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Department of Biotechnology and Food Microbiology, Poznan University of Life Sciences, ul. Wojska Polskiego 48, 60-637, Poznań, Poland   
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A B S T R A C T   

Investigation of the yeast cell’s response to recombinant secretory protein (rs-Prot) overproduction is relevant for 
both basic and applied research. Imbalance, overloading or stress within this process impacts the whole cell. In 
the present study, by using steady-state cultures and transcriptomics, we investigated the cellular response of 
Yarrowia lipolytica challenged with high-level expression of genes encoding proteins with significantly different 
biochemical characteristics: a small protein retained within the cell i) or secreted ii), a medium size secretory 
protein with a high number of disulfide bonds iii), or glycosylation sites iv). Extensive analysis of omics data, 
supported by careful manual curation, led to some anticipated observations on oxidative and unfolded protein 
stress (CTT1, PXMP2/4, HAC1), glycosylation (ALGs, KTRs, MNTs, MNNs), folding and translocation (SSAs, SSEs) 
but also generated new exciting knowledge on non-conventional protein secretion (NCE102), transcriptional 
regulators (FLO11, MHY1, D01353 g, RSFA, E23925g or MAF1), vacuolar proteolysis targets in Y. lipolytica (ATGs, 
VPSs, HSE1, PRB1, PRC1, PEP4) or growth arrest (CLN1) upon rs-Prots overproduction.   

1. Introduction 

The investigation of the yeast cell’s response to recombinant secre-
tory protein (rs-Prot) overproduction is relevant for both basic and 
applied research. It enables discovery of basic principles governing the 
cell, and identification of new targets for genetic engineering of the host 
to improve its performance. Synthesis of rs-Prot is a complex process 
taking place in multiple compartments of the cell. The be executed 
successfully, multiple processes must be coordinated, starting from 
transcription and translation, translocation into endoplasmic reticulum 
(ER) lumen, through folding, specific proteolytic cleavage, glycosyla-
tion, and disulfide bond formation, followed by a complex net of ve-
sicular transit between compartments, all with an extensive system of 
quality control mechanisms and check points [1]. The cell must adjust 
the chaperone capacity, assure availability of resources, like amino 
acids, redox equivalents, ATP, membranes and glycans, as well as to 
adjust trafficking patterns, based on the collection of proteins that are 

synthesized at a given time. It has been estimated, that one-third of all 
the proteins is processed by the secretory pathway [2]. As such, sub-
stantial cellular resources are expended to maintain fluent operation of 
the secretory pathway, and consequently, imbalance, overloading or 
stress within this process severely impact the whole cellular metabolism. 
Due to high complexity of the pathway, dysfunctions may occur at many 
different levels, and dissecting the causative agent can be challenging 
[2]. Hence, the design of an efficient rs-Prot’s production platform re-
quires an in-depth knowledge on its biology when challenged with this 
metabolically demanding task. 

The world rs-Prot market constitutes one of the key branches of 
current industrial biotechnology, earning billion dollar (USD) revenues 
each year [3]. Within that field, yeast-based production platforms share 
the leadership with bacteria and fungi. Significant effort has gone into 
engineering yeast for increasing protein secretion (revised in [4–6]). 
Aside from engineering strategies targeting the r-Prot-encoding 
sequence itself, like shuffling with signal peptides or design of 
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completely synthetic targeting elements [7–9], native mechanisms of 
the secretory pathway have been modified as well. The latter strategies 
targeted oxidative folding [10–12], elements of intracellular protein 
trafficking [13,14], the main transcription factor governing response to 
unfolded proteins (UPR) [15–17] or abolished excessive proteolysis 
[18–20]. 

Being aware of the complexity of the rs-Prot synthesis process, on a 
quest for new engineering targets the researchers harness omics 
analytical platforms. Global profiling of the metabolite, protein or 
transcript pools is used to scrutinize physiological response of a cell 
challenged with heterologous overproduction. Such a strategy was 
found very potent in identification of unobvious targets for cell engi-
neering [21–23] or cultivation conditions favoring rs-Prot production 
[24,25]. The new targets were identified as the most responsive indi-
vidual genes (differentially expressed genes; DEGs) or being a part of a 
highly responsive, up- or down-regulated biological process. In several 
studies, transcriptomics was used to comparatively study a global yeast 
cell’s response to overproduction of several different r(s)-Prots. In a 
series of papers on Saccharomyces cerevisiae perturbed with secretion of a 
small not glycosylated protein with even number of cysteines, and a 
larger protein with an odd number of Cys and a glycosylation site, 
numerous interesting observations were reported [2,5,26–28]. Recently, 
a comparative transcriptomics study on Yarrowia lipolytica challenged 
with overproduction of a small (55 kDa) and large (>100 kDa) 
beta-glycosidases has been reported [29]. All these studies provide 
substantial amounts of comprehensive, detailed and valuable knowl-
edge, with high applicatory potential. 

In the present study, we investigated cellular response of Y. lipolytica 
strains challenged with high-level expression of different r(s)-Prot- 
encoding genes. Y. lipolytica is one of the yeast strains considered an 
attractive protein production platform [4]. One of the biggest strengths 
of this species is an atypical, as for yeast, secretory pathway, resembling 
filamentous fungi [30]. We’ve been particularly interested in how 
Y. lipolytica cells respond to perturbations imposed by synthesis of 
proteins with significantly different biochemical characteristics. Hence, 
for our experimental set we’ve chosen: i) a small intracellular protein 
(inYFP), as a reference to its secretory counterpart (scYFP), ii) a small 
secretory protein with negligible posttranslational modifications 
(scYFP), iii) a medium size secretory protein with a high number of 
disulfide bonds (SoA;), iv) a medium size secretory protein with a high 
number of glycosylation sites (TlG; Table 1). The set of reporter r-Prots 
was composed in order to highlight cellular responses of Y. lipolytica to 
burdening the translational-secretory machinery at different point-
s/processes. To get a thorough insight into the cell’s molecular response 
independently from the environmental conditions and the growth phase, 
the strains were cultured under the same conditions, in continuous mode 
to reach a steady-state. The following, global transcriptome profiling 
allowed to grasp expected, but here experimentally confirmed for 
Y. lipolytica phenomena, like an outburst of oxidative stress upon high 
rs-Prot synthesis; but also to observe many new, previously unreported 
for Y. lipolytica, responses. New targets for further cell engineering 
strategies have been identified and our knowledge on Y. lipolytica has 
been largely broadened. This knowledge can be used as a guidance for 
Y. lipolytica strains improvement towards more effective production of 
heterologous secretory proteins. 

2. Materials and methods 

2.1. Strains and culturing 

All the yeast strains used in this study are derivatives of Y. lipolytica 
Po1h (Table S.1). The control strain (Po1h_Ura3) was transformed with 
a solo URA3 marker cassette to generate a prototroph. Recombinant 
Y. lipolytica strains were transformed with Golden Gate Assembly cas-
settes bearing a single transcription unit [TU] each with one of the target 
genes [31]. The target genes encoded either enzymatic (alpha-amylase – 
SoA, glucoamylase - TlG) or fluorescent (intracellular in- /secretory sc- 
form of YFP) proteins, expressed individually under the control of a 
synthetic hybrid promoter 4UASpTEF (4 direct repetitions of UAS and a 
minimal promoter of pTEF with CA environment). Secretory enzymatic 
reporters were transcriptionally fused with a signal peptide sequence 
native for Y. lipolytica exo-1,3-beta-glucanase (B03564g) [7]. Yeast 
strains were routinely cultured in YPD medium (YPD [g L− 1]: yeast 
extract (BTL, Lodz, Poland), 10; bactopeptone (BTL), 20; glucose, 20 
(POCh, Gliwice, Poland)) liquid or solidified with agar at 15 [g L− 1] 
(Biomaxima, Lublin, Poland), at 28 ◦C. For long-term storage, the strains 
were kept in 50 % glycerol stocks at − 80 ◦C. 

2.2. Chemostat cultivation 

Continuous chemostat cultivations were performed according to 
previously described methodology [32] with some minor modifications. 
Briefly, the biomass from the glycerol stocks was transferred onto YPD 
agar plate and incubated at 30 ◦C for 24 h. The precultures were pre-
pared by inoculating 30 mL of YPG20 medium ([g L− 1]: yeast extract, 10; 
bactopeptone, 20; glycerol (POCh), 20) with a single colony, followed by 
cultivation at 28 ◦C for 22 h with agitation (250 rpm). Bioreactor cul-
tures were conducted in fully instrumented and automatically controlled 
0.5 L stirred tank bioreactors Multifors 2 (Infors HT, Bottmingen Basel, 
Switzerland) under the following conditions: temperature 28 ◦C, pO2 
was kept at 20 % using cascade-control approach with stirring from 100 
up to 1200 rpm, and constant aeration at 2.0 vvm. pH was maintained at 
5.5 by automatic addition of 20 % NaOH and 10 % H2SO4. Foaming was 
minimized by automatic addition of a defoaming agent AntiFoam 204 
(Sigma-Aldrich). The culturing medium YPG100 ([g L− 1]: yeast extract, 
10; bactopeptone, 20; glycerol, 100) in 300 mL volume was inoculated 
at 10 %. The culture was continued in a batch mode until glycerol was 
consumed, which was indicated by an increase in the pO2 parameter. 
Then the chemostat cultures were initiated at a dilution rate [D] of 0.20 
[h− 1]. Steady state was reached after at least 6 residence times [τ]. The 
experiments were performed in biological duplicate. 

2.3. RNA extraction 

Total RNA was extracted from the biomass samples collected from 
the steady-state culture. The RNA was isolated using Bead-Beat Total 
RNA Mini Kit (A&A Biotechnology, Gdynia, Poland) according to the 
manufacturer’s protocol. Extracts were obtained by mechanical 
disruption of the cells using Mixer Mill MM400 (Retsch, Germany) at 30 
Hz for 30 s. The RNA extracts were verified for quantity using spectro-
photometer (NanoDrop, Thermo Fisher Scientific) and for quality 
through agarose gel electrophoresis [33]. 

Table 1 
Biochemical properties of the r-Prot reporter proteins used in this study. Bioinformatic Tools used for determination of glycosylation sites and disulfide bonds are given 
in section 2.7.5.  

