e v er, the gl ycosylation pathway of K. phaffii differs from
hat of human, potentially leading to the introduction of non-
ar get gl ycosylation structur es that can affect the activity, func-
ion, and immunogenicity of recombinant glycoproteins (Swiech
t al. 2015 ). Glycosylation engineering has been performed to
odify the glycosylation pathway in K. phaffii , aiming to ac hie v e
 humanized glycosylation profile. By knocking out endogenous
igh-mannose-related gene OCH1 and introducing mammalian-
eriv ed gl ycosylation enzymes like MnsI and GnTI, Choi et al.
 2003 ) successfully developed strains capable of producing hybrid
l ycan structur es. Complex gl ycopr oteins, suc h as r ecombinant
rythropoietin (rEPO) (Hamilton et al. 2006 ) and monoclonal anti-
odies (Liu et al. 2018 ), were also successfully produced in K. phaf-
i. 
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Table 2. Molecular c ha per ones used for r ecombinant pr otein expr ession in K. phaffii . 

Chaperones Target protein Final-yield Improvement Reference 

BiP A33scFv 4 g/l 3-fold (Damasceno et al. 2007 ) 
Kar2 HFBI 242 mg/l 22-fold (Sallada et al. 2019 ) 
Ero1 HFBI 330 mg/l 30-fold (Sallada et al. 2019 ) 
Pdi thermophilic lipase 57 521 U/ml 1.46-fold (Wang et al. 2019a ) 
Ero1-Pdi human lysozyme 81 600 U/ml 1.38-fold (Wang et al. 2023c ) 
Hac1 nanobodies 2.13 g/l 1.5-fold (Zheng et al. 2024 ) 
Cpr5 carboxylesterase 161.34 U/ml 4.57-fold (Jiang et al. 2023 ) 
Sec1 IL2-HSA 1.25 g/l 2.5-fold (Guan et al. 2016 ) 
Sly1 IL2-HSA 0.95 g/l 1.9-fold (Guan et al. 2016 ) 
Aha1 β-glucuronidase 0.97 g/l 1.59-fold (Huangfu et al. 2016 ) 
Ypt6 β-glucuronidase 0.95 g/l 1.56-fold (Huangfu et al. 2016 ) 
Ssa4 Rhizopus oryzae lipase 4470 U/ml 1.45-fold (Jiao et al. 2018 ) 
Ssa1-Sis1 por cine gro wth hormone 340 mg/l / (Deng et al. 2020 ) 
Ssa1-Ydj1-BiP-Lhs1 E2-Spy antigen protein 168.3 mg/l 6.18-fold (Li et al. 2024 ) 
Ssa1 Candida antarctica lipase B 260 U/ml 1.4-fold (Samuel et al. 2013 ) 
Gr oES-Gr oEL phytase 495.5 U/mg 2.3-fold (Summpunn et al. 2018 ) 
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Ad ditionally, ad vancements in glycosylation engineering from 

other yeast platforms offer valuable insights for the future de- 
v elopment of gl ycosylation engineering in K. phaffii . For example,
Makrydaki et al. ( 2024 ) de v eloped the SUGAR-TARGET platform,
which enables sequential and customizable N-glycosylation in 

vitro using purified recombinant glycosyltransferases. While this 
system is not dir ectl y r elated to K. phaffii , it pr o vides inno v ativ e
perspectives for in vitro glycosylation that could inspire future de- 
velopments in K. phaffii glycoengineering. 

