
FEMS Yeast Resear c h , 2025, 25 , foaf023 

DOI: 10.1093/femsyr/foaf023 
Ad v ance access publication date: 8 May 2025 

Minire vie w – Genetics, cell biology & metabolism 

Global transcription machinery engineering in Yarrowia 

lipolytica 

Ewelina Celi ́nska 1 ,* and Yongjin J. Zhou 

2 , 3 , 4 , 5 

1 Department of Biotechnology and Food Microbiology, Poznan University of Life Sciences, ul. Wojska Polskiego 48, 60-637 Pozna ́n, Poland 
2 Division of Biotechnology, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, China 
3 CAS Key Laboratory of Separation Science for Analytical Chemistry, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, China 
4 Dalian Key Laboratory of Energy Biotechnology, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, China 
5 State Key Laboratory for Quality Ensurance and Sustainable Use of Dao-di Herbs, Beijing 100700, China 
∗Corresponding author. Department of Biotechnology and Food Microbiology, Poznan University of Life Sciences, ul. Wojska Polskiego 48, 60-637 Pozna ́n, Poland. 
E-mail: ewelina.celinska@up.poznan.pl 
Editor: [Zengyi Shao] 

Abstract 

Global tr anscription mac hinery engineering (gTME) is a str ate gy for optimizing complex phenotypes in microbes by manipulating 
transcription factors (TFs) and their downstream transcriptional regulatory networks (TRN). In principle, gTME leads to a focused but 
compr ehensi v e optimization of a micr obe, also ena b ling the engineering of nonpathway functionalities, like stress resistance, protein 

expr ession, or gr owth r ate . A link betw een a TF and a desired phenotype is to be esta b lished for a rationall y designed gTME. For 
use in a high-throughput format with extensive libraries of TRN-engineered clones tested under multiple conditions, well-developed 

culturing and analytical protocols are needed, to reveal the pleiotropic effects of the TFs. This mini-re vie w summarizes the gTME 
str ate gies and TFs described under different contexts in Yarrowia lipolytica . The outcomes of the gTME strategy application are also 
addressed, demonstrating its effectiveness in engineering complex, industrially relevant traits in Y . lipolytica . 

Ke yw ords: global metabolic engineering; transcription factors; yeast; complex traits 
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Principles behind the global transcription 

machinery engineering 

The basic functioning of a biological entity does not r el y on an 

“ov er-pr oduction phenotype.” Yet, the latter is r equir ed for a truly 
industriall y r ele v ant biotec hnological pr ocess. A phenotype is cr e- 
ated by the interplay between environmental factors and genetics.
For an adequate, industriall y r ele v ant, genetic bac kgr ound, m ul- 
tiple (dozens–hundreds) genes must be harmonized. Technically, 
this goal can be ac hie v ed by tar geting molecular identities oper at- 
ing at higher e v ent le v els, like kinases/phosphatases acting within 

signaling cascades or transcription factors (TFs) governing tran- 
scriptional regulatory networks (TRNs). In that case, only a limited 

number of genetic manipulations is r equir ed to r eac h a global- 
le v el fine-tuning of a microbe to w ar d a high-producing phenotype 
(Fig. 1 ). A TRN is defined as a regulatory interaction between a 
giv en TF (tr ans-element) and its tar get gene (cis-element) dir ectl y 
involved in a specific biological process (He and Tan 2016 , Su et al.
2022 ). Skillful manipulation of TRNs leads to a focused but com- 
pr ehensiv e optimization of a microbe, eliciting the most adequate 
response to a researcher-defined target. Phenotype engineering by 
the manipulation of TRNs may also include nonpathway-based 

functionalities, such as stress tolerance or growth rate, which are 
highl y r ele v ant in industrial contexts (Alper and Stephanopoulos 
2007 , Lanza and Alper 2011 ). 

Notabl y, TFs r espond to v arious stim uli by altering expression 

patterns and activation status (Penalva and Arst 2002 , Cornet and 

Gaillardin 2014 ). Hence, it is insufficient to just manipulate TF- 

o  
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ncoding genes to modulate their normal transcriptional regula- 
ion by ov er expr ession (OE) or knoc k-out (KO). It is necessary to
onsider the oper ativ e mec hanism of the TFs, by implementing
ccurate ste ps lik e (i) contin uous targeting of the TF to the nu-
leus, (ii) expression of the TF in its spliced/alternatively spliced
orm, (iii) modifying the TF’s polypeptide sequence to expose/bury 
he k e y r esidues that r eceiv e the phosphate gr oup, (iv) c hallenge
he TF-ov er expr essing str ain with an envir onmental perturba-
ion/exposure to a cofactor that activates the TF, and so on (Fig. 2 ).

lobal transcriptional machinery 

ngineering in yeast 
he concept of using TRNs for engineering complex traits in
 east w as first proposed by Alper et al. ( 2006 ). Later, Alper and
tephanopoulos ( 2007 ) named this a ppr oac h “global Tr anscrip-
ion Machinery Engineering” for optimizing complex target phe- 
otypes in microbes. In their pioneering study (Alper et al. 2006 ),
he authors mutated the TF Spt15 and selected mutants with en-
anced tolerance to ethanol and conversion of glucose to ethanol.
ec hnicall y, se v er al amino acid (AA) substitutions were intro-
uced in Spt15, conferring the desired phenotype to Saccharomyces 
erevisiae . TF Spt15 was mutated to de v elop an S . cerevisiae strain
xhibiting reduced ethanol yield by enhancing carbon flux toward 

O 2 , biomass, and gl ycer ol pr oduction (Du et al. 2020 ). In total,
ve AA substitutions in Spt15 contributed to a vast remodeling
f metabolism and the de v elopment of tar get functionalities. In
 is an Open Access article distributed under the terms of the Cr eati v e 
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Figure 1. A simplified global transcription machinery engineering concept compared to a conventional strategy for complex traits engineering. The 
presented idea is greatly simplified, presuming the TF’s TRN does not ov erla p with another TF. Color code—the le v el of up-/down-r egulation according 
to a legend. 

