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Abstract

Background In the era of rationally designed synthetic biology, heterologous metabolites production, and other
counter-nature engineering of cellular metabolism, we took a step back and recalled that‘Mother(-Nature) knows
best” While still aiming at synthetic, non-natural outcomes of generating an ‘over-production phenotype’we dug
into the pre-designed transcriptional programs evolved in our host organism—Yarrowia lipolytica, hoping that some
of these fine-tuned orchestrated programs could be hijacked and used. Having an interest in the practical outcomes
of the research, we targeted industrially-relevant functionalities—stress resistance and enhanced synthesis of pro-
teins, and gauged them over extensive experimental design’s completion.

Results Technically, the problem was addressed by screening a broad library of over 120 Y. lipolytica strains under 72
combinations of variables through a carefully pre-optimized high-throughput cultivation protocol, which ena-

bled actual phenotype development. The abundance of the transcription program elicitors—transcription fac-

tors (TFs), was secured by their overexpression, while challenging the strains with the multitude of conditions

was inflicted to impact their activation stratus. The data were subjected to mathematical modeling to increase their
informativeness.

The amount of the gathered data prompted us to present them in the form of a searchable catalog - the YaliFunTome
database (https://sparrow.up.poznan.pl/tsdatabase/)—to facilitate the withdrawal of biological sense from numeri-
cal data. We succeeded in the identification of TFs that act as omni-boosters of protein synthesis, enhance resistance
to limited oxygen availability, and improve protein synthesis capacity under inorganic nitrogen provision.

Conclusions All potential users are invited to browse YaliFunTome in the search for homologous TFs and the TF-
driven phenotypes of interest.
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Background

Any rationally designed biotechnological production pro-
cess artificially forces the producer cell to the non-natural
‘over-production phenotype’ state. It is now well-recog-
nized that such a phenotype is elicited by a concerted
action of multiple genes/molecular identities. Hence,
designing such a phenotype operating under specific
process conditions requires a thorough understanding
of the molecular and regulatory mechanisms governing
the target bioproduct synthesis; and then—using this
knowledge to orchestrate genotype and environment
towards the objective functionality. With the current
technology progress, reaching the “proof-of-concept”
level of microbial cell factory readiness can be relatively
rapidly accomplished. However, its fine-tuning to reach
actual industrial relevance requires detailed insight into
the host’s system. Such a goal can be achieved by either
a very extensive metabolic engineering strategy (which
will inevitably impose a high metabolic burden on the
engineered cell) or by hijacking nature-pre-designed pro-
grams governed by native global regulators.

The concept of using global regulators for engineering
complex traits in yeast (like stress resistance or over-pro-
duction of proteins) has been already proposed in several
different forms. Alper and Stephanopoulos [1] proposed
‘global transcription machinery engineering’ for opti-
mizing complex target phenotypes, and implemented
the idea by conducting the sigma70 subunit of RNA
polymerase-based engineering in Saccharomyces cerevi-
siae. Overexpression of the Unfolded Protein Response
(UPR)-activating Transcription Factor (TF), Hacl, was
the most frequently employed strategy for enhancing
recombinant proteins (r-Prots) production. Hac1’s direct
implication in the regulation of endoplasmic reticulum
(ER)-resident events and restoring ER homeostasis made
it the most straightforward target in such endeavors. It
was demonstrated that overexpression of HACI improves
the secretion of r-Prots in S. cerevisiae [2], Pichia pasto-
ris (renamed to Komagataella phaffi) [3, 4], and recently
in Yarrowia lipolytica [5, 6]. A complementary approach
targeted Hsfl (heat shock factor 1), which is the key reg-
ulator of heat shock response and governs the “cytosolic”
version of UPR [7, 8]. Hou et al. [9] investigated the regu-
lome of S. cerevisiae’s Hsfl and showed that it is mainly
represented by molecular chaperones involved in protein
folding, thus preventing the accumulation of misfolded
or aggregated proteins. Continuous activation of heat
shock response by overexpression of mutant HSFI-R206S
triggered increased production of native and r-Prots
[9]. Global regulators engineering was also employed to
attenuate endogenous oxidative stress emerging from the
oxidative folding process. Hapl is a single TF managing
aerobic metabolism in S. cerevisiae. It is responsible for
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sensing the oxygen levels via the heme signaling path-
way, and activation of the oxidative stress response genes
[10]. Overexpression (OE) of HAPI in S. cerevisiae over-
producing a secretory r-Prot led to the mitigation of the
negative effects caused by reactive oxygen species accu-
mulation, hence increasing the production capacity of
the strain [11]. Very recently, synthetic activation of the
general stress response TF Msn4 (and its synthetic ver-
sion synMsn4, alone or in combination) triggered over
fourfold enhancement in r-Prot production [12].

Considering its industrially-relevant metabolic char-
acteristics, its genetic amenability, and its genomic
sequence available [13], Y. lipolytica has emerged as a
robust biotechnological production platform of many
added-value bioproducts [14]. Both native and heter-
ologous molecules have been produced with this yeast
platform, including organic acids [15], polyols [16], aro-
mas [17, 18], carotenoids [19, 20], usual and unusual fatty
acids [21, 22] etc. With the advent of numerous tools and
the progress in understanding its molecular background,
Y. lipolytica has also become a recognized platform for
the production of r-Prots [23-25].

To date, the research on TFs in Y. lipolytica has been
largely conducted in the context of basic studies. Most
of the literature reports refer to an individual TF’s role
in the regulation of dimorphic transition; implication in
this phenomenon has been proved for Hoyl [26], Mhyl
[27, 28], Bmh1 [29], YAP-like YALIOD07744g [30], Zncl
[31], and Msn2 [32]. The role in the regulation of lipid
metabolism in Y. lipolytica has been documented for sev-
eral other TFs, Yasl and Yas2 [33], Yas3 [34], Porl [35],
Mig]1 [36], and Gzf2 and Gzf3 [32]. The actual implemen-
tation of the ‘global transcription machinery engineering’
concept in this species has been to date limited to only
several reported studies; for example, high-throughput
functional screens of over one hundred twenty strains
individually over-expressing (OE-ing) TFs that were con-
ducted to fish out global regulators involved in lipids
accumulation [37, 38]. Recently, [39] studied the impact
of five selected TFs Hsfl, Gzfl, Crfl, Skn7, and YAP-like
(YALIOD07744g) on two interconnected complex traits—
stress resistance and r-Prots synthesis. OE of Yap-like TF
was proven to alleviate growth retardation under high
pH, while Gzfl and Hsfl were shown to serve as univer-
sal enhancers of r-Prot production in Y. lipolytica. On the
other hand, deletion of SKN7 and HSFI disabled growth
under hyperosmotic stress.

As recently pointed out by the inventors of the Yeas-
tract+ database [40, 41], the lack of integration of regula-
tory information in the global metabolic models hinders
their predictive ability. Hence, this functionality has been
implemented in a recent update of the database [41].
However, due to under-investigation, the information
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load for Y. lipolytica in this context is rather scarce. Con-
sidering how huge potential is held by ‘global transcrip-
tion machinery engineering’ we decided to explore this
niche and provide experimental evidence on the actual
implications of Y. lipolytica’s TFs in stress resistance and/
or in the synthesis of r-Prots. Knowing that TF’s activ-
ity is not secured by the sole abundance of the protein,
we challenged the strains constitutively OE-ing the TFs
with a combination of environmental stress factors. Alto-
gether, 125 Y. lipolytica strains individually OE-ing one of
the TF-encoding genes were screened under 72 different
conditions. We read growth and the level of a reporter
r-Prot synthesis, which was used as a gauge for a global
protein synthesis capacity—comprising, but not limited
to r-Prots. The amount and informativeness of the data
we gathered from completing our experimental design
inspired us to present them in the form of a searchable
catalog—the YaliFunTome database, to facilitate the with-
drawal of biological sense from extensive sets of numeri-
cal data.

Materials and methods

Data collection and analysis

Biological material

A collection of 125 Y. lipolytica strains over-expressing
(OE) individually one of the TFs identified in Y. lipolyti-
ca’s genome, and a reporter protein (RedStar2) was used
in this study. The search of the TFs within the Y. lipol-
ytica genome and construction of the strains co-over-
expressing (co-OE) TF and a reporter r-Prot was done
previously [37]. Both genes were cloned under a con-
stitutive promoter pTEF, and were integrated in a zeta
platform at URA3 locus. The collection contained two
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control strains: (i) a completely prototrophic version of
the parental strain (JMY2900); and (ii) complete proto-
troph OE the reporter r-Prot solely (JMY2810). The for-
mer was used as a control of burden imposed by OE of
the reporter r-Prot and control of cross-contamination
between cultures. The latter was considered the actual
“control strain” used for normalization of the data from
the TF-OE strains. All the strains were constructed on
the background of the J]MY2566 strain. More technical
details on the cloning strategy can be found in [42].

All the strains were deposited as 15% glycerol stocks
at—80 °C for long-term storage. While running the
experimental plan, the strain collection was freshly plated
from stocks to YPD-agar medium (g L™': yeast extract,
5 (BTL, L6dz, Poland); peptone, 10 (BTL); glucose, 20
(POCH, Gliwice, Poland); solidified with agar, 15 (BTL))
every 2 weeks.

Experimental design

The experimental plan was designed using the Design of
Experiments (DoE) methodology in DesignExpert soft-
ware (StatSoft, Tulsa, USA) as a Face-centered Central
Composite Design. It implemented five external vari-
ables: two numerical (continuous) and three categoric
(discrete), as presented in Table 1. Variables were tech-
nically implemented as follows: numerical variables: (i)
pH (at levels: 3.0, 5.0, or 7.0) adjusted during the media
preparation with 20% NaOH (w w™') and by change of
the buffer molarity (pH 3, — 0.1 M maleic acid buffer,
pH 5 and 7, — 0.2 M maleic acid buffer); (ii) temperature
(22, 28 and 34 °C) by setting thermostat; categoric vari-
ables; (iii) oxygen availability (OA) changed by use of
different sandwich covers [43]: high OA (2.5 mL min™*

Table 1 Summary of experimental setup designed with DoE (DX, StatSoft)

Design type: face-centered
Central composite design

Runs: 104 for each of 125 TF=13 000 in duplicate
=26,000 readouts on FL (fluorescence) and growth (OD600)

The central variants were repeated five times. The order of culture execution was randomized

Process factors Categoric: A, B, C Numeric: d, e

Factor Name Units Change Type Minimum Maximum Coded Coded Mean Std. Dev
Low High
AIR“limiting"  0/1 Easy Categoric  Low High Levels: 2
B Carbon Glu/Gly Easy Categoric  Glucose Glycerol Levels: 2
source
@ Nitrogen i/o Easy Categoric  Inorganic: Organic: Levels: 2
source Ammonium  Casamino Acid
Sulfate Hydrolysate
d pH pH Hard Numeric 3 7 -1—3 +1—7 5 2.83
e Temperature  °C Hard Numeric 22 34 -1— +1— 27.1 5443
22.00 34.00
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headspace air exchange), low OA (0.004 mL min™);
(iv) carbon source—glucose (encoded — 1) or glyc-
erol (encoded+1); and (v) nitrogen source: inorganic
(ammonium sulfate; encoded — 1) or organic (casamino
acid hydrolysate; encoded+1). All the combinations
resulted in 72 variants of environmental conditions, 8
of which were considered ‘central variants’ (according
to the heatmaps: these were pH 5 and temp 28 °C with
different categoric factors combinations—OA, carbon,
and nitrogen). Each environmental variant was con-
ducted in biological duplicate, but the 8 ‘central vari-
ants’ were conducted in pentaplicate, resulting in 64
‘outer variants’ plus 8 ‘central variants’ X 5 =104 culture
runs. Each of the 104 culture runs was conducted in
two biological repetitions. The order of culture execu-
tion was randomized. Figure 1 schematically illustrates
the variables combinations, corresponding to the data
presentation scheme.