Optimization of protein secretion pathways 

In K. phaffii , the secretion of recombinant proteins primarily re- 
lies on the classical secretion pathway. Its initial and critical step 

is the translocation of proteins across the ER membrane into the 
ER. The efficiency of this translocation highly influences the over- 
all secretion levels of recombinant proteins, with the signal pep- 
tide playing a pivotal role in guiding this process . T he sequence of 
the signal peptide dir ectl y determines both the efficiency of pro- 
tein translocation into the ER and the subsequent secretion levels 
(Yang et al. 2023 ). Till now, numerous signal peptides (Table 3 ) have 
been de v eloped in K. phaffii to meet the high-efficiency secretion 

demands of recombinant protein production. 
Curr entl y, the α-mating factor signal peptide ( α-MF) from S.

cerevisiae is one of the most commonly used signal peptides. It has 
been successfull y integr ated into commercial expr ession v ectors 
such as pPIC 9 K and pPIC Z αA (Wang et al. 2019b ). The α-MF sig- 
nal peptide demonstrates high efficiency in the secretion of small 
peptides and proteins; ho w ever, its effectiveness is limited when 

applied to the secretion of larger macromolecular proteins (Aw 

et al. 2017 ). To enhance the secretion efficiency of α-MF, Chahal 
et al. ( 2017 ) optimized its hydrophobic region and codon usage,
significantl y impr oving its secr etion ability of specific exogenous 
proteins. 

Adv ancements in pr oteomics hav e r e v ealed that endogenous 
signal peptides in K. phaffii possessed a strong capacity to guide 
pr otein secr etion (Shen et al. 2022 ). These endogenous peptides 
are often more readily recognized by the host cells, thereby en- 
abling more efficient secretion of foreign proteins (Liang et al.
2013 ). Ho w e v er, the c hoice of an optimal signal peptide lar gel y 
depends on the specific properties of the target protein. As such,
experimental v alidation r emains an essential step in optimizing 
signal peptides for enhanced secretion efficiency. 
Beyond optimizing the signal peptide itself, enhancing the pro- 
ein translocation capability of host cells represents an alternative 
trategy to improve secretion efficiency (Dong et al. 2024 ). For in-
tance, Marsalek et al. ( 2019 ) demonstrated that ov er expr ession
f ER translocation pore subunit Sbh1 in K. phaffii led to a more
han 4-fold increase in the secretion of an antibody fragment
yHEL-F ab . Zhang et al. ( 2024b ) impr ov ed the co-tr anslational

r anslocation ca pacity of K. phaffii by ov er expr essing components
f the signal recognition particle, resulting in a 48% increase in
yalur onidase secr etion. Once the pr otein is pr ocessed in the ER,
ownstr eam tr ansport pr ocesses may become bottlenec ks that

imiting secretion efficiency (Kaneyoshi et al. 2019 ). This limitation
an be effectiv el y mitigated by ov er expr essing tr ansport-r elated
actors . For example , Wang et al. ( 2024c ) enhanced the secretion
f human lactoferrin by 38.5% by maintaining a balanced bidirec-
ional v esicle tr ansport system. Liu et al. ( 2024 ) impr ov ed xylanase
ecretion by 9.6% with co-expression of vesicle transport-related 

actors. 

mics appr oac hes and metabolic modeling 

n K. phaffii engineering 

mics technologies provide po w erful tools for the comprehen-
ive elucidation of cellular functions. Techniques such as ge- 
omics , transcriptomics , proteomics , and metabolomics facilitate 
he intricate mapping of interactions between genes , proteins , and

etabolites . T hese technologies are particularly transformative 
n biotechnology and metabolic engineering, where they enable 
recise optimization of metabolic pathwa ys . For microbial facto-
ies like K. phaffii , omics tec hnologies ar e indispensable for deci-
hering metabolic profiles, enhancing production efficiency, and 

ptimizing fermentation processes. 
Genomics, as one of the fundamental omics tec hnologies, pr o-

ides crucial support for strain improvement of K. phaffii . Through
ompar ativ e genomic anal ysis, r esearc hers can systematically
dentify genetic differences among various strains, thereby pro- 
iding a basis for establishing a scientific foundation for select-
ng a dominant strain for specific a pplications. Br ady et al. ( 2020 )
ound that cell wall integrity is a k e y factor that influencing strain
erformance. By combining genomics and transcriptomics, opti- 
ized K. phaffii mutants were developed, which significantly im- 

r ov ed tr ansformation efficiency and pr otein expr ession le v els. 
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Table 3. Signal peptides used for recombinant protein secretion in K. phaffii . 

