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1. Introduction 

The world we know today is going to face serious challenges in the following 
decades. For example, billions of people are at risk of losing their homes or life-
lines due to climate changes. Environmental contamination and overconsump-
tion of natural resources causes excessive burden on ecosystems, and it com-
promises supply of important raw materials in future. For example, demand for 
oil and rare metals will eventually exceed their supply, which can lead to severe 
disturbances in world’s economy. In addition, food production is compromised 
in future due to extensive farming, plant diseases, and climate change. Unfortu-
nately, the pressure for overexploitation is only expected to increase because of 
increasing population and growing economy. As a result, a fierce competition 
from scarce resources exposes future societies to severe ecological and social 
problems, such as loss of biodiversity, famine, massive emigration waves and 
wars. 

One of the most puzzling question that humankind must solve is how to dis-
connect economic growth and high standard of living from excessive use of nat-
ural resources. Currently, industrialized societies are fuelled by cheap and 
multi-use fossil fuels, and unfortunately, no competitive alternatives are availa-
ble for their replacement. However, intense research and development work is 
ongoing to develop new technologies, which would allow efficient conversion of 
renewable biomass and waste streams to new products. From several promising 
technologies, especially biotechnology is expected to revolutionize industrial 
manufacturing because it can provide desired solutions for multiple global chal-
lenges such as resource sufficiency, medical treatment, environmental conser-
vation, and food supply [1]. 

Biotechnology is a practise, which harnesses living cells, or their constituents, 
in production processes. For example, cells’ native or engineered enzymatic ac-
tivities can be exploited to convert feedstock to products with commercial value. 
This manufacturing concept is known as cell factory (Figure 1). One of the most 
important benefit of this concept is that products can be manufactured from 
sustainable and renewable feedstock, such as biomass or industrial waste, by 
fermentation. As a result, these products have often a significantly lower envi-
ronmental impact compared to fossil fuel based counterparts. In addition, bio-
technical processes are often safer and more environmentally friendly than 
most chemical manufacturing processes, because bioprocesses are performed 
under mild conditions using less harmful chemicals, and producing less waste 
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[2]. Biotechnical manufacturing can also provide attractive methods for produc-
tion of complex molecules due to highly specific enzymatic conversions. 

 

Figure 1 The cell factory concept. Organisms can be engineered to utilize waste streams to pro-
duce fuels, useful chemicals and material precursors. 

Even though biotechnology is considered as a promising future technology, it 
is an established industry already today, with  products ranging from various 
renewable fuels and chemicals to material components [3]. Succinic and ita-
conic acids are good examples of important platform chemicals, which can be 
converted to various products, like resins, polyesters, styrene or latexes [4]. In 
addition, protein production is a multi-billion dollar industry whose products 
are widely used in food, feed, biofuel, pharma and textile industries [2]. Com-
mon protein products include e.g. enzymes such as amylases, pectinases, li-
pases, cellulases, phytases, xylanases, laccases and proteases. The demand for 
enzymes is strongly increasing because their use often provides an efficient and 
environmentally friendly solutions for processing of diverse materials. Bio-
pharma industry is also one of the most rapidly growing industries as many 
novel treatments and diagnostic methods are based on biotechnical products, 
like antibodies and other therapeutic proteins. Finally, food industry is one of 
the biggest industries in which biotechnology is commonly applied. For exam-
ple, manufacturing of alcoholic beverages and many dairy products involve bi-
otechnical production steps. In addition, completely new food applications, 
such as production of synthetic milk or meat, are intensively developed with 
promise of a significant impact on future food supply. 

In spite of the many positive aspects of biotechnical manufacturing, many hur-
dles must still be solved before it can truly compete with well-established tradi-
tional production systems [1]. Currently, many biotechnically manufactured 
products are too expensive to be competitive, unless governmental subsidies are 
paid. One of the greatest challenge is the poor efficiency of biotechnical pro-
cesses, which is caused for instance by inefficient raw material utilization and 
slow feedstock conversion rates [5]. In addition, extensive downstream pro-
cessing increases cost in numerous applications, such as in protein production. 
As a result, many biotechnical applications are associated with high operating 
(OPEX) and capital expenses (CAPEX) which limits their attractiveness among 
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investors. On the other hand, some biotechnical products, such as biopharma-
ceuticals, have superior properties and thus their biotechnical production pre-
sents significant business opportunities already today. 

Development of economically viable bioprocessing applications involves mul-
tiple steps including concept design, feasibility studies, strain development, op-
timization of production conditions, and production plant design. In addition, 
ensuring sufficient funding and meeting all the regulatory requirements are crit-
ical for successful implementation. From all these steps, strain engineering is 
usually the most challenging one whose outcome defines the success of the con-
cept. For example, inability to gain sufficiently high yields leads to high manu-
facturing costs and poor competitiveness. The challenge in strain development 
lies in the fact the cells are naturally optimized for growth and they have evolved 
complex regulatory systems to avoid excessive production or consumption of 
valuable nutrients [6]. Thus, significant engineering efforts are needed for re-
purposing cellular processes for industrial use. However, our abilities to effi-
ciently engineer the genome of production host organisms is often limited. In 
addition, the tools required for strong and predictable gene expression control 
are often not available, especially in the case of less established hosts [7]. An-
other challenge comes from the fact that automated high-throughput strain en-
gineering pipelines are often unavailable, which makes the development work 
slow. As a result, strain engineering work requires significant amount of time 
and money, which is directly reflected to attractiveness of this field from indus-
try’s point of view. 

In order to alleviate some of the above-mentioned challenges, this PhD work 
focused on developing solutions for artificial gene expression control in eukar-
yotic organisms. The aim was to deliver novel tools for more straightforward 
genetic engineering of diverse production hosts. The work is based on bioengi-
neering approach, known as synthetic biology. However, prior to presenting the 
actual work outcomes, state-of-the-art in biotechnical approaches and strain 
engineering strategies will be briefly reviewed. First, organisms commonly used 
in industrial scale bioprocesses will be outlined. Second, traditional as well as 
recently developed strain engineering principles will be introduced, followed by 
a general information on eukaryotic gene expression regulation. And finally, 
overview of the currently used genetic engineering tools will be presented - 
forming the connection to the PhD thesis work.  

1.1 Production hosts 

Biotechnical products are used for various purposes in a wide range of applica-
tions. Naturally, manufacturing processes needs to be optimized for each prod-
uct, and this development process includes a selection of an appropriate pro-
duction host. Thus, the hosts cover a spectrum of different type of organisms 
varying from microbes to mammalian cells, insects and plants, and the selection 
depends strongly on the application. For example, production of bulk chemicals 
takes place in large fermentation facilities using low cost feedstock and highly 
efficient production organisms to minimize manufacturing costs. Preferred 
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hosts include robust and rapidly growing organisms tolerating harsh industrial 
conditions, such as shear forces caused by intense stirring, low pH, or toxic com-
pounds associated with many industrial processes. In addition, industrial feed-
stock, such as lignocellulosic material, may contain growth inhibitors and sub-
strates that are difficult to metabolize by most organisms. Multi tolerant organ-
isms, for instance fungal species with specific metabolic capacities, are often 
used in these applications. On the other hand, very different properties are 
needed from production hosts, which are used in manufacturing of pharmaceu-
tical compounds, such as therapeutic proteins. In these applications, stable 
quality and product safety are top priorities. Thus, these products are manufac-
tured from pure ingredients using highly controlled manufacturing processes. 
In addition, the proper functionality of therapeutic proteins requires that the 
host is capable of performing necessary post-translational modifications. For 
example, correct glycosylation pattern is important for the protein product sta-
bility in vivo, and to decrease rejection by human immune system [8]. Mamma-
lian cells are often used in these applications, in spite of their slow growth, ex-
pensive cultivation, and relatively low productivity. 

1.1.1 Bacteria 

Multiple bacterial species have been exploited in biotechnical applications. The 
most commonly used bacteria include Escherichia coli (E. coli), Bacillus subtilis 
(B. subtilis), Pseudomonas putida (P. putida), many species of cyanobacteria, 
and lactic acid bacteria, such as Lactobacillus casei [9–11]. Many of these or-
ganisms have several advantages, which make them attractive hosts for multiple 
applications. For example, diverse metabolism combined with ability to grow 
fast in simple media, relative ease of process upscaling, and high yields are com-
mon features. On the other hand, the greatest drawbacks of bacterial production 
hosts include their inability to introduce specific post-translational modifica-
tions, and often their low tolerance for low pH. In addition, proteins are often 
produced as intracellular and in insoluble inclusion bodies, which needs to be 
extracted and refolded to gain functional protein products [12]. The applications 
which use bacterial hosts include production of non-glycosylated monoclonal 
antibodies, hormones, cytokines, enzymes and other recombinant proteins, 
such as insulin in E. coli, and amylases in B. subtilis [12–14]. Besides the protein 
production, E. coli is also widely used for production of biochemicals, like lac-
tate, butanol or 3-hydroxypropionic acid [15]. Regarding the genetic manipula-
tions, especially E. coli is one of the most studied and well-established produc-
tion organisms with broad spectrum of available genetic tools and technologies 
required for the strain engineering. 