Protein Molecular weight 
[Da]# 

Number of 
aa# 

Theoretical 
pI# 

Predicted N-glycosylation 
sites* 

Predicted O-glycosylation 
sites** 

Number of 
Cys$ 

Total different 
combinations S-S$ 

YFP 26991.54 239 5.58 – 1 2 2 
SoA 5,214,040 474 4.88 1 8 11 35,696 
TlG 65154.96 600 4.90 3 18 8 764  
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2.4. RTqPCR 

The total RNA samples were reverse transcribed to the complemen-
tary DNA (cDNA) using SuperScript III Reverse Transcriptase and oligo 
(dT) primer, according to the manufacturer’s protocol (Thermo Fisher 
Scientific). The received cDNA samples were used as templates for 
RTqPCR reaction using RT HSPCR Mix SYBR® B (A&A Biotechnology) 
and gene-specific primers listed in Table S.2. The RTqPCR was carried 
out in an Applied Biosystems 7500 apparatus (Applied Biosystems, 
Foster City, USA) using the following thermal profile: 95 ◦C 3 min, (95 
◦C 15 s, 60 ◦C 30 s., 72 ◦C 30 s.) × 40, 72 ◦C 1 min, Melt Curve 94 ◦C 15 s, 
60 ◦C 60 s, 95 ◦C 30 s., 60 ◦C 15 s.. The expression level of the genes was 
normalized to the expression level of actin- and translocation protein 
Sec62-encoding genes (ACT1; SEC62), used as internal calibrators, and 
to the reference strain (Y. lipolytica Po1h_Ura3+), used as the external 
calibrator, to which 1.0 expression level was assigned. All the samples 
were analyzed in biological duplicate and in technical triplicate. The 
results were presented as Log10ddCT calculated according to the ΔΔCT 
method [34]. 

2.5. RNA sequencing 

Library construction and NGS sequencing were performed at Gen-
omed S.A. (Warsaw, Poland) using HiSeq 4000 next-generation 
sequencer (Illumina) in a paired end mode. Reads with a length of 150 
base pairs were generated. The raw sequencing reads are available on 
the NCBI Sequence Read Archive under the BioProject submission 
PRJNA701856 (see Data Availability section). 

2.6. RNAseq data analysis 

2.6.1. Raw data processing and data filtration 
NGS adapters were removed using Cutadapt [35]. Initial standard 

filtering was done using q25 quality parameter and m15 the minimum 
length of the reads. Re-filtering was used to discard reads <20 bp. 
Quality control was conducted using FastQC [36]. Post-QC data were 
aligned and mapped to the Y. lipolytica CLIB122 reference genome 
(GenBank assembly identifier: GCF_000002525.2) using Hisat2 [37]. 
The number of readings pairs, mapped to an individual gene, was 
counted using the HTseq program [38]. Gene Ontology (GO) term an-
notations were assigned using the reference genome template 
(GCF_000002525.2). Comparative gene expression analysis was con-
ducted using the DESeq2 package [39]. To compare the expression of 
different genes across the samples, raw read counts were converted into 
normalized RNAseq counts. Alternatively, relative gene expression level 
in reference to the control strain (Po1h_Ura3) was expressed as fold 
change. All Differentially Expressed Genes (DEGs) meet the requirement 
of FDR ≤ 0.05 (adjusted p value) tested via Wald test in DESeq2. Only 
DEGs meeting all those conditions were considered as responsive to 
introduced variable (overproduction of a specific heterologous protein) 
and subjected to further analyses. A complete list of all DEGs is attached 
as Table S.3. 

2.6.2. Gene sets analysis 
GO term statistical overrepresentation test was carried out by 

running DEGs list analysis with PANTHER v14.0-based online tool (rel. 
20,200,728) [40]. First, GO terms were assigned to YALI DEGs according 
to GO Ontology database DOI: 10.5281/zenodo.4437524 Released 
2021− 01-01, specific for Y. lipolytica species. The test was carried out 
for biological process GO complete annotation data set, using Fisher’s 
exact test and False Discovery Rate for multiple testing. GSA was con-
ducted on complete gene lists of all DEGs, as indicated by DESeq2. Only 
results with p < 0.05 are displayed. 

2.6.3. DEGs analysis through venn diagrams 
Analysis of DEGs lists through Venn diagrams was carried out using 

InteractiVenn online tool [41]. Up to 6 sets of up or down regulated gene 
lists were analyzed. Generated Venn Diagrams were later adjusted using 
inkscape (https://inkscape.org/release/inkscape-1.0.2/), according to 
the InteractiVenn’s instruction. For the analysis using Venn Diagrams, 
DEGs predicted by DESeq2 were further filtered for 2-fold up- or 
down-regulation. Assignment of genes’ names and genes’ functions was 
manually curated by cross-referencing several databases – Panther, 
UniProt, GRYC and NCBI and blasting (blastp) the sequences against the 
databases’ collections. The most relevant matches were chosen to finally 
describe a given gene. All the identified DEGs sets, common or specific 
for a given strain, were subjected to Gene Sets Analysis (according to 
methodology in point 2.6.2.). Identified enriched biological processes 
were indicated, where found. 

2.7. Analytical methods 

2.7.1. Biomass concentration 
Dry cellular weight (DCW; [g L− 1]) was determined gravimetrically 

through drying the biomass in a laboratory dryer at 105 ◦C for 2–3 days, 
until a stable readout was reached. The dry biomass concentration was 
expressed in grams of the cell dry mass per liter [g L− 1]. 

2.7.2. HPLC analysis 
High-performance liquid chromatography was conducted using 

Agilent Technologies 1200 series chromatograph (Agilent Technologies, 
Santa Clara, CA, USA) equipped with a refractive-index detector 
(G1362A) and a Rezex ROA-Organic Acid H + column (Phenomenex, 
Torrance, CA, USA). Operating conditions were as follows: 0.005 N 
H2SO4 as eluent at a flow rate of 0.6 [mL min-1]; the column tempera-
ture was set at 40 ◦C. 

2.7.3. Enzymatic assays 
The activity of alpha-amylase (SoA) was measured in the culture 

supernatant samples using microSIT assay, according to [42]. One ac-
tivity unit (alpha-amylase activity unit [AAU]) refers to the amount of 
enzyme that decomposes 1 mg of starch per 1 mL, during 1 min, at pH 
5.0 and 40 ◦C, under the applied experimental conditions. The glucoa-
mylase (TlG) activity was examined in the supernatant samples using 
microDNS (3,5-dinitrosalicylic acid) method, described previously [43]. 
One activity unit (glucoamylase activity unit [GAU]) was defined as the 
amount of enzyme that releases 1 μg of reducing sugar equivalents per 1 
mL, during 1 h, at pH 5.0 and 40 ◦C, under the adopted assay conditions. 
The reference strain Po1h_Ura3+ was assayed in parallel to determine 
background level. All the readouts were normalized per blank reaction 
with distilled water. The colorimetric enzymatic assays were read using 
the Tecan Infinite M200 plate reader at 580 nm (microSIT) and 540 nm 
(microDNS) wavelength. Each sample was analyzed in technical 
duplicate. 

2.7.4. Fluorescence determination 
Fluorescence of the YFP reporter was measured in flat-bottomed 

MTP plates (Corning; Sigma-Aldrich) using Tecan Infinite M200 auto-
matic plate reader. scYFP was assayed in 200 μl supernatant samples. 
inYFP was assayed in ddH2O-washed biomass re-suspended in the initial 
volume of ddH2O. The following wavelength settings were used: exci-
tation 495 nm/emission 527 nm. The fluorescence was expressed as 
Relative Fluorescence Unit [RFU] defined as the sample median fluo-
rescence value minus the background fluorescence value. scYFP was 
normalized vs fresh culture medium. inYFP was normalized vs 
Po1h_Ura3+ reference strain biomass. Each sample was analyzed in 
technical duplicate. 

2.7.5. Basic bioinformatic tools 
Nucleotide or protein sequences were withdrawn and analyzed using 

NCBI (https://www.ncbi.nlm.nih.gov/), GRYC (http://gryc.inra.fr/) 
and UniProt (https://www.uniprot.org/) platforms. Gene function 
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classification and basic information on the identified DEGs or their ho-
mologs was obtained from either GRYC, SGD (https://www.yeastge 
nome.org/) or UniProt. The search for homologs was conducted using 
blastp tool using default settings. Basic biochemical properties of the 
target proteins were determined using ProtParam Tool from Expasy 
service (https://web.expasy.org/protparam/). Prediction of N- and O- 
glycosylation sites, and the disulfide bonds formation combinations was 
conducted using NetNGlyc and NetOGlyc tools at http://www.cbs.dtu. 
dk/services and NPSA tool at https://npsa-prabi.ibcp.fr, respectively. 

3. Results and discussion 

3.1. Basic characteristics of the strains and the reporter proteins 

The experimental set of strains in this study covers four Y. lipolytica 
Po1h derivatives overproducing the following heterologous reporter 
proteins (r-Prots): i) small intracellular protein (inYFP), ii) small secre-
tory protein with negligible posttranslational modifications (scYFP), iii) 
medium secretory protein with a high number of disulfide bonds (SoA), 
iv) medium secretory protein with a high number of glycosylation sites 
(TlG; Table 1). It was presumed that overproduction of such a set of 
varying proteins would highlight the cellular response of Y. lipolytica to 
burdening the translational-secretory machinery at different points. 

To gain an insight into the cell’s molecular response, independently 
from the environmental conditions and the growth phase, the strains 
were cultured in continuous mode to reach a steady state (Fig. S.1). The 
amounts of the target proteins produced under steady states are given in 
Table 2. Interestingly, the amount of biomass-accumulated YFP in 
[kRFU/gDCW] was ~10-fold higher for scYFP (intended for secretion) 
than inYFP (intracellular), even without accounting for the fraction 
secreted outside the scYFP cells. This observation suggests that due to 
the difference in the translation mechanism (on ER for scYFP, in cyto-
plasm for inYFP) and/or sequestration of the overproduced protein 
within the ER-Golgi-vesicle continuum, more of the protein could be 
synthesized when targeted for secretion. The practical significance of 
this observation is that targeting a protein for secretion allows more 
product to be obtained, at least in this particular case. 

To determine how the amounts of the heterologous proteins corre-
spond with gene expression levels, RTqPCR targeting the heterologous 
genes was carried out (Fig. 1). The expression level was comparable for 
the genes encoding secretory reporters – scYFP, SoA and TlG (in 
descending ranking). On the other hand, the inYFP-encoding gene’s 
expression was significantly lower (p < 0.05), even though all the genes 
were cloned under the same promoter. Such a trend was identical irre-
spective of the internal calibrator used (ACT1 or SEC62). 

The conducted basic characterization indicated that our set of strains 
covers: i) scYFP – a highly expressing and efficiently producing strain, 
with no burden on disulfide bond formation or glycosylation (high- 
secretor strain; HSS), ii) inYFP – a moderately-producing strain, with 
significant limitations at the transcription level; the limitation cannot be 
caused by overloading the secretory pathway but some other mecha-
nisms, iii) SoA – a strain with a high expression level and very high 

production and secretion (HSS) of the protein, possibly burdened at the 
oxidative folding level due to -S-S- bond formation; iv) TlG – a strain 
with decent expression and production levels; burdened at the glyco-
sylation level due to the protein’s biochemical traits. How the pertur-
bations introduced by the overproduction of the heterologous proteins 
impact the cellular response at the molecular level was further investi-
gated through global transcriptional profiling. The analysis was con-
ducted in both explorative and targeted mode, to study a general, global 
reaction of the cell, as well as to gain an insight into the processes taking 
place in the translational-secretory machinery. 