Signal peptide Origin Target protein Yield Reference 

α-MF S. cerevisiae insulin precursor 1.5 g/l (Gurr amk onda et al. 2010 ) 
MF4 I S. cerevisiae Phytase 6.1 g/l (Xiong et al. 2005 ) 
αpre S. cerevisiae endo-1,4- β-mannosidase / (Wang et al. 2015 ) 
SUC2 S. cerevisiae dextranase 1706 U/l (Martínez et al. 2021 ) 
Killer protein S. cerevisiae mouse α-amylase 240 mg/l (Kato et al. 2001 ) 
OST1 S. cerevisiae type III collagen / (Wang et al. 2023b ) 
SCW K. phaffii Candida antarctica lipase B / (Liang et al. 2013 ) 
DSE K. phaffii Candida antarctica lipase B / (Liang et al. 2013 ) 
EXG K. phaffii Candida antarctica lipase B / (Liang et al. 2013 ) 
PHO1 K. phaffii Aspergillus niger xylanase 139 U/ml (Karaoglan et al. 2014 ) 
PIR1 K. phaffii Aspergillus niger xylanase 250 U/ml (Karaoglan et al. 2014 ) 
GAS1 K. phaffii β-galactosidase 191.8 U/g (Duan et al. 2019 ) 
SP23 K. phaffii hyaluronidase 138 000 U/ml (Huang et al. 2020 ) 
nsB-AP Candida antarctica hyaluronidase 1 680 000 U/ml (Kang et al. 2016 ) 
INU Kluvveromyces marxious phytase / (Helian et al. 2020 ) 
HFBI Trichoderma reesei β-galactosidase / (Cao et al. 2017 ) 
α-amylase Aspergillus niger brazzcin 283 mg/l (Neiers et al. 2021 ) 
Serum albumin Homo sapiens human lysozyme / (Xiong et al. 2008 ) 
IgGl Murine anti-HIV VRC0l antibody 6.5 mg/l (Aw et al. 2018 ) 
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Transcriptomics plays a crucial role in studying gene expres-
ion and regulatory mechanisms in K. phaffii . Through transcrip-
omic analysis, the expression changes of k e y genes under spe-
ific conditions can be r e v ealed, pr oviding insights into their reg-
latory roles in metabolic pathwa ys . Gao et al. ( 2023b ) identi-
ed the k e y role of the PAS_0305 gene in cell wall thickness and
tr ess r esponses by tr anscriptomic anal ysis to. Thr ough activ at-
ng cell wall sensors and increasing cell wall permeability, they
ignificantl y impr ov ed methanol conv ersion efficiency and en-
anced the production of single-cell protein, effectively address-

ng the issues of carbon loss and metabolic efficiency in methanol
ed-batch fermentation of K. phaffii . Gupta and Rangarajan ( 2022 )
sed identified a series of interactions among transcription fac-
ors that functioning in the transcriptional regulation of genes in
he methanol utilization pathway of K. phaffii by transcriptomic
nal ysis, pr oviding ne w insights for optimizing this pathway. Boo-
ari et al. ( 2023 ) integrated dynamic flux balance analysis (DFBA)
ith transcriptomic data to simulate the growth process of re-

ombinant protein expression in K. phaffii under different feeding
trategies . T hey further developed a novel feeding strategy that
ncr eased pr otein concentr ation by 16% and impr ov ed pr oduction
ield by 85% compared to the pr e viousl y optimized cultur e con-
itions. 

The application of proteomics complements the findings from
enomics and transcriptomics. By systematically analyzing the
r otein expr ession pr ofile within cells, r esearc hers can ac hie v e
eeper insights into intracellular metabolic and secretion pro-
esses, thereby optimizing recombinant protein expression. Hou
t al. ( 2022 ) r e v ealed the upr egulation of the tr ansaldolase
soenzyme ( Tal2 ) in methanol medium through proteomic anal-
sis, highlighting its important role in methanol metabolism.
his study pr ovided v aluable information for understanding
ethanol metabolism in K. phaffii and facilitated optimization

f metabolic pathways for the increase of protein production
fficiency. 

