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ABSTRACT

Biotechnological production of fuels, chemicals and
proteins is dependent on efficient production sys-
tems, typically genetically engineered microorgan-
isms. New genome editing methods are making it
increasingly easy to introduce new genes and func-
tionalities in a broad range of organisms. However,
engineering of all these organisms is hampered by
the lack of suitable gene expression tools. Here, we
describe a synthetic expression system (SES) that
is functional in a broad spectrum of fungal species
without the need for host-dependent optimization.
The SES consists of two expression cassettes, the
first providing a weak, but constitutive level of a syn-
thetic transcription factor (sTF), and the second en-
abling strong, at will tunable expression of the target
gene via an sTF-dependent promoter. We validated
the SES functionality in six yeast and two filamentous
fungi species in which high (levels beyond organism-
specific promoters) as well as adjustable expression
levels of heterologous and native genes was demon-
strated. The SES is an unprecedentedly broadly func-
tional gene expression regulation method that en-
ables significantly improved engineering of fungi. Im-
portantly, the SES system makes it possible to take
in use novel eukaryotic microbes for basic research
and various biotechnological applications.

INTRODUCTION

The progress in DNA sequencing is rapidly uncovering the
genetic richness of life. Parallel development of computa-
tional methods, novel algorithms, databases and increased
computing power is now making it possible to extract mean-
ingful information from the exponentially growing pool of
sequence data. However, our capacity to read DNA se-
quences and to characterize novel microbial species is highly
exceeding our possibilities in utilizing this information for
basic research and biotechnology applications. The ability

to design and write the code for biological systems can be
harnessed to its full effect only if we have robust and pre-
dictable genetic tools that enable efficient engineering of bi-
ological systems to perform the designed tasks.

Nature contains a vast number of microbial species of
which only a minute fraction is currently being used in
biotechnological processes. Introducing novel production
hosts with superior native characteristics (such as high re-
sistance to extreme conditions, specific metabolic traits or
efficient protein secretion) could offer interesting opportu-
nities for the industry, and for detailed functional studies of
the different microbes. To achieve this, essential tools would
be robust and predictable gene expression systems. The lack
of suitable expression systems, and slow progress in their
development for each individual organism, are significantly
hindering the use of novel hosts. The ability to engineer an
increasing number of microbes would enable us to more ef-
ficiently study the richness of biological properties that have
developed during evolution.

Wide applicability of an expression system across dif-
ferent organisms and production conditions requires min-
imal interference from endogenous gene expression regu-
lation. There are several reports on engineering and char-
acterization of gene expression systems that confer high
level of functional independence over the native transcrip-
tion regulation. This independence is typically achieved by
the use of heterologous hybrid-transcription factors com-
posed of independent DNA-binding and transcription ac-
tivation domains of bacterial and viral origin, respectively
(1-7). Most of these systems are regulated by an externally
added compound, such as estradiol, testosterone or doxy-
cycline (1,2,4,8,9), which due to cost, represents a poten-
tial hindrance for industrial feasibility. Although these sys-
tems are important tools for proof-of-concept studies, they
have not been demonstrated to control gene expression in
other species than those they were designed for. The species-
specificity arises from the fact that the essential parts (such
as artificial transcription factors) are expressed using native
promoters.

Recently, we established an expression system for Sac-
charomyces cerevisiae (10) in which, in contrast to the pre-
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ceding systems, the transcription factor was expressed us-
ing a core promoter (CP) instead of a full-length promoter.
Similarly to several existing systems, our expression system
made use of heterologous DNA-binding and transactiva-
tion domains in the designed (synthetic) transcription fac-
tor. Expression of the transcription factors constitutively,
at low level, using the CP alone, enabled highly constitutive
expression of target genes that contained in their promot-
ers upstream binding sites (BS) for the transcription factor.
By changing the number of transcription factor BS, and
the CPs, a wide range of target gene expression levels was
achieved in S. cerevisiae without the use of external inducer
compounds.

Here, we describe a novel synthetic expression system
(SES) that builds on the modular architecture of the pre-
viously established gene expression system for S. cerevisiae
(10). The expression system is composed of a set of CPs
and transcription factor modules originating from heterol-
ogous organisms. We demonstrate that the SES system is
functional in a broad range of yeast and filamentous fungi
species and that it allows adjustable and strong expres-
sion of target genes to higher levels than attainable with
the strongest widely used promoters in the tested species.
Importantly, in contrast to typical endogenous promoter-
based systems, the system provides means for growth con-
dition insensitive gene expression control. As a validation
of its potential we show that the SES system enables engi-
neering of fungal species that have not been previously ge-
netically engineered (yeasts Candida apicola and Zygosac-
charomyces lentus). The SES system represents a disruptive
technology that now enables efficient utilization of nature’s
microbial diversity in research and biotechnology applica-
tions.

MATERIALS AND METHODS
Strains and media

Parental strains which were used in this study are listed in
Supplementary Table S1.

Bacterial cultivations were done in lysogeny broth (LB)
with ampicillin (10 g/1 tryptone (Becton Dickinson), 5 g/1
yeast extract (Becton Dickinson), 0.17 M NaCl and 100
wg/ml ampicillin (Sigma-Aldrich)). Media which used in
experiments with yeast and filamentous fungi: YPD (20
g/l bacto peptone (Becton Dickinson); 10 g/l yeast ex-
tract, 20 g/1 D-glucose); SCD (6.7 g/l yeast nitrogen base
(Becton Dickinson), 20 g/1 D-glucose, 790 mg/1 complete
supplement mixture (Formedium)); SGM (20 g/l spent
grain, 20 g/l spent grain extract, 60 g/l lactose, 37.8 mM
(NH4)2S04, 36.7 mM KH;,POy, 2.4 mM MgSOy4, 4.1 mM
CaCly, 15.6 pM CoClIy, 18.0 uM FeSOy, 4.9 pM ZnSOy4
and 9.5 uM MnSQOy); Repressing medium with glucose used
in bioreactors (10g/1 glucose, 20 g/1 yeast extract, 37.8 mM
(NH4)2S04, 36.7 mM KH,POy, 2.4 mM MgSOy, 4.1 mM
CaClj, 15.6 pM CoCl,, 18.0 M FeSOy, 4.9 pM ZnSOy4
and 9.5 pM MnSOy); YPGel (20 g/1 bacto peptone, 10 g/1
yeast extract, 30 g/l gelatine). In case of agar plate cultiva-
tions, 20 g/l agar was added to liquid medium in addition to
the components mentioned above. To produce Aspergillus
niger and Trichoderma reesei conidia, potato dextrose agar
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plates were used—PDA (39 g/1 potato dextrose agar (Bec-
ton Dickinson)). Cellulose containing plates were used as
an inducing medium with 7. reesei (20 g/1 cellulose, 1.25
g/1 yeast extract, 0.11 M KH,POy4, 37.8 mM (NHy4),SOy,
2.4 mM MgSOy, 4.1 mM CaClj, 0.1% Triton X-100, 20 g/1
agar, 15.6 puM CoCly, 18.0 uM FeSOy, 4.9 puM ZnSO4 and
9.5 M MnSOy,).

Cloning

All the plasmids used in this study were cloned accord-
ing to the manufacturer’s protocol using Gibson assem-
bly (New England Biolabs), restriction enzyme-based tech-
niques (Thermo Fisher Scientific), or by utilizing yeast ho-
mologous recombination (11,12). Kapa Hifi enzyme (Kapa
Biosystems) was used for all polymerase chain reaction
(PCR) reactions. Ligation and Gibson assembly mixes were
transformed into Escherichia coli TOP10 by electropora-
tion and the correct plasmids were identified by analytical
digestions and sequencing. Sequences of the CPs, genes and
other sequences are shown in Supplementary Tables S2-4.
Synthetic DNA fragments and primers used in this work
were obtained from Integrated DNA Technologies.