Figure 2. Selected, exemplary mechanisms of TF’s activation and proposed strategies from the protein engineering area for synthetic constitutive 
activation of the TF (bolded). AA—amino acid; P—phosphate group, and NLS—nuclear localization signal. 
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a varied display of global transcription machinery engineering 
(gTME) in yeast, deletion of the TF CAT8 triggered an increased 

conversion of xylose to ethanol in Ogataea polymorpha by modulat- 
ing the expression of genes involved in central carbon catabolism 

(Ruchala et al. 2017 ). 
Huang et al. ( 2017 ) detailed how massive molecular remodeling 

of a yeast cell is caused by the synthesis of a recombinant protein 

(rProt). Inter alia , they noted that the process is innately associ- 
ated with o xidati v e str ess, mainl y originating fr om the endoplas- 
mic reticulum (ER)-located o xidati ve folding. The y proposed that 
o xidati v e str ess attenuation can be ac hie v ed by either the acti- 
vation of Unfolded Protein Response (UPR) and/or the enhance- 
ment of protein folding capacity. The most common strategy for 
the activation of UPR is via the OE of the TF HAC1 1 . Hac1 1 is in- 
volved in the direct regulation of ER-resident events and restoring 
ER homeostasis . T he OE of HAC1 specificall y impr ov ed the secre- 
tion of rProt in S . cerevisiae (Valkonen et al. 2003 , Duan et al. 2019 ),
Pichia pastoris (now Komagataella phaffi) (Gasser et al. 2007b , Guer- 
fal et al. 2010 , Liu et al. 2020 ), and in Yarrowia lipolytica (Korpys- 
W o źniak et al. 2021 , Korpys-W o źniak and Celi ́nska 2023 ). Other 
studies demonstrated the usefulness of the Hsf1 TF in this regard.
Hsf1 is a k e y regulator of the heat shock response , go verning the 
protein folding and chaperoning capacity of a cell (Lindquist and 

Cr aig 1988 , Sor ger 1991 ). The r egulome (a total of the deregulated 

genes) of the Hsf1 in S . cerevisiae was mainly represented by molec- 
ular c ha per ones involv ed in pr otein folding, thus pr e v enting the 
accumulation of misfolded or aggregated polypeptides (Hou et al.
2013 ). The OE of a mutant HSF1 -R206S (constituti vely acti ve form) 
triggered the elevated production of native and recombinant pro- 
teins in S . cerevisiae (Hou et al. 2013 ). 

The detailed c har acteristics of S . cerevisiae cells at the system 

le v el (Huang et al. 2017 ) evidenced the responsiveness of the TF 
Hap1 to enhanced rProt synthesis. Hap1 is implicated in regulat- 
ing aerobic metabolism in S . cerevisiae . It is involved in sensing O 2 

le v els via the heme signaling pathway, and in response activates 
the o xidati v e str ess r esponse-associated genes (Zhang and Hac h 

1999 ). The OE of HAP1 in S . cerevisiae attenuated the negative im- 
pacts of o xidati v e str ess and ele v ated the pr oduction of the tar get 
rProt (Martínez et al. 2016 ). Recently, the synthetic activation of 
a gener al str ess r esponse TF, Msn4, and its synthetic v ersion syn- 
Msn4, alone or in combination with constitutiv el y activ e Hac1 or 
ER c ha per ones trigger ed an ov er 4-fold enhancement in antibody 
production (Zahrl et al. 2023 ). Notably, a combination of the two 
global and constitutiv el y activ e r egulators, Hac1 and Msn4, pro- 
duced the best results. 

The liter atur e pr ovides man y successful examples of gTME for 
complex traits engineering in conventional and nonconventional 
yeast species, demonstrating the high potential and efficiency of 
this a ppr oac h. Of note, TRNs in differ ent yeast species may dis- 
play distinct c har acteristics, as yeast metabolism is adapted to 
other functionalities. For example, a lipid-accum ulation-r elated 

TRN is expected to be mor e extensiv e and r obust in a noncon- 
v entional yeast species, Y . lipol ytica , than in a sugar-utilizer and 

ethanol-producer S . cerevisiae . In fact, the TRN of nonconventional 
yeast in many cases was better applicable to industrially relevant 
traits, making them attractive hosts/donors. 

TFs in Y. lipolytica 

In Y. lipolytica , a yeast species of interest, knowledge regarding TFs 
lar gel y addr essed the involv ement of differ ent genes for specific 
1 A gene name is indicated in capital letters and italicized. A protein name is 
indicated without capitalization and italicization. 

o
“

ualities, like filamentation, lipid accumulation, stress resistance,
nd so on. They r e v ealed the tr anscriptional-der egulation pattern
f a TF-encoding gene under specific conditions or modulation of
 trait of interest in the absence (due to KO) or OE of a gene. In
he following sections, we r e vie w data on the TFs studied in Y .
ipolytica collected, to date . T hey are also summarized in Table 1 .
f note, due to the influence of many TFs on a broad spectrum of
ellular responses, it is impossible to assign a single specific role.
her efor e, the following assignment of individual TFs to specific
iological processes may result only due to the context in which
he TF was studied and found to be associated. 

ilamentation and associated TFs 

ue to its dimorphic nature, Y . lipolytica has been extensively stud-
ed in the context of morphological shift between filamentous and
void morphotypes (Barth and Gaillardin 1997 , Ruiz-Herr er a and
entandreu 2002 , Szabo and Štofaníková 2002 , Kawasse et al. 2003 ,
ellou et al. 2014 , Br a ga et al. 2016 , Timoumi et al. 2017 , Bankar
t al. 2018 ). Filamentation is gener all y ac knowledged as a marker
f cellular stress, inflicted by external or internal factors; r ecentl y
 e vie w ed b y Celi ́nska ( 2022 ). T hus , TFs in volved in filamentation
r e also fr equentl y implicated in str ess r esponses with differ ent
rigins. 

Many TFs have been implicated in dimorphic shift, includ- 
ng Mhy1/Msn2 ( B21582 2 ) (Hurtado and Rachubinski 1999 , Pom-
aning et al. 2018 , Wu et al. 2020 , Shu et al. 2021 ), Yap-like
07744 (Mor ales-Var gas et al. 2012 ), Rim101/ B13640 under al-
aline pH (Shu et al. 2021 ). Fts2/ E23287 (Chen et al. 2022 ),
nc1/ B05038 (Martinez-Vazquez et al. 2013 ), Bmh1/ F18590 (Hur-
ado and Rachubinski 2002 ), Hoy1/ A18469 (Torres-Guzmán and 

omínguez 1997 ), Tec1/ F05632 (Zhao et al. 2013 ), the mycelial
rowth factors Mgf1/ D01573 and Mgf2/ B19602 , Mig1/ E07942 under
lucose starvation (Wang et al. 2013 ), as well as for a Swi6/ C12639 –
bp1/ A19778 complex (Pomraning et al. 2018 ). Most studies ap-

lied canonical phenotypic analysis of the KO/OE mutants , pro v-
ng the direct involvement of a specific TF in dimorphic transition.
he other studies a pplied tr anscriptomics to identify the differ-
ntl y expr essed genes. 