Metabolomics and GEMs r epr esent po w erful tools for system-
tic optimization of metabolic pathways in K. phaffii . By inte-
rating genomic data and metabolic flux analysis, these models
an predict dynamic changes in intracellular metabolic reactions,
hereby guiding the design and implementation of metabolic en-
 c  
 ineering strateg ies. Nocon et al. ( 2014 ) integr ated r ecombinant
r otein pr oduction into the metabolic model of K. phaffii , sim-
lating the impact of ov er pr oduction on cellular metabolism
nd predicting gene targets to enhance productivity. The results
ho w ed that ov er expr ession of tar gets r elated to the gl ycol ytic
athway or knoc k out of specific metabolic pathways significantly

ncreased the production efficiency of human superoxide dismu-
ase. Ye et al. ( 2017 ) upgraded the existing GEM of K. phaffii and
he new model iRY1243, resulting in increased number of reac-
ions , metabolites , and unique ORFs, significantly expanding the

etabolic cov er a ge. It impr ov ed the accuracy of the model in pre-
icting cell growth and metabolic flux distribution. 

creening for high-expression strains 

pplication of high-throughput characterization 

echnologies 

icrobial cell factories for protein production are typically con-
tructed by optimizing expression elements and modifying chas-
is strains. Ho w ever, due to the complexity of biological systems
nd unclarified mec hanisms, curr ent modifications still r el y on
 “trial and err or” a ppr oac h, leading to long de v elopment cycles,
igh costs, and low production efficiency. Ther efor e, the r a pid and
fficient mining of candidate genes in the genome is crucial for
mproving the design efficiency of microbial cell factories . T he
enotype-to-phenotype corr elation ma p serv es as a crucial link
etween genomic information and efficient protein expression
Costanzo et al. 2019 ). To construct this map, a high-throughput
 har acterization and scr eening model for secr etory pr otein pr o-
uction must be firstly established. A common approach is to con-
 ert pr otein yield into a detectable fluor escence signal, integr ate
 droplet microfluidics (DMFS) system to sort highly fluorescent
r oplets, then r efold the str ains and anal yze their genotype (Le-
run et al. 2023 ). For example, Chen et al. ( 2021 ) fused eGFP with
R tr ansmembr ane pr otein Sec63, and dynamicall y monitor ed the
ffect of ov er expr ession of this fusion protein on ER morphology
Fig. 3 A). Navone et al. ( 2023 ) established a split GFP biosensor to
etect the expression and folding of recombinant proteins by di-
iding GFP into two fr a gments (GFP1-10 and GFP11). The fluores-
ence intensity is linearly correlated with recombinant protein ex-
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Figure 3. High-thr oughput c har acterization and scr eening str ategy for high-yield r ecombinant pr otein str ains. (A) Corr elation between eGFP-Sec63 
signal and recombinant protein expression. (B) Split-GFP biosensor. (C) Construction of a growth-lethality model. (D) Fluorescence activated cell 
sorting technology. (E) Droplet microfluidics screening technology. 
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pr ession. If the tar get pr otein is insoluble or misfolded, the fr a g- 
ments fail to bind, resulting in the absence of the fluorescence 
signal, thus enabling dynamic monitoring of protein expression 

and solubility (Fig. 3 B). In addition, r ecombinant pr otein pr oduc- 
tion can be coupled with growth to establish a growth difference 
or lethal screening model (Tuo et al. 2023 ). This a ppr oac h allows 
for the elimination of low-yield strains, amplification of high-yield 

str ains, and tr ac king c hanges in genotype abundance during the 
cell culture process. In E. coli , a target protein is fused with β- 
lactamase (BLa) inhibitor protein, while BLa is expressed in the 
periplasmic space. When the fusion protein is efficiently secreted,
BLa activity is not inhibited, giving the strain a growth advantage 
under β-lactam antibiotics (Natarajan et al. 2017 ) (Fig. 3 C). Similar 
strategies still remain to be implemented K. phaffii . 