Core promoter screen

CPs of selected genes of S. cerevisiae, A. niger and T reesei
were ordered as synthetic DNA (Supplementary Table S2),
and their functionality was tested in a S. cerevisiae—based
screen. Candidate CPs were selected based on the follow-
ing criteria; (i) they are part of a promoter of highly ex-
pressed gene, which was based on RNA sequencing (tran-
scriptomics) data for 4. niger (13) and T reesei (14); (ii) they
contain a TATA sequence (possible TATA-box) in their
structure, upstream of the start codon, where the distance
of the TATA sequence and the start codon (ATG) is no
more than 180 bp and no less than 80 bp (in case of mul-
tiple sequences fulfilling the description, the TATA-box is
defined as the TATA sequence with smallest distance from
the start codon); (iii) the transcription start site is located
downstream of the TATA sequence. The final selected CP
sequence included a region spanning 50 bp upstream of
the TATA-box to the start codon. Typical length of the
CP varied approximately from 140 to 200 bp. Also 55 bp
homology-regions matching the linearized target plasmid
were introduced into CP synthetic DNA to allow plasmid
assembly by in vivo homologous recombination in S. cere-
visiae.

The gene blocks were co-transformed into S. cerevisiae
with linearized centromeric plasmid which contained four
BS for the LexA-based synthetic transcription factor (sTF)
(forming a synthetic UAS for the tested CPs), mCherry
reporter gene, and LEU2 selection marker (Figure 1B).
The in vivo homologous recombination assembly created a
LexA-sTF dependent synthetic promoter which controlled
the expression of mCherry. Transformation was done into
strains H3899 (WT) (Supplementary Table S1) and H4489.
H4489 was constructed by transforming strain H3900 with
Nssil linearized pHI3i-Tep-sTF16 (10) to generate a strain
expressing LexA-VP16 sTF constitutively from TDH3cp.
Transformation was done into both strains to identify CP’s
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Figure 1. The SES and the CP performance screen in Saccharomyces cerevisiae. (A) A schematic presentation of the SES concept. Expression of an sTF is
achieved by a CP (CP1), which provides low and highly constitutive expression (input signal). The sTF recognizes BS in the upstream part of a target gene
synthetic promoter, which can be designed to provide on-demand (amplification) output by varying the number of BSs and by the choice of a CP (CP2). (B)
The setup for the CP screen in S. cerevisiae. Diverse CPs produced as synthetic DNA fragments were assembled in vivo (co-transformed) with a linearized
centromeric plasmid in a S. cerevisiae strain expressing the LexA-VP16 sTF (and in parallel in an isogenic strain lacking the sTF). Two parameters were
assessed, (i) “Transcription amplification’ which represents the capacity of the CP to trigger transcription initiation in the presence of the sTF, and (ii) ‘Basal
activity’ which represents the ability of the CP to initiate transcription without sTF. (C) The mCherry fluorescence of the strains with the tested candidate
CPs. The fluorescence of strains with the sTF (red bars) are plotted on the left y-axis, and the fluorescence of strains without the sTF (blue bars) are plotted
on y-axis on the right. S. cerevisiae (S.c.) native CPs (THI4cp, PGKIcp and TEFIcp) were included as examples of highly functional species-specific CPs.
The CPs from Aspergillus niger and Trichoderma reesei represent candidates from evolutionary distant organisms with a potential to retain their function
in a broad spectrum of hosts. Coloured shading marks the four heterologous CPs (based on the transcription amplification function), which were selected
to construct SES-A (green shading;) and SES-B (pink shading) expression systems. Values and error bars represent the mean and standard deviation from

three biological replicates.

basal transcription level (H3899, no sTF expression) as well the integrated CP; however in some (<10%) plasmids, the
as its performance once activated with sTF (H4489) (Figure CP was incorrectly assembled. Fluorescence variation in

1B). colonies with correctly assembled plasmids was minimal,
Pooled colonies were tested from each yeast transfor- and colonies with incorrect plasmids showed no fluores-
mation for mCherry fluorescence. This was done to al- cence. The average fluorescence of the tested individual
low a quick CP performance test without the need for te- colonies corresponded to the fluorescence of the pooled
dious selection of colonies with sequence-confirmed assem- colonies (data not shown).
bled plasmids. To assess the relevance of the setup, for Fluorescence measurement was done as described in the
one transformation (with the 533cp), 40 random colonies section ‘Fluorescence measurement of yeast species with
were picked, plasmids isolated and sequenced and also flu- fluorometer’, except the pre-cultivations were conducted on

orescence measurement performed. All plasmids contained SCD agar plates lacking histidine and leucine.
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SES expression cassettes

SES expression cassettes were constructed as single
DNA molecules containing expression cassettes, both for
mCherry and for sTF. The SES systems were cloned into
species-specific integration plasmids, which contained a se-
lectable marker gene and flanks for in-genome integration
by homologous recombination (Supplementary Table S5).
The mCherry expression cassettes contained a synthetic
promoter which consisted of eight Bm3R 1-specific sTF BS
(Supplementary Table S4) and either An-201cp (SES-A) or
An-114cp (SES-B), and the mCherry reporter gene (encod-
ing red fluorescence protein), which was followed by the S.
cerevisiae ADHI terminator. The sTF expression cassette
contained either An-008cp (SES-A) or An-533cp (SES-B),
the sTF (BM3R1-NLS-VP16) encoding gene and the 7
reesei TEFI terminator. The corresponding negative con-
trol (NC) cassettes lacked the CP for the sTF, as indicated
by a green dashed box in Figure 2A and Supplementary Fig-
ure S1A).

The SES-A expression cassettes with 0, 1, 2 and 4 sTF BS
for A. niger and Pichia kudriavzevii were constructed anal-
ogously to the SES-A systems for these hosts, with the only
difference being the number of sTF BS. In the case of P, ku-
driavzevii, also NC cassettes with 0, 1, 2 and 4 sTF BS were
constructed on the basis the SES-A-NC.

The SES-B+NAT expression cassettes for C. apicola and
Z. lentus were constructed by combining 5'- and 3’-genome
integration homology-regions with the SES-B cassette and
an expression cassette for nourseothricin selection marker
(NAT). The NAT marker cassette contained two sTF BS,
An-201cp, NAT ORF and Yarrowia lipolytica TEFI termi-
nator.

The SES-C expression cassette contained cbhl gene (cod-
ing region identical to genomic sequence in 7. reesei includ-
ing naturally occurring introns). The mCherry—ScADH1
terminator part of the 7. reesei SES-B construct was re-
placed by the ¢bhl-TrPDCI terminator DNA fragment.
The resulting SES-C system was subsequently cloned into
a T reesei plasmid with chhi-locus targeting flanks (Sup-
plementary Table S5).

Expression systems based on the established promoters

The sequences of promoters commonly used for (heterolo-
gous) gene expression in S. cerevisiae (PGKI pr.), Y. lipoly-
tica (TEFI pr.), Pichia pastoris (GAPI pr.) and A. niger
(Aspergillu nidulans gpdA pr.) are listed in Supplementary
Table S12. To assess their functionality in S. cerevisiae,
these promoters were cloned into an integration plasmid
forming four control constructs where the promoter was
placed upstream of the mCherry-Sc4ADH1 terminator frag-
ment (Supplementary Figure S5A). In addition, Y. lipolyt-
ica, and A. niger specific constructs with the corresponding
promoters were made where the species-specific promoter
was placed upstream of the mCherry ScADHI termina-
tor fragment (Supplementary Figure SSA). All these con-
structs had identical selection markers and the genome inte-
gration DNA-flanks as the corresponding SES cassettes. In
case of P. pastoris, the mCherry- ScADH1 terminator frag-
ment was cloned downstream of the GAPI promoter into
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the pGAPZ_A vector (Thermo Fisher Scientific) between
the EcoRI and Notl sites.