3.2. Global transcriptome profiling – general observations 

Quantification of raw counts for individual genes in the analyzed 
total RNA samples showed slightly different distributions, but none of 
the samples differed significantly from the rest (Fig. S.2). Moreover, 
biological replicates were characterized by high similarity in this regard. 
In terms of the overall similarity of the transcription profiles compared 
in terms of normalized read counts, strains expressing SCYFP and SOA 
were clustered together, while those expressing TLG and INYFP were 
more distant, generating a subcluster with some similarity to the control 
strain, located in the middle of the heatmap (Fig. S.3). The shape and 
local densities of volcano plots generated for the four strains (Fig. S.4) 
well illustrated those observations. 

Primarily, the high dissimilarity of scYFP’s and inYFP’s tran-
scriptomic profiles depicted in Fig. S.3 and Fig. S.4.a.b indicates that 
targeting a polypeptide for secretion induces massive rearrangements 
within the cell, exceeding the differences associated with biochemical 
properties of the proteins. Intracellular overproduction of YFP resulted 
in 327 DEGs vs the control strain, while its secretion resulted in 2199 
DEGs, which is almost 7-fold more (Fig. 2). The high total number of 
DEGs in the SoA-producing strain (3127 DEGs; Fig. 2) suggests that high 
overproduction of a protein with a large number of Cys triggers sub-
stantial, multidirectional changes in the host cell. Expectedly, the 
number of DEGs was the lowest for inYFP-producing strains. The simi-
larity of TlG’s transcriptional profile with that of inYFP may suggest that 
the maturation and secretion of such a polypeptide – highly glycosylated 
with low number of disulfide bonds – it less demanding. To gain more 
detailed insight into the specifics of transcriptional profiles generated by 
each of the strains, we aimed to test these hypotheses. 

3.3. Global response of the cell – explorative analysis 

3.3.1. Biological processes and genes significantly responding to the reporter 
proteins’ overproduction 

First we searched for biological processes that were up- and down- 
regulated upon overproduction of a specific protein type from our set. 
The transcriptional profiles of TlG- and inYFP-producing strains were 
enriched in upregulated genes involved in inorganic ion homeostasis 
(copper, calcium, zinc and iron; with the most up-regulated gene across 
the whole transcriptome – zinc-iron transporter F15411 g; Fig. 3), import 
into the cell, and fungal-type cell wall organization (Fig. 4.c.g). Micro-
scopic observations demonstrated that the strains inYFP and TlG grew in 
the chemostat culture predominantly as ovoid-shaped cells, in contrast 
to the control and SoA strains, for which the dominant morphotype was 
filamentous and elongated ovoids (Fig. S.5). Since all the strains were 
maintained under the same conditions, it seems that the morphotype 
was dependent on the introduced variable – the type of overproduced 
protein and the resulting cellular response. No significant enrichment in 
the cell wall organization, morphogenesis, or cell shape control in SoA 
was recorded in the transcriptomic data, which indicates similarity in 
these biological processes for this and the control strain (corresponding 
to microscopic images). On the other hand, FLO11 (F19030g), involved 
in filamentous and invasive growth, was amongst the most down-
regulated genes in the SoA and scYFP strains’ transcriptome Fig. 3, 
which differentiates SoA and control strains in terms of the cell shape 

Table 2 
Amounts of r-Prots synthetized by Y. lipolytica strains under steady-state con-
ditions in continuous cultures.  

Strain Fraction Amount of Protein in [AU/ 
L] or [RFU/L] 

Amount of Protein in [AU/ 
g] or [RFU/gDCW] 

SoA Supernatant 729.42 ± 11.20 [AAU/L] 96.33 ± 6.55 [AAU/gDCW] 
TlG Supernatant 1 069.83 ± 5.54 [GAU/L] 75.43 ± 6.38 [GAU/gDCW] 
inYFP Biomass 130 809.60 ± 5201.20 

[kRFU/L] 
10 872.85 ± 810.41 [kRFU/ 
gDCW] 

scYFP 
Biomass 

812 108.30 ± 5715.62 
[kRFU/L] 

109 519.42 ± 7 523.53 
[kRFU/gDCW] 

Supernatant 
24 785.28 ± 187.33 
[kRFU/L] 

3 342.31 ± 53.80 [kRFU/ 
gDCW]  
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control. It thus was an open question whether this high downregulation 
of FLO11 is actually a hallmark of the onset of dimorphic transition to 
ovoid morphotype. In the second most active HSS (scYFP), which grew 
in both ovoid and very long filamentous forms (Fig. S.5), the cell shape 
regulation was the most enriched downregulated biological process 
(Enrichment fold 5.31; Fig. 4.b). This process was enriched in small 
GTPases, members of the Rho family (RHO1, RHO2, RHO3, RHO4), or 
RAC1, and RAX2, responsible for bud site selection. Interestingly, 
amongst the downregulated genes assigned to this biological process in 
the scYFP, we identified SOK2 (B19602g; similar to MGF1), which is a 
negative regulator of pseudohyphal growth, suggesting that at the 
moment of sample collection the cell population could be under 
dimorphic transition towards filaments. In addition, one of the most 
upregulated genes in scYFP and SoA codes for a GPI-anchored cell wall 
protein involved in cell wall organization and induction of hyphal 
growth (E02024g) (Fig. 3, Fig. 5.b). On the other hand, mycelial growth 
factors MGF2 (B19602g) and D02189g, mediators of RNA polymerase II 
involved in the regulation of the transition between yeast and filamen-
tous forms, were downregulated in both SoA (-2.41/-1.91) and scYFP 
(-1.38/-2.12) (Fig. 5.c), which supports the hypothesis, conceived based 
on FLO11 downregulation and the gene set enrichment analysis, that the 
highly producing cells, representing both filamentous and ovoid mor-
photype, were under dimorphic transition towards ovoid shape. A high 
response of the “cell wall biogenesis” biological process was previously 

observed for S. cerevisiae overproducing r-Prot [2]; however, in that 
study, the researchers reported upregulation of invasive, filamentous 
growth, which was associated by the authors with increase in the traffic 
of secretory vesicles to the membrane. According to those authors’ 
argumentation, filamentous or pseudohyphal cells have a high 
surface-to-volume ratio and inherently require higher Golgi-to-cell 
membrane trafficking rates to supply cell membranes and cell wall 
components for growth. Our observations concerning Y. lipolytica sug-
gest that upon high r-Prot overproduction, the cells reprogrammed the 
morphotype to ovoid. Additionally, in terms of combining Y. lipolytica 
morphotype and r-Prot overproduction, our recent study evidenced that 
ovoid cells are more active and efficient in secretory r-Prot synthesis 
compared to filamentous forms [44], but the molecular background of 
that observation was not known. Expression of SOK2 is regulated by 
RNA polymerase II, and MGF2, FLO11 and D02189g are the mediators of 
RNA polymerase II activity, which altogether provides a direct link be-
tween the gene overexpression and morphotype in Y. lipolytica. Those 
genes’ operation makes an important contribution to our understanding 
of the relationship between heterologous gene overexpression and 
morphology in Y. lipolytica. 

Morphological transition to a filamentous form is a known marker of 
stress in Y. lipolytica cells [45,46]. In the present study, filamentation of 
the control strain is not clearly understood, as the cells were maintained 
at high carbon/nutrient provision and at a pH that should not promote 

Fig. 1. Relative expression level of the genes encoding heterologous r(s)-Prots in Y. lipolytica strains. X axis: Reporter gene (SOA, TLG, SCYFP and INYFP). Y axis: 
Log10 ddCt – relative quantitation value normalized to ACT1 (purple) or SEC62 (yellow) used as internal calibrators. (For interpretation of the references to colour in 
the Figure, the reader is referred to the web version of this article). 

Fig. 2. A total number of DEGs determined for each recombinant strain vs the control strain. X axis: number of DEGs: red fields – upregulated DEGs; blue fields – 
downregulated DEGs. Y axis: recombinant strains producing different r-Prots. (For interpretation of the references to colour in the Figure, the reader is referred to the 
web version of this article). 
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filamentation (pH 5.5; filament formation is induced at pH close to 7.0; 
Gorczyca, Kaźmierczak et al., to be published). On the other hand, both 
HSSs were overexpressing CTT1 (E34749g) encoding a peroxisomal 
catalase, which is a known, ubiquitous marker of an ongoing cellular 
stress response (Fig. 3, Fig. 5.b). Its expression was over 13- and 6-fold 
lower in a filamenting control strain compared to HSSs. Hence, it sug-
gests that filamentation in the control strain was not associated with the 
general stress response but was probably caused by some other factors. 
Formation of filaments by the SoA-overproducing strain and the above 
discussed dimorphic transition ongoing in scYFP are more straightfor-
ward to explain. In this regard, CTT1, which plays a key role in the 
oxidative stress response and in protecting proteins against oxidative 
inactivation, was one of the most responsive, overexpressed DEGs in 
HSSs. It is known that overproduction of rs-Prots is inherently associated 
with oxidative stress due to energy- and material-consuming oxidative 
folding taking place in the ER [30]. Additionally, transcriptomic profiles 
of SoA and scYFP were characterized by high overexpression of 
glutathione-independent glyoxalase Hsp31-related (F00682g; Fig. 3; 
Fig. 5.b), which plays a role in detoxifying endogenously produced 
glyoxals [47,48] and is involved in protection against reactive oxygen 
species (ROS), similarly to CTT1. This further supports the statement on 
induction of oxidative stress in the HSSs. Notably, it has been demon-
strated that oxidative stress is induced in the overproducing strains, 
even if the overproduced protein bears only a limited number of Cys 
residues [2,12,49], which relates to the scYFP case. 

In contrast, upon TlG overproduction, the most downregulated genes 
were metallothioneins (C20060g and C20066g; Fig. 3; Fig. 5.c), which 
are cysteine-rich heavy-metal-binding proteins, localized to the mem-
brane of the Golgi apparatus and cytoplasm, serving as the primary 
regulators of trace metal homeostasis in yeast [50]. Their principal role 
is protection against metal toxicity and oxidative stress (as CTT1), and 
regulation of zinc and copper pools. Biosynthesis of metallothioneins in 
yeast increases by several-fold throughout oxidative stress. Their 
downregulation is in high contrast to the most upregulated zinc-iron 
transporter (F15411g); and such a co-expression pattern is not fully 
understood. Likewise, one of the most upregulated genes in SoA (F11825 
g; Fig. 3) encodes a ferric/cupric metalloreductase responsible for 
reducing extracellular iron and copper prior to import. In each of the 
studied transcriptomes, genes involved in “metal ion homeostasis and 
import” head the list of upregulated DEGs, highlighting the significance 
of this biological process upon enhanced protein production. 