High-throughput screens

Media preparation

The composition of the culture media was carefully
adjusted to minimize background fluorescence (FL), pro-
vide sufficient amounts of carbon (C) and nitrogen (N) to
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avoid starvation, and maintain the pH stably throughout
the culturing time. The medium was composed as fol-
lows [g L™!]: yeast nitrogen base without amino acids and
ammonium sulfate, 5.1 (Sigma-Aldrich); ammonium sul-
fate or casamino acid hydrolysate, 15, (POCH); glucose
or glycerol, 35 (POCH); buffered with 0.1 or 0.2 M maleic
acid (POCH). Precultures were developed in media
composed of a yeast nitrogen base, 5.1 (Sigma-Aldrich);
ammonium sulfate, 15, (POCH); glucose, 25 (POCH);
buffered with 0.2 M maleic acid at pH 5.0. All the media
were filter-sterilized with 0.22-um filters (Merck- Milli-
pore, Darmstadt, Germany).

Culture conditions

Since typical multitier plates were found useless for reli-
able high-throughput screens and phenotype reads of Y.
lipolytica strains, we used 24-well Duetz-System square
plates in 2.5 mL working volume (EnzyScreen BV, Neth-
erlands), agitated at 250 rpm. The cultures were contin-
ued for 48 h and samples were collected at the end of the
cultivation time (the timing was pre-optimized). Precul-
tures were developed for 18 h at 28 °C, under high OA.
The main cultures were inoculated at 4% (v v!).

" . - |
-1 +1
OA high OA high OA high OA high pH 30 50 70
N:inorganic | N:inorganic N: organic N: organic Temp 22°C 28°C 34°C
C: Glucose C: Glycerol C: Glucose C: Glycerol
o OA
g L ™
OA low OA low OA low OA low 0-004mL min 2.5 ml min
N: inorganic | N: inorganic N: organic N: organic
C:|Glucose | C:Glycerol C: Glucose C: Glycerol Glucose Carbon Glycerol
] FC|FC | FC -1 -
g Nitrogen
g Inorganic g Organic
FpH 3 7 -1 As CH +1

YALIOXXXXXXE

Nitrogen
Non-significant

M and contribution % value > 0: dominant level +1, variable’s contribution higher than in the control strain
M and contribution % value < 0: dominant level +1, variable’s contribution lower than in the control strain
M and contribution % value > 0: dominant level -1, variable’s contribution higher than in the control strain
B and contribution % value < 0: dominant level -1, variable’s contribution lower than in the control strain
O non-significant contribution of the variable’s

L impact inversion: the preferred level of the variable is opposite in the control strain

<> impact gain: impact is non-significant in the control strain, and gained significance in the TF-OE strain

Fig. 1 A system for graphical presentation of the data and variables coding. Graphical presentation of the arrangement of the variables’
combinations corresponding to the data presentation scheme (A), and the variables' coding system (B), exemplary Factor’s Contribution ranking
with a legend (C). The coding system corresponds to Table 1. The rankings are prepared based on Response Surface Models. Each ranking
represents the variable’s contribution to a response of a given read parameter (growth/r-Prot/normalized r-Prot) elicited by a specific TF-OE
strain. CH—casamino acid hydrolysate, AS—ammonium sulfate, OA- oxygen availability, FC—fold change of the response from the TF-OE strain

over the control strain
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Analytical methods

Samples were analyzed for growth and FL from the
reporter protein (RedStar2) following dilution in 0.75%
NaCl (POCH) to match a linear range of the methods.
Absorbance was measured at 600 nm in transparent
96-well plates (Costar; Merck). FL was determined under
at ex/em 550/595 nm in black opaque plates (Thermo
Fisher Scientific) Both measurements were done using a
Tecan Spark automatic plate reader (Tecan Group Ltd.,
Mannedorf, Switzerland).

Data processing and statistical analyses

Results for total FL from the reporter r-Prot are expressed
in Fluorescence Units (FU); growth is expressed in
absorbance units from measuring optical density at
600 nm wavelength. Normalized r-Prot measure was cal-
culated by dividing the FU value per OD600 value giv-
ing the specific fluorescence (RFU-relative fluorescence
units). Statistical significance of the difference in a given
measure between a TF-OE strain and the control strain
was assessed by analysis of variance (ANOVA) test, with
significance level set at p-value <0.05 (Statistica, StatSoft-
Tibco, Tulsa, USA). Fold change (FC) values express the
ratio of a given measure for a TF-OE strain over the con-
trol strain.

Mathematical models describing the growth, total
r-Prot synthesis, and normalized r-Prot synthesis by
the strains within the range covered by the variables
were developed using raw data (not FC) response sur-
face methodology (RSM) in DesignExpert software. It
resulted in a set of the following items for each of the
TE-OE strains: (i) a model equation (including inter-
actions between the variables; equations were not
shown); (ii) set of eight 3D contour plots covering all the
responses within the range of tested variables (arranged
as in Fig. 1; color-coded according to the legend); and (iii)
quantitative assessment of the variables contribution to
the response (Factor’s Contribution Tables; percentage
value). In the latter, after manual inspection of the data,
the interactions between the variables were ignored (for
clarity of data presentation). The significance of each var-
iable was assessed by ANOVA tests, at p-value <0.05. To
compare the contribution of individual variables in the
TE-OE strain model and the control, the values obtained
for the former were normalized over the latter. The
higher/lower contribution was indicated by a positive/
negative value of the percentage contribution, while the
direction of contribution is color-coded/labeled accord-
ing to the legend. All of the obtained models were found
significant, fitting of data was color-coded.
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YaliFunTome database construction

The YaliFunTome database was created using the Mari-
aDB relational database management system (https://
mariadb.org/), PHP 7.4.33 (https://www.php.net/), Boot-
strap 5.3.1 (https://getbootstrap.com/), HTML 5, CSS
3, JavaScript and jQuery 3.7.0 (https://jquery.com/).
The database has been tested on several different web
browsers including Google Chrome, Mozilla Firefox and
Microsoft Edge.

Results and discussion

Getting the pipeline working

Having a strictly aerobic, filamenting-upon-stress bio-
logical object in our hands, it rapidly appeared that the
majority of high-throughput cultivation protocols work-
ing for the other yeast species are non-operable in this
case. In addition, due to the modification of global reg-
ulators, the set of 125 strains analyzed here comprised
those showing no obvious aberrant phenotype under
the majority of conditions, and those severely affected
in basic metabolism. Hence, it was necessary to develop
a new high-throughput cultivation protocol that will
enable reliable examination of all the phenotypes in a
streamlined and normalized manner.

First, we defined a set of variables that are relevant to
the Y. lipolytica r-Prots overproducer phenotype, and
which could be affected by the TFs’ OE. The primary
limitation encountered in Y. lipolytica cultures is limited
oxygen provision, staying beyond the technical capabili-
ties of laboratory or industrial equipment. Recently, [44]
showed that Oxygen Availability (OA) is the key factor
determining the rate of r-Prot synthesis. The same con-
clusions were made for the production of organic acids
and polyols [45-47]. Similarly, it has been evidenced
that pH is a strong modulator of the r-Prots-producing
capacity in this species [48]. While the pH level can be
relatively easily stabilized in bioreactor cultivations, local
fluctuations in medium acidity are known to occur. Fol-
lowingly, it was demonstrated that elevated temperature
treatment or synthetic induction of heat shock response
(by OE of HSFI TF) both had a positive impact on the
r-Prots synthesis rate in S. cerevisiae [9]. In contrast,
heat-shock treatment was found detrimental to r-Prots
synthesis in Y. lipolytica, and only a low-temperature
treatment exerted a positive impact in this regard [49].
Still, OFE of HSF1 in Y. lipolytica led to enhancement in
r-Prot synthesis [6], correspondingly to what was found
for S. cerevisiae. Therefore, we hypothesize that the OE
of some TFs may mitigate the adverse effects of non-opti-
mal OA, pH, and temperature.
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In addition, previous investigations into Y. lipolytica’s implemented and stably maintained at a desired
biology clearly showed that the type of carbon source level by using maleic buffer; this buffer type fulfills
(glucose-glycerol) had a tremendous impact on the the following requirements: (i) spans the whole
evoked regulatory mechanisms [37, 50]. Likewise, the range to be tested (dissociation constants (pKa)
type and concentration of available nitrogen sources equal 1.94 and 6.22), using the same chemical
were shown to have a fundamental impact on Y. lipolytica compounds; (ii) is not consumed by Y. lipolytica
biology [51], including r-Prots production [52, 53] and (as determined by HPLC analysis); (iii) does not
dimorphic transition [54, 55]. hamper growth, if applied at selected molarities;

The abovementioned conditions were then tested in (iv) does not impose osmotic stress, when used at
an extensive set of preliminary experiments checking the higher/different molarity (within 250 mOsm kg™
feasibility and mode of the variables’ implementation. below the stress level for Y. lipolytica [56]); and (v)
Optimization studies were conducted with two control has sufficient buffering capacity at adopted concen-
strains—JMY2810 overexpressing a fluorescent reporter trations (Fig. 2a, b),
r-Prot, and a complete prototroph JMY2900, to esti- ii. The adopted temperature range supports growth
mate the burden imposed by the sole reporter r-Prot OE. and provides differentiation in the r-Prots synthesis
The strains were analyzed for growth and, in the case of level (Fig. 2¢),

JMY2810, for protein synthesis (gauged by the reporter ili. To impose an actual OA stress, but still—support
r-Prot fluorescence). As the burden imposed by the growth and r-Prot synthesis, the headspace volume
reporter r-Prot synthesis was not statistically significant exchange must be minimized to 0.004 mL min~
in terms of growth, results for J]MY2900 were not shown. (Fig. 2d),

The results of the preliminary optimization tests indi- iv. Provision of a higher nitrogen source (15 g L™) is
cated that (Fig. 2): necessary to enable more complete carbon utiliza-

tion and full phenotype development within a rea-

i. Growth and r-Prots synthesis is supported within sonable time frame (48 h) (Fig. 2e),
the pH range of 3 to 7, which can be effectively

(See figure on next page.)