Some TFs involved in inv asiv e gr o wth w ere also studied for
heir role in stress response, frequently demonstrating the link 
etween these qualities. For example, a primary study on Mhy1
Msn2) in Y . lipolytica demonstrated its upregulation during di-

or phic shift, neutr al-alkaline pH, and the pr esence of glucose
Hurtado and Rachubinski 1999 ). Based on this observation, and
imilarity to S . cerevisiae ’s zinc finger-type Msn2/4 TF, Mhy1 was
dentified as a k e y positi v e r egulator of gener al str ess r esponses
nd alkaline- or glucose-induced filamentation (Shu et al. 2021 ).
n contrast, testing of Y. lipolytica strain under 72 varied conditions
Gorczyca et al. 2024 ), indicated that e v en under the infliction of
 ele v ant str ess factors, OE of MHY1 did not markedl y pr omote the
tr ain’s gr owth—r esistance to these stress conditions (please re-
er to the YaliFunTome database: https://sparrow.up.poznan.pl/ 
sdatabase/). Consistently, Wu et al. ( 2020 ) evidenced that, in this
pecies, Mhy1 is not r equir ed for incr eased str ess r esistance but
lays a role only in dimorphic transition. Likewise, the nonimpli-
ation of Mhy1in str ess r esponse was confirmed by Konzock and
orbec k ( 2020 ). Hence, de v eloping �mhy1 is a common str ategy

or abolishing problematic filamentation without impairing the 
esistance of Y . lipolytica to stress factors (Vidal et al. 2023 ). 
2 Throughout the text, the gene signatures refer to YALI0 numbers as assigned 
riginally to the first version of Y. lipolytica genome (Dujon et al. 2004 ); the prefix 
YALI0” is skipped. 

https://sparrow.up.poznan.pl/tsdatabase/
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TFs with a c har acterized r egulome ar e of special inter est for 
de vising gTME str ateg ies. As a log ical consequence of extensive 
r esearc h into Y . lipol ytica ’s dimor phic tr ansition, the TFs primaril y 
regulating this phenomenon were studied extensively, including 
their regulomes. An elegant display of such insightful research 

w as provided b y Pomraning et al. ( 2018 ) while studying the ge- 
netic bac kgr ound of a “smooth” (not filamenting) phenotype in Y .
lipol ytica . The authors r an compar ativ e genomics and tr anscrip- 
tomics, and the following functional studies focused on MHY1 .
High-throughput genomics enabled the reliable identification of 
multiple genes involved in the dimorphic shift. Transcriptomics 
enabled the identification of genes deregulated in the “smooth”
str ain. Pr omoter sequence anal ysis r e v ealed the following DNA 

motifs shared by the genes: ACGCG for upregulation, and CC- 
CCT for downr egulation. Consequentl y, compatible TFs includ- 
ing Mhy1/Msn2, specific for an “A CGCG motif , ” and the cell-cycle 
r egulatory pr oteins Mbp1 and Swi6, specific for a “CCCCT” mo- 
tif were deduced. Functional studies proved that Mhy1/Msn2 ex- 
pr ession pr omotes hyphal gr owth, while Swi6/Mbp1 forms a com- 
plex that regulates the G1/S phase transition and retention in an 

o void morphotype . Importantly, Mbp1 is one of several TFs with 

delimited iModulons (Kerssemakers et al. 2023a ). An iModulon is 
a set of independently coregulated genes . T hey are unraveled and 

structur ed fr om high-quality RNA-seq datasets using a machine- 
learning a ppr oac h. The Mbp1’s iModulon was found to be r espon- 
siv e to CO 2 le v els and pr omoted the activ ation of cell cycle pro- 
gression. 

Mhy1’s regulome was also extensively characterized in the con- 
text of lipid accumulation (Wang et al. 2018 ) (showing its rele- 
vance to Section 3.2). Indeed, the Mhy1 regulome covered 24.7% 

(1597/6472) of Y . lipolytica ’s annotated genes, including lipid, AA,
and nitrogen metabolism, as well as cell cycle pr ogr ession. In the 
�mhy1 strain, the enhanced carbon flux toward lipid biosynthe- 
sis was accompanied by a reduced flux through AA biosynthesis.
Consistent with the results by Pomraning et al. ( 2018 ), an interplay 
betw een cell c ycle pr ogr ession and filamentation was observed,
which was enhanced in �mhy1 . Wang et al. ( 2018 ) comprehen- 
siv el y illustr ated the oper ation of Mhy1’s r egulome and deduced 

the expected outcomes of gTME exploiting MHY1 . Wu et al. ( 2020 ) 
provided further detailed characterization of Mhy1, the gene and 

pr omoter structur e, and the r egulome. Her e, the tr anscriptome 
profiles of the �mhy1 mutant and MHY1 -OE strains were com- 
pared with the wild-type (WT). The delivered regulomes (Wang 
et al. 2018 , Wu et al. 2020 ) differ substantially as they were ac- 
quired under different conditions, and foremost, at various growth 

phases. Further data on the Mhy1’s regulome and coregulome 
with Rim101 were delivered by Shu et al. ( 2021 ). That study specifi- 
cally focused on alkaline pH-induced filamentation; thus, both the 
TFs wer e r ele v ant. In r elation to Wu et al. ( 2020 ), Mhy1–Rim101- 
coregulated cell wall proteins were identified and coined as k e y 
effectors of the dimor phic tr ansition. The cooper ation of Mhy1 
and Rim101 during pH-dependent filamentation was evidenced. 
In contrast, the decoupling of the Rim101-governed pH-response 
mechanism and Hoy1-driven filamentation was proved by the 
morphogenetic shift being still operable in the �rim101 back- 
ground (Szabo and Štofaníková 2002 ). The authors provided ev- 
idence that dimorphic transition is primarily dependent on the 
type of N source, and organic N is required. AA import is depen- 
dent on the ambient pH, the common point of conv er gence of the 
two TFs. In this sense, the Hoy1-regulated filamentation could be 
inter pr eted as pH/Rim101-dependent, but are mechanistically in- 
dependent. Indeed, HOY1 ’s promoter comprises stress response 
and N-regulatory cis-elements, indicating that Hoy1 is activated 
n response to general stress, specifically to AA starvation, but is
H-independent. 

In the context of the gTME strategy, the in-de pth stud y of
im101–Mhy1/Hoy1 exemplifies the complexity of TRNs, their po- 
ential ov erla p, the importance of considering cor egulators, and a
ay to tec hnicall y addr ess this issue. 