The Rax2 protein mentioned above, responsible for bud site selec-
tion, was also assigned to several significantly enriched downregulated 
biological processes in scYFP (Fig. 4.b), including cytoskeleton organi-
zation (Enrichment fold: 1.95), and cytoskeleton-dependent cytokinesis 
(Enrichment fold: 3.54), which was composed of cytoskeletal proteins, 
actin, tubulins, actin binding motor proteins, GTPase-activating protein 
and tropomyosins. Their downregulation in the intensively secreting 
strain is not currently clear, except for the hypothesis on the HSSs’ 
transition to ovoid morphotype. On the other hand, high upregulation of 
USO1 (D23947g) in both HSSs suggests enhancement of the intracellular 
protein transport (Fig. 3; Fig. 5.b) and USO1’s dominant role in that 
biological process. Uso1 is an essential protein involved in vesicle- 
mediated ER to Golgi transport; it binds membranes, acts during 
vesicle docking to the Golgi, and is required for assembly of the ER-to- 
Golgi SNARE complex. 

The cell wall organization process (Enrichment fold: 1.94) was 
significantly downregulated in the scYFP strain. Manual inspection of 

the genes assigned to this process revealed several glycosidases, chitin 
synthase, phosphoacetylglucosamine mutase, glucosamine-6-phosphate 
isomerase and N-acetyl transferase. These genes were clustered together 
with mannose-6-phosphate isomerase, cell wall mannoprotein cis3- 
related (note that fungal-type cell wall organization was upregulated 
in the ovoid-shaped inYFP and TlG strains) and mannosyltransferases, 
including KTR1, KTR5, and MNN2 (Fig. 4.b). Although the mannosyl-
transferases were assigned to a cell wall organization process, it is 
known that apart from being involved in cell wall macromolecule 
biosynthesis, they play a role in glycosylation of proteins. Likewise, the 
individual gene (not a part of an enriched biological process) F25993g, 
encoding Golgi membrane-bound mannosyltransferase 2, involved in 
protein glycosylation and vesicular trafficking, was one of the most 
downregulated DEGs in the SoA strain (Fig. 3; Fig. 5.c). Downregulation 
of the secretory pathway constituents in the HSSs requires additional 
comment. Both the proteins are scarcely glycosylated (Table 1). It may 
be speculated that the prevalence of the non-glycosylated scYFP/SoA as 
cargos in the secretory pathway resulted in relative downregulation of 
mannosyltransferases versus the control strain, which were involved in 
the native polypeptide maturation in the latter. Indeed, manual in-
spection of the gene sets revealed that all the main secretory proteases 
and lipases, including TGL3 (D17534g), LIP4 (E08492g), AXP1 
(B00374g, B05654g) and XPR2 (A08360g), were downregulated in SoA, 
and three of them – XPR2, AXP1, LIP4 – were downregulated in scYFP 
(Fig. 5.a.c). These proteins differ in terms of number of glycosylation 
sites, but they bear on average 3 N-glycosylations and 8 O-glycosyla-
tions. Their downregulation improves the capacity of the secretory 
pathway, required for SoA/scYFP synthesis, but at the same time de-
creases the requirement for glycosylating enzymes. Furthermore, in 
relevance to the cell wall restructuring in HSSs, a gene encoding cell wall 
mannoprotein, CCW12 (B21450g), was identified amongst the most 
upregulated genes, together with STE6 (A11473g), which is an ABC-type 
peptide-transporting ATPase involved in the export of methylated and 
prenylated a-factor pheromone [51] (for scYFP – only upregulated; not 
“the most responsive”; Fig. 3). While it has been postulated that Ste6 is 
specific towards a-pheromone, its closest mammalian homologue en-
codes a multidrug resistance (MDR1) channel, involved in excretion of 
numerous toxic compounds. It can be speculated that upon high 
oxidative stress in the HSS overproducing cells, many toxic compounds 
are generated and are pumped out of the cell via the Mdr1/Ste6 mem-
brane channel. More details on cell wall biogenesis-related genes are 
given hereafter. 

Another significantly downregulated biological process in TlG-/ 
inYFP-producing strains was associated with ribosome biogenesis, rRNA 
processing and organic acid metabolic (catabolic) processes (Fig. 4.d.h), 
which was again rather surprising, considering the ongoing over-
production of heterologous proteins. Still, those biological processes 
were only slightly down-regulated, since when conducting the enrich-
ment analysis with the gene sets filtered for 2-fold change, they were not 
identified as significant. In contrast, transcriptional profiles generated 
upon overproduction of SoA and scYFP were significantly enriched in 
upregulated genes involved in ribosome biogenesis and assembly, 
transcription, translation, regulation of DNA-templated transcription, 
chromatin modification, histones synthesis and modification, which is 
straightforward to explain by intensive ongoing transcription and 
translation (Fig. 4.a.e). High downregulation of E26763g (RSFA) in 
scYFP (− 2.14) and SoA (− 5.39) strains (Fig. 3; Fig. 5.c), which is a ri-
bosomal silencing factor [52], well corresponds with those observations. 

Fig. 3. Heatmap of the most responsive DEGs in the TlG-, inYFP-, scYFP- and SoA-overproducing strains. Shortened YALI_ code and a short description of a given 
gene are shown. Assigned names and functions were manually curated for all the ambiguous hits by blasting the sequence against UniProt and NCBI non-redundant 
protein database, and inferring the most accurate match. Red (up-regulated) and blue (down-regulated) squares were used to represent the transcription profiles of 
genes expressed as log2 Estimated fold change. Indicated genes meet the requirement of > 2.0 fold change in at least one of the overproducing strains. Abbreviations: 
dh - dehydrogenase, TF - Transcription Factor, TR – Transcription Repressor. (For interpretation of the references to colour in the Figure, the reader is referred to the 
web version of this article). 
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Fig. 4. Pie charts showing significantly 
enriched biological processes determined via 
statistical overrepresentation test conducted 
using Panther tool on the complete DEGs lists. 
scYFP_UP (a.), scYFP_DOWN (b.), inYFP_UP 
(c.), inYFP_DOWN (d.), SoA_UP (e.), SoA_-
DOWN (f.), TlG_UP (g.) and TlG_DOWN (h.). 
Up- and down-regulated DEGs identified for 
each strain were analyzed separately to reveal 
up- and downregulated biological processes. 
Only biological processes enriched at signifi-
cance level p < 0.05 are shown. The results 
were manually curated to reduce redundancy of 
several biological processes. EF – Enrichment 
fold. (For more convenient visualization of the 
Figure in color, the reader is referred to the web 
version of this article).   
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Fig. 4. (continued). 
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RsfA helps cells to adapt to slow-growth/stationary phase conditions by 
down-regulating protein synthesis, which is one of the most 
energy-consuming processes. Its downregulation releases ribosome as-
sembly from inhibitory action of RsfA, which is of key importance for the 
overproduction of heterologous proteins. Intriguingly, RSFA was not 
significantly downregulated in TlG and inYFP, which were also over-
producing r-Prot. In this regard, it was previously observed that over-
production of a large r-Prot resulted in repression of overall 
transcription and translation [2]. That observation contrasts with our 
results on RSFA and high enrichment in ribosome assembly and 
biogenesis process upregulation in HSSs. The authors explained that the 
repression is a general, broad-spectrum response used to adjust the 
expression rates to reduced capacity of folding and maturation. It was 
further explained that if the processes upstream oxidative folding are not 
downregulated, the risk of severe oxidative stress and excessive con-
sumption of reducing equivalents is high [2]. Considering the high 
upregulation of oxidative stress response genes in HSSs studied here, it is 
possible that unrestricted high transcription and translation led to 
imbalanced flow through the secretory pathway. Results on limited 
expression level of INYFP and TLG (Fig. 1) together with lack of 
downregulation of RSFA and no oxidative stress response outburst in 
these strains collectively support that statement. However, it remains 

unclear why the defensive processes were not implemented in HSSs; and 
it requires further deepened studies. 

Within this subject, amongst significantly upregulated biological 
processes in HSSs, we identified “negative regulation of cellular 
macromolecule biosynthesis” (Fig. 4.a.e). In our previous work we 
postulated that upon high overproduction of a rs-Prot, transcription of 
its gene is repressed to avoid overloading the secretory pathway [32], as 
was previously reported for S. cerevisiae [2]. In the present research, we 
observed that the biological process “transcription” is upregulated in the 
HSSs, but one of the key genes assigned to that process is specific to-
wards polymerase III transcribing small RNAs required for translation, 
cell growth and the cell cycle (and not mRNAs). The responsible gene 
(F10541g; MAF1) is a conserved repressor of RNA polymerase III, so its 
upregulation results in decreased transcription of the governed genes 
(Fig. 5.b); which, in this case, corresponds to previous observations [2] 
made for S. cerevisiae. 

Vacuole organization, autophagy and proteolysis (Enrichment fold: 
2.57, 2.21, 1.44, respectively) were significantly downregulated bio-
logical processes in SoA (Fig. 4.f; only a tendency observed for scYFP); 
including such genes as ATG8, ATG13, and ATG15 (autophagy-related 
proteins). Autophagy, through the sequestration and delivery of cargo to 
the lysosomes, is the major route for degrading long-lived proteins and 

Fig. 4. (continued). 
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Fig. 5. Venn Diagrams analysis illustrating 
shared and dissimilar genes/gene sets for in-
dividual strains. The numbers indicate the 
number of shared or strain-specific genes, up-/ 
down-regulated in scYFP- and inYFP- produc-
ing strains (a.); up-regulated genes in SoA-, 
TlG-, scYFP- and inYFP-producing strains (b.); 
down-regulated genes in SoA-, TlG-, scYFP- 
and inYFP-producing strains (c.). Venn dia-
grams analysis was done with the DEGs lists 
restricted to 2- fold change. Shortened YALI_ 
code of the gene and a short description is 
given only for selected genes – full lists are 
given in Figure S.6. Significantly enriched 
biological processes within generated gene 
groups identified via GSA are given in BOLD 
and underlined (found only for two gene sets). 
Abbreviations: dh - dehydrogenase, TF - 
Transcription factor, TR – Transcription 
Repressor, AA- Amino Acid. (For more 
convenient visualization of the Figure in color, 
the reader is referred to the web version of this 
article).   
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cytoplasmic organelles [53–55]. Formation of the autophagic vesicles 
requires the recruitment of Atg8 (downregulated in HSSs), a 
ubiquitin-like protein, to the membrane of the nascent autophagosomes. 
Their downregulation suggests limited protein degradation in compar-
ison to the control strain. Additionally, one of the most upregulated 
genes in scYFP was C03091g, associated with protein degradation. It 
bears high similarity to OTU domain-containing protein acting as 
thiol-dependent deubiquitinating enzyme [56] (Fig. 3; Fig. 5.a). The 
transcriptome of SoA-overproducing strain was enriched in an upregu-
lated panel of peptidase A1 domain-containing proteins, encoded by 
B20526g, C10135g, D10967g, and D22957 g (Fig. 5.b). The former three 
peptidases are extracellular, membrane-unbound, aspartic-type endo-
peptidases that play a role in extracellular proteolysis. The latter 
peptidase is Yps3, a GPI-anchored aspartyl protease which is involved in 
fungal-type cell wall organization and may also play a role in the 
maturation of GPI-mannoproteins associated with the cell wall. YPS3 
was also one of the most upregulated DEGs in scYFP (Fig. 3). Yps3 be-
longs to the yapsin family of known, negative impact on the stability of 
secretory proteins [57]. Disruption of yapsin-encoding genes [58] by 
combined knock-out of YPS1/PEP4 increased the titer of the 
non-degraded product from ~40 up to 80 % [59]. In Y. lipolytica, the 
most popular expression platform strains, belonging to the Po1-series, 
typically bear disruption of one or both major extracellular proteases – 
XPR2 and AXP1, but yapsins have not been considered for disruption to 
date. It would be interesting to test a similar strategy in Y. lipolytica, 
since now it is clear that the genes are highly expressed upon r-Prot 
production. 