Fig. 2 Main findings of the high-throughput cultivation protocol’s optimization. A Buffer selection—six different chemical compound
combinations with buffering properties were tested. The top row in the table represents the composition of the buffer encoded by symbols

(in the legend); the buffers' pKa values are marked with these symbols on the grey arrow (target pH values marked with red arrows). Some
components have two pKa values making them more suitable for covering the whole span of tested pHs (it is presumed that 1 value away

from the pKa value the buffer is still in its range of buffering capacity). Initially set pH, molarity, and the experimentally defined post-culture pH
(control strain, main culture medium, 72 h) are given as numbers. ‘Buffering capacity’ [M L™}, and percentage of maximal growth [%max] at 48h
of cultivation (a proxy for growth impairment) are given as'bubble graphs’ Boxes crossed out indicate that the buffer did not meet requirements
in terms of (i) component—utilization by Y. lipolytica (based on HPLC data), (i) final pH—drop in pH> 1, (iii) buffering capacity—buffering capacity
level < 10 M L', iv) growth—pronounced growth impairment < 40% of maximal growth. Kinetic graphs represent growth and normalized

r-Prot for Y. lipolytica control strain grown in a maleic-acid buffered medium (3 pH values, 2 molarities). Grey ‘bubble plots'represent osmolarity
readouts of YPG medium buffered with the indicated maleic acid buffer, and the osmolarity level known to impose severe stress for Y. lipolytica
cells. B, C Continuous variables range examination (pH and temperature)—these sections represent pH and temp as numerical, continuous
parameters coded from -1 (pH 3.0 or 22 °C) to+ 1 (pH 7.0 or 34 °C). Bubble plots represent growth and normalized r-Prot as % values of these
parameters read under pH 5.0 or 34 °C for the control strain (48 h). Kinetic graphs represent growth and normalized r-Prot for Y. lipolytica control
strain in time. D, E, G Discrete variables levels examination (Oxygen availability, nitrogen, and carbon source types and concentrations)—these
sections represent OA, N, and C as categoric parameters encoded as -1 (low OA/inorganic N/glucose) or+ 1 (high OA/organic N/glycerol) levels.
Oxygen availability variation was implemented by the use of Duetz system sandwich covers of different headspace volume exchange rates: 0.004,
0.7,and 2.5 mL min~". Optimization of Nitrogen source and concentration was conducted with inorganic N (AS—ammonium sulfate) or organic

N (CH - casamino acid hydrolysate) substrates at concentrations of 5 or 15 g L™!. Optimization of carbon source concentrations was performed
with glucose at concentrations: 20, 30,40, and 50 g L™", marked as C20, C30, C40, and C50, respectively—and cultivated on either one of two

N sources. Consumed carbon in these cultures was calculated as residual C amount based on HPLC data from 48h of cultivation in relation

to its initial load. Kinetic graphs represent growth and normalized r-Prot for Y. lipolytica control strain in time. F Geometry/volume—this section
presents a comparison of two types of 24-well plates with different geometry of wells (square/round) and working volume recommended

by the manufacturer (2.5/1 mL). Bubble and time-point plots are constructed as in other sections. Kinetic plots: x-axis time [h] and the y-axis
ODgy (optical density at 600nm) value or sFL [FL/ODg] (specific fluorescence) for growth and normalized r-Prot, respectively. Shaded areas
represent standard deviation (SD) values, based on biological duplicates or triplicates. All bubble plots are calculated in percentage to the highest
or optimal variant (variants 100% are framed with black-dashed lines) in 48 h of cultivation. The percentage value is indicated within the bubble
and corresponds to the bubble area. If not stated otherwise, cultures were performed in high OA, 28 °C, pH 5.0, and with glucose (20 g L™

and ammonium sulfate (15 g L") as carbon and nitrogen sources in 24-well plates with JMY2810 as the control strain
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v. Cubic geometry of the cultivation vessels and larger
volume of the culture enables faster and more pro-
nounced phenotype development; comparison of
readouts from the outer and from the inner wells of
24-well round (1 mL) and 24-well square (2.5 mL)
plates, revealed that the well-to-well variation is
significant for the former, and insignificant for the
latter (p-value<0.05); the squared wells enabled
more homogenous mixing during cultivation and
no biomass attachment to the walls of the well;
using 24-deep-well square plates enables maintain-
ing high-throughput character of the screen and
reliable phenotypes assessment (Fig. 2f), and

vi. Carbon source at>30 g L™! is sufficient to support
growth at the nitrogen concentration of 15 g L™,
and is not fully consumed by the end of the cultur-
ing time (does not impose additional, uncontrolled
starvation condition) (Fig. 2g).

With the pre-optimized and validated protocol for
high-throughput screens of Y. lipolytica in our hands,
we developed an experimental design that would enable
systematic investigations into the effects induced by the
variables and their combinations. The design rendered
104 culture runs to be implemented for each of the 125
strains and the controls (Table 1). The levels of the vari-
ables were encoded, as depicted in Fig. 1. Acquired data
on the strains’ growth, synthesis of the reporter r-Prot, or
its normalized measure (r-Prot normalized per biomass)
were carefully curated, and subjected to statistical signifi-
cance analysis and mathematical modeling, according to
“Data processing and statistical analyses” section.

YaliFunTome enables the withdrawal of biological sense
from math

Navigation through YaliFunTome

The amount and informativeness of the data we
gathered from completing our experimental design
prompted us to present them in the form of a search-
able catalog YaliFunTome (Yarrowia lipolytica Func-
tional Screens of Transcription Factor-ome Database:
https://sparrow.up.poznan.pl/tsdatabase/), to facili-
tate the withdrawal of biological sense from extensive
sets of numerical data. In this, we were inspired by our
Colleagues, who put a great effort into preparing and
curating publicly open databases, such as: mentioned
above Yeastract+, which enables predictions of effi-
cient genetic engineering strategies, and its extension—
PathoYeastract, enabling the analysis and prediction of
transcription regulatory associations in the pathogenic
yeasts [57], y-mtPTM, that provides a comprehensive
list of experimentally-validated mitochondrial post-
translational modifications [58], or YeastRGB, merging,
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processing and standardizing graphical data on protein
abundance and subcellular localization [59].

Navigation through the YaliFunTome database should
start from the ‘readme’ tab, which contains all the nec-
essary information to guide the user throughout the
database. The ‘readme’ section is divided into four sub-
sections: (i) ‘general information’ about the project; (ii)
‘experimental setup’ describing how the project was
technically implemented; a must-see-before-starting
tab; (iii) ‘data presentation, illustrating how to inter-
pret records of the database search; and the fourth tab
showing Response Surface Methodology (RSM) mod-
els for the; and (iv) ‘control strain, which were used as
a reference to calculate Fold Change (FC) data for TF-
OE-ing strains.

The ‘global view * tab directs the user to three ‘global
heat maps’ with FC values for all the TF-OE-ing strains
gathered in collective plots. The three heat maps show
the data on each of the three analyzed parameters:
‘growth, ‘total r-Prot, and ‘normalized r-Prot, sepa-
rately. Data within the table are color-coded according
to the legend provided on top of the subpage, and are
interactive: (i) while hoovering over a specific color-
coded cell, a short note appears summarizing the
conditions under which the response was elicited, its
numerical value, and whether the response was statisti-
cally significant at p<0.05; and (ii) while clicking on a
specific “Yali number) the user is directed to a specific
TE-OE strain’s subpage.

The ‘search’ tab links the user to search tools, ena-
bling two modes of querying the database: (i) based
on ‘Yali number, and (ii) ‘Condition-responsive TF.
The former can be used to characterize the functional
behavior of a specific TF across an array of conditions,
while the latter—to screen for TFs that were respon-
sive to a specific combination of environmental factors,
implemented in the experimental design.

The ‘cite’ tab directs to this article’s citation and con-
tact details. More details about querying the database
and the retrieved records can be found in “Query-
ing YaliFunTome” and “YaliFunTome record’s content”
sections.

Querying YaliFunTome

Browsing the YaliFunTome database is enabled in two
modes: (i) ‘Yali number’; and (ii) ‘Condition-responsive
TF.

The “Yali number’ search enables browsing the data-
base based on specific Yali numbers of genes, accord-
ing to the naming convention from the first release of
the Y. lipolytica genome [13] (listed in Additional file 2:
Table S1). A specific Yali number can be selected from a
collapsible drop-down list. The search record directs the
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user to three links corresponding to the set of heat maps
showing FC in the read parameter for a specific TF-OE-
ing strain (‘growth; ‘total r-Prot, or ‘normalized r-Prot’).
Clicking on the selected parameter gets the user to a Yali
number’s specific subpage, which consists of (to be found
by scrolling down):

i. A header providing YALI name, number of TF in
the experimental design, assigned name (if avail-
able), gene identifier, and links to NCBI, RefSeq
DNA, RefSeq Peptide, and UniProtKB,

ii. Three heat-maps (for ‘growth; ‘total r-Prot; or ‘nor-
malized r-Prot’), arranged according to Fig. 1a, and
factor’s contribution tables encoded as presented in
Fig. 1b, c. The system of data presentation and vari-
ables’ coding is reminded at the top of the subpage,
for the user’s convenience; both the heat maps and
the Factor’s Contribution tables are interactive,
providing the user with detailed information about
a specific response point, upon hovering over it.

The ‘condition-responsive TF search mode requires
first defining the search constraints. The user can browse
the database based on an elicited response in one of three
measured parameters (‘growth; ‘total r-Prot, or ‘normal-
ized r-Prot’), which could be: (i) ‘up’—higher in the TF-
OE-ing strain compared to control (FC>1.0 in a specified
point); (ii)’down’ (FC < 1.0); or show (iii) ‘inverted pheno-
type, so the opposite FC response under extreme levels
of a variable by a single TF-OE-ing strain (e.g. FC>1.0
in pH 3.0 and FC<1.0 in pH 7.0). These response con-
straints are set in combination with one of the studied
variables (pH, temp, carbon source, nitrogen source, or
OA). The last drop list specifies the constraining level of
the searched variable, or specifies the levels of the vari-
able compared in the ‘inverted phenotype’ search. The
output page returns Yali numbers of the TFs that elicited
a statistically significant response, meeting the entered
constraints, and an additional 10% level of difference
in FC between the TF-OE and the control strains. Yali
numbers are sorted by the highest FC values for the ‘up’
search, by the lowest—'down’ search, or by the highest
delta of FC values between extreme environmental con-
ditions for the ‘inverted phenotype’ search. The records
specifying TF numbers that were responsive are collaps-
ible—after expanding, the list of specific combinations of
variables under which the query conditions were met is
listed.