Fs involved in lipid metabolism 

he second most studied complex trait in Y . lipolytica is the
ropensity for the assimilation, synthesis, and accumulation of 

ipids (Beopoulos et al. 2009 , Nicaud 2012 , Trébulle et al. 2017 ). The
 ork b y Trébulle et al. ( 2017 ) can be considered a compendium of

he lipid metabolism-related TRN in Y . lipolytica . The authors recy-
led the data available in extensi ve re positories and reconstructed
 gene regulatory network comprising 111 TFs; 4451 target genes;
nd 17 048 regulatory interactions (Trébulle et al. 2017 ). Experi-
ental evidence was provided for a few of the TFs included in the

econstructed network. 
Involvement in lipid metabolism in Y. lipolytica was proved for,

.a. P or1/ D12628 (P oopanitpan et al. 2010 ); Mig1/ E07942 (Wang et
l. 2013 ); Y as1/ C02387 and Y as2/ E23287 (Endoh-Y amagami et al.
007 ); Yas3/ F18590 (Hirakawa et al. 2009 ); and Gzf2/ F17886 and
zf3/ C22682 (Pomraning et al. 2018 ). The Yas family mediates re-
ponses to alkane provision via the induction or repression of
ownstr eam genes. In contr ast, Gzfs wer e specificall y involv ed in
 catabolite r epr ession (NCR; r esponsiv e to the type and le v el of

he N source available), being only indirectly associated with lipid
ccum ulation. As e videnced, the disruption of N-utilization r egu-
ators ele v ated lipid accum ulation, by r educing the expr ession of
he β-oxidation pathway (Pomraning et al. 2017 ). A direct implica-
ion of Por1 in lipid catabolism was pr ov en by studies on a �por1
 utant, defectiv e in the synthesis of various fatty acids, transcrip-

ional induction of genes involved in β-oxidation, and peroxisome 
r olifer ation. Similarl y, the OE of DEP1/F05896 enhanced lipid ac-
umulation in Y . lipolytica (Leplat et al. 2018 ). Contradictory re-
ults were obtained for the Dep1 homologs from S . cerevisiae and
usarium spp. In the former (Lamping et al. 1994 ), it was identi-
ed as a r epr essor of phospholipid biosynthesis-r elated genes, un-

ike in the latter (Zhang et al. 2020 ). These pioneering studies sug-
est a higher similarity between the Y . lipolytica De p1 (ylDe p1) and
hat of Fusarium . Direct comparisons of DEP1 -OE/KO in Y. lipoly-
ica (Gorczyca et al. 2024 ) did not assess their influence on lipid

etabolism, but on another complex tr ait, namel y rPr ot biosyn-
hesis (discussed hereafter). The deletion of MHY1 , with a known
ole in the dimorphic transition, contributed to enhanced lipid ac-
um ulation, via incr eased C flux thr ough lipid biosynthesis (Wang
t al. 2018 ). This r esult suggested either a specific mec hanism by
hic h dimor phic tr ansition is executed and/or pleiotropic func-

ions of Mhy1 in Y . lipolytica . 
Based on sequence similarity, ylMig1 was deemed to be in-

olved in glucose-related repression by the negative regulation of 
ranscription. In S . cerevisiae , Mig1 was involved in invasive growth
Yang et al. 2018 ). Functional studies on the �mig1 phenotype re-
ealed that Mig1 is involved in lipid metabolism in Y . lipolytica , as
he mutants had more lipid bodies and higher lipid content (Wang
t al. 2013 ). Omic studies indicated that the enhanced expression
f multiple genes involved in lipid biosynthesis, and the downreg-
lation of MFE1 involved in β-oxidation, explaining the biochem- 

cal and molecular mechanisms behind this phenotype (Wang et 
l. 2013 ). Direct comparisons of MIG1 -OE and -KO in Y . lipolytica
 e v ealed no effect on growth or rProt synthesis (Gorczyca et al.
024 ), and its OE did not alter the lipid content (Leplat et al. 2018 ).
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pecific factor-response TFs 

e v er al ylTFs were identified as responsive to specific external fac-
ors. One such TF is Crf1/ B08206 , a Cu 

2 + -binding transcriptional
 egulator, r esponsiv e to the concentration of this ion (García et
l. 2002a ). Functional studies r e v ealed that the �crf1 str ain is up
o 5-fold more resistant to Cu 

2 + . Interestingly, ylCrf1 is not regu-
ated at the transcriptional level by the addition of Cu 

2 + ; Crf1 is
elocalized to the nucleus during growth in a Cu-supplemented

edium (García et al. 2002b ). The high specificity of Crf1 toward
u 

2 + was exploited for the construction of a CRF1 -cassette, en-
bling dominant selection during the genetic engineering of Y .

ipolytica (Guo et al. 2011 ). The OE of CRF1 in Y . lipolytica slightly
ncr eased gr owth and rPr ot synthesis under a low pH of 3.0 (Gor-
zyca et al. 2023 ). The importance of the external pH in copper
etoxification is w ell-kno wn and provides a link between the ob-
ervations made in �crf1 and OE-CRF1. Additionally, the OE of
RF1 mar ginall y enhanced the str ain’s r esistance to 0.25 mg ml −1 

enadione, which is an o xidati ve stress inducer, and increased
he lipid contents in Y . lipolytica (Gorczyca et al. 2023 ). Consistently,
 similar lipid-accum ulation-pr omoting effect (85%) was also ob-
erved in another OE-CRF1 Y . lipolytica strain (Leplat et al. 2018 ). In
ummary, although the Crf1-TRN’s activator is very specific, the
ownstr eam impacts ar e pleiotr opic, whic h illustr ates the essence
f gTME. 

Another TF, whose activity is induced by a specific external
actor is Rim101 (Lambert et al. 1997 ). YlRim101 is involved in
H r esponse. Specificall y, under an alkaline pH, the C-terminal
f Rim101 is pr oteol yticall y cleav ed, and the truncated form acti-
ates the transcription of the genes expressed at an alkaline pH
nd r epr esses the tr anscription of those expr essed at an acidic
H (compare Fig. 2 ). The OE of this truncated turns its transcrip-
ional function to be constitutiv e, irr espectiv e of the ambient pH.
or eov er, Shu et al. ( 2021 ) demonstrated that Rim101 is specif-

call y involv ed in the regulation of alkalinity-induced filamen-
ation. The major dimorphic shift regulator, Mhy1, governs both
lkalinity- and glucose-induced filamentation; �mhy1 abolishes
ut MHY1 OE induces filamentation, irr espectiv e of the conditions.
im101 KO/OE impairs/induces filamentation at alkaline/acidic
H, r espectiv el y, pr oving its primary role in ambient pH response,
ut only a secondary role in filamentation. A study by Shu et al.
 2021 ) provides a detailed functional description of Rim101, in-
luding its regulome, and signaling mec hanism. Notabl y, Rim101-
E markedl y suppr essed the synthesis and secr etion of rPr ots, es-
ecially at a higher pH; 7 vs 5 (Celi ́nska, unpublished). 