Additionally, within the scope of protein and amino acid turnover 
and transportation, we observed common significant downregulation of 
GAP1 encoding a general amino acid permease (B19492g; Fig. 3; Fig. 5. 
c), which was surprising considering the high demand for the protein 
building blocks. In contrast, some other amino acid permeases were 
identified as upregulated within the strains’ transcriptomes, including 
the amino acid permease AGP3 and the high-affinity permease for basic 
amino acid import ALP1. On the other hand, genes involved in amino 
acid turnover and transformation were significantly upregulated in 
HSSs. BAT2 (branched chain amino acid aminotransferase), PDA2 (2- 
oxoisovalerate dehydrogenase), 3-hydroxy-3-methylglutarate-CoA 
lyase, and GDH2 (glutamate dehydrogenase) constitute the central 
branch point in the amino acid turnover net [60,61]. They were all 
upregulated in the SoA-overproducing strain, indicating intensive amino 
acid metabolism in the cell (Fig. 5.b). Taken together, these results 
suggest that upon limited autophagy in the HSSs, extracellular prote-
olysis of peptone and YE components is catalyzed by the upregulated set 
of extracellular/membrane-bound proteases and results in high amino 
acid provision in the medium. Amino acids are taken up by the upre-
gulated amino acid transporters (e.g. AGP3 and ALP1) and the imported 
moieties are subjected to transformations by the amino acid turnover 
net, according to the requirements of the ongoing overproduction. 

Finally, in terms of the general cellular response to a specific pro-
tein’s overproduction, beta-oxidation and cellular lipid metabolic pro-
cesses were downregulated in scYFP and SoA (Enrichment fold: 3.14 and 
1.51), respectively (Fig. 4.b.f). Modulation of the lipid metabolism 
under heterologous secretory protein’s overproduction could be caused 
by increased requirement for phospholipids for the intracellular mem-
brane trafficking. It has been postulated that limitation of membrane 
availability may be the key limiting factor for efficient operation of the 
secretory pathway [62]. High upregulation of the EUTQ gene (E02024g; 
ethanolamine utilization protein) in the SoA producer and down-
regulation of the putative ethanolamine utilization protein D02453g 
(also in scYFP) are direct indications of intensive turnover of phospho-
lipids ongoing in the cell (Fig. 3). Manual inspection of the biological 
processes’ representatives showed that the downregulated lipid meta-
bolism gene set in SoA consists mainly of numerous ER-located mem-
brane-bound proteins, including ceramide very long chain fatty acid 
hydroxylase SCS7, diacylglycerol O-acyltransferase, GPI 

mannosyltransferase 4, GPI anchor transamidase, dolichyl glycosyl-
transferase (N-glycosylation), GlcNAc-1-P transferase (playing a role in 
N-linked glycosylation), dehydrodolichyl diphosphate synthase (which 
is a prenyltransferase involved in protein glycosylation), or diac-
ylglycerol O-acyltransferase 1. Although being assigned to the down-
regulated lipid metabolism, these genes encode ER-/Golgi-membrane 
proteins involved in protein maturation. The low number of predicted 
glycosylation sites and the presumed abundance of SoA/scYFP as cargos 
in the secretory pathway may account for such observations. Still, some 
fatty acid metabolic process-related genes were included in that down-
regulated group (in SoA), including peroxisomal acyl-CoA oxidase, and 
enoyl-CoA isomerase 2 (Fig. 4.f). Likewise, the scYFP-producing strain 
showed downregulation in lipid metabolism, including peroxisomal 
multifunctional enzyme type 2, acyl-coenzyme A oxidase 2 and 3, 
enoyl-CoA hydratase and isomerase (Fig. 4.b). Furthermore, the cells 
overproducing SoA (and scYFP, but to lesser extent) were also particu-
larly active in cellular respiration and generation of energy associated 
with upregulated protein import into the mitochondrion, and mito-
chondrial gene expression (Fig. 4.a.e). In this regard, amongst the most 
responsive upregulated DEGs we identified F26917g, which encodes 
ATP synthase F0-like protein. Increased energy demand for the r-Prot 
overproduction easily explains that observation (Fig. 3). As demon-
strated previously [2], the secretory stress shifts metabolism to 
increased oxygen and ATP requirements. 

3.3.2. Similarities and dissimilarities in the global gene response profiles of 
Y. lipolytica to different proteins’ overproduction 

Venn diagram analysis is useful for identification of common and 
distinct genes and processes characterizing a given transcriptomic pro-
file. Depending on the input gene sets, it is possible to identify molecular 
objects “hallmarking” a given biological process. In this research we 
aimed to identify genes specifically responding to protein secretion 
(comparison of inYFP vs scYFP; Fig. 5.a) and marking intensified 
oxidative folding (SoA vs other) or glycosylation (TlG vs other) (Fig. 5.b. 
c). A complete list of genes (accompanied by a short description and 
YALI name) used for Venn diagrams analysis is available in the Sup-
plementary material (Fig. S.6). 

Systematic comparison of DEGs sets of inYFP and scYFP was expected 
to reveal markers of high overproduction of intracellular and secretory r- 
Prot in Y. lipolytica. Such genes were initially searched within the groups 
of strain-specific and differential expression direction-specific genes (n 
= 112, n = 14, n = 87, n = 11; Fig. 5.a), but no enrichment in any 
specific biological process could be found there. Interestingly, tran-
scriptomes of inYFP and scYFP shared 7 common upregulated genes, 
including E27588g, which at the same time is the second most upregu-
lated gene in inYFP (Fig. 3, Fig. 5.a). The gene encodes a DnaJ-domain- 
bearing Hsp40 chaperone regulating the ATPase activity of Hsp70, 
involved in folding of nascent proteins, translocation of polypeptides 
across organelle membranes, coordinating responses to stress, and tar-
geting selected proteins for degradation. Its specific, high upregulation 
in both YFP-producing strains may indicate its specific role in folding of 
non-post-translationally modified proteins. Then we sought for markers 
of high overproduction of the intracellular and secretory r-Prot in the 
common gene groups but of opposite regulation in in-/sc-YFP. A single 
gene, F18458g, was downregulated in inYFP and upregulated in scYFP. 
The F18458g gene after the blastp search showed weak similarity to the 
bifunctional transcriptional activator/DNA repair enzyme Ada, bearing 
an assigned function of methylguanine-DNA cysteine methyltransferase 
in Clavispora lusitaniae. Due to the lack of a more specific functional 
annotation it is impossible to infer its role in the studied processes. 
Amongst the genes of the opposite pattern of regulation (up in inYFP, 
down in scYFP) we identified a methyltransferase (C14388g) and a GPI- 
anchored cell wall protein (F00990g) involved in cell wall organization 
and hyphal growth that is induced specifically in response to hyphal 
growth (Fig. 5.a). The latter again confirms our hypothesis that the HSSs 
were undergoing a dimorphic transition to ovoid morphotype. 
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The conducted Venn diagram analysis revealed that the only signif-
icantly enriched biological process common for upregulated genes in 
HSSs (n = 58; Fig. 5.b) was the “response to hydrogen peroxide” 
(Enrichment fold: 66.7). Aside from that, manual inspection of the list of 
common genes allowed us to identify the uncharacterized gene F22187 
g, which was amongst the most upregulated genes in both HSSs (Fig. 3). 
Basic search demonstrated its similarity to another uncharacterized gene 
(NCU09057) from Neurospora crassa. Establishing its putative function 
was difficult, indicating lack of interest in this protein to date. A blastp 
search against the GRYC database revealed F22187g’s similarity with 
(depending on the region of similarity): 1) glutaredoxin (thioltransfer-
ase; belonging to the LEA type 4 family; 28 % within a range of 18–634 
amino acids) from Planoprotostelium fungivorum, 2) protein LEA-1, iso-
form j from P. fungivorum, 3) LEA protein DR_1172 from Deinococcus 
radiodurans, or 4) CsbD domain-containing protein, being an integral 
membrane component in Williamsia spp. On the other hand, in the 
Panther database, F22187g was assigned to a dauer upregulated-related 
protein family. The term “dauer” denotes a growth arrest stage in a 
model nematode (C. elegans) intensively studied in relation to longevity 
and aging processes. The dauer (growth arrest) gene family includes a 
number of different heat shock proteins (e.g. Hsp20, smHsps) and oxi-
doreductases (e.g. cytochrome P450, glutathionyl-, glucuronosyl/glu-
cosyl-, short-chain- oxidoreductases), as well as UDP- 
glucuronosyltransferases and glutathione S-transferases [63]. It was 
proposed that broad spectrum detoxification and repair of damaged 
proteins constitute a molecular basis of the growth arrest and the 
consequent prolonged viability. Interestingly, the smooth ER was pro-
posed to be a “longevity organelle”, where detoxification and repair take 
place. In relation to the current findings and the blast search results, it 
could be postulated that F22187g is an ER-resident thioltransferase, 
upregulated in SoA- and scYFP-overproducing strains, supporting ho-
meostasis maintenance; however, it must be kept in mind that the 
function was assigned only based on the blast similarity search. In 
reference to the current study, growth arrest and upregulation of 
detoxification processes may be the fundamental biological processes 
accompanying intensive r-Prot overproduction, with the key role of ER. 
The other upregulated genes supporting this statement, and shared by 
scYFP and SoA, were thioesterase (B14575g), HSP42 (C03443g) and 
glyoxalase HSP31 (F00682g, C22000g) (Fig. 5.b). 