YaliFunTome record’s content

The results from the experimental plan may reflect
‘srowth; ‘total r-Prot, or ‘normalized r-Prot’ by the TF-
OE-ing strain and the control strains. The principal mode
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of data presentation is an FC of a given measure read for
the TF-OE-ing strain over the control strain. The data
for each TF-OE-ing strain were arranged according to
the variables combinations scheme in Fig. 1a, and color-
coded to facilitate simple interpretation. The raw data for
the three measured parameters were first used to gener-
ate RS models. Such models were shown in the ‘control
strain’ tab for the control strain. The same set of models
was prepared for all the TF-OE-ing strains (not shown).
Modeling the data for TF-OE strains and the control
strains enabled the estimation of the response within
each point covered by the RS plot (within the adopted
ranges of the variables). In addition, the models allowed
the assessment of the variables’ contribution (individually
or as interactions; the latter not shown) to the respective
measured parameter. These individual variables’ contri-
bution is quantitatively expressed (as percentage values)
in the Factor’s Contribution ranking tables, provided
on each TF-OE-ing strain’s subpage (Fig. 1c). Both the
heat maps and the factor contribution tables were color-
coded according to the provided legends. Details on
the data presentation scheme can be found in the ‘read
me’—> ‘data presentation’ tab in YaliFunTome database.

YaliFunTome in practice—case-studies

KIf1 (YALIOD05041g) is a newly identified general booster

of r-Prots synthesis

By simple inspection of the ‘global view’ plots for ‘growth;
‘total r-Prot, or ‘normalized r-Prot’ it is possible to fish
out phenotypes eliciting strong responses nearly irre-
spectively from the environmental variables.

Such a pronounced phenotype was observed for
a strain OE-ing YALIOD05041g gene, encoding a
Zinc finger TF Krueppel-like factor 15 (KIf1; TF126).
According to NCBI’s conserved domain search, Y. lipo-
lytica’s KIfl bears two C2H2 Zinc finger domains at
the N-terminus [60], studied this specific gene as one
of the model transcripts for the intron retention phe-
nomenon in Y. lipolytica. KIfl’'s mRNA was classified
as one of the transcripts displaying intron retention
but at a low level. Online translation prediction of the
unspliced transcript shows that the intron retention
results in premature stop codon occurrence, so it can-
not be functional as an alternatively spliced variant,
that would render an additional domain, depending on
the signals. In yeast, KIf1 was extensively studied in the
context of long-term GO quiescence induced by nitro-
gen starvation [61]. As shown in those studies on Schiz-
osaccharomyces pombe, the expression level of KIfl in
GO (no nitrogen) was higher than in vegetative growth,
when nitrogen was available. At the physiological level,
the AklfI mutants exhibited significantly enlarged cell
volume, they were metabolically active but unable to
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restore cell division. Prolonged nitrogen starvation of
the Aklfl mutants triggered a fatal failure in the cell’s
morphology maintenance—accumulation of chitin-like
material caused severe deformation of the cytoplasm
and cell shape. Transcriptomic analyses demonstrated
that KIf1 directly regulates genes implicated in cell wall
renewal, oxidative stress response, glycolysis, nutrient
uptake, RNA-mediated chromatin silencing, glycosida-
tion, and methylation [61]. In higher Eukarya, KIfl was
shown to promote longevity by combating oxidative
stress [62]. It was demonstrated that KIfl relocalizes to
the nucleus following a mild ROS pulse. In those stud-
ies, the oxidative stress originated from mitochondria,
followed by xenobiotics treatment. Transcriptomic
analysis revealed that the response elicited by KIf1 is
more elaborated rather than simple combating oxida-
tive stress. In the context of our studies, we found out
that KLFI’s OE in Y. lipolytica greatly promotes r-Prots
synthesis capacity, nearly irrespectively of the adopted
variables’ combination (Fig. 3a). The enhancement
expressed in FC of (normalized) r-Prots synthesis was
more pronounced under high OA (contribution of high
OA was positive and higher than in the control strain
by 11.08%), frequently reaching >2.0 FC. The promot-
ing phenotype was enhanced under organic nitrogen
provision, higher temperature, and lower pH; and was
independent from the carbon source provided. The
role of KIf1 has not been studied in Y. lipolytica to date.
Considering the commonly assigned to Klfl implica-
tion in stress response, and our previous studies on
the effects triggered by over-synthesis of r-Prots in Y.
lipolytica [63], it is tempting to state that the increased
abundance of KIf1 in combination with ER-derived oxi-
dative stress (caused by r-Prots over-synthesis) were the
two factors enabling the display of the Klfl’s promoting
phenotype. As shown by our auxiliary experiments (to
be published), knock-out in KLFI’s loci did not trigger
any significant change to r-Prot synthesis capacity in Y.
lipolytica (under ‘optimal’ conditions — a central point
of the design; Additional file 1: Fig. S1a), which suggests
some level of redundancy within this scope with some
other factors.

Gzf1 (YALIOD20482g) is the only ‘global r-Prots enhancer’
from among tested genuine GATA-binding zinc finger family
representatives (Gzf1, Gzf3, Gzf4)

Other ‘global’ r-Prots synthesis enhancers identified
through the ‘global view’ plot inspection comprised
Gzfl (YALIOD20482g; TF037) and Hsfl (YALIOE13948g;
TF068). The former belongs to a six-member family of
GATA-binding zinc finger TFs, i.a. involved in nitro-
gen catabolite repression (NCR). Gzfl was studied in
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Y. lipolytica, along with the other three genuine rep-
resentatives of the Gzf family, in the context of NCR’s
role in lipid accumulation regulation [64]. While inves-
tigating the molecular background of the nitrogen
provision-lipid accumulation interplay, the Authors func-
tionally characterized the Gzfs in Y. lipolytica. Insightful
sequence-structure analysis demonstrated that Gzfl, so
the current ‘global r-Prots synthesis enhancer; is highly
similar to homologs from Aspergillus nidulans and Neu-
rospora crassa activated in response to nitrogen starva-
tion, and is likely to operate as an activator of NCR genes,
rather than a repressor (like Gzf3; YALIOC22682g). Our
current studies demonstrated that upon its OE, Gzfl
greatly enhances the synthesis of r-Prots in Y. lipolytica
(total and normalized measures; Fig. 3b1). This enhanc-
ing phenotype is promoted under high OA (factor’s con-
tribution to ‘normalized r-Prots’ is higher by 9.69% than
in the control), organic nitrogen, higher temperature, and
lower pH. Factor’s contribution analyses demonstrated
that the nitrogen source variable did not exert any sig-
nificant contribution to the growth (and total r-Prots
synthesis) in the GZFI-OE-ing strain. Considering its
putative role as an NCR activator, this could be attributed
to enhanced nitrogen scavenging capacity when inor-
ganic nitrogen was provided. However, nitrogen was also
a non-significant variable for the control strain’s growth.
Consistently, in the previous studies, it was observed
that GZF1 was not essential for growth on simple nitro-
gen sources (as was Gzf2; YALIOF17886g not covered
by the YaliFunTome) [64]; even though it was the most
upregulated gene from the Gzfs when an organic nitro-
gen source was changed to inorganic. A similar tran-
scriptional response was also observed for GZF4 [64];
altogether suggesting that Gzf2 (inducer) and Gzf3 (sup-
pressor) are the overriding nitrogen assimilation regula-
tors, while Gzfl and Gzf4 serve as ‘rapid-reaction force’
of this regulation. Our results demonstrate the OE of nei-
ther GZF3 (Fig. 3b2) nor GZF4 (YALIOE05555g; Fig. 3b3)
exert any direct positive effect on r-Prots synthesis in Y.
lipolytica. While it seems understandable for the NCR’s
repressor Gzf3, it remains to be clarified for the Gzf4,
whose specific role in NCR has not been determined [64].
The YaliFunTome database’s ‘global r-Prots enhancer;,
Gzfl, was previously identified as a promoter of r-Prots
synthesis in Y. lipolytica upon its OE, but under a dif-
ferent array of variables [39]. Our auxiliary studies on
Agzfl genotype (Additional file 1: Fig. S1a) showed that
it displays no effect on r-Prots synthesis [39], consistent
with the results by [64]. Only its OE elicited the promot-
ing phenotype; as was found for KIfl (mentioned above).
Such a consistency supports the generalizable character
of these findings.
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heat maps and factor’s contribution rankings in terms of growth, r-Prots synthesis, and normalized measure of r-Prots synthesis
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Hsf1 (YALIOE13948g) specifically promotes protein synthesis
at the expense of growth

HSFI OE elicited a similar promoting response in terms
of r-Prots synthesis as KIfl and Gzfl, however, it acted
more selectively in this regard (Fig. 3c). It promoted
the synthesis of proteins even at the expense of growth
under inorganic nitrogen provision (r-Prot up, when
growth is down). To our interpretation, the significantly
enhanced r-Prots synthesis under HSFI OE leads to a
higher demand for resources. Specifically, based on the
results of the factor’s contribution analysis, we speculate
that nitrogen became limiting, as this specific variable
gained significance for growth upon HSFI OE (not sig-
nificant for KLF1-OE, GZFI-OE, and the control strain).
The possible shortage in nitrogen supply prompted cell
cycle arrest and growth inhibition, while the protein syn-
thesis was still ongoing. Such a type of interplay between
intensive r-Prots synthesis and growth was quantitatively
expressed in our previous studies [65]. Now, based on the
developed mathematical models we show that within the
range of tested conditions, nitrogen became the limiting
factor under intensive r-Prots synthesis.

A decreased correlation of growth and r-Prot synthe-
sis observed for HSF1-OE-ing strain (Pearson coefficient
between FC values for ‘growth’ and ‘total r-Prots’ r <0.45)
was not observed for the other TFs promoting r-Prot
synthesis, like KIf1 or Sfp1 (discussed below). For the lat-
ter, the FC values for total r-Prots and growth were more
positively correlated (r>0.58). The positive correlation
between the two parameters indicates that the two bio-
logical processes do not compete but rather act syner-
gistically. Considering that the reporter r-Prot used here
acted as a gauge of total protein synthesis capacity, such
a synergistic action is natural and expected—since high
protein synthesis is a prerequisite for robust growth.

The promoting role of Hsfl in r-Prots synthesis seems
straightforward to interpret. Hsfl serves as the major
activator of the cell’s folding and chaperoning capacity,
and induces the cytoplasmic form of UPR [66]. It also
acts as the global regulator of the general stress response,
which activates multiple biological processes promoting
r-Prots synthesis [7]. The beneficial effect of HSFI’'s OE
on r-Prots synthesis in Y. lipolytica was also observed
previously, under the infliction of a different set of vari-
ables [39].