1.1.2 Yeast 

Yeasts form a diverse group of unicellular eukaryotic organisms, which belong 
to the fungal kingdom. This group is one of the most important from industrial 
perspective and it contains many promising species. Many yeasts can utilize a 
wide spectrum of carbon sources and they can grow to high cell densities. In 
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addition, their cultivation at large scale is relatively simple. Unlike bacterial or 
mammalian cell cultivations, yeast cultivations are not prone to infectious 
agents, such as bacteriophages or viruses [16]. Yeasts are also capable of per-
forming many post-translational modifications, which enables their use in pro-
duction of pharmaceutical proteins, like insulin or human serum albumin [17–
19]. Yeast has also subcellular compartments with varying chemical environ-
ments, and they can be repurposed for biotechnical use [20–22].  

The most established yeast species used in biotechnical industry is Saccharo-
myces cerevisiae (S. cerevisiae). It has been used for centuries for production 
of fermented food and beverages, such as bread, beer and wine, but recently the 
number of applications has significantly increased. For example, it has been en-
gineered to produce the precursor of antimalarial drug, artemisinic acid [23]. In 
addition, S. cerevisiae is the most studied eukaryotic organisms, and as a result, 
its genome is well annotated and cellular processes are well understood. Several 
metabolic models have also been developed for this host [24]. Genetic engineer-
ing of S. cerevisiae is also relatively simple due to efficient homologous directed 
repair mechanism and good selection of molecular biology tools. S. cerevisiae 
has also been granted with Generally Regarded As Safe (GRAS) status by US 
Food and Drug Administration (FDA) [25]. 

In addition to S. cerevisiae, multiple other yeast species with varying charac-
teristics have either already been recruited for industrial use, or they provide 
significant opportunities for future applications. For example, oleaginous yeast 
Yarrowia lipolytica is a potential host to be exploited in biodiesel industry due 
to its ability to accumulate lipids at high amounts [26]. Another yeast, Han-
senula polymorpha, is a thermotolerant species which can grow in tempera-
tures up to 50 °C [16]. Thus, its use could decrease energy cost arising from 
cooling of bioreactor. Pichia pastoris (P. pastoris, recently renamed to Koma-
gataella pastoris) is a methylotrophic yeast, which has found its use in multiple 
protein production applications [27]. This yeast can grow to extremely high cell 
densities (>100  g/L dry cell weight) and produce proteins levels which some-
times exceed 20 g/L [28, 29]. Pichia kudriavzevii is a multitolerant yeast, whose 
use could allow efficient production of varying products such as D-xylonate 
[30]. Other biotechnically important species include for example Kluyveromy-
ces lactis, Schizosaccharomyces pombe and Kluyveromyces marxianus. How-
ever, the mentioned species represents only a fraction of the diversity that is 
found from this group of organisms. Unfortunately, the greatest challenge that 
hinders the establishment of new yeast species for biotechnical use is the lack of 
engineering tools. In addition, many yeast species have inefficient homologous 
repair mechanism making their genetic engineering challenging [16].  

1.1.3 Filamentous fungi 

Filamentous fungi represents a highly diverse and industrially important group 
of organisms. They are natural producers of many commercially relevant prod-
ucts, like organic acids, antibiotics, and proteins. Industrially relevant filamen-
tous fungi include species from genera Aspergillus (A. niger, A. nidulans, A. 
awamori, A. oryzae), Trichoderma (T. reesei), Neurospora (N. crassa), and 
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Penicillium (P. chrysogenum) [31, 32]. They share many same benefits as yeasts 
such as relatively high growth rates, high biomass densities and robustness. For 
example, many Aspergilli can tolerate extreme cultivation conditions, and they 
can be cultivated in wide range of pH, temperature, salinity etc. [32]. In addi-
tion, many filamentous fungal species can metabolize a wide spectrum of sub-
strates, which enables use of low cost feedstock [33]. Moreover, numerous fila-
mentous fungal strains have superior protein secretion capacity compared to 
yeasts [8].  

The challenges related to filamentous fungi include relatively high protease 
activities, which can limit protein yields, especially in the case of heterologous 
proteins [34, 35]. Some species also prefer acidic environment for growth, 
which may affect functionality of produced proteins. Some strains are also pro-
ducing toxins, which limits their use in biotechnical applications in food, feed 
and human health related products. For instance, Aspergillus fumigatus pro-
duces aflatoxin, which is highly toxic compound. In addition, fungal organisms 
are often difficult to genetically modify, and their morphology might complicate 
strain engineering and cultivations.  

One of the most widely established fungal organism is A. niger, which has 
been exploited in industrial applications already for decades. The most im-
portant products manufactured using this host include citric and gluconic acids, 
and industrial enzymes amylases, proteases, lipases and cellulases [8]. The ob-
tained proteins yields at their best have been in the range of 10–50 g/L. Another 
important fungal production host that is widely utilized in industry is T. reesei. 
It was originally isolated from the Solomon Islands during World War II and it 
was observed to degrade cotton fabrics quickly [36]. It has natural capacity to 
secrete cellulase enzymes at high level, however, its performance has been im-
proved further by extensive strain engineering [36]. As a result, some studies 
have reported total protein titres exceeding 100 g/L making it a highly attractive 
host for multiple applications [2]. T. reesei is commonly used for production of 
proteases, xylanases, amylases and cellulases [1–4]. In addition, both T. reesei 
and A. niger have been proposed to provide attractive platform for production 
of therapeutic proteins due to their high protein secretion capacity and ability 
to perform multiple post-translational modifications. For example, Fab anti-
body fragment has been expressed to level of 1.2 g/L in A. niger [37] and inter-
feron alpha-2b to level of 4.5 g/L in T. reesei [5, 6].  

1.1.4 Mammalian cells and plants 

Even though bacterial and fungal cells are widely utilized workhorses in indus-
trial biotechnology, their use is limited in applications in which mammalian-
type post-translational modifications, especially glycosylation, have a signifi-
cant role. For instance, yeasts exhibit a high mannose type of glycosylation pat-
tern, which significantly differs from mammalian glycosylation [12, 38]. There-
fore, mammalian cells such as baby hamster kidney (BHK21), murine myeloma 
cells (NS0 and Sp2/0), human embryonic kidney 293 (HEK293), and especially 
Chinese hamster ovary (CHO) cells are preferred in biopharma applications [12, 
39]. The significant drawbacks of mammalian cell lines are however slow 
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growth rates and relatively low productivity. In addition, mammalian cells cul-
tivation possess a significant challenge due to requirement for complex media 
containing growth factors, and susceptibility of the cells for viral contamina-
tions. Consequently, manufacturing costs of biopharmaceuticals are high, which 
partly limits their wider use in medical treatment, particularly in developing 
countries. 

Plant based production platforms represent another promising strategy for 
production of biopharmaceuticals. As mammalian cells, plants are also able to 
perform complex glycosylation operations, which however, partly differ from 
mammalian type. The main benefits of using plants as production hosts instead 
of mammalian cells include lowered production costs, possibility for easy up-
scale, and improved safety [40]. For example, most animal pathogens are not 
able to infect plant cells. The commonly used production systems include to-
bacco Nicotiana benthamiana and maize [41]. One of the most recent example 
of plant based pharmaceuticals is ZMapp, which is used for Ebola treatment.  It 
is a mix of three humanized monoclonal antibodies, which have been produced 
in Nicotiana benthamiana [42]. Transient production of such products in 
plants can be of critical advantage in cases of urgent need, for instance, during 
emerging pandemic disease, when fast upscale of production is needed. This can 
be achieved in relatively simple production units (greenhouses), instead of us-
ing expensive fermentation facilities and need for complex media [40]. 

1.2 Production host engineering 

Naturally occurring organisms can rarely as such provide industrially relevant 
yields [43]. Thus, strain engineering is often performed to improve the produc-
tivity. Classical strategy to obtain better yields, is to expose a strain to mutagenic 
agents, such as ionizing radiation or chemicals, to introduce random DNA mu-
tations and genetic rearrangements [44]. The resulting genetically altered pop-
ulation is then screened for improved producers. This strategy has resulted in 
greatly improved yields of compounds, which are naturally produced by the 
host. Significant improvements have been obtained in yields of amino acids, an-
tibiotics, vitamins and native proteins [6, 45]. In addition, mutagenesis has 
shown to be an excellent strategy to improve other host’s characteristics as well, 
such as protein secretion capacity, tolerance for extreme conditions, or de-
creased protease activity [35, 46]. For example, protein production capacity of 
original T. reesei QM6a has significantly been improved using this strategy [46]. 
In conclusion, the strains improved by random mutagenesis methods can pro-
vide an excellent starting point for a subsequent rational strain engineering 
work. 

Adaptive laboratory evolution is another method, which is commonly utilized 
in development of production strains. In this method, cells are cultivated for the 
extended time (weeks to years) in a conditions which directs the evolution to-
wards desired phenotype [47]. Typically this strategy aims e.g. for development 
of strains which have increased tolerance for environmental stress factors or 
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which can more efficiently metabolize certain substrates. For example, this 
method has been used to improve growth of S. cerevisiae on xylose [48].  