Within the scope of the proposed mechanism of growth arrest asso-
ciated with r-Prot overproduction, we observed intriguing, high down-
regulation of F16511g (− 302; aka YALI2_F00325g; Fig. 3) specific for 
SoA (Fig. 5.c). F16511g/F00325g has an assigned role as an XBP1 
transcriptional repressor involved in G1/S transition of the mitotic cell 
cycle. In S. cerevisiae (YIL101C) Xbp1 binds to RNA polymerase II- 
specific genes’ promoter sequences of the cyclin genes. Manual inspec-
tion of SoA’s DEGs showed significant downregulation of CLN1 G1/S- 
specific cyclin (C15114 g; promoting G1 to S transition), indicating 
growth arrest (G1→G0) (Fig. 5.c). That observation contradicts the 
possible involvement of XBP1 in CLN1’s downregulation, at least, ac-
cording to the known mechanism (its downregulation should increase 
expression of CLN1, and promote G1 → S transition). On the other hand, 
it is known that CLN1 expression is also controlled by other transcrip-
tional regulators – Swi4/Swi6 and Mbp1/Swi6. However, Y. lipolytica’s 
homologs were not found within SoA-induced DEGs. Nevertheless, 
CLN1’s downregulation is a hallmark of cell transition to quiescence, 
maintaining G1 arrest. XBP1’s downregulation upon SoA over-
production is also interesting due to its other interactions, namely, its 
role in the unfolded protein response (UPR). Upon ER stress, XBP1 
mRNA is spliced by ER-resident Ire1 (like HAC1, discussed below), 
thereby generating functional spliced XBP1, translocating into the nu-
cleus to initiate transcriptional programs that regulate a subset of UPR- 
and non-UPR-associated genes. It is also known that XBP1 expression is 
induced by different stress conditions. Its high downregulation in SoA is 
unclear, considering the high enrichment fold in cellular “response to 
hydrogen peroxide” in both HSSs. Taken together, downregulation of 

XBP1 accompanied by no transcriptional response from HAC1 (dis-
cussed below), and downregulation of CLN1, could collectively suggest 
that HSSs entered the quiescence state rather than UPR. Upregulation of 
another transcription factor, DEOR (E19030g), in both HSSs (Fig. 3; 
Fig. 5.b) further supports that statement. DeoR-type transcription factors 
bearing a sugar-binding domain, which is also present in the enzymes of 
the phosphosugar isomerase family, are involved in regulation of sugar 
metabolism in bacteria [64], e.g. as a repressor of sugar import [65]. It 
can be speculated that significant E19030g upregulation is associated 
with downregulation of maltose permease MPH2 (B00396 g) in scYFP 
and sugar permease STL1 (C16522g) in SoA (Fig. 5.c). Reduced tran-
scription of some less important genes in order to supply enough energy 
and substrates for synthesis of r-Prot has also been suggested based on 
transcriptomics data from continuous cultivation of P. pastoris over-
producing r-Prot [66]. 

No scYFP-specific up- or downregulated biological process was 
identified. On the other hand, SoA-specific upregulated genes (n = 51; 
Fig. 5.b) accounted for enrichment of the “leucine metabolic process” 
(Enrichment fold: 56.41) and carboxylic acid catabolic process 
(Enrichment fold: 9.51). Manual inspection demonstrated that the cen-
tral metabolism of amino acid conversions and transformations was 
grouped in those enriched processes (including BAT2, PDA2, MVA1, 
GDH2, discussed above). While no particular biological process was 
enriched by specific (n = 12/n = 197) or common (n = 75) down-
regulated genes in SoA and scYFP (Fig. 5.c), what attracted our attention 
was a common downregulation MGF2 transcription factor, backed up 
with SoA-specific downregulation of MHY1, FLO11, “adhesion and ag-
gregation factor” (E23925g) involved in filamentation. Intriguing 
downregulation of the cytoplasmic thioredoxin TRX1 (E09427g) (within 
a group n = 75), shared by HSSs, is discussed below. 

While no TlG-specific biological process was enriched, we observed 
common upregulation of the PHO2 acid phosphatase-encoding gene in 
all the strains overproducing rs-Prots (scYFP, SoA, TlG). PHO2 is 
involved in scavenging of inorganic phosphorus required for energy 
storage and transfer. Detailed analysis of Fig. 5.b (and Fig. S.6) showed 
however that the same PHO2 activity was encoded by different genes: 1) 
C19866g (highly similar to D03465g) in HSSs, and 2) D03465 g in TlG. 
Importantly, PHO2 was amongst the top most responsive upregulated 
DEGs in both HSSs (Fig. 3), which is logical in the face of high-energy 
demanding r-Prot overproduction. The difference between the two iso-
genes, and the reason for strain-specific upregulation, is not understood. 
It would be interesting to know whether enhanced burden on the 
secretory pathway is the actual causative agent for PHO2 upregulation. 

Interestingly, all the transcriptomes studied here were characterized 
by uniform high upregulation of an uncharacterized protein E12881g 
(SoA log2 fold change: 2.6, scYFP: 2.6, TlG: 2.82, inYFP: 2.74) (Fig. 3). 
Blasting the polypeptide sequence of E12881g against the protein 
database indicated its ~30 % similarity to a putative membrane protein 
belonging to the peroxisomal PXMP2/4 family in Metschnikowia aff. 
pulcherrima, Ogataea parapolymorpha and Komagataella phaffii. PXMP2/4 
s are putatively involved in pore-forming activity and may contribute to 
the unspecific permeability of the peroxisomal membrane. Their uni-
form upregulation makes them an interesting target in further studies on 
DEGs significantly responding to heterologous protein overproduction, 
in general. On the other hand, all the strains studied here bear a common 
pattern of high, significant downregulation of the uncharacterized gene 
D01353g, encoding Zn(2)C6 fungal-type domain-containing protein 
(Fig. 3). The gene was downregulated to a very high degree in all tested 
strains: SoA (log2 fold change: -273) scYFP (-215), TlG (-279), inYFP 
(-244). While the primary search in the GRYC database showed that 
D01353g is an uncharacterized zinc-binding transcription factor, blast-
ing it against the UniProt database showed some similarities with a 
ZCF32 transcription factor from C. albicans, which is involved in nega-
tive regulation of transcription by RNA polymerase II (specifically). 
Hence, its uniform downregulation in all the overproducing strains 
suggests release from transcription inhibition by the “ZCF32-like” 
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homolog under ongoing overexpression of inYFP, scYFP, SoA and TlG 
proteins in Y. lipolytica. Such a mechanism, of downregulation of the 
RNA polymerase II repressor, is additionally enhanced by the above- 
discussed E26763g (RSFA) (Fig. 3; Fig. 5.c) in scYFP (-2.14) and SoA 
(-5.39) strains. 

3.4. Specific response of the secretory pathway to the heterologous 
secretory proteins’ overproduction 

The targeted analysis was conducted on a set of pre-selected genes of 
known involvement in protein maturation and the secretory pathway. 
The list of genes was developed based on previous evidence of their role 
in those biological processes in yeast [1,22,23]. We distinguished 27 
categories, according to which the genes were classified (Table S.3). The 
normalized expression level of selected genes from that set is given in 
Fig. 6, whereas the relative expression ratio vs the control strain for all 
the genes assigned to this biological process (~ 700 genes) is shown in 
Table S.4. Such focused analysis allowed us to gain a deeper insight into 
fine changes in the secretory machinery triggered by overproduction of 
different rs-Prots. As previously discussed, the changes in mRNA levels 
are subtle and specific when induced solely by overproduced r-Prots 
[17]. 

Primarily, we saw that the key transcription factor HAC1 (B12716g), 
which initiates UPR in yeast [15–17], was upregulated by 23–27 % 
solely in TlG and inYFP, without any significant changes in the expres-
sion level in SoA/scYFP vs the control strain (Fig. 6.a). Its expression was 
relatively low, but the gene was continuously expressed, either when 
challenged with r-Prot or not. The same was observed in P. pastoris 
continuous cultures [67]. However, in that study, continuous expression 
of HAC1 was interpreted as a hallmark of continuous activation of UPR 
and ERAD. In S. cerevisiae, HAC1 was continuously upregulated, 
together with its downstream targets, when the cells were used as r-Prot 
production platforms [27]. On one hand, our observation was highly 
surprising, as we expected to observe signs of high UPR in the HSSs. 
Moreover, it is known that Hac1 regulates transcription of several 
hundred genes, so its upregulation should induce substantial tran-
scriptomic changes as well [16]; this was limited for inYFP, having the 

largest increase in HAC1 expression. Likewise, the typical downstream 
processes responding to UPR (including protein folding and proteasomal 
degradation, ERAD; Table S.4) were not activated in TlG/inYFP strains, 
except for several genes involved in vacuolar protein sorting: ATG8 
(E02662g), ATG13 (F03432g), VPS70 (B05258g) and CUP5 (F24475g); 
and vacuolar proteases PEP4 (F27071g), PRC1 (A18810g), PRB1 
(B16500g) (Fig. 6.b.f). It was impossible to determine whether upre-
gulation of those vacuolar protein sorting/degradation genes already 
signifies activation of UPR in TlG/inYFP. In contrast, the expression level 
of the UPR’s regulators, including IRE1 (A14839g), KAR2 (BIP; 
E13706g), ERJ (C05819g), and the key protein disulfide isomerase PDI1 
(E03036g), together with its reactivator ERO1 (D09603g) and gluta-
thione synthetase GSH (C17831g), all remained at the control level in all 
the recombinant strains studied here (Fig. 6.c.d). Such an observation 
was particularly surprising for SoA, rich in disulfide bonds. Lack of their 
upregulation was previously interpreted as lack of an actual HAC1--
triggered response [2]. In relation to oxidative folding, disulfide bond 
formation and, associated with it, oxidative stress, we observed down-
regulation of the cytoplasmic thioredoxin TRX1 (E09427g) shared by 
HSSs (within a group with n = 75; Fig. 5.c). Thioredoxin activity is 
intrinsically associated with the process of disulfide bond formation, 
mediated by Pdi1 and Ero1, and relies on stochastic oxidation-reduction 
of cysteine side chains, which consumes considerable amounts of 
oxidizing and reducing agents (O2 and glutathione, respectively). 
Although oxidative folding takes place within the ER lumen, neither 
thioredoxin nor glutathione redox systems were identified within the ER 
[49]. According to the current model, a cytoplasmic thioredoxin (e.g. 
TRX1; E09427g) shuttles electrons into the ER to reduce oxidized Pdi 
[68], while glutathione is actively transported from the cytoplasm by 
specific transporters [69]. In the face of that, the downregulation of 
TRX1 in HSSs is not clear, and contrasted by 17 % upregulation of SEC61 
(E21912g) in SoA (Fig. 6.e), which is known to transport glutathione, 
required for oxidative folding, into the ER lumen [69]. That slight 
upregulation of the SEC61 channel is the only, faint marker of enhanced 
oxidative folding and disulfide bond formation in SoA. 