Transformations

Transformations of SES expression cassettes and the cas-
settes with the established promoters were done by targeted,
single copy integration into the host organism’s genome.
The integration loci and length of the integration flanks are
shown in Supplementary Table S5.

The SES and the control-promoter cassettes (for selected
hosts), including the selection marker and the integration
flanks, were released from plasmids by NotI restriction en-
zyme digestion prior to transformation of S. cerevisiae, P.
kudriavzevii, Y. lipolytica and A. niger. Mssl enzyme diges-
tion was used prior to transformation of 7. reesei, C. api-
cola and Z. lentus. The plasmids for P. pastoris were only
linearized by the digestion of MssI (SES systems), or Avrll
(GAPI promoter control).

The yeast integrative plasmids were transformed into
yeast parental strains (Supplementary Table S1) with the
standard lithium acetate protocol (15), except of C. apicola.
The method for T reesei transformation was described pre-
viously (16).

Aspergillus niger transformations were done using a pro-
toplast method. 4. niger conidia (~2 x 10%) were cultivated
overnight at +28°C (250 rpm) in 250 ml YPGel. Mycelium
was vacuum filtrated and washed with water and cold KMC
solution (I M KCI, 25 mM CaCl,, 10 mM Tris—HCI, pH
5.8). Protoplasts were prepared by digesting the cell wall
of mycelium by incubation for 3 h at +30°C (60 rpm) with
20 ml of Caylase C4 (Cayla) solution (I mg enzyme/1 ml
KMC). Protoplasts were cooled down on ice and isolated
by vacuum filtration through a sterilized fabric. Protoplasts
were washed (4 min, 1500 g, +2°C) with 20 ml of cold KMC
followed by a wash with 20 ml of cold STC solution (1.33
M D-sorbitol, 10 mM Tris—HCI, 50 mM CacCl,, pH 8.0).
Protoplasts were suspended into 200 wl of STC solution.
One hundred pl of protoplast suspension was mixed with
3.5 pg of donor DNA (Notl digested plasmid) and 30 pl of
CRISPR-solution (1 uM Cas9 protein, 1 wM synthetic cr-
RNA (an equimolar mix of three different targeting RNAsS,
Supplementary Table S6), and 1 pM tracrRNA (all IDT)).
A total of 100 pl of transformation solution (25% PEG
6000, S0 mM CaCl,, 10 mM Tris-HCI, pH 7.5) was added
followed by a 20-min incubation on ice. A total of 2 ml of
transformation solution was added and the mixture was in-
cubated for 5 min at RT. A total of 4 ml of STC was added
followed by 7 ml of molten (50°C) top agar (200 g/1 D-
sorbitol, 6.7 g/l of yeast nitrogen base, complete supple-
ment mixture without uracil (Formedium) and 20 g/1 D-
glucose). The mixture was poured on a selection plate lack-
ing uracil (identical composition as the top agar). Cultiva-
tion was done at +28°C for 5 days.

Candida apicolatransformation was done by the same
method as the A4. niger transformation, with following mod-
ifications: The protoplasts were prepared from cells culti-
vated overnight at +30°C (250 rpm) in 50 ml of YPD. The
washed cells were incubated in 20 ml of Lysing Enzymes
from Trichoderma harzianum (Sigma-Aldrich) solution (1
mg enzyme/1 ml KMC) for 40 min at +30°C (60 rpm).
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Figure 2. Construction of SES and the assessment of function in a range of fungal hosts. (A) A schematic presentation of the SES system (SES-A), including
positions of selection markers and genome-integration flanks for the listed species. The An_00850 CP (An_008cp) was used for the expression of the sTF
(Bm3R1-NLS-VP16). The mCherry expression was controlled by the sTF via the sTF-specific BS positioned upstream of the An_201205 CP (An_201cp).
The NC lack the region spanning the CP (An_008cp) and a large portion of the sTF. Each cassette was integrated in the specified genomic locus in single
copy. (B) Fluorescent microscopy of the different microbial species harbouring the SES-A or SES-A* (asterisk indicates Saccharomyces cerevisiae codon
optimized sTF). Uniform mCherry fluorescence signal was observed in all cells in the tested species. A corresponding bright field image is shown for each
strain. The micrograph acquisition settings and the contrast were adjusted to maximize the visualization of the red fluorescence.

Single targeting RNA was used (Supplementary Table S6).
The selection agent in the top agar as well as in the agar

plates was 200 p.g/ml nourseothricin. Cultivation was done
at +30°C for 4 days.

SES- and control-promoter strain genome-integration analy-
sis

Single colonies from transformation plates were isolated
and regrown on appropriate selection plates. The clones
were analysed to select the ones with correct integration
at the intended locus and a single genomic copy of the in-
tegrated SES cassettes or the control cassettes with estab-
lished promoters. Genomic DNA was extracted from the
yeasts clones with phenol chloroform extraction method,

and from the 7. reesei and A. niger clones by using the Phire
Plant Direct PCR kit (Thermo Fisher Scientific) accord-
ing to manufacturer’s protocol. Phenol chloroform method
was conducted by disrupting cells using Precellys24 homog-
enizer (Bertin Instruments). A total of 600 .l of glass beads,
600 wl 1 x TE (pH 7.5) and 600 wl of phenol-chloroform-—
isoamyl-alcohol solution (50% phenol, 48% chloroform,
2% isoamylalcohol) were added and shaken vigorously. Af-
ter centrifugation the supernatant was diluted 100x in wa-
ter to obtain the template for the subsequent copy number
and integration site PCR analysis. Copy number analysis
was conducted with quantitative reverse transcriptase-PCR
(qRT-PCR) Lightcycler 48011 (Roche) using LightCycler®
480 SYBR Green I Master (Roche) according to manu-
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facturer’s instructions. The qPCR signal of the SES target
(mCherry and Bm3R 1) was normalized to a reference gene
of the host (RT-PCR primers listed in Supplementary Table
S7). The correct single-integrations clones conferred value
~1 (in case of diploid P. kudriavzevii value ~0.5). The cor-
rectness of the integration loci was confirmed by PCR of the
genomic DNA, where the amplified DNA region spanned
the integrated construct and the genomic DNA outside of
the integration flanks.

Fluorescence measurement of yeast species with fluorometer

Yeast cells (S. cerevisiae, Y. lipolytica, P. kudriavzevii, P.
pastoris and C. apicola) were cultivated at +30°C on YPD
plates for 24 h before starting the experiment, Z. lentus was
cultivated at +24°C on YPD plates for 48 h. A total of
4 ml of SCD medium in 24-well plate was inoculated to ini-
tial optical density of 0.2 (ODgg). Three parallel replicates
were cultivated for each strain. Cells were cultivated for 18
h (+30°C/+24°C in case of Z. lentus, 800 rpm) followed by
centrifugation and resuspension in 200 pl of water. A to-
tal of 200 wl of the suspension was transferred to Black
Cliniplate (Thermo Fisher Scientific) and mCherry fluo-
rescence was measured with Varioskan (Thermo Electron
Corporation). The excitation and the emission wavelengths
were 587/610 nm, measurement time was 500 ms using a
12 nm excitation bandwidth. Cell density (ODgg) measure-
ment was done for normalizing mCherry fluorescence mea-
surement results. For this, cells were diluted 100x in water,
and then ODgjy was measured with Varioskan (photomet-
ric measurement mode, wavelength = 600 nm, bandwidth
= 5 nm, measurement time = 100 ms) using a transparent
microtiter plate (Nunc 96F, Thermo Fisher Scientific). Nor-
malization was done by dividing the mCherry measurement
value with ODg result.