Slight pH r esponsiv eness was also observ ed for a zinc finger
sn2/4 famil y r epr esentativ e in Y . lipol ytica . Msn4/ C13750 pr o-
oted tolerance to acid-induced stress, as deletion mutants dis-

lay ed gro wth defects at pH 3, while its OE r educed cell c hain
ormation (Wu et al. 2020 ). MSN4 -OE contributed to a minor in-
uction of growth under different culture conditions during high-
hr oughput scr eens (Gorczyca et al. 2024 ). Its expression was up-
egulated due to UPR, showing that the stress factor associated
ith Msn4-driven stress response may also be of internal ori-

in (Korpys-Wo źniak and Celi ́nska 2021 ). Such an observation
s specificall y r ele v ant to the gTME-driv en pr omoting effects of
AC1-MSN4 OE on rPr ot pr oduction in P . pastoris (Zahrl et al. 2023 ).
v er all, based on its similarity to S . cerevisiae , Msn4 may presum-
bly perform multiple pleiotropic functions in Y. lipolytica , which
re not yet directly studied. 

The primary report on TF Euf1/ F01562 suggested its 10-fold up-
 egulation, specificall y in response to erythritol (Rzechonek et al.
017 ), promising to be a very potent and precise tool for gTME. The
nitial discovery of Euf1 indicated it as a regulator of the Erythritol
tilization Gene Cluster (Rzechonek et al. 2017 , Miro ́nczuk et al.
018 ). Further studies focused on the c har acterization of its r eg-
lome via compar ativ e tr anscriptomics (Rzec honek et al. 2024 ).
hey r e v ealed Euf1’s tar gets and conditions that m ust cooccur to
licit the expression, including- (i) Euf1 should be operable, (ii) ery-
hritol has to be present, and (iii) the culture medium must be car-
on source deficient. The report by Celi ́nska et al. ( 2024 ) confirmed
ll these mechanisms, shedding extra light on a Euf1-driven tran-
criptional pr ogr amme. It was e videnced that Euf1-tar geted tr an-
cription can be also initiated by osmotic stress induced by sor-
itol, a nonconsumable osmoactive compound. Yet, the regulator
f EUF1 expression itself has not been established; which would
e of great interest to gTME. By reanalyzing the RNAseq data ac-
uired by Celi ́nska et al. ( 2024 ), Rzechonek et al. ( 2024 ) discov er ed
hat erythritol is indeed not the sole inducer of EUF1 expression
as was inferred) but the lack of other carbon sources is crucial.
he mechanism involved is driven by another TF, Adr1/ F21923 .
ased on sequence similarity, Adr1 is considered a carbon-source-
 esponsiv e inducer of glucose-r epr essed genes, pr omoting the uti-
ization of alternative carbon sources. Celi ́nska et al. ( 2024 ) pro-
osed a mechanism involving the coordinated action of Euf1–Adr1
n the Euf1-dependent regulome, explaining the cor equir ement
f the three aforementioned conditions. Additionally, an inter-
sting pattern of EUF1 transcript splicing and dimerization was
r oposed, whic h is pr omoted, but not conditioned, by erythritol

Celi ́nska et al. 2024 ). Such a molecular circuit may be valuable
or devising gTME strategies. 

While Hac1/ B12716 is known for its pleiotropic functions, its
cti vation de pends on a specific factor—exposure of hydrophobic,
isfolded polypeptides in the ER lumen. The exact mechanisms

y which Hac1 operates and the effectors that sense and perform
ctiv ating splicing wer e described in detail in differ ent yeast spp.,
ncluding Y . lipolytica (Guerfal et al. 2010 , Oh et al. 2010 ). The Hac1-
overned TRN mediates the activation of hundreds of molecu-
ar e v ents, including the enhanced pr ovision of c ha per ones and

embr anes, to concertedl y r elie v e the ov erloaded secr etory path-
ay, making it specifically interesting for gTME (Guerfal et al. 2010 ,
h et al. 2010 , Callewaer et al. 2011 , Hooks and Griffiths-Jones
011 , Whyteside et al. 2011 ). Indeed gTME strategies with Hac1
ave been implemented in many yeast spp., including Y . lipolytica

discussed hereafter for Y . lipolytica ) (Gasser et al. 2007a , b , Graf
t al. 2009 , Zahrl et al. 2017 , 2019 , Korpys-Wo źniak et al. 2021 ,
orpys-Wo źniak and Celi ́nska 2023 ). Studies into the fundamen-
als of Hac1 operation in Y . lipolytica sho w ed that the activation of
ts expression strongly depends on the biochemical characteris-
ics of the ov er pr oduced rPr ot and its folding (Korpys-Wo źniak and
eli ́nska 2021 ). Investigation into the Hac1’s regulome (Korpys-
o źniak and Celi ́nska 2023 ) indicated that ele v ated HAC1 expres-

ion modulates ribosome biogenesis, nuclear and mitochondrial
 v ents , cell cycle , gene expression catalyzed by RNA pol ymer ases
II and II, pr oteol ysis, and RNA metabolism in Y . lipol ytica . Specific
ownstr eam tar gets of Hac1 in Y . lipol ytica wer e identified, further
larifying its mechanism of action. In addition, the posttranscrip-
ional regulation of HAC1 (unconventional and activating splicing)
as inv estigated. In str ains suffering fr om UPR, the HAC1 splicing
 ate was onl y slightl y higher in Y . lipolytica , ascertained based on
heir global tr anscriptome. Pr actical outcomes of Hac1’s TRN use
or the rProt synthesis engineering ar e addr essed her eafter; e.g.
TME in Y. lipolytica . 

A six-member family of Gzf TFs is specifically deregulated by
he type of N source . P omraning et al. ( 2017 ) unr av eled the com-
lex TRN of the Gzfs and their mutual interactions . T he regulomes
or Gzf2/3 were also described. Transcription of GZF1 / D20482 ,
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GZF2 / F17886 , GZF4 / E05555 , and GZF5 / E16577 was activated when 

Y . lipol ytica was gr own on ammonium, with the highest amplitude 
observed for GZF1 ; hence termed “inducers of NCR.” Ho w e v er, the 
�gzf1 genotype displayed no growth defect on any N source (Pom- 
raning et al. 2017 ). While GZF2 / 4 wer e upr egulated in Y. lipol ytica 
str ains ov er pr oducing rPr ots, GZF1 was identified among the most 
str ongl y downr egulated genes, whic h was counter-intuitiv e, con- 
sidering its N scavenging activity (Korpys-Wo źniak and Celi ́nska 
2021 ). A phenotypic investigation of the �gzf3 ( C22682 ) strain 

by Pomraning et al ( 2017 ) revealed that Gzf3 regulates the N- 
de pendent acti vity of Gzf1. While the mechanism of action of 
Gzf1 is the most complex and the least understood, this specific 
TF turned out to be of particular interest for gTME due to the 
confirmed, universal enhancement of rProt synthesis upon its OE 
(Gorczyca et al. 2023 , 2024 ) . 