Ribosome biogenesis-associated Sfp1 (YALIOF11487g)—‘a
fussy eater’

A strong promoting effect on growth and r-Prots syn-
thesis was expected from the strain OE-ing an SFPI
gene (YALIOF11487g; Split Finger Protein; TF123). Sfpl
is a stress- and nutrient-sensitive regulator of riboso-
mal protein gene expression, localized to the nucleus in
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exponentially dividing cells [67]. Sfpl was recognized
as a downstream effector of the TOR pathway (in part
through the PKA pathway), which is inactivated under
stress or nutrient limitation; under such conditions, Sfpl
is relocalized through nucleocytoplasmic trafficking to
the cytoplasm, and the expression of ribosomal protein
genes is down-regulated. In this sense, Sfp1 localization
is regulated in a manner opposite to that of the known
TOR downstream transcriptional effectors (Msn2/4,
GIn3, Gatl, or Rtgl/3) activating stress-response pro-
grams. Considering its mode of operation, we expected
that an increased abundance of Sfpl would contribute
to significantly enhanced growth and r-Prots synthesis
under favorable environmental conditions. Indeed, we
observed some enhancement in growth under selected
variables combined with high OA; and a correspond-
ing increase in r-Prots synthesis (Fig. 3d). However, the
level of FC values either for growth or r-Prots was rather
disappointing. Considering the abovementioned pattern
of Sfpl relocalization in response to different stimuli
(including the phase of growth), we hypothesize that the
sampling time, which was optimized to enable standard-
ized reading of the majority of phenotypes from the col-
lection, was, in this specific case, inadequate. Phenotype
reading was conducted at 48 h of culturing—by that time,
all the strains reached a stationary phase of growth, but
nutrients were not yet limiting. As demonstrated for S.
cerevisiae [67], the growth rate cessation in the station-
ary phase is accompanied by cytoplasmic localization
of Sfpl, and inactivation of its transcriptional program.
Experiments testing this hypothesis are also currently
underway.

Azf1 (YALIOA16841g) and Dep1 (YALIOF05896g) act
specifically against r-Prots synthesis

Browsing YaliFunTome database revealed the existence
of specific silencers of r-Prots synthesis, in opposition
to the abovementioned global enhancers. Such global
silencers specific to r-Prots synthesis are characterized by
not affected growth (mean FC: 0.96-1.01), but severely
decreased r-Prots synthesis capacity (mean FC: 0.4-
0.49). Among these, we identified Depl (YALIOF05896g;
Deregulated Expression of Phospholipid biosynthesis),
whose OE drastically reduced the accumulation of the
reporter r-Prot (Fig. 4a). Previously, Depl was found to
enhance the accumulation of lipids in Y. lipolytica [37],
and specifically—activate phospholipid biosynthesis in
Fusarium sp. [68]. In contrast, [69] identified Depl as a
repressor of phospholipids synthesis genes (e.g. INOI,
CHOI, OPI3) in S. cerevisiae. Our auxiliary experiments
demonstrated that the Adep! strain displays an inverted
phenotype in terms of r-Prots synthesis—enhances it
by ~ threefold (‘optimal’ conditions; Additional file 1: Fig.
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S1b). Such behavior suggests its direct implication in the
regulation of this process.

This kind of direct interaction was not observed for
the second identified ‘global silencer’ of r-Prot synthe-
sis, Azfl (YALIOA16841g; Asparagine-rich Zinc Finger
protein). While its OE triggered a dramatic decrease in
r-Prots synthesis (Fig. 4.b), Aazfl mutation rendered no
aberrant phenotype in this regard (‘optimal’ conditions;
Additional file 1: Fig. S1b). According to SGD (Saccha-
romyces Genome Database), Azfl is a carbon source-
responsive TF, and in the presence of glucose, it activates
genes involved in growth, carbon metabolism, and inva-
sive growth. Indeed, we observed that the AZFI-OE
strain displayed enhanced filamentation when compared
to the control strain (Additional file 1: Fig. S2), and that
the ‘carbon’ variable had a significant contribution to
the developed phenotype (dominant level — 1, glucose;
Fig. 4b).

Notably, for both the ‘global silencers’ we noticed that
the OA variable’s direction of contribution to r-Prots
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synthesis was inverted when compared to the control
strain. Typically, high OA was the key variable with the
highest promoting impact on the (normalized) r-Prot
synthesis; practically meaning that high OA (even if nor-
malized per control strain that also synthetizes r-Prot)
still has the highest importance in shaping the response.
For Depl- and Azfl-driven response, it was the low OA,
that promoted the limiting phenotype display (the higher
OA the lower the ‘normalized r-Prot’ value). Similarly,
such an ‘inverted phenotype’ in response to OA was
observed for a strain OE-ing CATS8 gene (YALIOC19151g;
CATabolite repression; Fig. 4c), whose OE also triggered
a decrease in r-Prots synthesis, particularly marked
under high OA. Cat8 is a Zinc cluster transcriptional
activator, binding to carbon source-responsive elements
in the absence of glucose (contrary to Migl). Although
the Cat8-induced phenotype was not as radical as in the
case of Azfl or Depl [growth mean FC: 0.96; (normal-
ized) r-Prot mean FC: (0.82) 0.76], it still justified its clas-
sification as a ‘global silencer’ Its known involvement

Growth Total r-Prot Normalized r-Prot
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in the regulation of gluconeogenesis and the glyoxylate
cycle makes it functionally similar to the two others, sug-
gesting the operation of a general pattern: activation of
carbon anabolism genes specifically limits protein syn-
thesis in a categoric manner.

Unmaking anoxia a problem for Y. lipolytica

As mentioned above, insufficient OA is the key techni-
cal limitation in industrial bioprocesses implementing Y.
lipolytica. Its strictly aerobic metabolism, relying on the
TCA cycle and B-oxidation, forces high oxygen provision
for full development of phenotype. Apart from the imple-
mentation of technical bioprocessing solutions aiding
higher oxygen provision, some efforts to minimize the
high requirement for oxygen by genetic manipulations
have been made. One such interesting approach com-
prised the OE of bacterial hemoglobin [47, 70], which
ultimately led to the enhancement of r-Prot and erythri-
tol synthesis.

Our methodological approach followed by browsing
the YaliFunTome database enabled the identification of
TFs that displayed significantly enhanced growth (com-
pared to the control strain) when the OA limitation was
inflicted (Fig. 5a—d). These were TF036 (YALIOD20460g;
contribution of low OA higher by 14.6% than in the
control, calculated by modeling FC data), Jmc2 (YAL-
10B14443g; TF009; 10.6%), TF011 (YALIOB20944g; 7.3%),
and Dal81 (YALIOD02783g; TF118; 2.7%) (Additional
file 1: Fig. S3). All the TFs shared the same pattern for
averaged responses for enhanced growth (FC: 1.06—1.14),
and a slightly inhibitory effect on r-Prots synthesis (FC:
0.91-0.97). The highest FC gain in growth under low OA
reached even 60—-80% under OE of these TFs. Except for
Dal81, all these TFs contributed to significant limitations
in total r-Prots synthesis, typically decreased by 10-20%,
even under conditions promoting growth (FC for growth
up, while FC for r-Prots down). The function for these
TFs in Y. lipolytica has not been assigned yet. A blastp
search (under default settings) showed that TF036 shares
some similarities with a positive regulator of lactose-
galactose metabolism, Jmc2 is similar to lysine-specific
methylase, TFO11 is similar solely to the other putative
proteins from Y. lipolytica, while TF118 shows similar-
ity to Dal81 TF. Recently, Jmc2 has been identified as one
of the upregulated genes in Y. lipolytica evolved strain
exhibiting enhanced growth and lipid accumulation
[71]. In that study, it was defined as a representative of
JmjC domain family of histone demethylase which pro-
motes global demethylation of H3K4 subunit. According
to SGD, Dal81 (Degradation of Allantoin) is a positive
regulator of genes in multiple nitrogen degradation path-
ways; however detailed studies demonstrated that the
TF most probably does not bind to the specific motif in

Page 14 of 20

the promoter region of many genes involved in allantoin
catabolism. The current lack of solid evidence for the TFs’
putative functions disallows any speculations on the pos-
sible mechanisms by which the enhanced growth under
anoxia is achieved. Considering the significance of practi-
cal implications of identifying ‘anoxia-resistance factors’
in Y. lipolytica, further functional studies are underway.

In strong contrast to the effects triggered by the TFs
enhancing growth under low OA, we identified such that
make Y. lipolytica significantly more sensitive to lim-
ited OA (Fig. 5e). As summarized in SGD, Hapl (YAL-
10F17424g; TF120; Heme Activating Protein; previously
referred to as CYP1) is known to be involved in the tran-
scriptional regulation in response to OA using its ability
to bind heme as a proxy for detecting oxygen levels. It is
localized in the nucleus and mitochondrion, and can act
as both — activator and repressor of transcription [10].
Under high OA, Hapl activates the genes involved in
respiration, cell cycle progression, and ROS defense, pro-
moting growth and respiratory metabolism in S. cerevi-
siae [10]. While the mechanisms of oxygen sensing and
heme signaling in Y. lipolytica have not been investigated
to date, our current results strongly suggest that the
YIHapl homolog is involved in such regulation (Fig. 5e).
Our data demonstrate a very strong limitation of growth
upon a combination of HAPI-OE and low OA. In pre-
vious studies with S. cerevisiae, OE of HAPI triggered a
significant increase in the r-Prots synthesis capacity [11].
Insight into Hap1l’s regulome revealed that it activates a
set of oxidative stress response genes, therefore mitigat-
ing the negative effect of ROS accumulation associated
with protein folding. In our current studies, the total
r-Prot synthesis was not enhanced, however, when nor-
malized per growth, the r-Prots synthesis capacity of
Y. lipolytica was enhanced by an average value of 14%
(Fig. 5e). That increase was mainly observed under low
OA, hallmarking that the growth limitation under this
condition was at least partly decoupled from r-Prots syn-
thesis (that was enhanced). Interestingly, we observed a
highly marked contribution of the pH variable to growth
and r-Prot synthesis by the HAPI-OE-ing strain. That
strain exhibited a strong growth limitation under acidic
pH. Hap1l’s implication in pH response regulation has not
been studied to date, in contrast to the evidenced func-
tional operation of the Rim101-governed pathway [72].
Hence, the determination of whether the action of Hapl
is an actual causative factor of the decreased growth
under pH 3, remains to be addressed.

What about the golden standards for enhancing stress
resistance—Mhy1, Msn4?