Fluorescence measurement of 7. reesei with fluorometer

Trichoderma reesei conidia were used to inoculate 50 ml
YPGel pre-cultivations. Cultivations were carried out at
+28°C (200 rpm) for 24 h. Mycelium was centrifuged, su-
pernatant removed and pellet resuspended in water. The
suspensions were used to inoculate four ml SCD cultiva-
tions (three replicates each) in a 24-well plate to an initial
density of 0.5 (ODgq). Cells were cultivated 18 h at + 28°C
(800 rpm) followed by centrifugation and resuspension in
600 wl of water. A total of 200 wl of the suspension was
transferred to Black Cliniplate (Thermo Fisher Scientific)
and mCherry fluorescence was measured with Varioskan
in the same way as described above in the section ‘Fluo-
rescence measurement of yeast species with fluorometer’.
ODgop was measured by preparing 10x dilutions from the
cell suspension. ODg values were used for normalizing the
fluorescence results to cell density.

Flow cytometry

Yeast cultivations were conducted in a same way as
described above in ‘Fluorescence measurement of yeast
species with fluorometer’. Cells were diluted into 1x
phosphate-buffered saline (PBS) solution and measure-
ments were done with FACSAria IIT (BD). A total of 10 000
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events were recorded and results were normalized by divid-
ing mCherry fluorescence values by cell size (forward scat-
ter, FSC-A). The green (561 nm) laser and 610/20 nm filter
were used for the mCherry fluorescence measurements, the
voltage settings used in flow cytometry analysis are shown
in Supplementary Table SS8. In the case of 4. niger and T.
reesei strains, the flow cytometry was done using conidia.
Strains were first sporulated on PDA plates (7 days), coni-
dia were collected and diluted in 1x PBS prior to the flow
cytometry analysis. Minor gating was performed on data to
exclude obvious errors, such as dust particles, cell clusters
and conidia aggregates. Flow cytometry results were anal-
ysed with IBM SPSS statistics software.

Sample collection for transcription analysis

Samples were collected after 18 h of cultivation, washed
with cold water before freezing the pellets in liquid nitrogen
and stored at —80°C. Transcription analysis was performed
using two biological replicates. From each biological repli-
cate, two technical replicates were conducted.

Yeast cells (S. cerevisiae, Y. lipolytica, P. kudriavzevii and
P. pastoris) were cultivated for transcription analysis as
described in chapter ‘Fluorescence measurement of yeast
species with fluorometer’.

Trichoderma reesei mycelia were cultivated for transcrip-
tion analysis as described in section ‘Fluorescence measure-
ment of 7 reesei with fluorometer’. For transcription analy-
sis of bioreactor cultures, samples were collected at the spec-
ified time points from the bioreactor. The mycelium was iso-
lated by vacuum filtration and quenched in liquid nitrogen.

Aspergillus niger conidia were used to inoculate 50 ml of
YPGel for pre-cultivations. Mycelia were pre-grown in 250-
ml Erlenmeyer flasks for 24 h at 28°C, 200 rpm and har-
vested by vacuum filtration. Collected mycelia were resus-
pended in 50 ml of SCD and divided in 4 ml parallel cultiva-
tions in 24-well plates, and cultivated for 18 h at 28°C, 800
rpm. Samples for transcriptional analysis were collected by
vacuum filtration and quenched in liquid nitrogen.

RNA extraction and cDNA synthesis

RNeasy Mini Kit (Qiagen) was used for total RNA ex-
traction from each tested organism. Approximately 100 pg
(wet weight) of yeast cells or the mycelium samples were
disrupted using Precellys24 homogenizer (Bertin Instru-
ments). A total of 600 wl of glass beads (acid-washed; 425-
600 pm; Sigma-Aldrich) and 600 pl of RLT buffer were
added to the cells on ice, and shaken (instrument settings:
6500 — 2 x 30 s). After centrifugation of the samples, 350
wl of the supernatant was subjected to the RNeasy proto-
col 1c for yeast. The RNA concentration and purity was
determined by Nanodrop 2000 instrument (Thermo Fisher
Scientific), and the integrity of RNA assessed by Agilent
2100 Bioanalyzer. A total of 1 wg of the total RNA was
treated with DNase (DNase I RNase-free, Thermo Fisher
Scientific) to remove residual genomic DNA. Transcription
First Strand cDNA Synthesis Kit (Roche) was used for the
c¢DNA synthesis according to manufacturer’s protocol with
anchored-oligo(dT)g primer.
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Quantitative RT-PCR

The RT-PCR reactions were prepared in white LightCycler
480 96-well plates (Roche) by combining 2.5 .l of 100x di-
luted cDNA samples, 2.5 w1 of primer mixes (8§ pM each)
and 15 pl of 1.5x diluted LightCycler 480 SYBR Green
I Master (Roche). The reactions were performed using the
Lightcycler 48011 instrument (Roche), and the analysis was
done with the accompanied software: (1) Advanced Relative
Quantification Tool (high confidence program) for calcu-
lating fold-expression ratios toward the selected normaliza-
tion gene signal, (ii) Melting Curve Genotyping Analysis to
validate the identity of the PCR products. The tested genes
were translation elongation factor one alpha from each se-
lected organism, mCherry and Bm3R1 (sTF). Their expres-
sion levels were normalized to ubiquitin-protein ligase en-
coding gene (UBC6 in S. cerevisiae and its closest homologs
in other species). The use of the UBC6 as the transcription
normalization control was motivated by the extraordinary
stability of its expression in various conditions reported in
S. cereviase (17) and also seen in 7. reesei (14). In the case of
T reesei, also expression of c¢hhl and actin-encoding genes
were tested. The primers used in transcription analyses, the
target genes including references to genome databases for
each organism and the length of each RT-PCR amplicon
are shown in Supplementary Table S9.

Comparison of the SES system with selected established pro-
moters

The strains of yeast species (S. cerevisiae, Y. lipolytica and
P pastoris) carrying the SES-A/SES-A* system and the
strains with expression systems based on the established
promoters were compared by fluorometry. The strains were
pre-cultivated overnight on selection plates at +30°C. A to-
tal of 4 ml of SCD medium (or SCD + 100 pg/ml zeocin
in the case of P. pastoris strains) was inoculated to ODyg
of 0.2 in 24-well plates. Cultivations were maintained 18 h
at +30°C (800 rpm). The cells were pelleted by centrifuga-
tion, resuspended into 200 wl of water and fluorescence was
measured as described in the section ‘Fluorescence mea-
surement of yeast species with fluorometer’.

In case of A. niger, transcription analysis was used for the
comparison of the SES-A system with the expression system
based on the A. nidulans gpdA promoter. A total of 50 ml
of YPDGel medium was inoculated with ~2.5x 107 conidia
and cultivated for 24 h at +28°C (250 rpm). The mycelium
was collected and washed with cold water prior to freezing
with liquid nitrogen. RNA extraction and cDNA synthesis
was done as described in the sections ‘RNA extraction and
cDNA synthesis’ and ‘Quantitative RT-PCR’.

Fluorescence microscopy

Localization of mCherry was visualized in all organisms us-
ing a Zeiss LSM 710 laser scanning confocal microscope
(Carl Zeiss, Oberkochen) with a 63 x water immersion ob-
jective (excitation at 543 nm and detection at 586-670 nm).
Yeast cells were prepared for microscopy similarly as in
‘Fluorescence measurement of yeast species with fluorome-
ter’ experiments. Filamentous fungi mycelia were prepared
by inoculating and cultivating conidia in 50 ml YPGel
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(28°C, 200 rpm, 2 days). Samples showing A4. niger and
T. reesei during conidiogenesis (sporulation) were collected
from PDA or cellulose-containing agar plates.