Guilt-b y-associa tion-and/or-similarity TFs 

A wide set of TF-encoding genes, identified in the Y . lipolytica 
genome via a specific domain sear ch, w ere ascribed a specific 
name and putative function due to their expression profile and/or 
sequence similarity to other yeast counterparts, without func- 
tional experimental evidence. While such an approach is a com- 
mon pr actice, gr eatl y fostering knowledge gain, its a pplication 

must be always considered carefully. 
Suc h a gr oup of TFs is r epr esented by global regulators in- 

volved in carbon/nitrogen metabolism, i.a. ERT1/ / E18304/E03410 ,
DAL81 / D02783 , GCN4 / E27742 , ADR1 / F21923 , CAT8 / C19151 , and 

AZF1 / A16841. Based on sequence similarity search and cross- 
r efer encing se v er al databases (Gor czyca et al. 2024 ) ER T1 w as 
identified as a positiv e r egulator of fermentable carbon utilization,
tec hnicall y r epr essing RNA pol ymer ase II by a nonfermentable 
carbon source. Expression of ERT1-1/ / E18304 was induced under 
the high-le v el rPr ot synthesis, and OE-enhanced rPr ot synthesis 
(Gorczyca et al. 2024 ) and reduced lipid accumulation (Leplat et 
al. 2018 ). A protein sequence similarity search identified D02783 
as DAL81 , positive regulators of multiple N degradation pathwa ys .
Its expr ession le v el was not c hanged due to rPr ot OE (Kor pys- 
Wo źniak and Celi ́nska 2021 ) but exerted a positive influence on 

rProt synthesis upon OE. In contrast, another N-metabolism- 
related gene, GCN4 , triggered a minuscule decrease in rProt syn- 
thesis le v els in Y . lipol ytica upon OE (Gorczyca et al. 2024 ). While 
counter-intuitive, as Gcn4 responds to AA starvation and induces 
the expression of AA biosynthesis-related genes, consistent with 

the observations in S . cerevisiae (Mittal et al. 2017 ). These authors 
explained that GCN4 -OE diminished protein synthesis capacity 
via the negative regulation of ribosomal proteins. 

Similar to the aforementioned Adr1 (identified by a homology 
search), the TF Cat8/ C19151 is implicated in the assimilation of 
nonglucose carbon sources. It regulates gluconeogenesis and the 
gly oxylate c ycle. Ho w ever, per the current model, Cat8 activates 
while Adr1 der epr esses the downstr eam genes under glucose de- 
priv ation. Though, its expr ession was not der egulated due to rPr ot 
synthesis (Korpys-Wo źniak and Celi ́nska 2021 ), its OE triggered 

a decline in rProt production, particularly markedly under high 

OA (Gorczyca et al. 2024 ). The biological sense seems to be un- 
derstandable, upon starvation, rProt synthesis is indirectly turned 

off as it is an energy- and r esource-consumptiv e pr ocess (Kubiak- 
Szymendera et al. 2022 ). Cat8 was irrelevant to lipid metabolism 

(Trébulle et al. 2017 , Leplat et al. 2018 ); ho w e v er, K erssemakers et 
al. 2023a , b) pr ov ed its tr anscriptional der egulation in r esponse to 
O 2 availability, and by delimiting its iModulon, its involvement in 
 espir ation and ener gy homeostasis r egulation under r educed O 2 

vailability. 
The TF D07744 is weakly similar to an AP-1-like TF from Neu-

ospor a cr assa . It is a basic leucine zipper (bZIP) domain-containing
F, having a structure typical for a yeast activator protein (YAP).

n S . cerevisiae , the YAP subfamily is composed of eight mem-
ers (YAP1–8), whic h ar e involv ed in envir onmental str ess r e-
ponse (Rodrigues-Pousada et al. 2019 ): Yap1 is the major regu-
ator of o xidati v e str ess r esponse; is involv ed in Fe metabolism
like Yap5) and the detoxification of arsenate (like Y ap8). Y ap2 is
ssociated with cadmium stress responses, while Yap4 and Yap6 
lay a role in osmotic stress response . T he Y . lipolytica ortholog
AP-like/ D07744 demonstrated a significantly enhanced expres- 
ion during a dimorphic shift induced by alkalinization of the am-
ient pH (Mor ales-Var gas et al. 2012 ). Consistentl y, ele v ated pH
r omoted the gr owth of a D07744 -OE Y . lipolytica strain (Gorczyca
t al. 2020 ). This TF’s OE also enhanced o xidati v e str ess r esistance
nd lipid accumulation (Gorczyca et al. 2023 ). In contrast, Leplat
t al. ( 2018 ) did not observ e an y alter ations in lipid accum ulation
pon D07744 -OE. 

Azf1 is a carbohydrate-sensing TF, which in the presence of
lucose , activates genes in v olved in gro wth, carbon metabolism,
nd cell wall organization in S . cerevisiae and O . polymorpha (Stein
t al. 1998 , Semkiv et al. 2022 ). Consistently, the OE of a sim-
lar Azf1/ A16841 in Y . lipolytica enhanced cell-wall remodeling,
nd the “carbon type” used in the growth medium contributed 

arkedly to the phenotype of this strain (Gorczyca et al. 2024 ).
ZF1 -OE trigger ed a dr amatic decr ease in rPr ot synthesis, how-
 v er, a �azf1 m utation r ender ed no aberr ant phenotype in this
 egard. Mor eov er, when gr own on glucose, the OE of AZF1 con-
ributed to the significant decrease in lipid content (26.6%) in Y .
ipolytica (Leplat et al. 2018 ). Such an effect was not observed when
l ycer ol w as emplo y ed as the main carbon sour ce, indicating a
pecific role of glucose in the Azf1 TRN, and providing experimen-
al evidence for the correct identification of A16841 as an Azf1. 

Though the implication of SKN7 / D14520 in osmotic stress re-
ponse in Y. lipolytica is widel y ac knowledged, no dir ect func-
ional studies have been conducted until r ecentl y. YlSkn7 se-
uence sho ws w eak similarity ( < 30%) to the Skn7 from S. cere-
isiae , known to be associated with protein secretion and the acti-
ation of o xidati ve and osmotic stress responses (Rep et al. 2001 ,
arlgren et al. 2004 ). Its specific role in Y . lipolytica was elucidated

n a series of recent reports . T he first indication was that D14520
as r emarkabl y upr egulated in Y . lipol ytica in r esponse to hyper os-
olality (Kubiak-Szymendera et al. 2022 ). Then, the exposure of
skn7 Y . lipolytica to hyperosmotic conditions abolished growth,
hile its OE enabled maintaining r-Prot synthesis capacity under 

tress conditions (Gorczyca et al. 2023 ). Interestingly, the genotype
hsf1 displayed se v er el y impair ed gr owth under both “str essful,”
nd “optimal” growth conditions; suggesting that the TRN of Skn7 
s narro w er. The OE or KO of SKN7 did not r ender an y influence on
ipid le v els in Y . lipol ytica (Leplat et al. 2018 , Gorczyca et al. 2023 ). 