Targeted genetic engineering, on the other hand, is a rational strategy, which 
has been used for production host engineering since 1970s. The key feature of 
this strategy, which relies on transformation of DNA into a host, is introduction 
of specific and designed genetic modifications. The transformed DNA is often 
prepared by utilizing recombinant DNA technology. Genetic engineering is typ-
ically used for introduction of heterologous genes or deletion or overexpression 
of native genes [45]. Genetic engineering is commonly used in protein produc-
tion applications for deletion of harmful proteolytic activities and for introduc-
tion of heterologous protein expression cassette(s) [32]. In addition, metabolic 
engineering applications are also strongly dependent on the ability to control 
and engineer cellular processes rationally. For example, it is critical that enzy-
matic production pathways are optimized to maximize flux through the pathway 
[43, 49, 50]. 

Genetic engineering has shown to be a highly useful for development of indus-
trial production strains as well as for biological research. However, the develop-
ment of production strains using the traditional methods is typically difficult, 
expensive and slow. One of the greatest challenge that hinders a development 
work is the lack of efficient and predictable strain engineering tools. For exam-
ple, the ability to edit genome of production organisms efficiently, or to achieve 
precise control in gene expression, has been and still is limited. Several trans-
formation rounds and extensive screening might be required to obtain strains 
with a desired genotype and phenotype. The tools required for strong and pre-
dictable gene expression are often poorly available, especially in the case of less 
established hosts. Moreover, biotechnical laboratory work often requires signif-
icant amount of manual sample processing work, which limits throughput and 
requires extensive human resources. However, the latest developed strain engi-
neering strategy, known as synthetic biology, can greatly simplify this work.  

Synthetic biology is a new engineering discipline, which aims to provide new 
means for strain engineering. This strategy is increasingly based on characteri-
zation and standardization of modular DNA parts, which can be used for assem-
bly of predictably functioning genetic systems [51, 52]. This strategy is strongly 
relying on automated strain engineering pipelines and computational methods, 
which can help in design, building and testing of engineered systems [53]. In 
addition, the supplementation of existing computational models with experi-
mental results can improve models, and thus guide system design better in the 
next round. As a result, strain engineering is increasingly based on iterative de-
sign–build–test–learn (DBTL) cycle [54]. The recently developed molecular bi-
ology tools such as CRISPR-Cas9 and new cloning strategies are also highly im-
portant in this field. In addition, the access to affordable DNA sequencing and 
DNA synthesis forms an important basis for this field.  

The availability of DNA parts, which are essential for synthetic biology appli-
cations, has greatly expanded during the recent years. Several studies have ad-
vanced on characterization of new DNA parts, such as promoters, synthetic 
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transcription factors, terminators, fluorescent proteins and heterologous en-
zymes or pathway genes [55–63]. Therefore, the assembly of increasingly com-
plex systems has become possible, however, it is still not a trivial task [64, 65]. 
Construction of artificial regulatory circuits requires good knowledge of circuit 
dynamics, which is affected by multiple factors such as genetic and functional 
stability of the system components [66]. In addition, some DNA parts might 
cross-react with native regulators, which might lead to unpredicted perfor-
mance and functionality of the system. As a result, orthogonality of the tools i.e. 
their minimal cross-talk with the host organism is of a great importance. Gen-
erally, in order to maximize orthogonality, the used DNA parts should ideally 
originate from non-related species, and they should not have homologues in the 
production organisms.  

1.2.1 Principles of strain engineering 

Synthetic biology, as well as classical genetic engineering, is in most cases 
based on DNA transformation, i.e. implementation of externally added DNA 
into the host organism. Thus, the building of artificial genetic systems is typi-
cally initiated by DNA cloning - construction of expression or deletion cas-
sette(s). Multiple alternative ways for cloning have been developed, which are 
mostly based on use of (molecular biology) enzymes such as restriction en-
zymes, ligases, phosphatases or polymerases. The most classical cloning method 
utilizes class II restriction enzymes, which are used to digest DNA at specific 
sequence sites. The DNA fragments of interest are then joined together in a li-
gation reaction to form an intended DNA constructs. However, new cloning 
strategies such as Gibson assembly and golden gate cloning systems with mod-
ular parts have recently been developed [55, 67]. With the aid of these tools, the 
assembly of complex DNA constructs consisting of multiple parts has become 
possible in a single cloning step. Furthermore, the price of DNA synthesis is 
rapidly decreasing, so even relatively long sequences can be obtained as a syn-
thetic DNA at reasonable price. The construction of large plasmid libraries has 
become faster and easier, which resulted in substantial simplification of strain 
engineering work. 

Once the expression or deletion cassettes have been constructed, they are 
transformed into a chosen organism. There are multiple methods used for 
transformation of DNA into a host, and they depend on the host. The most com-
mon strategies include electroporation, or chemical treatment of cells often 
combined with a heat shock [33]. The host cells can be transformed as such, or 
in some cases specific treatment, such as cell wall removal (protoplast for-
mation), has to be applied. The transformed DNA can integrate into a genome 
either randomly via non-homologous end joining pathway (NHEJ), or it can be 
targeted to predefined locus by utilizing homologous directed repair mecha-
nisms (HDR). Targeted integrations are often preferred to avoid introduction of 
uncontrolled genetic arrangements, which might result e.g. in decreased growth 
or low expression levels. If the aim is to perform targeted genome integration, 
both ends of the integration cassette needs to be extended by DNA strands being 
homologous to the integration site. The required length of homologous region 
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sequences greatly varies depending on host, being between 30 bp and 2 kb. 
Short homologous regions are used in hosts, which have efficient HDR machin-
ery, such as yeast S. cerevisiae, while long homologous regions are used in hosts 
in which NHEJ is a predominant repair mechanism, such as in filamentous 
fungi T. reesei and A. niger [32, 33, 68]. In some applications, the external DNA 
can also be delivered in form of a circular plasmid. In this approach, the DNA is 
not integrated into the genome, and it is maintained as an independently repli-
cating DNA, usually requiring presence of selection pressure in the cultivation 
to prevent the plasmid’s loss. Therefore, the genome integration is often a pre-
ferred strategy in final applications due to higher genetic stability [69]. 

Complexity of genetic engineering applied in biotechnological tasks is con-
stantly increasing. Extensive genetic modifications needs to be performed to 
construct designed strains. This often requires introduction of several heterolo-
gous genes and/or deletions of native genes. Due to poor transformation effi-
ciencies and predominance of NHEJ repair mechanism in many hosts [68], per-
forming these genome editing operations in a controlled manner is usually slow, 
difficult, and work intensive process. In addition, the inability to integrate or 
delete several genes simultaneously is a major challenge, resulting in several 
transformation rounds and extensive screening. This can be especially challeng-
ing if the host is not a haploid, and has more than one copy of each chromosome. 
Some strategies to overcome part of these challenges have been developed. For 
example, disabling NHEJ machinery by deleting genes required for its function-
ality of, such as tku70 in T. reesei, has shown increased gene targeting frequen-
cies [70, 71]. However, inability to delete several genes or integrate several DNA 
cassettes simultaneously (multiplexing) into specific loci has remained, until re-
cently, a significant bottleneck. 

One of the most important genome editing tool that has recently been devel-
oped is CRISPR-Cas9 technology. CRISPR comes from the words “clustered 
regularly interspaced short palindromic repeats”, and it is based on a prokary-
otic adaptive immune system [72]. With the aid of this system, prokaryotes can 
recognize and destroy invading bacteriophage(s). The CRISPR system is based 
on the ribonucleoprotein complex formed by guide RNA (gRNA) and CRISPR 
associated protein (Cas) (Figure 2). In naturally occurring systems, functional 
gRNA is assembled from separate CRISPR RNA (crRNA) and transactivating 
RNA (tracrRNA). crRNAs contain recognition elements known as “protospac-
ers”, whose purpose is to recognise and bind specific DNA sequence in a genome 
of bacteriophage via complementary base pairing. The purpose of tracRNA is to 
associate with Cas nuclease forming sequence-specific tripartite complex for in-
troduction of double-stranded break (DSB). However, the DSB is introduced 
only if target site is next to a protospacer adjacent motif (PAM) [73]. 
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Figure 2 Principle of CRISPR-Cas9 mediated introduction of DSB. In naturally occurring CRISPR-
Cas9 systems crRNA and tracrRNA assemble to functional guide RNA (gRNA) complex which 
recruits Cas9 nuclease for introduction of DSB. The cleavage site is defined by protospacer se-
quence. In most genetic engineering applications gRNA is expressed as a single guide RNA 
(sgRNA) which contains crRNA and tracrRNA in the same RNA molecule. 