CBHI protein production

The use of the SES system for protein production was
demonstrated by producing CBHI protein in 7] reesei and
the performance of the expression system was compared
to production of native CBHI in the parental strain. The
strain carrying SES system and the parental strain (M2068)
were cultivated in 1 1 bioreactors either in cellulase-inducing
medium (SGM) as batch cultivations, or in repressing
medium (containing glucose) at 28°C as fed-batch cultiva-
tions. The pH (pH 5.5) and the glucose feed were controlled
via the control paradigm DELTABAS, as described previ-
ously (18). The cultivations were carried out for 5 days and
the samples from days 1 (18 h), 3 (66 h), and 5 (117 h) were
analysed for the total protein and CBHI production into the
culture media (secreted protein) and for the transcription of
the selected genes.

For the total protein analysis, 1.5 pl of each culture su-
pernatant was mixed with 15 pl of 1x sodium dodecyl sul-
phate (SDS) loading buffer (100 ml/1 glycerol, 25 ml/1 B-
mercaptoethanol, 0.5 g/l OrangeG dye (Sigma-Aldrich), 10
g/1SDS and 31.2 mM Tris—HCI, pH 6.8), boiled and loaded
on a 4-20% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) gradient gel (BioRad) together with dilutions of pu-
rified CBHI protein as a standard. The gel was stained with
colloidal coomassie stain (PageBlue Protein Staining Solu-
tion; Thermo Fisher Scientific) according to manufacture’s
protocol. The visualization of the stained gel was performed
on the Odyssey CLx Imaging System instrument (LI-COR
Biosciences). Total protein concentration in the culture su-
pernatants were calculated based on the CBHI standard
with the Image Studio™ Software (LI-COR Biosciences).

For the western blot analysis, 0.075 wl of each culture su-
pernatant was mixed with 15 ul of 1x SDS loading buffer,
boiled and loaded on a 4-20% SDS-PAGE gradient gel (Cri-
terion TGX, BioRad) together with dilutions of purified
CBHI protein. The gel was transferred onto a nitrocellulose
membrane (Trans-Blot Turbo, BioRad), and the membrane
was blocked with Odyssey blocking solution (LI-COR Bio-
sciences). The CBHI protein was detected with the mouse
anti-CBHI primary antibody (mab261, 1:5000 dilution in
TBST), and goat anti-mouse-IR Dye-680R D secondary an-
tibody (LI-COR Biosciences; 1:10000 dilution in TBST).
The composition of TBST solution was 10 mM Tris—HCI,
4.4 g/1 NaCl, 0.5 ml/l Tween-20 (Fluka), pH 8.0. The vi-
sualization of the signal was performed on the Odyssey
CLx Imaging System instrument (LI-COR Biosciences).
The CBHI concentration in the culture supernatants was
calculated based on the CBHI standard with the Image Stu-
dio™ Software (LI-COR Biosciences).

Partial genome sequence analysis of Zygosaccharomyces
lentus

The ACTI gene was amplified from purified genomic DNA
of Z. lentus with primers (Zb_ACT1_F: ATGGAGAAAA
TCTGGCACCA CACCTTCTAC, and Zb_ACTI1.R:
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TTAGAAACAC TTGTGGTGGA CGATGGATGG)
designed based on the related sequenced species
Zygosaccharomyces  bailii  (http://fungi.ensembl.org/
Zygosaccharomyces_bailii_isal307/Info/Index). The PCR
product was sequenced (Supplementary Table S10), and
the qPCR primers designed based on the sequenced DNA.
To obtain suitable sequence for the genome integration, the
Z. lentus genomic DNA was digested with Munl restriction
enzyme, the DNA fragments ligated into EcoRI-digested
plasmid pRSET_A (Invitrogen) and several plasmids
containing inserts longer than 1000 bp were sequenced.
One of the fragments contained a genomic region encom-
passing YIP3 CDS with up- and down-stream regions
(Supplementary Table S11), which was used for targeting
the SES cassette into the genome of Z. lentus.

Analysis of SES system’s genetic stability

The long-term expression stability of the SES system was
tested by conducting extended, regularly diluted cultiva-
tions. First, yeast strains carrying the SES-A (Y. lipolytica
and P, kudriavzevii) or SES-A* (S. cerevisiae and P. pastoris)
cassettes were pre-cultivated on selection plates overnight
at +30°C. These cultivations were used to inoculate 25 ml
of YPD (YPD + 100 pg/ml zeocin in case of P. pastoris)
medium to initial ODygqy of 0.2. The cultivations were con-
tinued for 24 h at +30°C (250 rpm), after which 150 pl of
the cultures were used to inoculate new 25 ml of YPD (or
YPD + 100 pg/ml zeocin in case of P. pastoris). The re-
inoculation was repeated every 24 h for 7 days (Supplemen-
tary Figure S8§A). The fluorescence was measured at days 1,
3, 5 and 7. Samples for the measurements were prepared by
collecting 4 ml of cultures, pelleting the cells by centrifuga-
tion and resuspending into 400 .l of water. The fluorescence
measurement was done as described in the section ‘Fluo-
rescence measurement of yeast species with fluorometer’.
Three biological replicates (independent serial cultivations)
were performed for each strain.

Analogous tests for the SES system stability were per-
formed in 7. reesei and A. niger strains, which were first
pre-cultivated in 50 ml YPGel medium (inoculated by
conidia/spores) for 3 days at + 28°C (250 rpm). A total of
2.5 ml of the pre-cultures were used for inoculation of 50
ml YPDGel medium (YPGel with 20 g/1 D-glucose). Culti-
vations were continued for 24 h at + 28°C (250 rpm), after
which 2.5 ml of the cultures were used to inoculate another
50 ml YPGel medium. This was repeated every 24 hours for
seven days. The samples were collected at 1, 3, 5 and 7 days.
For T. reesei, 4 ml culture samples were collected by pel-
leting the mycelia by centrifugation, and resuspension into
2 ml of water for the fluorescence measurement. The fluo-
rescence was measured as described in the section ‘Fluores-
cence measurement of yeast species with fluorometer’. For
A. niger, transcription analysis was performed because the
mycelium morphology does not allow analysis by fluorom-
etry. The mycelium was collected and washed with cold wa-
ter prior freezing with liquid nitrogen. The A. niger tran-
scription samples were processed as described in the sec-
tions ‘RNA extraction and cDNA synthesis’ and ‘Quantita-
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tive RT-PCR’. Two biological replicates (independent serial
cultivations) were performed for each strain.

RESULTS
Identification of universal core promoters

We recently showed that in S. cerevisiae the TDH3 CP (CP)
alone can be used to drive the expression of a synthetic tran-
scription factor (sTF) at a low and constitutive level (10).
The low sTF level was sufficient to strongly activate a down-
stream target gene, controlled by a synthetic sTF-dependent
promoter. The low transcription activity of the CP (initial
input signal) was amplified by binding of the sSTF to the syn-
thetic promoter, leading to a significant expression level of
the target gene (output signal). The output expression level
could be adjusted from low to very high by modulating the
number of sTF BS and the choice of the CP region in the
synthetic promoter (Figure 1A) (10). However, this partic-
ular expression system (containing S. cerevisiae CPs) had
limited or no functionality in other eukaryotic microbes. We
hypothesized that by using CP(s) with broad inter-species
functionality, it might be possible to construct a generic ex-
pression system that can be used for gene expression control
in a broad range of eukaryotic organisms.