TME in Y. lipolytica 

 conv entional, r ationall y designed gTME strategy starts with the
dentification of a TF and its implication in a biological process of
nter est. While extensiv e knowledge about a specific TRN is not
 equir ed, it impr ov es pr edictability and facilitates the design of
 detailed cloning strategy. Identification may be executed by a
ALI number search (using the information on Y . lipolytica ), AA
equence similarity search (using data on other yeast spp.), or
enome scanning for the occurrence of specific motifs. YALI num-
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er search is now gr eatl y facilitated by the wide availability of
ata in repositories and search tools. Specifically in terms of TF
earch in Y . lipolytica , a dedicated database YaliFunTome ( https:
/ sparrow.up.poznan.pl/ tsdatabase/ ) has been created (Gorczyca
t al. 2024 ). It covers all the TFs identified in Y . lipolytica ’s genome
tilizing genome sequence scanning for TF-specific motifs encod-

ng typical domains, like zinc fingers, C2H2, Zn(2)-Cys(6), bZIP, and
LH (Leplat et al. 2018 ). 
The original gTME comprises application-oriented studies,

her e TFs wer e used as tools for global adjustment of a strain’s
erformance concerning specific c har acteristics, usuall y complex
raits. As summarized in Section 2, such approaches have been
xecuted in other yeast species with m uc h success. In Y . lipol yt-
ca , se v er al examples of gTME have been reported. The following
ections present these cases and summarize the outcomes. 

lobal increase in lipid accumulation 

he pioneering studies using gTME engineering in Y. lipolytica in-
olv ed cr eating a libr ary of str ains, individuall y OE a single TF
Leplat et al. 2018 ), to experimentally identify the TFs involved
n lipid accumulation. To technically execute this ambitious idea,
 high-throughput transformation method was first developed
Leplat et al. 2015 ). The resultant strains were subjected to high-
hr oughput OE scr eens in glucose and gl ycer ol-based media yield-
ng the first gTME project data in Y . lipolytica (Leplat et al. 2018 ). 

Ov er all, these scr eens identified 38 TFs impacting lipid accu-
 ulation in Y . lipol ytica , with thr ee of them (Hoy1, Gzf3, and TFI-

IA/ F05104 ) being identified as vital, consistent with what was
educed from the computational method (Trébulle et al. 2017 ).
he carbon source type was a significant variable impacting the
F-driv en lipid-accum ulation-pr omoting phenotype. In the glu-
ose medium, among the 26 strains with differential phenotypes,
he most prominent changes ranged from Azf1/ A16841 (–26.6%)
o Brg1/ E31757 ( + 90.9%). In glycerol medium, the total num-
er of strains with altered lipid contents was 20, from −55.7%
or Hoy1/ A18469 to + 74% for Rpn4/ F25861 . The universal en-
ancers: C13178 , Rei3/ B08734 , and Gzf3/ C22682 , and r epr essors:
oy1/ A18469 and Msn4/ C13750 of lipid synthesis were identified.
 he TF P or1/ D12628 , pr e viousl y identified as an activ ator (Poopan-

tpan et al. 2010 ), was also found among the TFs promoting lipid
ccum ulation in gl ycer ol medium (Leplat et al. 2018 ). Likewise,
ep1/ F05896 implication in this trait (Zhang et al. 2020 ) was con-
rmed by ele v ated lipids accum ulation by > 20% in those scr eens

Leplat et al. 2018 ). These TFs may be considered the first choice
andidates for gTME targets for enhanced lipid biosynthesis in Y .
ipolytica . 

lobal enhancement of protein synthesis 

nother tr ait engineer ed in Y . lipol ytica via gTME was the synthe-
is of proteins, with a particular focus on rPr ots. Yarrowia lipol y-
ica has emerged as an efficient rProt production platform, and
he molecular bac kgr ound of this pr opensity has been r e vie wed
Celi ́nska and Nicaud 2019 ). Presented in a recent series of pa-
ers, efforts to w ar d ele v ating the yield of rPr ot via gTME pr ov e
he feasibility of such an a ppr oac h. All the data can be easily ac-
essed and browsed, as they have been deposited in the YaliFun-
ome database. 

Apart from TFs that promote rProt synthesis in a condition-
pecific manner, se v er al TFs wer e identified as “global enhancers”
potent to de v elop the desir ed phenotype, irr espectiv e of the con-

itions. To our understanding, these are specific targets for gTME.
mong these was TF Klf1/ D05041 , a zinc finger TF Krue ppel-lik e
actor (a name assigned based on sequence similarity) (Gorczyca
t al. 2023 , 2024 ). Klf1 was extensiv el y studied in Sc hizosacc ha-
omyces pombe during long-term G0 quiescence induced by N star-
ation (Shimanuki et al. 2013 ). Expression of KLF1 was induced
nder N starvation, while �klf1 mutants exhibited changes in cell
or phology and wer e unable to r estor e cell division. It specif-

call y r eacts to o xidati v e str ess via nuclear r elocalization (Her-
olz et al. 2019 ). The regulome of the sc hpKlf1 cov ers genes im-
licated in cell wall r ene wal, o xidati v e str ess r esponse, gl ycol y-
is, n utrient uptak e, RNA-mediated c hr omatin silencing, gl ycosi-
ation, and methylation (Shimanuki et al. 2013 ). When applied as
 gTME tool in Y . lipolytica , the rProt synthesis capacity was greatly
r omoted, fr equentl y by > 2-fold. Such an effect was significantly

mpacted by external factors like high O 2 , organic N source, en-
anced temper atur e, and lo w er pH (Gor czyca et al. 2023 , 2024 ); the
romoting effect of KLF1 -OE was observed despite external condi-
ions. Inter estingl y, KLF1 ’s expr ession did not c hange in r esponse
o OE of differ ent rPr ots (Kor pys-Wo źniak and Celi ́nska 2021 , Gor-
zyca et al. 2024 ), suggesting its activation via posttranslational
odification. 
Likewise, the OE of GZF1 / D20482 triggered a universal increase

 ∼1.2–2-fold) in rProt synthesis (Gorczyca et al. 2023 , 2024 ). The
ame set and le v els of external factors as with Klf1, enhanced
he beneficial effect of GZF1 -OE on rProt synthesis in Y . lipolyt-
ca . Yet, consistently with its role in NCR, the provision of organic
 source had lesser importance for the production of rProt (ver-

us contr ol). Intriguingl y, the rPr ot synthesis-pr omoting influence
as not observed with the other NCR inducer from the Gzf fam-

l y, Gzf4/ E05555 (Pomr aning et al. 2017 ). In concordance, the tr an-
criptional profile of Y . lipolytica strains producing different rProts
Korpys-Wo źniak and Celi ́nska 2021 ) and their effects on rProt
ynthesis (Gorczyca and Celi ́nska 2024 , Gorczyca et al. 2024 ) in-
icate that Gzf1 and Gzf4 are not r edundant, and eac h plays a
pecific and distinct role. Considering Gzf1’s role as an NCR ac-
iv ator, its rPr ot synthesis-pr omoting impact can be attributed to
nhanced N scavenging capacity. 