In pursuance of stress-resistant yeast phenotypes, engi-
neering one of the general stress response factors is
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frequently applied. These comprise the Msn2/4 zinc fin-
ger TFs family that typically binds to cis-acting DNA
stress response elements (STRE). In Y. lipolytica, two
such Msn2/4 family representatives are known and were
studied in this context—Mhyl (YALIOB21582g; TF095)
and Msn4 (YALIOC13750g; TF107). MHY1’s expression
was shown to be dramatically increased in Y. lipolytica
during the yeast-to-hypha transition, neutral-alkaline
pH, and presence of glucose [27, 73]. Mhy1 was indicated
as a key positive regulator of both alkaline- and glucose-
induced filamentation, inhibited in the presence of glyc-
erol [73]. Hence, in our studies, we expected to observe
a strong contribution of these variables to the growth of
the MHY1-OE-ing strain (Fig. 6a). Indeed, a significant
contribution of glucose and a higher pH to the growth
of this strain was observed; in addition, to an increased
frequency of filament occurrence (Additional file 1: Fig.
S2). However, the strain’s growth was not promoted
(average FC: 0.96), even though some of the inflicted
conditions can definitely be considered stressful/promot-
ing Mhy1’s action. In high relevance to this observation,
[28] evidenced recently that Mhy1 action is not required
for increased stress resistance in this species but plays
a role in the dimorphic transition. The lack of Mhyl’s
implication in stress response was confirmed in the fol-
lowing studies [74]; which agrees well with our current
observations.

The other representative of the Msn2/4-like TFs family
in Y. lipolytica, Msn4 was previously shown to serve as a
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regulator of acid-induced stress [28]. In our studies, this
effect upon MSN4s OE was rather moderate (Fig. 6b);
although leading to some very high FC in growth (4.25),
but in isolated cases. Globally, MSN4-OE contributed to
minor induction of growth under the adopted conditions
(average FC: 1.04). Previously, Y. lipolytica strains deleted
in MSN4 loci displayed growth defects when grown at pH
3, while its OE impacted the cells’ morphology—reduced
cell chain formation in wild-type cells but did not affect
cell size [28] (compare Additional file 1: Fig. S2).

For both the Msn2/4-like TFs family, the effect of their
OE on r-Prots synthesis was relatively small, and not
demonstrating any noticeable pattern. It was rather dis-
appointing considering the recent success of [12], who by
OE-ing MSN4 in K. phaffi significantly improved r-Prot
synthesis and secretion (from 52% in small-scale cul-
tures, up to>300% when co-OE with other factors and in
bioreactor cultivations).

Counter-intuitive effector acting on r-Prots synthesis

in inorganic nitrogen—Hoy1 (YALIOA18469g)

Organic nitrogen, high OA, and mild acidic to neutral pH
are the variables expected to promote growth and r-Prot
synthesis. Considering that sufficient OA supply is the
key technical limitation in the bioprocesses employing
Y. lipolytica, it was exciting to discover TFs that promote
growth under limited oxygen provision (“Unmaking
anoxia a problem for Y. lipolytica” section). Likewise,
considering that the cost of complex, organic nitrogen

Growth Total r-Prot Normalized r-Prot

L = [ = [=]
< C I R
I
z [-] = (] B
< = 5
(= =) =
op
I
00 auos2isazg auosa1sizg
N
—
N
[a)
o
=4 = -
NS == ==

(] ] =] | & = 5
o = J ] (-]
o
c -] =R ]
n El B
= [=] =] ] [=] =
&
| o wocsses T auecs 0o
«
—
S | I = =
o
S | |- =
S | L=

Fig. 6 Selected phenotypes from the YaliFunTome database—the global stress response TFs. Legend as in Fig. 3



Gorczyca et al. Microbial Cell Factories (2024) 23:26

source constituted the highest unit production cost in the
pilot-scale waste-free process of r-Prot production [49],
it would be exciting to identify a factor that would ena-
ble enhanced r-Prot synthesis in inorganic nitrogen. Our
current data suggest the appearance of such a tendency
upon OE of the HOYI1 gene (YALIOA18469g; TF099;
Homeobox-containing gene). In Y. lipolytica Hoyl plays
a role in the morphological transition and is not essen-
tial for growth, but its OE was proved to promote hyphal
growth [26]. Based on its promoter sequence architec-
ture, HOY1 was proposed to be deregulated in response
to stress cues, and downstream of signals for amino acid
biosynthesis regulation/nitrogen starvation. In fact, this
co-occurrence of stress response and nitrogen regulation
cis-elements well corresponds with the following findings
by Szabo and Stofanikova 2002. It is known that Y. lipo-
lytica grows in filamentous morphotype at neutral-alka-
line pH, while acidic pH promotes growth in ovoid form.
That study evidenced that the pH-dependent morphoge-
netic shift operates solely in the presence of an organic
nitrogen source, and is still operable in Arimi101 back-
ground (the pH sensing and signaling pathway is off).
Thus, the Authors concluded that pH affects the forma-
tion of hyphae indirectly—by modulation of availability
and/or utilization of transportable nitrogen sources, and
not by a Riml0l-governed, pH-response mechanism.
The combination of data from those two studies por-
trays Hoyl as a TF whose expression is enhanced under a
dimorphic transition that is natively activated in the pres-
ence of organic nitrogen.

In our experiments, we synthetically enhanced the
abundance of TFs under conditions that natively do not
promote their expression. Considering what is known
about Y. lipolytica’s Hoyl, its expression should be
attenuated under inorganic nitrogen source provision.
Strikingly, as depicted in (Fig. 7a), its artificially forced
presence under these conditions contributed to enhance-
ment in the r-Prots synthesis. Taking into account find-
ings by Szabo and Stofanikov4 2002 it is highly plausible

Growth

Total r-Prot
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that the ‘synthetic presence’ of Hoyl facilitated nitrogen
capturing under its scarcity; which in turn contributed
to enhanced r-Prots synthesis. Indeed, as demonstrated
by our factor’s contribution analysis, nitrogen was a
variable that gained significance in terms of normalized
r-Prots synthesis measure for the HOYI1-OE-ing strain.
The importance of the organic nitrogen source presence
was decreased when compared to the control strain;
and when the models were developed on FC values, the
presence of an inorganic nitrogen source (level — 1) was
a prerequisite for the enhanced r-Prot synthesis capac-
ity phenotype display (the factor contribution higher
by >7%) (Additional file 1: Fig. S3).

We consider the finding of Hoyl’s promoting action in
the context of r-Prot synthesis from inorganic nitrogen
an important discovery of high applicatory potential.

Conclusions

Without extensive insight into the molecular biology
of a cell, one can intuitively state that modification of
complex traits, like stress resistance or r-Prots synthe-
sis, will be more adequately addressed using ‘global
transcription machinery engineering’ Such an approach
fine-tunes multiple molecular identities according to a
nature-designed program to elicit a specific response. It
is the investigator’s work to define, which of the pro-
grams most adequately corresponds with the target cel-
lular functionality, and hijack it.

In our research, we made an effort to screen a rep-
ertoire of the transcriptional programs developed over
the evolution of Y. lipolytica species. A similar high-
throughput study into TFs” action was earlier executed
for S. cerevisiae [67]; where a collection of > 200 strains
OE-ing GFP-fused TFs was investigated for the changes
in TF’s localization as a proxy of its activation. While
that former study aimed at providing evidence on the
TFs’ activation status, in our research we put great
effort into finding the conditions that prompt the

Normalized r-Prot
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Fig. 7 Selected phenotype from the YaliFunTome database—the nitrogen-responsive TF. Legend as in Fig. 3
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TF-driven program’s onset, by challenging the strains
with an array of variables and their combinations. To
enhance the applicatory character of the outcomes,
the selection of the variables was kept relevant to the
conditions that actually hamper/are relevant to bio-
processes run with Y. lipolytica. Likewise, the target
functionalities, gauging the relevance of the TFs’ pro-
grams, were kept practical. Consequently, we devel-
oped a streamlined protocol for high-throughput Y.
lipolytica cultivation that enables reliable assessment
of the phenotypes, and provided evidence for the TF-
driven programs worth hijacking.

Crucially, we identified the ‘omni-booster’ of r-Prots
synthesis in Y. lipolytica — KIf1, which has not been ear-
lier connotated with this functionality. And found no
evidence of Msn2/4s’ usefulness in enhancing Y. lipol-
ytica’s stress resistance. We discovered several TFs that
hold a promise of capturing the ‘holy grail’ of Y. lipo-
lytica-based bioprocesses—resistance to fluctuations
in OA/growth under oxygen limitation (TF036, Jmc2,
TFO011, and Dal81), and sustained protein synthesis
under inorganic nitrogen supply (Hoyl). These findings
are the starting point for the following detailed studies
underway.

With the progress in high-throughput cloning, culti-
vation, and analytics, the processing of large-scale data
and their interpretation imposes a challenge. With-
drawal of biological sense from extensive sets of numeri-
cal data is sometimes facilitated by arranging these data
in queryable and filtrable databases. Completion of our
experimental design covering all the Y. lipolytica bio-
processes-relevant variables, left us with such a prob-
lem, and prompted us to follow the proposed solution.
YaliFunTome database was the answer to the arose chal-
lenge. We invite all the Yeast Society Members, especially
those working with non-S. cerevisiae species, to browse
the database in search of responses elicited by the TF
homologs from Y. lipolytica. Our experience shows that
the results coming from the non-conventional yeast may
be more relevant for many species than those coming
from the model.
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Additional file 1: Figure S1. Recombinant protein production by Y.
lipolytica strains engineered in genes encoding selected Transcription
Factors by their overexpression (OE) or deletion (KO). Figure S2. Micro-
scopic images of Y. lipolytica strains overexpressing one of the selected
Transcription Factors Azf1 (YALIOA16841g), Mhy1 (YALIOB21582g), Msn4
(YALIOC13750g), and the control strain. Figure S3. Factor's contribution
rankings in terms of growth, r-Prots synthesis, and normalized measure of
r-Prots synthesis based on mathematical models developed using FC val-
ues readouts, for TFs: TF036 (YALI0D20460g), Jmc2 (YALIOB14443g), TFO11

Page 18 of 20

(YALI0B20944g), Dal81 (YALIOD02783g), and Hoy1 (YALIOA18469g). Rank-
ing tables are color-coded according to a convention presented in Fig. 1.
Percentage contribution values discussed in the manuscript are bolded.

Additional file 2: Table S1. List of the 125 TFs over-expressed in Y. lipol-
ytica strains used in this study.

Acknowledgements
The authors would like to acknowledge the fantastic work done by the data-
2biology Ltd. Team in preparing the YaliFunTome database.

Author contributions

EC and JMN conceived the project. EC and MG designed the methodology.
MG performed all experiments, analyzed data, and built the mathematical
models. EC supervised the research. WB developed the experimental design
in DX. EC and MG examined all data and discussed data analyses. EC and MG
wrote the manuscript. EC secured funds.