The use of CRISPR-Cas9 system for genome editing in a eukaryotic host was 
first time reported by Cong et al. in 2013 [74]. Since then, its use has quickly 
became common, and has successfully been demonstrated in wide spectrum of 
organisms, such as in yeast S. cerevisiae [75, 76], filamentous fungi T. reesei 
[68], plants [77, 78] and mammals [74]. The use in genetic engineering is based 
on the possibility to accurately induce DSBs to designed genetic loci, which in 
turn must be repaired by the host to retain viability. Thus, if the co-transformed 
DNA, called donor DNA, contains regions (flanks) homologous to the site of 
cleavage, the likelihood for homologous directed repair greatly increases. As a 
result, the donor DNA is more likely integrated to desired locus. In addition, it 
is possible to introduce several DSBs at once, which enables multiplex genome 
editing [68, 79]. However, CRISPR-Cas9 enables also genome modifications 
without introduction of external DNA. For example, native genes can be deleted 
by introduction of DSB, which is repaired by NHEJ. NHEJ mediated repair of-
ten leads to disruption of gene’s functionality, for example due to frameshift 
mutations [73]. 

Most often utilized CRISPR-Cas9 system in genetic engineering originates 
from Streptococcus pyogenes (S. pyogenes). However, as opposed to natural 
systems, in most engineered systems gRNA has been expressed as a single guide 
RNA (sgRNA), which contains both crRNA and tracrRNA in the same RNA mol-
ecule. In addition, gRNA as well as Cas nuclease (which is Cas9 in most cases) 
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are commonly expressed from a plasmid, and their genome integrations are 
avoided. Plasmids are preferred in these systems because their removal from a 
cell is simple after transformation. CRISPR-Cas9 system may induce unin-
tended DSBs due to off-target activities, so unnecessary expression of the func-
tional system is typically avoided. Alternative strategy to circumvent this prob-
lem is a direct delivery of either Cas9 protein and/or in vitro synthesized gRNAs 
into the host as a ribonucleoprotein. Thus, host’s exposure to CRISPR-Cas9 sys-
tem is at maximum limited to lifetime of externally delivered CRISPR compo-
nents. 

Since the discovery of CRISPR-Cas9, construction of many hosts, which were 
previously difficult to engineer, has become feasible. In addition, the ability to 
integrate or delete several genes simultaneously is a significant step forward, 
especially if extensive strain engineering needs to be done. The generation of 
large strain libraries has started to become possible, especially in connection 
with automated strain engineering pipelines and novel DNA assembly methods 
[53]. Consequently, though, the analysis of large amount of new strains often 
forms a new bottleneck in strain engineering process. The challenge lies in the 
fact that quantification of biological compounds is often difficult and requires 
extensive sample processing and complex equipment to succeed. Current meth-
ods for measurement of product formation include mainly high-performance 
liquid chromatography (HPLC), mass spectrometry (MS), gas chromatography 
(GC), and enzymatic assays whose throughput is often limited at best to thou-
sands of samples per day [49, 80, 81]. However, completely new analytical 
methods have recently been developed to improve throughput. For example, 
cells have been engineered to express biosensors, which respond to product for-
mation. In this approach, an easily measureable property of the cell, such as 
fluorescence or growth, is coupled to production of target compound [81, 82], 
which allows to screen large strain libraries and provide a feasible alternative in 
some applications. However, these strategies have been developed only for very 
limited number of target products.  

The measurement of product formation is often the most important parame-
ter that is followed during strain engineering work. However, the strains are of-
ten subjected to other important tests as well. For example, growth rate is one 
important parameter that needs to be addressed. Sometimes extensive strain 
engineering might result in poorly growing cells with decreased fitness due to 
metabolic burden induced by the genetic alterations [53]. These strains are of-
ten prone to genetic instability, which might compromise productivity during 
extended cultivations. In addition, slow growth rates increase fermentation 
times. Other important, commonly performed, analyses providing useful infor-
mation for strain development purposes include measurement of mRNA levels 
(i.e. transcription analysis) and sequencing of production organisms.  

1.3 Regulation of gene expression in eukaryotes 

The ability to control gene expression forms the basis for modern biotechnology. 
The level of genes expression (transcription) is crucial, however not the only, 



 

13 
 

aspect for defining the corresponding protein levels [83, 84]. Thus, control of 
gene expression is one of the most important engineering targets for scientist 
and engineers who aim to establish efficient cell factories. The aim of this PhD 
work was to develop new gene expression tools for eukaryotic organisms, there-
fore a brief review on gene expression regulation in eukaryotes is presented. 

1.3.1 Transcription factors 

Living cells have developed incredible capability to survive in varying environ-
mental conditions and to specialize into complex cell types or organs. All these 
operations require sophisticated built-in regulatory networks, which allow cells 
to adjust their cellular processes to given conditions [85]. Transcriptional regu-
lation, among other mechanisms, is one of the key ways for a cell to adjust its 
functions. Highly complex transcriptional programs exist, which define how cell 
responds to changes in its environment. Importantly, this regulation is heavily 
based on cell’s ability to sense and respond to multiple signals from its environ-
ment. As an example, embryo development is a highly complex process in which 
multiple signalling molecules are processed to transcriptional responses, which 
lead to highly diversified cell types. 

In eukaryotic organisms, DNA is tightly packed into chromatin structures, 
which prevents the access of transcription machinery to the DNA. As a result, 
the basic status of gene expression is restrictive in eukaryotic organisms [86–
88]. Gene expression is activated and regulated by specific proteins, transcrip-
tion factors (TF). TFs are DNA binding proteins, which recognize and bind to 
specific DNA sequences. Depending on their functionality, TFs can be divided 
into two main groups: specific transcription factors and general transcription 
factors. Specific transcription factors control the rate of transcription, either by 
enhancing (activators) or by repressing it (repressors). Some of these TFs can 
promote chromatin structural modification by recruiting chromatin remodel-
ling proteins [89], which leads to increased DNA accessibility for other TFs. 
General transcription factors are essential part of cell’s transcription machinery, 
and together with RNA polymerase II (RNA Pol II) they are responsible for for-
mation of transcription preinitiation complex (PIC). This sophisticated cascade 
of processes eventually results in initiation of transcription. 

TFs are modular proteins, which contain different parts with important func-
tionalities [87]. Many TFs are often composed of DNA binding domain, ligand 
binding domain, dimerization domain, activation domain and/or repression do-
main [87]. In addition, nuclear localization signal (NLS) is required to localize 
the TF into nucleus. Most often, the classification of a TFs is based on the DNA 
binding domain; zinc stabilized (zinc-finger) and helix-turn-helix type of TFs 
being common examples [90]. For instance, Gal4 transcription factor involved 
in regulation of galactose-induced genes in S. cerevisiae is a zinc-finger-type TF 
[91]. This TF contains an N-terminal DNA binding domain and a C-terminal 
transcription-activation domain. Similarly to many TFs, it functions as a dimer 
and binds a short palindromic sequence, called a TF-binding site or operator 
sequence [92]. The purpose of transcription-activation domain is to enhance 
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transcription rates by recruiting general transcription factors and RNA poly-
merase II (RNA pol II) for PIC formation. It has been proposed that activation 
domains stabilize PIC formation by either interacting directly with general tran-
scription machinery or via cofactors [93, 94]. 

In addition to DNA binding domain and activation/repression domains, many 
TFs contain ligand binding domain which controls the activity of a TF. As an 
example, Xyr1 TF is an activator of many cellulolytic genes in T. reesei. This TF 
contains a glucose inhibition domain, which inactivates the TF in presence of 
glucose which is a preferred carbon source for T. reesei [95]. Nuclear receptors 
are other common examples of transcription factors, whose functionalities are 
affected by external stimuli, such as  steroid hormones [96]. Other non-DNA-
binding regulatory proteins are often involved in transcriptional regulation as 
well. The activity of many TFs is regulated via posttranslational modifications 
(PTM); phosphorylation being one of the common mechanisms, which may di-
rectly affect activity of the TF or its sub-cellular localization [97]. 

1.3.2 Promoters and transcription initiation 

The genomic regions in which transcription initiation takes place are generally 
called promoters. These regions are rich in transcription factor binding sites and 
they are located immediately upstream of a gene to be transcribed covering up 
to a few hundreds or thousands of bases upstream. In most cases, these regions 
are nucleosome-depleted [86, 98]. In general, promoters are considered to con-
tain two distinct parts, which have separate functions. The first part, located at 
the 3’ end of a promoter immediately upstream of coding region, is a ~100–200 
bp long region known as core promoter (CP) [98]. That is a region in which 
transcription preinitiation complex (PIC) assembles and transcription initiates 
(Figure 3). This sequence contains binding sites for general transcription fac-
tors, such as TFIID, and it is the minimal sequence required for gene expression 
[99]. However, the expression from a core promoter alone provides only a low 
level of transcription, called basal transcription [100, 101]. The second part (5’ 
part) of a promoter comprises a proximal enhancer, also called an upstream ac-
tivating sequence (UAS), which is the region where specific TFs (activators and 
repressors) bind (Figure 3). The purpose of this part is to determine the rate 
of transcription. Upstream activating sequence might not be the only regulatory 
element, which regulate the rate of transcription: some promoters are also reg-
ulated with additional elements, called enhancers (Figure 3). Similar to UAS, 
they contain binding sites for specific TF, but they act over a distance [102]. En-
hancers are found especially in higher eukaryotic organisms, animals and 
higher plants. 
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Figure 3 Formation of transcription preinitiation complex (PIC) on core promoter. Specific tran-
scription factors bound in upstream activating sequence (UAS) and enhancers regions recruit 
cells general transcription machinery for transcription initiation. The interaction between specific 
transcription factors and general transcription machinery occurs either via direct interaction, or 
via mediator and co-activators. Figure is redrawn based on figure in reference [103]. 