Application of high-throughput screening 

technologies 

Recentl y, high-thr oughput methods suc h as micr oplate scr eening 
(Sc hmitz et al. 2024 ), fluor escence activ ated cell sorting (FACS),
and DMFS have improved the efficiency of expression elements 
and strain modification (Fig. 3 D and E). The porous plate, com- 
bined with an automated liquid handling platform, can process 
p to 10 4 samples per day (Czerniecki et al. 2018 ). FACS, utilizing
ptical analysis and sorting technology, can process up to 10 7 cells
er hour, making it a k e y tool for cell screening (Kjeldsen et al.
022 ). DMFS, enable efficient droplet sorting for internal and ex-
ernal cell expression and secretion processes, thereby advancing 
 esearc h in medicine, food, and environmental protection (Yuan et
l. 2022 ). Ho w e v er, as the scale of screening expands and the vari-
ty of screening targets increases , impro vement of the screening
recision and accuracy and reduction of false positives and nega- 
ives still remain a major challenge. 

onclusions and future perspectives 

s a versatile platform for recombinant protein production, K.
haffii has demonstrated success across biopharmaceuticals, in- 
ustrial enzymes, food ad diti v es, biomaterials, etc. In r ecent years,
 esearc hers hav e intr oduced v arious optimization str ategies tar-
eting tr anscription, tr anslation, pr otein folding, and secr etion—
 e y processes in recombinant protein production (Sun et al. 2022 ).
o w e v er, the inher ent complexity of cellular metabolism and reg-
latory networks, coupled with an incomplete understanding of 
heir mechanisms, continues to hinder the development of highly 
fficient cell factories . Moreo ver, the specific characteristics of tar-
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et pr oteins heavil y influence the selection of expression strate-
ies (Schütz et al. 2023 ), making it difficult for singular optimiza-
ions to address diverse production requirements. 

With the advancement of omics tec hnologies, r esearc hers hav e
ained deeper insights into the physiological processes and ge-
etic fr ame work of K. phaffii . GEMs hav e pr ov ed to be v aluable
ools for the systematic analysis of K. phaffii metabolic networks,
uccessfully guiding the efficient expression of specific recombi-
ant proteins (Ye et al. 2017 ). Ho w ever, these models still face
hallenges in fully capturing the complexity of metabolic net-
orks and exhibit limited pr edictiv e accur acy (Fang et al. 2020 ).
he emergence of synthetic biology offers a promising solu-
ion to these limitations. By employing genome-scale engineer-
ng modifications, it becomes possible to compr ehensiv el y inter-
ene in metabolic networks and precisely identify non-intuitive
ngineering tar gets, ther eby enhancing pr otein expr ession le v-
ls . Moreo ver, the introduction and advancement of CRISPR-based
enome-scale engineering tec hnologies pr omise to r e volutionize
he design of efficient yeast cell factories. 

The potential of K. phaffii in bio-utilization of C1 and C2 sub-
trates , i.e . methanol, formate , ethanol, and acetate , also war-
 ants further explor ation. The C1 and C2 substrates, as inexpen-
ive and readily available raw materials, serve as promising car-
on sources for production of r ecombinant pr oteins pr oduction
nd bulk chemicals. Ho w ever, the current utilization efficiency
f C1 and C2 substrates in K. phaffii is r elativ el y low, with m uc h
etabolic flux directed to w ar d the dissimilation pathways and

ow tolerance of high concentration of substrates (Guo et al. 2022 ,
eng et al. 2023 ). Future advancements in metabolic engineering

im to r edir ect C1 and C2 substrate metabolism to w ar d the assim-
lation pathway, unlocking their full potential as raw materials for
ioproducts manufacturing. 

Ov er all, these innov ations, combined with the continued inte-
ration of synthetic biology and systems biology tools, are poised
o unlock the full potential of K. phaffii as a next-generation cell
actory, enabling cost-effective and scalable solutions across di-
erse industries. 
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