To identify such CPs we carried out a screen in S. cere-
visiae (Figure 1B). CPs selected for the test (~200 bp region
of a promoter immediately upstream of the start codon)
originated from filamentous fungi, A. niger and T. reesei,
and they were chosen from genes that displayed high tran-
scription levels under various growth conditions (13,14). We
reasoned that due to the highly conserved core transcription
machinery among eukaryotes (19,20), such CPs could have
sufficient ability to initiate transcription in a broad spec-
trum of species. We were primarily interested in CPs that
can form a strong sTF-dependent synthetic promoter, thus
we used in the screen a S. cerevisiae strain constitutively ex-
pressing a LexA-VP16 sTF (Supplementary Table S3). This
strain was transformed with a mix of linearized centromeric
plasmid and a library of candidate CPs. After in vivo as-
sembly of the centromeric plasmid with the candidate CP,
the expression system was formed, where the tested CP be-
came part of the sTF-dependent synthetic promoter driv-
ing the expression of a reporter gene, mCherry (Figure 1B).
The level of reporter fluorescence in the resulting strains
was used for quantitative assessment of the CP’s function-
ality (Figure 1C, plotted on the left y-axis). In addition, an-
other S. cerevisiae strain, which lacked the sTF, was used
in a parallel screen to assess the basal expression level of
the tested CPs in the absence of the sTF (Figure 1C, plot-
ted on the right y-axis). The absence of the sTF resulted
in substantially lower expression of the mCherry reporter
gene. Three S. cerevisiae native CPs (THI4cp, PGKIcp and
TEFIcp) were included in the screen as examples of highly
active native CPs. The screen identified several heterologous
CPs, which were highly functional in S. cerevisiae. The CP
activity with upstream bound sTF was used as the main se-
lection criterion, and the CPs showing similar activity levels
as the native yeast CPs were selected for development of the
SES (Figure 1C, green and pink shading).
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SES enables high level gene expression in diverse eukaryotic
microbes

The CPs (An_201205cp ~ An_201cp and An_00850cp ~
An_008cp) that displayed highest sTF-associated activity
among the non-yeast CPs were used to construct a SES,
SES-A (Figure 2A). The system was designed to con-
tain two expression cassettes: (i) the reporter cassette with
mCherry gene under the control of a synthetic promoter
consisting of eight sTF-BS upstream of the An_201cp; and
(i) the sTF cassette with the An_008cp controlling the sTF
expression. The sTF was composed of the (4. niger codon
optimized) Bm3R1 DNA binding protein (21), SV40 nu-
clear localization signal, and the VP16 activation domain
(7). The Bm3R1 was chosen based on literature (22,23)
and our previous experiments with diverse bacterial DNA-
binding proteins in S. cerevisiae (24) and A. niger (our
unpublished observation), where the Bm3R1-based sTF
showed highest capacity to activate expression. In addition
to the SES-A system, an analogous SES, SES-B, was con-
structed which contained another pair of well-performing
CPs identified in the screen (Supplementary Figure S1).

The SES-A system with species-specific selection marker
genes and genome-integration DNA-flanks (Figure 2A),
was integrated in single-copy into the genomes of the yeasts
S. cerevisiae, Pichia ( Komagataella) pastoris, P. kudriavzevii
and Y. lipolytica, and in the filamentous fungi 4. niger and
T reesei. These organisms form a group of evolutionarily
distant fungal hosts that are industrially relevant for chemi-
cal and fuel production (S. cerevisiae, Y. lipolytica, A. niger),
for protein production (P. pastoris and T. reesei), or repre-
sent an attractive multi-tolerant host with limited tools for
gene expression engineering (P, kudriavzevii (25)). The re-
sulting strains were analysed qualitatively by confocal flu-
orescence microscopy for production of mCherry (Figure
2B). The analysis revealed strong and uniform fluorescence
throughout the cell population in liquid cultures in all tested
hosts. In addition, a highly constitutive expression pattern
was observed also during formation of conidia (sporula-
tion) of filamentous fungi on solid media (Supplementary
Figure S2).

To quantitate the performance of the SES system, we
analysed transcription levels of the mCherry, the sTF and
the TEF gene (encoding translation elongation factor 1 al-
pha; TEFI in yeasts, tefla in T. reesei, and tefA in A. niger),
which is one of the most highly expressed genes in eukary-
otes (26). In all hosts, mCherry transcription levels were
similar or higher than the level of TEF (Figure 3A). In 7.
reesei, the transcript level of mCherry was in fact more than
60-fold higher than the level of tef/a. The NC version of the
SES system (SES-NC), where no sTF encoding DNA was
present, resulted in negligible expression of mCherry in all
hosts (Figure 3A), except of P. kudriavzevii, where moderate
levels of mCherry transcription was detected in the strain
carrying the SES-NC (~10% compared to the correspond-
ing complete SES system). This suggests that in P. kudri-
avzevii, the Bm3R1-BS may be recognised by an unidenti-
fied, endogenous transcription factor(s). Indeed, when the
number of BS was decreased or no BS were used in the NC-
SES system, the mCherry expression diminished (Supple-
mentary Figure S3).
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In S. cerevisiae, the use of the SES system resulted in rela-
tively low level of the mCherry transcription. This was most
likely caused by suboptimal translation efficiency of the sTF
mRNA (A. niger codon optimized) in this host with an AT-
rich genome. In support of this, the S. cerevisiae codon op-
timised sTF resulted in high expression of mCherry (Figure
3A, SES-A*). In P, pastoris, another organism with an AT-
rich genome, only S. cerevisiae codon optimised sTF was
used in the SES-A system (Figure 3A, SES-A*).

To assess the mCherry protein accumulation and expres-
sion level distribution in the tested species, fluorescence sig-
nal was analysed by flow-cytometry in yeast cells and in
conidia of the filamentous fungi (Figure 3B). In addition,
quantitative fluorometry of the yeast cells and the 7. ree-
sei mycelia was performed as an alternative method for the
fluorescence assessment (Supplementary Figure S4). Con-
sistent with the transcription analysis, flow-cytometry re-
vealed high level of red fluorescence in the hosts and demon-
strated homogeneous mCherry fluorescence in the anal-
ysed populations. In S. cerevisiae, a substantial increase of
mCherry production after codon optimization of the sTF
was confirmed (Figure 3B, SES-A versus SES-A*). How-
ever, additional codon-optimization of the mCherry gene
(high-GC content variant used in all SES versions) did not
increase the fluorescence level any further (data not shown).
In the T reesei conidia, some level of fluorescence was ob-
served with NC version of the SES-A system, whereas neg-
ligible expression was detected in mycelia both by qPCR
(Figure 3A) and by fluorometry (Supplementary Figure
S4). This observation indicates the existence of an unidenti-
fied mechanism that is responsible for low activation of the
SES system during 7 reesei conidiogenesis (sporulation).

The alternative expression system (SES-B) that was
based on different CPs (An_1147651cp ~ An_114cp and
An_53301cp ~ An_533cp) revealed similar performance as
the SES-A system for all analysed parameters (Supplemen-
tary Figures S1 and 4). Similar performance of both A and
B versions of the SES system suggest that the original screen
for CPs carried out in a heterologous organisms S. cerevisiae
provided a robust platform for CP functionality.