Transcription is a process, which consists of several phases: assembly, initia-
tion, elongation, and termination. In the first phase, transcription preinitiation 
complex is assembled in a sequential manner from several general transcription 
factors and RNA pol II. Specific transcription factors and mediator as well as 
other cofactors are involved in this process by assisting and stabilizing its for-
mation (Figure 4) [87]. The resulting PIC is an intricate structure which may 
contain up to 30 proteins [99]. For example, general transcription factors which 
are found in eukaryotes include at least TFIIA, TFIIB, TFIID, TFIIE TFIIF and 
TFIIH [101]. 

The assembly of PIC starts from binding of a TATA-box binding protein (TBP, 
subunit of TFIID) to a TATA box (Figure 4). TATA box is one of the most com-
mon (and important) element found in many, but not all, eukaryotic core pro-
moters. For instance, only ~20 % of yeast promoters contain TATA box [99]. In 
addition, there are also other elements recognised and bound by general TFs, 
such as initiator (INR), downstream promoter element (DPE) and TFIIB recog-
nition element (BRE) (Figure 4) [101]. INR and DPE are recognized by subu-
nits of TFIID complex, known as TBP associated factors [87]. However, these 
recognition sites, like TATA box, are low specificity elements and are found only 
in a subset of promoters and species [87]. For example, TATA box is the only 
conserved motif found in yeast core promoters. In spite of variations in core 
promoter motifs, general TFs and mechanism of transcription initiation is a 
conserved process among eukaryotes [104, 105]. 

Once TBP has bound to TATA box, the assembly of PIC continues by recruit-
ment of subsequent TFs and RNA pol II. First, TFIIB binds to BRE element in 
core promoter. Sometimes TFIIA is further bound to this complex to stabilize it, 
for example, in case the binding is too weak due to non-consensus core pro-
moter structures. In the following step, the complex formed by TFIIF and RNA 
Pol II is bound to the forming PIC complex. Purpose of TFIIF is to interact with 
TFIIB and thus target RNA pol II to correct position. In the end, TFIIE and 
TFIIH are recruited, which results in so-called closed PIC complex. TFIIH con-
sists of several subunits, which have important roles in transcription initiation, 
one of which is a DNA helicase activity unwinding the DNA double helix [106]. 
In addition, TFIIH contains kinase module that facilitates phosphorylation of 
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RNA pol II, which is a key event resulting in a conformational change of the PIC 
to so-called open complex when the transcription initiates [107]. 

 

Figure 4 Components of transcription preinitiation complex. Core promoters contain recognition 
elements, which are bound by general transcription factors TFIID and TFIIB. However, only a 
subset of eukaryotic core promoters contain these motifs. INR = initiator, BRE = TFIIB recognition 
element (u = upstream, d = downstream), DPE = downstream promoter element, Pol II = RNA 
polymerase II. Figure is redrawn based on figure in reference [107]. 

Once the open complex is established, transcription elongation takes place. In 
this phase, RNA polymerase starts to synthesize mRNA as it is released from 
PIC and moves along the template strand of the DNA. The TFIIF remains asso-
ciated with RNA pol II during the whole elongation phase. The elongation pro-
cess is enhanced by transcription elongation factors, which e.g. prevent tran-
scription pausing. After completion of the RNA transcript synthesis, RNA poly-
merase is released from DNA and it is dephosphorylated (termination phase). 
RNA polymerase can again be recruited to PIC for next transcription initiation. 
Since part of the transcription preinitiation complex has remained on the core 
promoter during transcript elongation, the assembly of complete PIC is faster 
in the following rounds, resulting in increased  transcription rates [107]. 

1.4 Gene expression systems 

Commercially feasible biotechnical applications aim for production processes in 
which raw materials are efficiently converted to products. One of the most crit-
ical tasks in development of such processes is to optimise cellular behaviour for 
production. As discussed above, the gene expression plays an essential role in 
all cellular activities, thus engineering of control mechanisms for the gene ex-
pression is an obvious target for bioengineers. In protein production applica-
tions, where high-level of the product is the priority, gene of interest is typically 
placed under a strong promoter to maximize its expression. In addition, intro-
duction of several copies of expression cassette in the genome can further in-
crease expression levels and product yields. On the other hand, in metabolic en-
gineering applications, metabolic pathway enzymes might have significantly di-
verse functionalities and properties such as stability (half life), which might re-
quire very dissimilar expression levels to optimise the flux through the pathway 
and maximise the product formation. Suboptimal expression levels might lead 
to metabolic imbalances in which cell consumes important nutrients or precur-
sors excessively, or it accumulates metabolic intermediates with toxic effects 
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[49, 50]. In addition, some intermediates might be directed to competing path-
ways, which further compromises the production efficiency. The removal of 
these production “bottlenecks” might significantly improve productivity, and it 
is often the main effort in metabolic engineering tasks. Typically, to achieve dif-
ferent levels of target enzymes, differently strong promoters are used for the 
corresponding genes [49]. 

It was discussed in the previous chapter that the strength of eukaryotic pro-
moter is mainly defined by specific TFs, which bind within its UAS. However, 
these TFs, and the corresponding promoters, are species-specific. Therefore, the 
promoters often lose their functionality outside their native environment, and 
they need to be characterized for each species separately in most cases. A good 
selection of promoters covering large expression range is available only for the 
most commonly utilized production organisms, such as yeast S. cerevisiae [49, 
108–110]. The promoters that are commonly used in this host include e.g. 
glyceraldehyde-3-phosphate dehydrogenase (TDH3p), 3-phosphoglycerate ki-
nase (PGK1p), translation elongation factor 1 (TEF1p), and alcohol dehydrogen-
ase (ADH1p) promoters [109]. These are strong and somewhat constitutive in 
most conditions, even though cultivation condition and growth phase can sig-
nificantly affect their strength. Especially TDH3p is a commonly used promoter 
due to its high strength in glucose containing medium, however it is strongly 
affected by the culture conditions. For example, Partow et al. reported ~70 % 
decrease in the activity of TDH3p (based on lacZ activity measurement) once 
glucose was consumed from cultivation medium [109]. Similarly, TEF1p is also 
a strong promoter but it has a more stable expression pattern in varying condi-
tions compared to TDH3p [109, 110]. In addition to constitutive promoters, also 
inducible promoters such as galactokinase 1 promoter (GAL1p) are available for 
S. cerevisiae. 

In contrast, a significantly smaller selection of promoters is available for other 
fungal species. For example, most protein production work performed using T. 
reesei is mainly based on the use of one inducible cellulase promoters, cellobio-
hydrolase 1 promoter (cbh1p). In inducing conditions, cellobiohydrolase I 
(CBHI) alone represents about 50-60% of total secreted protein, which demon-
strates the superior strength of this promoter [111]. Cellobiohydrolase 2 (cbh2) 
and endoglucanase 1 (egl1) promoters have also been used for protein expres-
sion in T. reesei, however, those are significantly weaker promoters than cbh1p 
[112, 113]. Judged on the expression of the reporter protein GUS, cbh1 promoter 
is around four times stronger than cbh2 or egl1 promoter under cellulase induc-
ing conditions. In addition, a few constitutive promoters, such as pyruvate de-
carboxylase (pdc) and enolase (eno) have been characterized for T. reesei [114–
118]. 

Some promoters have been characterized and used in Aspergillus species, but 
still many applications strongly rely only on a few commonly used promoters, 
like strong and constitutive glyceraldehyde-3-phosphate dehydrogenase pro-
moter (gpdAp), or inducible glucoamylase (glaAp) or α-amylase (amyAp) pro-
moters [39, 119, 120]. However, a few recent studies have reported new tools 
that enable “fine tuning” of gene expression in some Aspergillus species [119, 
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121]. For example in 2012, Blumhoff et al. published a study in which six consti-
tutive and differently strong promoters were characterized in A. niger [119].  

 In Pichia pastoris, the most applications utilize strong and methanol induci-
ble alcohol oxidase 1 promoter (AOX1p) or constitutive glyceraldehyde-3-phos-
phate dehydrogenase promoter (GAP1p) [122–124]. The other promoters that 
have been used in P. pastoris include e.g. PGK1p or TEF1p [27, 125, 126]. How-
ever, a relatively large spectrum of other promoters have also been character-
ized for this host. For example, Stadlmayr et al. characterized a set of 26 pro-
moters that cover a wide expression range from very low up to levels of GAP1p 
and AOX1p under different expression conditions including growth on glucose, 
glycerol and methanol [127]. Under all tested conditions, the promoters enabled 
a wide range of expression levels spanning over three orders of magnitude. 
However, activity profiles of the different promoters varied widely. For example, 
several tested promoters were completely inactive in glucose medium but acti-
vated once cells were grown on glycerol or methanol. In addition, two other 
studies report promoter libraries which are based on AOX1 and GAP1 promoters 
[128, 129]. In these examples, some of the characterized promoters even surpass 
the strength of their native counterparts. 