Funding

This research was funded by the National Science Centre, Poland, grant
number 2021/41/B/NZ9/00086. Open Access publication costs were covered
by a subvention (506.771.09.00B) from the Ministry of Education and Science
in Poland received by Poznan University of Life Sciences.

Availability of data and materials

The datasets generated and/or analyzed during the current study are pre-
sented directly in the manuscript, online database https://sparrow.up.poznan.
pl/tsdatabase/, and as Additional materials.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Biotechnology and Food Microbiology, Poznan University
of Life Sciences, 60-637 Poznar, Poland. 2Université Paris-Saclay, INRAE, Agro-
ParisTech, Micalis Institute, 78350 Jouy-en-Josas, France.

Received: 6 November 2023 Accepted: 21 December 2023
Published online: 18 January 2024

References

1. Alper H, Stephanopoulos G. Global transcription machinery engineer-
ing: a new approach for improving cellular phenotype. Metab Eng.
2007,9:258-67.

2. Duan G, Ding L, Wei D, Zhou H, Chu J, Zhang S, et al. Screening
endogenous signal peptides and protein folding factors to promote
the secretory expression of heterologous proteins in Pichia pastoris. J
Biotechnol. 2019. https://doi.org/10.1016/j jbiotec.2019.06.297.

3. Guerfal M, Ryckaert S, Jacobs PP, Ameloot P, Van Craenenbroeck K,
Derycke R, et al. The HAC1 gene from Pichia pastoris: characterization
and effect of its overexpression on the production of secreted, surface
displayed and membrane proteins. Microb Cell Fact. 2010;9:1-12.

4. LiuJ,Han Q Cheng Q, ChenY,Wang R, Li X, et al. Efficient expression of
human lysozyme through the increased gene dosage and co-expres-
sion of transcription factor Hac1p in Pichia pastoris. Curr Microbiol.
2020;77:846-54.

5. Korpys-Wozniak P, Celiska E. Molecular background of HAC1-driven
improvement in the secretion of recombinant protein in Yarrowia


https://doi.org/10.1186/s12934-023-02285-x
https://doi.org/10.1186/s12934-023-02285-x
https://sparrow.up.poznan.pl/tsdatabase/
https://sparrow.up.poznan.pl/tsdatabase/
https://doi.org/10.1016/j.jbiotec.2019.06.297

Gorczyca et al. Microbial Cell Factories

20.

21.

22.

23.

24.

25.

26.

27.

28.

(2024) 23:26

lipolytica based on comparative transcriptomics. Biotechnol Rep.
2023;38:e00801.

Korpys-Wozniak P, Kubiak P, Celiiska E. Secretory helpers for enhanced
production of heterologous proteins in Yarrowia lipolytica. Biotechnol
Rep. 2021;32:200669.

Lindquist S, Craig EA. The heat-shock proteins. Annu Rev Genet.
1988;22:631-77.

Sorger PK. Heat shock factor and the heat shock response. Cell.
1991,65:363-6.

Hou J, Osterlund T, Liu Z, Petranovic D, Nielsen J, Osterlund T, et al. Heat
shock response improves heterologous protein secretion in Saccharo-
myces cerevisiae. Appl Microbiol Biotechnol. 2013;97:3559-68.

. Zhang L, Hach A. Molecular mechanism of heme signaling in yeast: the

transcriptional activator Hap1 serves as the key mediator. Cell Mol Life
Sci. 1999,56:415-26.

. Martinez JL, Meza E, Petranovic D, Nielsen J. The impact of respiration

and oxidative stress response on recombinant a-amylase production
by Saccharomyces cerevisiae. Metab Eng Commun. 2016;3:205-10.

. Zahrl RJ, Prielhofer R, Burgard J, Mattanovich D, Gasser B. Synthetic

activation of yeast stress response improves secretion of recombinant
proteins. N Biotechnol. 2023;73:19-28.

. Dujon B, Sherman D, Fischer G, Durrens P, Casaregola S, Lafontaine |,

et al. Genome evolution in yeasts. Nature. 2004,430:35-44.

. Madzak C. Yarrowia lipolytica strains and their biotechnological appli-

cations: how natural biodiversity and metabolic engineering could
contribute to cell factories improvement. Journal of Fungi. 2021;7:548.

. Papanikolaou S, Muniglia L, Chevalot |, Aggelis G, Marc I. Yarrowia

lipolytica as a potential producer of citric acid from raw glycerol. J Appl
Microbiol. 2002;92:737-44.

. Rakicka-Pustutka M, Miroriczuk AM, Celirska E, Biatas W, Rymowicz W.

Scale-up of the erythritol production technology: process simulation
and techno-economic analysis. J Clean Prod. 2020;257:120533.

. Celinska E, Borkowska M, Biatas W, Kubiak M, Korpys P, Archacka M,

et al. Genetic engineering of Ehrlich pathway modulates production
of higher alcohols in engineered Yarrowia lipolytica. FEMS Yeast Res.
2019;19:1-13.

. Gomes N, Teixeira JA, Belo I. Fed-batch versus batch cultures of Yar-

rowia lipolytica for y-decalactone production from methyl ricinoleate.
Biotechnol Lett. 2012;34:649-54.

. Larroude M, Celinska E, Back A, Thomas S, Nicaud JM, Ledesma-amaro

R. A synthetic biology approach to transform Yarrowia lipolytica into

a competitive biotechnological producer of B-carotene. Biotechnol
Bioeng. 2018;115:464-72.

Matthaus F, Ketelhot M, Gatter M, Barth G. Production of lycopene in
the non-carotenoid-producing yeast Yarrowia lipolytica. Appl Environ
Microbiol. 2014;80:1660-9.

Ledesma-Amaro R, Nicaud JM. Yarrowia lipolytica as a biotechnologi-
cal chassis to produce usual and unusual fatty acids. Prog Lipid Res.
2016;61:40-50.

Rigouin C, Gueroult M, Croux C, Dubois G, Borsenberger V, Barbe S,

et al. Production of medium chain fatty acids by Yarrowia lipolytica:
combining molecular design and TALEN to engineer the fatty acid syn-
thase. ACS Synth Biol. 2017. https://doi.org/10.1021/acssynbio.7b000
34.

Madzak C. Yarrowia lipolytica: recent achievements in heterologous
protein expression and pathway engineering. Appl Microbiol Biotechnol.
2015;99:4559-77.

Theron CW, Vandermies M, Telek S, Steels S, Fickers P. Comprehensive
comparison of Yarrowia lipolytica and Pichia pastoris for production of
Candida antarctica lipase B. Sci Rep. 2020;10:1-9.

Celiniska E, Nicaud J-M. Filamentous fungi-like secretory pathway strayed
in a yeast system: peculiarities of Yarrowia lipolytica secretory pathway
underlying its extraordinary performance. Appl Microbiol Biotechnol.
2019;103:39-52.

Torres-Guzman JC, Dominguez A. HOY1, a homeo gene required for
hyphal formation in Yarrowia lipolytica. Mol Cell Biol. 1997;17:6283-93.
Hurtado CAR, Rachubinski RA. Mhy1 encodes a c2h2-type zinc finger pro-
tein that promotes dimorphic transition in the yeast Yarrowia lipolytica. J
Bacteriol. 1999;181:3051-7.

Wu H, ShuT, Mao Y-S, Gao X-D. Characterization of the promoter,
downstream target genes and recognition DNA sequence of Mhy1,

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 19 of 20

a key filamentation-promoting transcription factor in the dimorphic
yeast Yarrowia lipolytica. Curr Genet. 2019. https://doi.org/10.1007/
500294-019-01018-1.

Hurtado CAR, Rachubinski RA. YIBMH1 encodes a 14-3-3 protein that
promotes filamentous growth in the dimorphic yeast Yarrowia lipolytica.
Microbiology (Reading). 2002;148:3725-35.

Morales-Vargas AT, Dominguez A, Ruiz-Herrera J. Identification of
dimorphism-involved genes of Yarrowia lipolytica by means of microarray
analysis. Res Microbiol. 2012;163:378-87.

Martinez-Vazquez A, Gonzalez-Hernandez A, Dominguez A, Rachubinski
R, Riguelme M, Cuellar-Mata P, et al. Identification of the transcription
factor Znc1p, which regulates the yeast-to-hypha transition in the dimor-
phic yeast Yarrowia lipolytica. PLoS ONE. 2013;8: e66790.

Pomraning KR, Bredeweg EL, Kerkhoven EJ, Barry K, Haridas S, Hundley
H, et al. Regulation of yeast-to-hyphae transition in Yarrowia lipolytica.
mSphere. 2018;3:1-18.

Endoh-Yamagami S, Hirakawa K, Morioka D, Fukuda R, Ohta A. Basic
helix-loop-helix transcription factor heterocomplex of Yas1p and Yas2p
regulates cytochrome P450 expression in response to alkanes in the
yeast Yarrowia lipolytica. Eukaryot Cell. 2007,6:734-43.

Hirakawa K, Kobayashi S, Inoue T, Endoh-Yamagami S, Fukuda R, Ohta A.
Yas3p, an opil family transcription factor, regulates Cytochrome P450
expression in response to n-alkanes in Yarrowia lipolytica. J Biol Chem.
2009;284:7126-37.

Poopanitpan N, Kobayashi S, Fukuda R, Horiuchi H, Ohta A. An ortholog
of farA of Aspergillus nidulans is implicated in the transcriptional activa-
tion of genes involved in fatty acid utilization in the yeast Yarrowia
lipolytica. Biochem Biophys Res Commun. 2010;402:731-5.

Wang Z-P, Xu H-M, Wang G-Y, Chi Z, Chi Z-M. Disruption of the MIG1 gene
enhances lipid biosynthesis in the oleaginous yeast Yarrowia lipolytica
ACA-DC 50109. Biochim Biophys Acta. 2013;1831:675-82.

Leplat C, Nicaud J-MM, Rossignol T. Overexpression screen reveals
transcription factors involved in lipid accumulation in Yarrowia lipolytica.
FEMS Yeast Res. 2018;18:1-9.

Trébulle P, Nicaud JM, Leplat C, Elati M. Inference and interrogation of a
coregulatory network in the context of lipid accumulation in Yarrowia
lipolytica. NPJ Syst Biol Appl. 2017;3:1-8.

Gorczyca M, Nicaud JM, Celinska E. Transcription factors enhancing
synthesis of recombinant proteins and resistance to stress in Yarrowia
lipolytica. Appl Microbiol Biotechnol. 2023. https://doi.org/10.1007/
s00253-023-12607-z.