The function of the SES system was also tested by di-
rect comparison with established expression systems, i.e.
native or commonly used promoters. Single copy genome-
integrated expression cassettes, containing the mCherry re-
porter gene under the control of typically used fungal pro-
moters (Supplementary Figure S5A), were compared to the
SES-A system in the selected hosts. The S. cerevisiae PGKI
promoter (27), Y. lipolytica TEFI promoter (28), P. pas-
toris GAPI promoter (29) and A. nidulans gpdA (30), were
tested in S. cerevisiae, as well as individually in the natural
hosts (Supplementary Figure S5B and C). The fluorome-
try analysis of the yeast strains, and the transcription anal-
ysis of the A. niger strains, revealed that the SES system
considerably outperformed the established expression sys-
tems in each species. In addition, it was demonstrated in the
S. cerevisiae example (Supplementary Figure S5B) that the
species-specific promoters cannot be used for efficient gene
expression in other hosts.
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Figure 3. Quantification of the SES performance in fungal hosts. (A) Transcription analysis of the strains. The mCherry transcript levels were compared
to the transcript levels of endogenous TEF genes in each host. Transcript levels of the sTF are shown on the secondary y-axis. PS denotes the parental
strains (without SES). In Saccharomyces cerevisiae, in addition to the SES-A, also a modified version was tested having the S. cerevisiae-codon-optimized
sTF gene, which is indicated by an asterisk (SES-A*). In Pichia pastoris, only the SES-A* version was used. The transcription of the UBC6 gene homologs
(Supplementary Table S9) in each species were used for normalization. Values and error bars represent the mean and standard deviation from two biolog-
ical (four technical) replicates. (B) Analysis of mCherry expression by flow-cytometry. Flow-cytometry was performed on cells (yeast species) or conidia
(filamentous fungi). The box plots show the fluorescence intensity (mCherry) normalized by the particle (cell/conidia) size (FSC—forward scatter) for ~10
000 cells/conidia from each strain. The horizontal red line (inside the grey box) represents the median value, the grey box represents the interquartile range
(IQ range), the bottom line of grey box represents the 25% percentile value, the top line of grey box represents the 75% percentile value. The whiskers in
box plot together with the 1Q range, represent about 99% of all measured instances (cells/conidia) (for numerical values see Supplementary Figure S4A).
Alternative fluorescence analysis of the strains was performed by quantitative fluorometry (Supplementary Figure S4B and C).
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Cross-species expression level tuning by SES

Components of biological systems (enzymes in metabolic
pathways, subunits in protein complexes, etc.) need to be ex-
pressed at specific, often very dissimilar, levels to ensure op-
timal performance. For this purpose, numerous expression
systems have been developed (31) that provide adjustable
expression levels of target genes. The expression levels can
be controlled by employing differently strong native pro-
moters or their modified versions (8,30). In heterologous ex-
pression systems, inducing agents regulating the transcrip-
tion levels (1,3,8,9,32), or selected CPs, orthogonal tran-
scription factors and their BS (1,3,6,10,33,34) have also
been successfully utilized. However, all of these systems are
host-specific. To test whether the SES system enables ex-
pression level adjustment in diverse organisms, we used two
distantly related species, P. kudriavzevii and A. niger. The
SES-A system was modified to contain zero, one, two, four
or eight sSTF-BS upstream of the mCherry gene (Figure 4A),
and it was integrated in single copy into genomes of these
hosts. Depending on the number of sTF BS, the mCherry
mRNA levels in P kudriavzevii varied from negligible (0
sTF BS) to levels comparable to TEFI (eight sTF BS) with
about 40-fold expression range (Figure 4B). Notably, P ku-
driavzevii is a diploid yeast where both alleles contribute to
the transcription level of TEFI, as opposed to mCherry ex-
pression from a single SES-A cassette. In 4. niger, expres-
sion levels varied from negligible to levels that exceeded 4-
fold tefA expression with over a 9000-fold expression range
(Figure 4B). Fluorescence flow cytometry analysis of P. ku-
driavzevii cells and A. niger conidia confirmed the adjusta-
bility of mCherry expression levels in these strains (Figure
4C).

SES enables improved protein production in 7. reesei

To assess the utility of the SES system in an industrially rel-
evant application, we employed 7. reesei, which has the nat-
ural ability to secrete large amounts of proteins (35) and is
commonly used for industrial production of enzymes (36).
Typically, heterologous protein production is achieved by
using the strong inducible chhl promoter. The media induc-
ing this promoter leads to simultaneous co-production of
a high number of native cellulolytic enzymes (36). This re-
sults in increased downstream purification costs for the pro-
tein(s) of interest. Therefore, an expression system that en-
ables high production levels in conditions where the broad
induction of cellulolytic enzymes does not occur would be
highly beneficial.

We modified the SES expression cassette by replacing
the mCherry gene with a gene encoding 7. reesei native
cellobiohydrolase CBHI enzyme (Figure 5A). A T reesei
strain with two genome-integrated copies of the CBHI-
SES cassette (SES-C) was tested in bioreactor cultivations.
The SES-modified strain and the parental strain were cul-
tivated either in a cellulase-inducing medium containing
spent grain and lactose (SGM) commonly used for chhl-
promoter-driven production of proteins, or in a glucose-
containing medium where the expression of large major-
ity of native secreted enzymes (e.g. cellulases) is repressed.
Both strains secreted highly similar protein mixtures (17.8
g/land 17.6 g/1 total protein on day 5, respectively) into the
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culture medium in the cellulase-inducing conditions (Fig-
ure 5B). However, when the strains were grown in the pres-
ence of glucose, only a small amount of protein (1.2 g/1, on
day 5) was secreted by the parental strain, whereas the SES
strain secreted 5.9 g/l of protein, which consisted mainly
of CBHI (~70% in contrast to ~30% in SGM). In addi-
tion, the amount of the CBHI protein produced by the SES
strain on glucose was similar to the amount produced by
the parental strain in inducing conditions (4.1 g/l and 4.8
g/1, respectively) (Figure 5C).

Transcription analysis of the bioreactor samples (Supple-
mentary Figure S6) revealed principal differences in CBHI
production in the parental and the SES strains. In the
parental strain, chhl transcription was strongly induced, al-
beit decreasing at latter stages of the culture in the SGM
medium, as is typically observed (14). However, in the SES
strain the cbhl transcription displayed a much more stable
profile in both media.

SES functionality in novel organisms

Numerous microbes with highly promising properties are
currently underutilized both in research and in biotechno-
logical applications. This is mainly due to lack of tools for
their genetic engineering, and related to this, the need for
tedious development of such tools for each organism indi-
vidually. We set out to test the usability of the SES system
in engineering of two such organisms, the highly osmotoler-
ant yeasts species C. apicola (37) and Z. lentus (38) that, to
our knowledge, have not been genetically engineered pre-
viously. A genome sequence draft of C. apicola has been
published (37); however, Z. lentus genome has not been se-
quenced. To circumvent this deficit, we performed partial
genome sequence analysis of Z. lentus to obtain a suitable
non-essential locus for SES cassette integration. To enable
selection of transformants in these novel hosts the SES sys-
tem was modified to allow selection marker gene (NAT) ex-
pression control by the sTF (Supplementary Figure S7A).
The SES cassette integration in the genomes of these species
resulted in strains, which were not only able to grow in
the presence of nourseothricin, but showed strong and uni-
form mCherry fluorescence as monitored by fluorescent
microscopy (Supplementary Figure S7B), and fluorometry
analysis (Supplementary Figure S7C). This demonstrates
the potential of the SES system beyond established hosts,
and opens up possibilities to introduce new organisms for a
broad range of applications.

DISCUSSION

Introducing novel production hosts to industrial processes
is currently limited by the need to develop an expression sys-
tem for each host individually. In addition, the host-specific
DNA parts are not orthogonal to the native regulation and
may require specific cultivation conditions for optimal func-
tion. For example, the use of native DNA parts may prohibit
the use of the cheapest available media or may require sup-
plementation of various inducer compounds. Therefore, an
expression system that would circumvent these issues, and
yet allow efficient expression control in any host is in great
demand.
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Figure 4. Expression level adjustability tests in Pichia kudriavzevii and Aspergillus niger. (A) A schematic presentation of the SES-A cassettes with zero to
eight sTF-BS (0-8BS), including positions of selection markers and genome-integration flanks for P. kudriavzevii and A. niger. (B) Transcription analysis
of the P. kudriavzevii and A. niger strains with the SES-A (0-8BS) systems. The mCherry, the TEF and the sTF transcript levels were monitored, and
normalized to the transcript signal of the UBC6 homologs as in the Figure 3B. PS denotes parental strain (without SES). Values and error bars represent
the mean and standard deviation from two biological (four technical) replicates. (C) Analysis of the mCherry fluorescence by flow-cytometry measurements
of P. kudriavzevii cells and A. niger conidia. The box plots show the same features as in Figure 3B. The analysis of the mCherry expression in P. kudriavzevii

was also performed by quantitative fluorometry (Supplementary Figure S2D).