Even though an increasing number of species has become amenable for ge-
netic engineering, many less studied organisms often completely lack estab-
lished promoters. As a result, their use in biotechnical applications and research 
is significantly complicated. For that reason, many promising organisms with 
attractive properties are currently excluded from industrial use. 

1.4.1 Synthetic gene expression systems 

Most gene expression systems used in biotechnical applications and research 
are based on use of native promoters, or their modified versions. However, gene 
expression is a highly complex process, which is regulated at multiple levels. 
Even in simple eukaryotes such as in yeast, several TFs might be involved in a 
control of a single gene, and together they create a combinatorial effect [85–87]. 
Furthermore, many regulatory networks include several layers, and interactions 
between regulators and their targets might be faint or obscure. Thus, it is often 
difficult to draw the overall picture how regulatory networks function, and it is 
even more difficult to predict how networks respond to changing conditions or 
unexpected events. As a result, the use of native (homologous) DNA regulatory 
parts in an expression system can lead to unintended behaviour. For example, 
even the promoters, which are generally considered as constitutive can signifi-
cantly fluctuate in different growth and cultivation conditions [109, 110]. Thus, 
their use in increasingly complex engineered systems can rarely provide suffi-
cient predictability in the control of gene expression. That creates a vast chal-
lenge for bioengineers who aim to establish predictably performing systems. 

The engineering of robustly and independently functional biological systems 
requires gene expression tools that are not influenced by native regulators, i.e. 
so-called orthogonal genetic tools. In addition, other important characteristics 
of expression systems’ include adjustability, expression output stability and pre-
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dictable functionality and the ability to reach high expression levels. The inde-
pendence on specific inducer compounds is also prerequisite for most large-
scale application due to increased cost and possible regulatory issues. To ad-
dress these challenges, a number of recent studies described development of or-
thogonal gene expression tools, especially for S. cerevisiae, but also for few 
other fungal species [57, 62, 63, 121]. In most cases, the gene expression tools 
are based on the use of synthetic transcription factors (sTF) composed of mod-
ular parts, such as DNA binding proteins, receptor domains, and transcription 
activation domains [57, 61–63, 130]. Modularity of the different parts is a great 
advantage, as it allows design of sTFs with desired functions and target speci-
ficities. In addition, the existing parts typically originate from evolutionary dis-
tant organisms, which have no homologues in a production organism, and thus 
potentially provide a high degree of orthogonality. There are numerous exam-
ples of bacterial origin parts used in eukaryotic systems for sTF designs: re-
pressor proteins [61, 62, 131, 132], zinc finger domains [57, 63, 130], transcrip-
tion activator-like effectors (TALEs) [133, 134], or the Cas9 nuclease-deficient 
mutant (dCas9) protein [133, 135–140].  

In synthetic expression systems, the expression level of target gene(s) is, to 
large extent, defined by the strength of sTF-dependent promoter. Some devel-
oped systems utilize native promoters, which are either upregulated or down-
regulated by expression of sTF. This is a common strategy especially in dCas9 
(Figure 5) or zinc finger based systems [56, 138, 139, 141]. However, a selection 
of optimal binding location within the target sequence forms a significant chal-
lenge in this strategy. Especially dCas9 based systems, which are dependent on 
functionality of a gRNA, often suffer from a poor and unpredictable perfor-
mance [133]. Particularly the repression of target genes by dCas9 based sTF has 
shown to be challenging [138, 139]. Thus, testing and expression of several dif-
ferent gRNAs simultaneously might be required to obtain improved results 
[135]. A few previously published studies suggests that targeting dCas9 based 
sTF upstream of TATA box leads to strongest activation of gene expression, 
while targeting the sTF downstream of TATA box has no impact, or alternatively 
it leads to repression of gene expression [135, 136]. However, the lack of suitable 
PAM sequences in the optimal genetic region might sometimes limit the effi-
ciency of dCas9 based gene expression systems. 
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Figure 5 The concept of dCas9 based transcriptional regulation of target gene(s). dCas9 can be 
fused with A) an activation or B) repression domain to generate a sTF with a desired functionality. 
By gRNA design, the sTF can be steered to desired genetic locus for a transcriptional activa-
tion/repression. 

In addition to systems based on control of native promoters, fully modular 
expression systems have been developed. In these systems, the sTF dependent 
promoters have solely been assembled from sTF binding sites and core promot-
ers (Figure 6) [62, 63]. The classical example of such system include e.g. Tet-
off and Tet-on systems [121, 142, 143]. The purpose of sTF binding sites in these 
systems is to create a synthetic UAS, and thus control the rate of transcription 
while core promoter functions as a platform for assembly of transcription initi-
ation complex. The core promoters, which are used in synthetic gene expression 
systems often originate from native promoters, however, also synthetic core 
promoters (or minimal promoters) have been developed [58, 144]. Eukaryotic 
core promoters are rarely subject to transcriptional regulation and thus their 
use is justified in engineered systems. 

 

Figure 6 A schematic presentation of synthetic expression system based on modular parts. Ex-
pression of a target gene is controlled by a synthetic promoter, which consist of upstream sTF 
binding sites (BS) followed by a core promoter. sTF is a modular fusion protein which contains 
DNA binding (DBD) and activation domain. The purpose of DBD is to specifically recognize and 
bind to its operator sequence within the synthetic promoter while the activation domain (AD) re-
cruits the transcription machinery for transcription initiation. 
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Due to modular nature of synthetic gene expression systems, it is possible to 
construct synthetic promoters, which have designed features. The target gene 
expression level can be altered by selecting a core promoter with desired 
strength [63, 98, 145, 146], by varying the number of sTF binding sites, or by 
distance of the binding sites from the core promoter [57, 62, 63, 145, 146]. As an 
example, McIsaac et al. developed a synthetic expression system based on ex-
pression of modular sTF composed of zinc finger DNA binding protein, human 
estrogen receptor and VP16 activation domain [63]. Once the number of sTF 
BSs was increased from one to eight, the reporter gene expression increased ap-
proximately ~10 fold. They also showed that placement of sTF binding sites im-
mediately upstream of a core promoter leads to stronger activation compared to 
their placement further upstream. Another possibility to modulate gene expres-
sion levels is to compose the sTF from parts with desired properties. For exam-
ple, the affinity of the DNA binding protein to its binding sites, and the capacity 
of activation domain to recruit transcription machinery can greatly affect sTFs 
activation capacity [62, 133, 145, 147]. This was demonstrated by Ottoz et al. 
who showed that use of strong transcription activation domains, such as VP16 
or Gal4, can lead to significantly higher expression levels compared to weaker 
activation domains, such as B42 [62]. In the same study, they also made an im-
portant observation that the strongest synthetic promoters can reach the ex-
pression levels obtained by the use of strongest native promoters [62, 133]. A 
few other studies have also demonstrated that the sTFs can be engineered to 
function as a synthetic repressor [135, 138, 148–150]. In these studies, the sTFs 
have been targeted to varying regions within the promoter, or even in the open 
reading frame. However, placement of sTF binding sites inside the core pro-
moter has shown to provide a robust strategy in several studies [148, 150, 151]. 
In addition, the repression capacity of sTF can often be improved by incorpora-
tion of repression domains, such as Mxi1. 

As exemplified above, a great selection of gene expression tools has been de-
veloped for some well-studied eukaryotic production hosts, especially for S. 
cerevisiae. Unfortunately, no such tools are available for most other eukaryotic 
hosts, except for a few exceptions. For example, Tet-off/on systems have shown 
to be functional across multiple species, such as in A. niger, S. cerevisiae and 
mammals [121, 142, 143]. However, even in these examples, promoters required 
for a sTF and target gene expression needs to be characterized for the given spe-
cies separately. Recently Portela et al. showed that some core promoters can 
retain their functionality across some yeast species, however, the unpredictable 
functionality of UAS in foreign host remained as a challenge [152]. Thus, lack of 
universally functional promoters and other genetic parts limits establishment 
of novel hosts for biotechnological use. 

As mentioned earlier, the complexity of engineered biological systems is con-
stantly increasing. In these applications, cellular hosts may be designed to con-
tain complex genetic circuits performing intricate biological tasks. The con-
struction of such systems typically requires simultaneous use of several sTFs 
each controlling a specific sub-operation in the circuit [64, 153, 154]. Thus, a 
comprehensive characterization and comparison of different DNA parts, as well 
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as their detailed analysis once integrated into expression systems is required to 
ensure proper functionality. However, even in the case of well-established or-
ganisms, the available tools are often insufficiently characterized and they are 
based on a relatively few previously established genetic parts, such as TetR, LacI 
or LexA bacterial repressor proteins [121, 132, 143, 148, 150, 155, 156]. Recently, 
Machens et al. reported a set of new sTFs based on TALEs (and their compari-
son to dCas9 based system) which can be used for genetic circuit engineering in 
S. cerevisiae [133]. However, there is still an urgent need for additional genetic 
tools which enable construction of construction of complex genetic systems in 
varying hosts. 