In contrast to a constant level of KAR2 and IRE1 expression, the 
expression of SLS1 (E32703g), encoding a mediator of interaction 

Fig. 6. Expression level of selected genes involved in the r-Prot folding, maturation and secretion. Normalized transcript counts were used for quantification of the 
transcript levels. Transcription factors (a), Vacuolar protein sorting (b), disulfide bonds formation, O- glycosylation, core oligosaccharides proteins (c), Protein 
folding (d), Translocon’s elements (e), Vacuolar protein catabolic process (f), Vesicle trafficking (g), Cell wall biogenesis (h), Distal secretion (i). Targeted tran-
scriptome analysis. X axis: shortened YALI_ code of a gene with a three letter name. Y axis: Normalized Counts of transcript. For clarity of the Figure some quan-
tification values were * multiplied by 10, ** divided by 10. (For more convenient visualization of the Figure in color, the reader is referred to the web version of 
this article). 
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between Ire1 and Kar2 [70], essential for co-translation translocation in 
Y. lipolytica [71,72], was downregulated upon overproduction of all the 
rs-Prots (SoA, TlG and scYFP), but not for inYFP (Fig. 6.c). Sls1 operates 
as an ADP to ATP exchange factor for Kar2 [72]. In an ATP-bound form, 
Kar2 is in an Ire1-interaction-favoring state. In that state, Ire1 cannot 
execute its endonucleolytic activity towards HAC1/XBP1 mRNAs, which 
is required for their translation. Hence, it could be speculated that by 
downregulation of SLS1, the interaction of Kar2-Ire1 is limited, and 
consequently, Ire1 is released for processing HAC1 mRNA to a transla-
tionally active form. In that way, although not upregulated in HSSs, 
HAC1 could be translated and initiate massive rearrangements in its 
transcriptomes (Fig. 2) even from its basic transcription level (Fig. 6.a). 
Moreover, in the case of HSSs, systematic changes in protein folding, 
vesicular transportation and vacuolar protein catabolic processes were 
observed, which could support the proposed model. Definitely, those 
hypotheses require further deepened biochemical investigations. Addi-
tionally, in view of the lack of significant change of HAC1 expression in 
HSSs, a comment on the high CTT1 upregulation is required. While 
indeed HAC1 may induce expression of genes involved in the oxidative 
stress response, which is important for managing the secretory pathway, 
it was previously demonstrated that the oxidative stress response is not 
directly managed through the UPR [2], which explains the current ob-
servations made for HSSs. 

Furthermore, the postulated limited rate of Kar2-Ire1 interaction 
would suggest that the translocation takes place via the post- 
translational translocation mechanism, i.e. the less efficient mode in 
Y. lipolytica [1], or via both pathways. This hypothesis is supported by 
the highly elevated expression of cytosolic chaperones of the Ssa family, 
in particular SSA5 (F25289g) and SSA8 (D22352g), in HSSs (Fig. 6.d; 
Table S.4). While the expression of the other Ssa-family members, SSA5 
and SSA7 (D08184g) was very high in all the analyzed strains, including 
the control (Fig. 6.d), the expression level was most changed for SSA8 
(5.5- and 6.2-fold higher expression in HSSs vs the control) (Table S.4). 
The Ssa chaperones belong to the Hsp70 family with the primary role in 
securing the nascent polypeptide in a translocation competent state, 
when the polypeptide is to be translocated via a post-translational 
mechanism. A similar expression pattern (significant upregulation in 
HSSs) was observed for another member of the cytosolic chaperones, 
SSE1 (E13255g) (Fig. 6.d). SSE1 (and SSE2 in P. pastoris; a single gene in 
Y. lipolytica) assists in protein folding by binding to the nascent peptide 
and maintaining it in a folding-competent state, but cannot actively 
promote folding reaction. Co-expression of a heterologous gene with 
SSE1 as a helper protein allowed the target protein amount to be 
increased by 2.3-fold [21]. Additionally, we did not observe any sub-
stantial changes in the expression of the genes encoding the 
co-translational translocation mechanism-associated activities, SRP re-
ceptor or SRP itself. Again, this supports the hypothesis that the rs-Prots 
studied here were translocated via a post-translational mechanism, or, 
possibly, via both in SoA. 

With respect to r-Prot-specific cellular responses, we observed sys-
tematic, substantial upregulation of the genes involved in synthesis of 
core oligosaccharides (DPM1: D06017g, PMI40: B18348g, SEC59: 
E18942g, ALG5: D06017g) and in glycoprotein processing in TlG (Fig. 6. 
c; Table S.4). Seven in ten genes belonging to the Alg family, involved in 
glycoprotein processing, were downregulated in HSSs, with concomitant 
lack of change for TlG and inYFP. A similar expression profile was also 
observed for many genes assigned to the GPI-anchoring process 
(Table S.4). Only a single gene involved in that process, SED1 
(E07832g), was upregulated by 20 %, and that upregulation was 
observed solely in TlG. All these data indicate that the selection of TlG as 
a model of highly glycosylated protein was relevant. 

Likewise, none of the genes involved in glycoproteins’ maturation or 
processing was significantly up-/downregulated in inYFP. The same 
observation relates to protein folding, disulfide bond formation, protein 
degradation, ERAD, and vesicular transportation, with only four ex-
ceptions in ~250 genes, assigned to those processes; these were: 

downregulation of FES1 (F11121g) and BFR2 (D11462g), upregulation 
of HSP26 (C03465g) and HRT1 (B17358g) (Fig. 6.d.g). HSP26 encodes a 
chaperone suppressing unfolded proteins’ aggregation, also possessing 
mRNA-binding activity. The gene was also upregulated in SoA (1.47-fold 
change) and scYFP (1.84-fold change), and was significantly down-
regulated in TlG (0.66-fold change). While differential expression of 
HSP26 in all the studied strains demonstrates its importance for r-Prot 
synthesis, the pattern of expression is unclear. Likewise, the expression 
level of another cytoplasmic chaperone, HSP42 (E18546g), having 
unfolded protein-binding and protein-sequestering activity, was signif-
icantly elevated, by 2.26- and 4.48-fold, for SoA and scYFP, respectively. 
It is plausible that, except for Ssas, it assists nascent polypeptides to the 
ER surface for translocation. 

Several other interesting observations were made based on the re-
sults of the targeted analysis (Fig. 6; Table S.4), namely: 1) vacuolar 
protein sorting and protein degradation-associated genes’ expression 
was on average 2-fold lower in HSSs; in contrast 2) several above- 
mentioned vacuolar protein sorting-involved genes (Fig. 6.b), ATG13, 
ATG8, CUP5, VPS70, but also HSE1 (F06446g) and VPS62 (E06083g), 
were significantly upregulated in TlG- and inYFP-producing strains, 
suggesting increased protein degradation occurring in these strains. 
Whether it is a result of HAC1 upregulation and induction of UPR re-
mains an open question; 3) in all the strains, expression level of the 
genes involved in ERAD either remained unchanged or was decreased 
(five genes in SoA, three genes in scYFP and a single gene in TlG); 4) 
within the protein folding biological process we identified several genes 
significantly upregulated in HSSs, that were all localized to mitochon-
dria, including MDJ1 (F12551g), MGE1 (C18513g), HSP60 (F02805g), 
and HSP10 (B05610g) (Fig. 6.d), and SoA-specific upregulation of PRX1 
(A19426g), with high similarity to mitochondrial peroxiredoxin with 
thioredoxin peroxidase activity, reactivated by glutathione (involved in 
cell redox homeostasis and the cellular response to oxidative stress). 
Such high overrepresentation of upregulated mitochondrial genes cor-
responds well with the significantly enriched biological process “mito-
chondrial gene expression and translation” as well as with “cellular 
respiration”, identified for HSSs (Fig. 4.a.e). 

According to the conducted biological process enrichment analysis 
(Fig. 4), protein degradation, autophagy and vacuolar protein sorting 
were significantly downregulated in HSSs, which was a consequence of 
many minor downregulations of specific DEGs assigned to those pro-
cesses, as shown in Table S.4. In approximately 80 genes assigned to the 
vacuolar protein sorting process, 18 and 30 remained at an unchanged 
expression level, 2 and 1 were upregulated and the remaining ~60 and 
~50 were significantly downregulated in SoA and scYFP strains, with 
concomitant lack of changes in the expression level for TlG and inYFP 
(with few exceptions). Amongst the most downregulated DEGs, we 
found ATG13, ATG22/23 (C03608g), ATG15 (F06358g), and AVT1 
(F30063g), and the level of their downregulation was correlated for the 
two HSSs (Fig. 6.b; Table S.4). Functionally associated with “vacuolar 
protein sorting”, the “vacuolar protein catabolic process” was the most 
DEG-enriched category out of the 27 distinguished. All the genes 
assigned to that process were somehow affected by the introduced 
variable. Several genes showed prevailing upregulation, e.g. PMR1 
(E09471g), significantly upregulated in all the strains, or PRB1/PRC1 
(A06435g) and REG1 (C21604g), upregulated in three strains and un-
changed in the fourth strain (Fig. 6.f; Table S.4). Several genes showed a 
differential pattern of expression depending on the strain, such as PEP4 
(F27071g), PRC1 (A18810g), PRB1 (B16500g) and APE3 (B21186g), 
which were downregulated in HSSs and upregulated in TlG/inYFP. The 
remaining genes assigned to that process were either downregulated or 
at an unchanged expression level, depending on the strain (Table S.4). 
The uniformly upregulated PMR1 encodes Ca2+-ATPase, responsible for 
transport of Ca2+ and Mn2+ inside the Golgi lumen, which are required 
for glycosylation, sorting and ERAD. Due to the latter implication, PMR1 
is assigned to a vacuolar protein catabolic process, although it localizes 
to the Golgi membrane. Its disruption was shown to increase secretion of 
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heterologous proteins in S. cerevisiae, Kluyveromyces lactis and Hansenula 
polymorpha [73–75]. Its upregulation observed in the present study and 
the previous results obtained for the other yeast species could be 
interpreted as undesired targeting and degradation of some portion of 
correctly folded proteins which could be successfully secreted. It was 
previously pointed out that mis-sorting to the vacuole causes severe 
losses of rs-Prots in P. pastoris [20]. Likewise, it was shown that signif-
icant amounts of r-Prots accumulate in the vacuole in S. cerevisiae, and 
material and energy expenses for their production and degradation were 
incurred [76]. In relevance to this, we observed high (and undesired) 
upregulation of the key, vacuolar serine protease PRB1/PRC1 (A06435g) 
in SoA (2.03-fold change), scYFP (2.58-fold change) and inYFP 
(1.46-fold change) (Fig. 6.f), indicating increased protein degradation 
processes in these strains. Deletion of this gene was a prerequisite for 
successful modification (Δvps21) of the early steps of the vacuolar 
sorting and degradation pathway targeting improved heterologous 
protein secretion in P. pastoris [20]. In the view of its currently docu-
mented response to r-Prot overproduction in Y. lipolytica, and the pre-
vious data for P. pastoris, it would be relevant and interesting to 
investigate the impact of Δprb1 genotype (accompanied by another 
modification) on the secretory capacity of Y. lipolytica. Likewise, PEP4, 
PRC1 (A18810g) and PRB1 (B16500g) genes, encoding vacuolar aspartyl 
protease and broad-specificity C-terminal exopeptidase involved in 
non-specific protein degradation in the vacuole, were upregulated in TlG 
and inYFP. Together with the previously discussed upregulation of 
vacuolar protein sorting markers, including ATG8, ATG13, CUP5, and 
VPS70, they represent interesting targets for a genetic engineering 
strategy aiming at decreased degradation of heterologous protein pro-
duction in Y. lipolytica (at least for strains overproducing TlG and 
inYFP). Downregulation of the above-mentioned vacuolar protein sort-
ing markers as well as PEP4, PRC1 (A18810g), and PRB1 (B16500g) 
could account for, at least part of, the predominance of HSSs over 
TlG/inYFP in terms of the produced protein amounts (Table 2). It would 
well align with the previous observations and conclusions [27,67,77] 
that even though UPR activates foldases, chaperones and other folding 
and secretory helpers, its continuous activation reduces the final yields 
of r-Prots. 