This work provides a solution by establishing a robust
and transferable SES that is functional in a remarkably
broad range of eukaryotic microbes. The SES system en-
ables expression of target gene(s) at similar or higher lev-
els than very strong endogenous promoters or conventional
gene expression tools. In addition, the SES can be used
for on-demand modulation of target gene(s) expression lev-
els, hence offering novel possibilities in orthogonal con-
trol for metabolic engineering, protein production, or other
bioengineering purposes. Without host-specific optimiza-
tion, we demonstrate SES utility in six yeasts and two fila-
mentous fungi covering several industrially relevant fungal
genera. Thus, SES displays unprecedented functionality in
gene expression regulation across a wide range of eukary-
otic hosts.

The functionality in diverse hosts arises from the key el-
ements of SES, the selected CPs. We identified the highly
functional universal CPs for SES by screening CPs from fil-
amentous fungi (4. niger and T reesei) in S. cerevisiae (Fig-
ure 1B and C) and found candidates, which proved to be
highly functional as universal CPs. The candidate CPs were
chosen based on the presence of a TATA-box in their struc-
ture, and on the relative level of gene expression, where these
CPs are part of the promoter. Indeed, most eukaryotic pro-
moters do not contain a canonical TATA-box (39-41) and
it is likely that many of the so called “TATA-box-less’ CPs
might also be universally functional. There were two fea-
tures of the screened CPs essential for their use in the SES
system: (i) ability to provide high transcription level of the
target gene, when incorporated in the sTF-dependent pro-
moter, and (ii) sufficient basal transcription activity, when
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Figure 5. SES-based production of CBHI protein in Trichoderma reesei. (A) A schematic presentation of the SES-C cassette, including position of the HPH
selection marker and chhl-locus genome-integration flanks, used for production of CBHI enzyme in 7 reesei. (B) The analysis of total protein produced
(secreted) in bioreactor cultivations of 7. reesei. The parental (PS) as well as the SES strain were cultivated in cellulase-inducing medium (containing lactose
and spent grain, SGM), and repressing medium (containing glucose). Culture media samples were analysed for total produced protein by SDS-PAGE gel
and Coomassie staining (left panel). The total protein concentrations were calculated based on the purified CBHI protein standard (right panel). (C) The
analysis of the CBHI protein produced (secreted) in bioreactor cultivations of 7. reesei. The samples of B) were analysed by a western blot (left panel) with
a specific anti-CBHI (mab261) antibody. The CBHI concentrations were calculated based on the purified CBHI protein standard (right panel).

used as a sole control element for the sSTF expression. These
two characteristics seemed to be positively correlated for
majority of the tested CPs (Figure 1C).

We demonstrated that the SES system can provide su-
perior performance in providing constitutive and high ex-
pression levels in diverse hosts. In fact, the expression levels
achieved by the SES were considerably higher than expres-
sion levels of many established expression systems (com-
monly used native promoters) in the tested fungal hosts
(Supplementary Figure S5). In addition, in A. niger and
T reesei, the SES enabled expression in conidia, hyphae
and other tissues (A4. niger conidiophore) (Supplementary
Figure S1) indicating unprecedented stability of the expres-
sion outputs. This is in marked contrast e.g. to the activ-
ity of the native T. reesei chhl promoter that is commonly
used for industrial production of heterologous proteins in

T reesei. The expression of mCherry under the c¢bhl pro-
moter resulted in a strong fluorescence signal only in 7. ree-
sei mycelia but not in conidia in the ¢bhl-inducing condi-
tions (Supplementary Figure S1).

In many cases, protein purification costs may comprise
up to 90% of the manufacturing costs. Thus, simplification
of down-stream processing, for instance—by enhancing the
purity of the product, could result in substantial savings. We
used the SES system in the filamentous fungus 7. reesei for
production of a widely used industrial enzyme, cellobiohy-
drolase I (CBHI) and demonstrated high-level production
(secretion into culture medium) of this protein in the pres-
ence of glucose (Figure 5). With this strategy we were able to
produce significantly purer protein at levels comparable to
the levels achieved by the well-established c¢bil promoter.
This indicates that SES can enable high production levels
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for desired enzymes, or even tailored enzyme mixtures, with-
out undesirable background activities in 7. reesei. It should
be emphasized that the SES system was not optimized for
T reesei, and the target gene transcription levels obtained
were significantly lower than the maximal transcription lev-
els with the fully induced ¢bhl promoter (Supplementary
Figure S4). The constitutive nature of the SES-controlled
expression, however, provided means for a high final pro-
duction titer of the CBHI protein. It is possible that other
CPs, optimized for use in 7. reesei would allow a stronger
transcription output and improved production.

In contrast to protein production, synthesis of biochem-
icals in microbial fermentations involves enzymatic path-
ways to convert a substrate to a target compound. Efficient
conversion requires the individual enzymes of a pathway to
be present in optimal proportions to ensure maximal flux
through the pathway. Highly dissimilar expression levels of
the pathway enzymes may be needed, especially if some het-
erologous enzymes confer poor performance in the given
host (42). Our results provide strong evidence that SES al-
lows expression level tuning in diverse hosts, as demon-
strated in P. kudriavzevii and A. niger (Figure 4B and C) with
identical expression cassettes. In addition, the finely graded
expression pattern was retained in A. miger in mycelium
grown in liquid culture (Figure 4B) as well as in conidia
formed on solid media (Figure 4C). This implies that the
SES system allows, in multiple hosts, fine-tuned metabolic
pathway optimization that is essential to reach industrially
feasible production levels.

The genetic stability of an expression system is a key fea-
ture for any successful application. To reduce the probabil-
ity for recombination between repetitive sTF-binding-sites,
the SES system was designed to contain variable DNA-
linkers between the individual BS. In addition, the sTF-BS
can also be modified by introducing mutations, which can
increase the variability, but do not negatively affect the sTF
binding. We tested the stability of the SES performance in
extended cultivations, and found no signs of expression level
decline during repeated serial cultures over one week (Sup-
plementary Figure S8).

Future development of industrial biotechnology will
need introduction of novel production hosts. The need for
new organisms is motivated by numerous factors, includ-
ing use of novel substrates or production conditions (often
harsh or toxic biomass hydrosylates/sidestream fractions),
need for specific metabolic or physiological features, IPR is-
sues, etc. However, introducing new hosts with superior na-
tive characteristics into a bioprocess can be a costly endeav-
our, especially if the development and establishment of ex-
pression tools has to be undertaken to genetically engineer
the novel organism. We demonstrate with two little stud-
ied yeast species, C. apicola and Z. lentus, that SES pro-
vides an important, enabling tool for the establishment of
new industrial hosts. In order to achieve selection of trans-
formed colonies, and without prior knowledge about native
or functional promoters in these species, we extended the
SES system with a selectable marker gene to create a fully
autonomous, universal expression system (Supplementary
Figure S5A). By obtaining highly fluorescent colonies, we
were able to demonstrate that the SES system can be used
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for high-level gene expression control also in these previ-
ously unexploited hosts.

In conclusion, the SES system is ready to be applied for
studies investigating biological phenomena in a broad range
of eukaryotic microorganisms that have previously been
lacking gene expression tools. At the same time, SES can be
used to optimize industrial production hosts, and increase
the number of engineerable organisms that exhibit advan-
tageous properties for biotechnological applications.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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