Monteiro PT, Oliveira J, Pais P, Antunes M, Palma M, Cavalheiro M, et al.
YEASTRACT+: a portal for cross-species comparative genomics of tran-
scription regulation in yeasts. Nucleic Acids Res. 2020;48:D642-9.
Teixeira MC, Viana R, Palma M, Oliveira J, Galocha M, Mota MN, et al. YEAS-
TRACT+4: a portal for the exploitation of global transcription regulation
and metabolic model data in yeast biotechnology and pathogenesis.
Nucleic Acids Res. 2023;51:D785-91.

Leplat C, Nicaud JM, Rossignol T. High-throughput transformation
method for Yarrowia lipolytica mutant library screening. FEMS Yeast Res.
2015;15:1-9.

Duetz WA. Microtiter plates as mini-bioreactors: miniaturization of fer-
mentation methods. Trends Microbiol. 2007;15:469-75.

Gorczyca M, Kazmierczak J, Steels S, Fickers P, Celiriska E. Impact of oxy-
gen availability on heterologous gene expression and polypeptide secre-
tion dynamics in Yarrowia lipolytica-based protein production platforms.
Yeast. 2020,37:559-68.

Rywinska A, Musial I, Rymowicz W, Zarowska B, Boruczkowski T. Effect of
agitation and aeration on the citric acid production by Yarrowia lipolytica
grown on glycerol. Prep Biochem Biotechnol. 2012;42:279-91.

Li C,Yang X, Gao S, Wang H, Lin CSK, Sze C, et al. High efficiency succinic
acid production from glycerol via in situ fibrous bed bioreactor with an
engineered Yarrowia lipolytica. Bioresour Technol. 2017,225:9-16.
Mirorczuk AM, Kosiorowska KE, Biegalska A, Rakicka-Pustutka M,
Szczepaniczyk M, Dobrowolski A. Heterologous overexpression of bacte-
rial hemoglobin VHb improves erythritol biosynthesis by yeast Yarrowia
lipolytica. Microb Cell Fact. 2019;18:1-8.

Sassi H, Delvigne F, Kallel H, Fickers P. pH and not cell morphology
modulate pLIP2 induction in the dimorphic Yeast Yarrowia lipolytica. Curr
Microbiol. 2017;74:413-7.


https://doi.org/10.1021/acssynbio.7b00034
https://doi.org/10.1021/acssynbio.7b00034
https://doi.org/10.1007/s00294-019-01018-1
https://doi.org/10.1007/s00294-019-01018-1
https://doi.org/10.1007/s00253-023-12607-z
https://doi.org/10.1007/s00253-023-12607-z

Gorczyca et al. Microbial Cell Factories (2024) 23:26

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Kubiak M, Biatas W, Celinska E. Thermal treatment improves a process of
crude glycerol valorization for the production of a heterologous enzyme
by Yarrowia lipolytica. Biotechnol Rep. 2021;31:00648.

Lubuta P Workman M, Kerkhoven EJ, Workman CT. Investigating the
influence of glycerol on the utilization of glucose in Yarrowia lipolytica
using RNA-seg-based transcriptomics. G3 Genes Genomes Genetics.
2019;9:4059.

Hapeta P, Kerkhoven EJ, Lazar Z. Nitrogen as the major factor influencing
gene expression in Yarrowia lipolytica. Biotechnol Rep. 2020;27:€00521.
Dulermo R, Brunel F, Dulermo T, Ledesma-Amaro R, Vion J, Trassaert M,

et al. Using a vector pool containing variable-strength promoters to opti-
mize protein production in Yarrowia lipolytica. Microb Cell Fact. 2017;16:1.
Gasmi N, Ayed A, Nicaud JM, Kallel H. Design of an efficient medium for
heterologous protein production in Yarrowia lipolytica: case of human
interferon alpha 2b. Microb Cell Fact. 2011;10:1.

Szabo R, Stofanikova V. Presence of organic sources of nitrogen is critical
for filament formation and pH-dependent morphogenesis in Yarrowia
lipolytica. FEMS Microbiol Lett. 2002;206:45-50.

Ruiz-Herrera J, Sentandreu R. Different effectors of dimorphism in Yar-
rowia lipolytica. Arch Microbiol. 2002;178:477-83.

Kubiak-Szymendera M, Skupien-Rabian B, Jankowska U, Celiriska E. Hyper-
osmolarity adversely impacts recombinant protein synthesis by Yarrowia
lipolytica—molecular background revealed by quantitative proteomics.
Appl Microbiol Biotechnol. 2021;106:349-67.

Monteiro PT, Pais P, Costa C, Manna S, Sa-Correia |, Teixeira MC. The
PathoYeastract database: an information system for the analysis of gene
and genomic transcription regulation in pathogenic yeasts. Nucleic Acids
Res. 2017,45:D597-603.

Brejova B, Vozarikova V, Agarsky |, Derkova H, Fedor M, Harmanové D, et al.
y-mtPTM: Yeast mitochondrial posttranslational modification database.
Genetics. 2023;224:iyad087.

Dubreuil B, Sass E, Nadav Y, Heidenreich M, Georgeson JM, Weill U, et al.
Yeastrgh: comparing the abundance and localization of yeast proteins
across cells and libraries. Nucleic Acids Res. 2019:47:D1245-9.

Mekouar M, Blanc-Lenfle |, Ozanne C, Da Silva C, Cruaud C, Wincker P,

et al. Detection and analysis of alternative splicing in Yarrowia lipolytica
reveal structural constraints facilitating nonsense-mediated decay of
intron-retaining transcripts. Genome Biol. 2010;11:R65.

Shimanuki M, Uehara L, Pluskal T, Yoshida T, Kokubu A, Kawasaki Y, et al.
KIf1, a C2H2 zinc finger-transcription factor, is required for cell wall main-
tenance during long-term quiescence in differentiated GO phase. PLoS
ONE. 2013;8:78545.

Herholz M, Cepeda E, Baumann L, Kukat A, Hermeling J, Maciej S, et al.
KLF-1 orchestrates a xenobiotic detoxification program essential for
longevity of mitochondrial mutants. Nat Commun. 2019;10:3323.
Korpys-Wozniak P, Celiriska E. Global transcriptome profiling reveals
genes responding to overproduction of a small secretory, a high
cysteine- and a high glycosylation-bearing protein in Yarrowia lipolytica.
Biotechnol Rep. 2021;31:¢00646.

Pomraning KR, Bredeweg EL, Baker SE. Regulation of nitrogen metabo-
lism by GATA zinc finger transcription factors in Yarrowia lipolytica.
mSphere. 2017;2:1-19.

Gorczyca M, Kazmierczak J, Fickers P, Celinska E. Synthesis of secretory
proteins in Yarrowia lipolytica: effect of combined stress factors and
metabolic load. Int J Mol Sci. 2022;23:3602.

Masser AE, Kang W, Roy J, Mohanakrishnan Kaimal J, Quintana-Cordero

J, Friedlander MR, et al. Cytoplasmic protein misfolding titrates Hsp70 to
activate nuclear Hsf1. Elife. 2019;8:47791.

Marion RM, Regev A, Segal E, Barash Y, Koller D, Friedman N, et al. Sfp1 is a
stress- and nutrient-sensitive regulator of ribosomal protein gene expres-
sion. Proc Natl Acad Sci USA. 2004;101:14315-22.

Zhang Y, Wang L, Liang S, Zhang P, Kang R, Zhang M, et al. FpDep1, a
component of Rpd3L histone deacetylase complex, is important for veg-
etative development, ROS accumulation, and pathogenesis in Fusarium
pseudograminearum. Fungal Genet Biol. 2020;135:103299.

Lamping E, Luckl J, Paltauf F, Henry SA, Kohlwein SD. Isolation and
characterization of a mutant of Saccharomyces cerevisiae with pleio-
tropic deficiencies in transcriptional activation and repression. Genetics.
1994;137:55-65.

Page 20 of 20

70. Bhave SL, Chattoo BB. Expression of Vitreoscilla hemoglobin improves
growth and levels of extracellular enzyme in Yarrowia lipolytica. Biotech-
nol Bioeng. 2003;84:658-66.

71. Tsirigka A, Theodosiou E, Patsios S, Tsoureki A, Andreadelli A, Papa E, et al.
Novel evolved Yarrowia lipolytica strains for enhanced growth and lipid
content under high concentrations of crude glycerol. Microb Cell Fact.
2023;22:1.

72. Lambert M, Blanchin-Roland S, Dé F, Le Louedec R, Lé Pingle AE, Gail-
lardin C. Genetic analysis of regulatory mutants affecting synthesis of
extracellular proteinases in the yeast Yarrowia lipolytica: identification of a
RIM101/pacC homolog. Mol Cell Biol. 1997. https://doi.org/10.1128/MCB.
17.7.3966.

73. ShuT, He X-Y, Chen J-W, Mao Y-S, Gao X-D. The pH-responsive transcrip-
tion factors YIRim101 and Mhy1 regulate alkaline ph-induced filamenta-
tion in the dimorphic yeast Yarrowia lipolytica. mSphere. 2021;6:10.

74. Konzock O, Norbeck J. Deletion of MHY1 abolishes hyphae formation in
Yarrowia lipolytica without negative effects on stress tolerance. PLoS ONE.
2020;15:1-11.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1128/MCB.17.7.3966
https://doi.org/10.1128/MCB.17.7.3966

	‘Mother(Nature) knows best’ – hijacking nature-designed transcriptional programs for enhancing stress resistance and protein production in Yarrowia lipolytica; presentation of YaliFunTome database
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Materials and methods
	Data collection and analysis
	Biological material

	Experimental design
	High-throughput screens
	Media preparation
	Culture conditions
	Analytical methods

	Data processing and statistical analyses
	YaliFunTome database construction

	Results and discussion
	Getting the pipeline working
	YaliFunTome enables the withdrawal of biological sense from math
	Navigation through YaliFunTome
	Querying YaliFunTome
	YaliFunTome record’s content

	YaliFunTome in practice—case-studies
	Klf1 (YALI0D05041g) is a newly identified general booster of r-Prots synthesis
	Gzf1 (YALI0D20482g) is the only ‘global r-Prots enhancer’ from among tested genuine GATA-binding zinc finger family representatives (Gzf1, Gzf3, Gzf4)
	Hsf1 (YALI0E13948g) specifically promotes protein synthesis at the expense of growth
	Ribosome biogenesis-associated Sfp1 (YALI0F11487g)—‘a fussy eater’
	Azf1 (YALI0A16841g) and Dep1 (YALI0F05896g) act specifically against r-Prots synthesis
	Unmaking anoxia a problem for Y. lipolytica
	What about the golden standards for enhancing stress resistance—Mhy1, Msn4?
	Counter-intuitive effector acting on r-Prots synthesis in inorganic nitrogen—Hoy1 (YALI0A18469g)


	Conclusions
	Acknowledgements
	References