Cell wall biogenesis- and distal secretion-related biological processes 
were enriched in the genes responsive to the introduced variable. 
However, no general trend could be observed depending on the over-
produced protein (as could be done in the case of protein folding or 
glycoprotein processing). This means that the final set of significant 
DEGs was built by many up-/and down-regulated genes in a given strain. 
In nearly 170 genes assigned to cell wall biogenesis, only a few were 
highly responsive, while the majority were up-/down-regulated by not 
more than 20–30 %. As mentioned above, regulation of cell wall 
biogenesis was conducted by several highly responsive transcription 
factors, including FLO11, MHY1, and E23925g, that apparently fine- 
tuned the repertoire of the downstream genes, as required for 
adequate cell wall modifications (Fig. 6.a). Amongst the most responsive 
genes in HSSs (for which the cell wall biogenesis was a significantly 
changed biological process; Fig. 3; Fig. 4; Fig. 6.h), we identified highly 
upregulated CCW12 (B21450g) (3.32/2.68-fold change in SoA/scYFP), 
encoding a cell wall mannoprotein that plays a role in maintenance of 
newly synthesized areas of the cell wall; DSE1 (D09823g; 2.01/1.14-fold 
change in SoA/scYFP), involved in cell separation after cytokinesis; 
EXG1 (F05390g; 2.23/1.93-fold change in SoA/scYFP), the major exo- 
1,3-beta-glucanase of the cell wall, involved in cell wall beta-glucan 
assembly; and two structural cell wall proteins CWP11/CWP12 
(E22286g/E26125g). Amongst the most responsive downregulated genes 
in HSSs we identified GPA1 (E11627g), a plasma membrane/endosome 
G-protein involved in signaling, and CRH1 (C09680g), encoding chitin 
transglycosylase, transferring chitin to beta-glucans, both being slightly 
upregulated in TlG/inYFP strains and downregulated in HSSs. 

Within the vesicular transportation and membrane fusion processes 
(Fig. 6.g), we identified several up- and downregulated genes, but 

mainly for HSSs. A common expression pattern in both HSSs was 
observed for: 1) upregulated SEC12 (A08646g), BFR2 (D11462g), SLY41 
(B10714g), GCS1 (C02959g), and downregulated SAR1 (C21824g), 
ERV15 (F12001g), GOT1 (B07205g), and USO1 (F02387g) involved in 
COPII anterograde transport; 2) as well as SED5 (C16819g), several 
representatives of Sec and Trs families, GSG1 (E12177g), YKT6 
(E21329g), playing a role in membrane fusion; 3) and also ERD2 
(D15004g) and TRX1 (E23540g), involved in retrograde Golgi to ER 
transport. It is not possible to discuss the specifics of all the above-
mentioned genes here, but the responsive genes may be potentially 
considered as targets in genetic engineering strategies enhancing rs-Prot 
production. Such a strategy was successfully implemented [14]. Inter-
estingly, BFR1 (D11462g), upregulated here, was previously shown to be 
a useful secretory helper in P. pastoris, increasing the target r-Prot pro-
duction by 1.5-fold [21], which demonstrates plausible similarities in its 
operation in the two yeast species. 

Similarly, in 65 genes assigned to the distal secretion process (Fig. 6. 
i), only one (and only in the SoA strain) met the requirement of fold 
change >2 for DEG (RSN1; D06864g; -2.25), while the remaining genes’ 
expression was changed to a smaller degree. We paid attention to the 
genes that were previously indicated as interesting targets for improving 
r-Prot overproduction in yeast, e.g. SSO1/2 (E23243g, B10780g), 
encoding a syntaxin homolog, acting in late stages of secretion post- 
Golgi t-SNARE fusion [14,78], SNC1/2 (A03113g, E00594g), vesicle 
membrane receptor protein (v-SNARE); involved in the fusion between 
Golgi-derived secretory vesicles with the plasma membrane, and 
SEC1/2/9 (E22044g, F27379g, E18414g), encoding an SM-like protein 
involved in docking and fusion of exocytic vesicles, which binds to 
assembled SNARE complexes at the membrane (reviewed by Celińska 
et al. [30]). They all shared a common expression pattern of down-
regulation in HSSs and slight upregulation or no change in TlG/inYFP. 
Their downregulation upon very high overproduction and secretion, 
with no evident upregulation of any redundant activities, is unclear. The 
same relates to KIN2 (D22770g), which was previously used as a very 
efficient secretion helper, increasing the target protein production by 
2.2-fold upon co-expression [21]. However, in the present research, 
production of either of the studied r-Prots did not trigger changes in its 
expression profile. Moreover, exactly the same expression pattern was 
observed for many other genes assigned to the distal secretion process, 
but exerting different functions, including the kinesin-like myosin 
passenger-protein SMY1 (A11099g), tropomyosin TPM1/2 (F27049g), 
Rab GTPase-activating protein MSB3 (B22792g) important for polarized 
growth, and rho-like GTPase CDC42 (B15752g), having a key role in 
establishment and maintenance of cell polarity and regulating actin 
assembly (Fig. 6.i; Table S.4). Their downregulation could result from 
the action of the filamentation factors, and previously postulated tran-
sition into ovoid forms, and not be related to r-Prot transportation and 
secretion. Only a few genes assigned to the distal secretion process 
escaped that general expression pattern. These were, for example, the 
rho1-GDP exchange factor TUS1 (E12155g), required for signaling of cell 
wall defects to Rho1, and the type-I myosin MYO5 (E02046g) that pro-
motes actin assembly, which were upregulated in HSSs. Interestingly, 
another gene, NCE102 (C12034g), was upregulated in all the secretory 
protein-overproducing strains (no change for inYFP solely). Nce102 
stands for non-classical export protein 2, which is involved in secretion 
of proteins that lack classical secretory signal sequences. While its 
upregulation upon overproduction of the secretory heterologous pro-
teins is logical, it was surprising considering the fact that all the heter-
ologous genes were transcriptionally fused to a signal peptide of typical 
structure and function (exo-1,3-beta-glucanase; B03564g) [7]. Nce102 is 
implicated in export of proteins which lack a cleavable signal sequence. 
However, the non-classical export pathway is known to operate as an 
alternative clearance/detoxification pathway to eliminate damaged 
material, when the basic pathway is not sufficient. Thus, we postulate 
that upon the very high secretion of SoA and scYFP, NCE102 works as an 
alternative route of secretion of correctly folded, functional proteins, as 
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we observed in the activity/fluorescence tests (Table 2). 

4. Conclusions 

The conducted research improved our understanding of phenomena 
taking place inside Y. lipolytica cells upon r-Prot overproduction. First of 
all, based on global comparison of the expression profiles generated by 
SoA, scYFP, TlG and inYFP, we conclude that targeting a protein for 
secretion (as opposed to its retention within a cell) induces massive 
transcriptional changes, greatly exceeding those resulting from secreting 
a protein with different biochemical characteristics. Interestingly, if the 
same protein (YFP) was targeted for secretion, its yield was > 10-fold 
higher. Current data, confirmed for Y. lipolytica, as is already known 
for P. pastoris and S. cerevisiae, show that high overproduction of r-Prot is 
inherently associated with oxidative stress. Here it was indicated by high 
upregulation of a “response to hydrogen peroxide” biological process, 
and upregulation of catalases, as the most responsive DEGs. Importantly, 
the phenomenon does not rely on the number of disulfide bonds within 
the r-Prot’s secondary structure, at least for the two HSSs studied here. 
Overproduction of r-Prots triggered massive rearrangements within the 
cell by acting through transcriptional regulators, such as D01353g, 
downregulated upon overproduction of any r-Prot, irrespective of its 
biochemical characteristics, or specific for HSSs – RSFA or MAF1. Based 
on their putative function, their downregulation in HSSs led to release of 
RNA polymerase II and III, respectively, from their inhibitory activity. 
On the other hand, the key transcription factor, typically associated with 
the response to overproduction of r-Prots, HAC1, was upregulated solely 
in the strains producing lower yields of r-Prots (inYFP/TlG). Those 
strains were also characterized by upregulation in vacuolar protein 
sorting and protein degradation. Whether it was caused by the actual 
onset of UPR could not be definitely established, as the other processes, 
typically upregulated under UPR, remained at the control level. Like-
wise, whether lower yields of TlG/inYFP were caused by the UPR re-
mains to be experimentally verified. 

The global approach undertaken here allowed us to perceive unob-
vious relationships, such as overproduction of r-Prot, with given char-
acteristics (or at a given rate) and the cell’s morphotype. Genes 
putatively linking these phenomena were indicated here. The unex-
pected downregulation of SLS1 (an interaction mediator of IRE1 and 
KAR2), shared by all the secretory r-Prot producers, led us to form 
conclusions on the mechanism of the nascent polypeptides’ trans-
location and to speculations on its regulation. Based on cytosolic chap-
erones’ expression pattern, we postulate that the polypeptides were in 
the majority of cases translocated into the ER lumen via a post- 
translational translocation mechanism. Traditionally, the interaction 
between a polypeptide’s signal peptide and SRP was considered the 
decision-making point [79]. Based on the current data, we speculate that 
the ER occupancy also participates in the decision making. However, 
this hypothesis requires experimental testing. We also report implication 
of NCE102 in rs-Prot secretion, which was highly upregulated in all the 
rs-Prot overproducers. While its assigned function is secretion of pro-
teins that lack typical signal peptides (not true for SoA, TlG, or scYFP), 
we postulate its significant role in secretion of functional r-Prots, 
equipped with a typical signal peptide, under overproduction condi-
tions. And finally, we hypothesize that the cells enter into a growth 
arrest phase (G1 phase) upon high overproduction of r-Prots, as a 
strategy undertaken by the cells to withstand the high burden imposed 
on them by genetic engineering. The hypothesis is supported by down-
regulation of a G1/S-specific cyclin gene, activation of detoxification 
processes (common upregulation of peroxisomal PXMP2/4), and tran-
sition into ovoid morphotype in HSSs. 
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F. Muñoz-Lobato, C. Parrado-Fernández, J. Goikolea, Á. Cedazo-Minguez, C. 
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