1.4.2 Aim of the study 

The aim of this PhD work was to develop a modular, and universally functional, 
gene expression toolkit for industrially relevant fungal hosts, and thus provide 
solutions for some of the current bioengineering challenges. The developed sys-
tem was designed to provide adjustable and predictable expression levels by ra-
tional selection and combination of well-characterized modular DNA parts. The 
ability to activate gene expression to high level without use of inducer com-
pounds was considered as an important feature to make the system applicable 
in industrial environments. In addition, the aim was to develop and characterize 
several synthetic transcription factors, which would allow construction of com-
plex artificial genetic networks. Another objective was to demonstrate how the 
developed tools could improve and simplify protein production and metabolic 
engineering work for production of industrial products. 
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2. Materials and methods 

In this section, only the most relevant technical details of the work is provided. 
The detailed description of materials and methods is presented in the original 
publications. 

2.1 Strains 

The yeast and fungal strains used as parental strains in this study are shown in 
the Table 1. Further strain description is provided, once relevant, in the “Re-
sults and discussion” section. 

Table 1 Strains used in this study. 

Organism Strain Source 

Saccharomyces cerevisiae CEN.PK Dr. P. Kötter (Institute of Micro-
biology, J.W. Goethe University, 
Germany) 

Pichia kudriavzevii VTT C-79090T VTT culture collection 

Yarrowia lipolytica VTT C-00365 VTT culture collection 

Pichia pastoris X-33 Thermo Fisher Scientific 

Aspergillus niger ATCC1015 American Type Culture Collec-

tion (ATCC) 

Trichoderma reesei VTT strains with varying 

number of protease dele-

tions (strains based on 

M124 [157]) 

VTT culture collection 

Candida apicola VTT-C-87174 VTT culture collection 

Zygosaccharomyces lentus VTT-C-09840 VTT culture collection 

2.2 Media 

Bacterial cultivations were done in lysogeny broth (LB) medium supplemented 
with appropriate antibiotic selection compound (ampicillin, kanamycin or 
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zeocin). The LB medium contained 10 g/L tryptone (Becton Dickinson), 5 g/L 
yeast extract (Becton Dickinson) and 0.17 M NaCl. The antibiotic concentrations 
were 100 μg/mL ampicillin, 50 μg/ml kanamycin and 100 μg/ml zeocin (all or-
dered from either Sigma or Thermo Scientific). The recovery medium used in 
bacterial transformations was super optimal broth (SOB; 20g/L tryptone, 5g/L 
yeast extract, 10 mM NaCl, 2.5 mM KCl) supplemented with 10 mM MgCl , 10 
mM MgSO  and 20 g/L D-glucose. 

Yeast cultivations were mostly conducted in complex YPD medium or in syn-
thetic complete medium (SCD). YPD contained 20 g/L bacto peptone (Becton 
Dickinson), 10 g/L yeast extract and 20 g/L D-glucose. SCD contained 6.7 g/L 
yeast nitrogen base (Becton Dickinson), 790 mg/L complete supplement mix-
ture (Formedium) and 20 g/L D-glucose. Different dropout versions of the SCD 
medium were also used: SCD without histidine (SCD-H), SCD without uracil 
(SCD-U), SCD without leucine (SCD-L), SCD without histidine and uracil (SCD-
HU), SCD without histidine and leucine (SCD-HL), SCD without uracil and leu-
cine (SCD-UL) and SCD without histidine, uracil and leucine (SCD-HUL). In 
addition, SCD with varying glucose, methionine or thiamine concentrations 
were used in some experiments. Antibiotics were supplemented when appropri-
ate. Specific cultivation media and possible exceptions from standard media 
compositions are mentioned in the relevant part of the “Materials and methods” 
or in the “Results and discussion” sections. 

A. niger Erlenmeyer flask cultivations were mainly conducted using YPGel 
medium or SCD medium. YPGel contained 20 g/L bacto peptone, 10 g/L yeast 
extract and 30 g/L gelatine. T. reesei bioreactor cultivations were done in in-
ducing, spent grain lactose (SG-lactose), or in non-inducing glucose medium. 
SG-lactose medium contained 20 g/L spent grain (SG; Harbro ltd), 20 g/L spent 
grain extract (SGE), 60 g/L lactose, 36.7 mM KH2PO4, 37.8 mM (NH4)2SO4, 2.4 
mM MgSO4 and 4.1 mM CaCI2 (pH 4.8). The glucose medium contained 10 g/L 
glucose, 20 g/L yeast extract, 36.7 mM KH2PO4, 37.8 mM (NH4)2SO4, 2.4 mM 
MgSO4 and 4.1 mM CaCI2 (pH 4.8). The inducing and non-inducing media used 
in 24-well plate cultivations and in bioreactor pre-cultivations (Erlenmeyer 
flask) were supplemented with trace elements (15.6 μM CoCI2, 18.0 μM FeSO4, 
4.9 μM ZnSO4 and 9.5 μM MnSO4). In addition, inducing medium used in bio-
reactor pre-cultivations and in 24-well plate cultivations did not contain spent 
grain (SGE-lactose medium). 

All the corresponding agar plates were prepared by supplementing 20 g/L 
agar to liquid media. A. niger and T. reesei spores were generated on potato 
dextrose agar plates (PDA) which contained 39 g/L potato dextrose agar (Bec-
ton Dickinson). 

2.3 Plasmid construction 

The plasmids constructed in this work were cloned either using classical ligation 
technique, Gibson assembly, or yeast homology recombination. Part of the se-
quences, such as core promoters, bacterial repressor proteins, and their opera-



 

25 
 

tor sequences, were ordered as synthetic DNA from Integrated DNA Technolo-
gies (IDT). PCR reactions were conducted either using Kapa Hifi enzyme (Kapa 
Biosystems), or by using Phusion High-Fidelity DNA Polymerase (Thermo Sci-
entific). The constructs were transformed into E. coli TOP10 by electroporation 
or into E. coli DH5α by heat shock. The correctness of constructed plasmids 
were confirmed by analytical digestion and sequencing (GATC or Microsynth 
Seqlab). The sequences of promoters, core promoters, relevant primers and 
genes, and other important DNA parts, such as operator sequences, are shown 
in the original publications.  

2.4 Transformations 

Expression cassettes were released from plasmids prior to transformations by 
digestion with restriction enzyme. In some cases, the plasmids were only line-
arized by digestion. NotI restriction enzyme was used with most of the S. cere-
visiae, P. kudriavzevii, Y. lipolytica, and A. niger plasmids. MssI enzyme was 
used with T. reesei and P. pastoris plasmids. In addition, few S. cerevisiae ex-
pression cassettes were PCR amplified from template plasmid and the PCR 
product was used in transformation (Publication II).      

The expression cassettes were transformed into yeasts by using standard lith-
ium acetate method [158] or modified lithium acetate method - Frozen-EZ Yeast 
Transformation II Kit (Zymo Research). Protoplast method was used in the case 
of filamentous fungi (A. niger and T. reesei) (see publication III) [159]. Trans-
formants were selected on agar plates with appropriate selection pressure. 

Some transformations were done using CRISPR-Cas9. Cas9 and guide RNAs 
(gRNA) were either expressed from plasmids (non-transient method), or deliv-
ered into cells in the form of Cas9 protein and in-vitro gRNA (transient method, 
components were obtained from IDT). Non-transient method was used in one 
S. cerevisiae transformation (Publication II). Transient method was used in 
some A. niger and T. reesei transformations (Publication III and Publication 
IV). In-vitro gRNAs were assembled by combining generic tracrRNA and target-
specific crRNAs. The gRNA was then assembled with Cas9 protein prior to 
transformation and the resulting ribonucleo-protein complex added into the 
transformation mixture according to IDT’s instructions. The amount of donor 
DNA was 1–2 μg per transformed construct. Two gRNAs were used for each tar-
geted locus. The length of the integration homologous regions on the donor 
DNAs varied between ~50 bp (S. cerevisiae) and ~2000 bp (A. niger). Approx-
imately 1000 bp long homologous regions were used in T. reesei donor DNAs. 

2.5 Gene copy number analysis 

Transformed yeast and filamentous fungi strains were analysed by quantitative 
real time PCR (RT-PCR) to confirm the correct integration loci and copy num-
ber of transformed cassettes. First, single colonies were isolated from transfor-
mation plates and regrown on the corresponding selection plates. For yeast spe-
cies, phenol-chloroform method was conducted to extract genomic DNA. Six 
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hundred μl of glass beads, 600 μl of cell suspension in 1xTE (pH 7.5), and 600 
μl of phenol-chloroform-isoamyl-alcohol solution (50% phenol, 48% chloro-
form, 2% isoamylalcohol) were mixed and the extraction was done using Pre-
cellys24 homogenizer (Bertin Instruments). The aqueous layer was diluted 100x 
into water to obtain template for the RT-PCR.  

In the case of A. niger and T. reesei, genomic DNA was extracted using Phire 
Plant Direct PCR Kit (Thermo Fisher Scientific). Small piece of mycelium was 
incubated in dilution buffer for ~two hours (agitated  at room temperature). The 
resulting genomic DNA sample was diluted in water, remaining mycelium re-
moved by centrifugation, and the supernatant was used as a template in RT-
PCR reactions. 