Expectedly, HSF1/E13948 , a k e y regulator of global stress re-
ponse and a major activator of the cell’s folding and chaperon-
ng capacity (Lindquist and Craig 1988 ) was identified to be an-
ther “global enhancer” of rProt synthesis (Gorczyca et al. 2024 ),
hough it did not display any remarkable transcriptional deregula-
ion profile due to rProt production (Korpys-Wo źniak and Celi ́nska
021 , Gorczyca et al. 2024 ). As discussed in Section 2, Hsf1 was
ne of the most fr equentl y utilized tools in gTME for enhanced
Pr ot pr oduction in yeast. In contr ast to the observ ations in KLF1 -
E and GZF1 -OE Y . lipolytica , HSF1 -OE promoted rProt production
 v en at the expense of gr owth; rPr ot was inv ersel y associated with
r owth (gr owth–rPr ot corr elation; r < 0.45), acting v ery specificall y
n this particular complex trait. A similar phenomenon—growth
rrest upon synthetically pushed rProt synthesis—was observed
nd quantitativ el y described in terms of substr ate utilization and
 channeling (Gorczyca et al. 2022 ). 

Based on similarity to Hsf1, the use of Hac1/ B12716 as a
TME tool for managing UPR was expected to massiv el y im-
r ov e rPr ot synthesis and secr etion. Yet, the effect of HAC1 -OE

n Y . lipolytica was predominantly negative for an intracellular
Prot (Gorczyca et al. 2024 ). Howe v er, the r esult v aried when
 secr etory rPr ot was used as a reporter. T he o v er all gain in
ecr etory rPr ot synthesis was mediocr e , ∼30% (K orpys-Wo źniak
t al. 2021 ). Ho w e v er, mor e in-depth studies demonstr ated that
he impact was indeed bifurcated, causing a nearly 7-fold drop
n the r etained fr action of rProt but promoting its secretion by
earl y 2.5-fold (Kor pys-Wo źniak and Celi ́nska 2023 ), whic h makes

https://sparrow.up.poznan.pl/tsdatabase/
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ylHac1 a potent gTME tool when rPr ot secr etion is a specific 
bottleneck. 

Engineering resistance to technical limitations of 
bioprocesses 

Growth under oxygen limitation 

It is well known that insufficient O 2 provision is the primary tech- 
nical limitation in industrial bioprocesses based on Y . lipolytica ; its 
reaction to limited O 2 supply was studied in detail (Kamzolova et 
al. 2003 , Bellou et al. 2014 , Jost et al. 2015 , Ferr eir a et al. 2016 , Timo-
umi et al. 2017 , Kerssemakers et al. 2023a , b ). Different bioprocess 
technologies and genetic engineering strategies w ere emplo y ed to 
overcome this limitation (Bhave and Chattoo 2003 , Lopes et al.
2009 , Miro ́nczuk et al. 2019 ); yet, further impr ov ement is needed.
TFs enabling the sustained growth of Y . lipolytica under fluctua- 
tions and gradients in O 2 provision would be of great interest. 

The greatest expectations in this regard were related to the 
use of Hap1/ F17424 , an ortholog of S . cerevisiae ’s heme activating 
pr otein, known to pr omote r espir atory metabolism and growth 

(Zhang and Hac h 1999 ). HAP1 -OE trigger ed a marked increase 
in the rProt synthesis capacity of S . cerevisiae (Martínez et al.
2016 ). In contrast, HAP1 -OE in Y . lipolytica made it remarkably 
mor e sensitiv e to limited O 2 supply, as the strain suffered from 

significant growth limitation under low aeration (Gorczyca et al.
2024 ). Nonetheless, other TFs promoting growth ( ≥80%) during 
O 2 limitation, including Lac9/ D20460 , Jmc2/ B14443 , B20944 , and 

Dal81/ D02783 were identified. Their specific function in Y . lipolytica 
has not been studied, and the names were assigned based on se- 
quence similarity. Ne v ertheless, considering the significant pr ac- 
tical implications of identifying “anoxia-resistance factors” in Y . 
lipolytica , further functional studies are imperative. 

Independence from a high-cost nitrogen source 
The cost of organic N sources constituted the highest unit produc- 
tion expenditure in a pilot-scale rProt production process model 
(Kubiak et al. 2021 ). Ther efor e, it is of high interest to identify a 
factor that would enable efficient rProt synthesis in a medium 

composed of c hea per N sources, like inorganic ammonium salts. 
As stated abo ve , due to the arc hitectur e of its promoter, the 

expression of Hoy1 / A18469 is activated in response to N starva- 
tion. While identified as dimor phic-tr ansition-r elated TF, Hoy1 ap- 
pears to be specifically sensitive to N provision. Hoy1’s abundance 
forced via OE, triggered a remarkable elevation in rProt produc- 
tion under organic N limitation (Gorczyca et al. 2024 ). As the yl- 
Hoy1 regulome is not yet known, any mechanistic explanation of 
its action is onl y speculativ e. It seemed that Hoy1-OE facilitated 

N ca ptur e under scarcity, contributing to enhanced rProt produc- 
tion. Indeed, N was one of the variables with a significant impact 
in shaping the HOY1- OE strain’s phenotype. It would be interest- 
ing to ascertain the universality of this phenomenon by studying 
differ ent r eporter pr oteins and media compositions. 

Summary and perspectives 

While less explored when compared to S . cerevisiae , gTME in Y .
lipolytica seems to be a potent approach to engineering com- 
plex traits . T he exemplary outcomes of gTME execution in Y .
lipolytica highlight the complex traits/functionalities that have 
been targeted, so far. Knowledge of ylTFs, summarized in Sec- 
tion 3, provides indices for matching a TF or a TRN to a desired 

functionality. Considering the current trends in yeast research, 
and the technical feasibility of high-throughput cloning, a re- 
iable, well-v alidated high-thr oughput cultiv ation/anal ysis tec h-
ique, tailor ed for Y. lipol ytica is needed to tak e full ad v anta ge
f the gTME a ppr oac h. It is specificall y crucial when engineering
RN, due to the pleiotropic functions of TFs. A TRN-engineered
train may most probably develop relevant phenotypes under 
 arying envir onmental perturbations. Suc h a pr otocol, and a r e-
ision of the other with an e v aluation of their pros and cons, has
een r ecentl y pr oposed (Celi ́nska and Gorczyca 2024 ). 
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