Copy number analysis was conducted with quantitative RT-PCR Lightcycler 
480II (Roche) using LightCycler® 480 SYBR Green I Master (Roche) according 
to manufacturer’s instructions. The signal of the target gene(s) was compared 
to signal of native gene. The clones containing a single copy of the transformed 
cassette (ratio ~1:1 towards the native gene) were selected for further use. The 
same strategy was followed to confirm the successful replacement of targeted 
genomic region; if the targeted sequence was not detected in the RT-PCR, it was 
considered as deleted. The used RT-PCR primers and native reference genes are 
described in the original publications. 

2.6 Fluorescence measurement with fluorometer 

Strains grown in liquid cultivations were collected by centrifugation and resus-
pended in water. Two hundred μl of the suspension was transferred to Black 
Cliniplate (Thermo Fisher Scientific) and fluorescence was measured with Vari-
oskan instrument (Thermo Electron Corporation). Depending on expressed flu-
orescent protein, different settings were used in measurements. The excita-
tion/emission wavelengths for measurement of BFP (blue fluorescent protein) 
were 399/456 nm, for Venus (yellow fluorescent protein) 510/530 nm, for 
mCherry (red fluorescent protein) 587/610 nm and for KO2 (orange fluorescent 
protein) 550/570 nm, respectively. In most measurements, 5 nm bandwidth 
and 500 ms measurement time was used. Cell density (OD600) was done to nor-
malize the fluorescence measurement results to biomass concentration. The OD 
measurements were done on the cell suspensions used for the fluorometry; cells 
were diluted 100x in water, and OD600 was measured with Varioskan (photo-
metric measurement mode, wavelength = 600 nm, bandwidth = 5 nm, meas-
urement time = 100 ms) using transparent microtiter plate (Nunc 96F, Thermo 
Fisher Scientific). The arbitrary units (AU) reported in figures were obtained by 
dividing the fluorescence measurement value by the OD600 value. 

2.7 Transcription analysis  

Strains grown in liquid cultivations were pelleted by centrifugation and washed 
with cold water. Cell pellets were frozen with liquid nitrogen and stored at -80 
°C. Total RNA was extracted using RNeasy Mini Kit (Qiagen; protocol for yeast). 
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DNAse treatment (DNase I RNase-free, Thermo Fisher Scientific) was per-
formed to remove residual genomic DNA from the samples. Transcription First 
Strand cDNA Synthesis Kit (Roche) was used for the cDNA synthesis according 
to manufacturer’s protocol. 

Diluted cDNA samples were mixed with primers and LightCycler® 480 SYBR 
Green I Master (Roche) according to manufacturer’s protocol. The RT-PCR was 
conducted using Lightcycler 480II (Advanced Relative Quantification Tool; 
Roche). The primers, which used in transcription analysis, are listed in the orig-
inal publications. The target genes expression levels were normalized to the ex-
pression levels of ubiquitin-protein ligase encoding gene (UBC6 in S. cerevisiae 
and its closest homologue in other species). 

2.8 Fluorescence flow cytometry 

Yeast cells were cultivated in liquid medium prior to fluorescence flow cytome-
try analysis. In case of A. niger or T. reesei, analysis was performed on 
spores/conidia  which were generated on PDA plates and collected in 1x PBS 
buffer. First, cells were diluted into 1x PBS and filtered through cotton wool to 
remove aggregates. Fluorescence was measured from 10,000 cells using 
FACSAria III (BD) flow cytometry. Depending on expressed fluorescent protein, 
different settings were used in the measurements. The 561 nm laser and 610/20 
nm filter were used for the mCherry fluorescence measurements, BFP was 
measured using the 375 nm laser and 450/20 nm filter, whereas Venus was 
measured with 488 nm laser and 530/30 nm filter. In some experiments, fluo-
rescence measurement results were normalized to cell size (forward scatter 
value, FSC), and minor gating was performed on data to exclude obvious outli-
ers, such as dust particles, cell clusters and conidia aggregates. 

2.9 Fluorescence microscopy 

Localization of mCherry fluorescent protein in cells was visualized using a Zeiss 
LSM 710 laser scanning confocal microscope (Carl Zeiss, Oberkochen) with a 
60× oil immersion objective (excitation at 543 nm and detection at 586-670 
nm). 

2.10 T. reesei bioreactor cultivations 

T. reesei strains expressing calB-lipase were pre-cultivated in Erlenmeyer flasks 
in inducing (SGE-lactose), or in non-inducing (glucose) medium for ~1–3 days 
prior to start of fermentation (+28 °C, 250 rpm). The inoculation of fermenters 
was done using the pre-cultures corresponded approximately to 10 % of the final 
fermentation volume. The fermenters were run in a fed-batch mode, where ei-
ther lactose or glucose was used as a feed. Samples for protein quantification 
and activity analysis were collected during fermentation (time points shown in 
the Results and Discussion section). Further details of bioreactor cultivations 
are provided in Publication IV.  
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2.11 Coomassie-stained SDS-PAGE 

Supernatant samples, media from the T. reesei bioreactor cultivations, were an-
alysed by SDS-PAGE. In addition, protein standards were either prepared from 
commercial calB (Sigma) or from purified CBHI protein solution (prepared at 
VTT). 75 μl of diluted bioreactor samples were mixed with 25 μl of loading buffer 
(20% glycerol, 4% SDS, 0.3 mM Brophenol blue (Merck), 10% β-mercaptoetha-
nol, 0.1 M Tris, pH 6.8 ) and they were incubated at 95 °C for 5 minutes. Samples 
were cooled on ice, centrifuged and loaded on 4-20% SDS-PAGE gradient gel 
(Bio-Rad). The loading volumes are indicated in the figures or in the figure leg-
ends. After the run, gels were washed with water and stained with PageBlue Pro-
tein Staining Solution (Thermo Fisher Scientific) for 1 - 2 hours. Once stained, 
the gels were washed with water overnight and the visualised on the Odyssey 
CLx Imaging System instrument (LI-COR Biosciences). 

2.12 Protein concentrations 

Total protein concentrations were measured using standard Bradford method 
according to manufacturer’s instruction (Bio-Rad). Bovine γ-globulin was used 
as a calibration standard (Bio-Rad). 

2.13 calB activity measurements 

The activity of produced calB enzyme was analysed by a lipase assay. Twenty μl 
of diluted bioreactor samples were mixed with 180 μl of solution containing 0.25 
mM p-nitro phenyl butyrate (pNPB, Sigma) dissolved in 50 mM potassium 
phosphate buffer (Kpi-buffer) (pH 7.5). The formation of p-nitro-phenol (pNP), 
a product of enzymatic hydrolysis of pNPB, was followed in time-course absorb-
ance measurement at 405 nm, using Varioskan instrument (Thermo Electron 
Corporation). The calB activity was calculated from the time points in which the 
change in absorbance was constant over time (linear relation between absorb-
ance and time). The activity values were normalized to total protein concentra-
tions. The activity of calB produced in T. reesei was compared to the activity of 
commercially available calB enzyme (Sigma). For the presentation purposes, 
the T. reesei-produced calB activity was expressed as percent of the commercial 
calB activity. 
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3. Results and discussion 

A universal gene expression system for fungal hosts was developed in this study. 
The aim was to develop a modular gene expression system, which would provide 
strong and adjustable expression in different organisms. In addition, constitu-
tive functionality in different growth conditions and cell development stages 
was considered as an important feature to enable predictable gene expression 
in any cultivation condition. Establishing a selection of diverse, well-character-
ised, modular genetic parts, amenable for genetic circuits assembly, was also an 
important part of this work. 

The first part of this work describes development of synthetic and modular 
gene expression system for yeast S. cerevisiae. In this part, the concept of the 
expression system was established and the functionality demonstrated. It was 
shown how gene expression can be modulated by the choice of individual DNA 
parts of the system; influence of activation domains and architecture of the syn-
thetic promoters was tested. In the second part, extended selection of genetic 
parts was characterised for use in complex genetic circuits in S. cerevisiae, and 
demonstrations of the circuit performance was performed. The third part of this 
work focuses on development of universally functioning gene expression sys-
tem. The functionality of the expression system was confirmed in several fungal 
organisms. Finally, in the fourth part, the use of developed expression system is 
demonstrated on a protein production application. Production of heterologous 
protein, lipase B of Candida antarctica (calB), at high levels and with great pu-
rity in filamentous fungus T. reesei was achieved. 

3.1 Synthetic expression system for Saccharomyces cerevisiae 

3.1.1 Evaluation of the concept and test of core promoters 

As a first step, the synthetic expression system concept was established and 
evaluated in S. cerevisiae (Publication I). Saccharomyces cerevisiae was se-
lected as a model organisms, because the methods required for its engineering, 
cultivation and analysis are well established [25]. In addition, it is commonly 
used host in academic research as well as in numerous industrial processes. 
Thus, the community working with S. cerevisiae would benefit from additional 
gene expression tools.  

The first version of the expression system was mainly based on the parts, 
which had been successfully used for similar purposes in S. cerevisiae previ-
ously. The sTF was composed of bacterial LexA repressor protein, SV40 NLS, 
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and B42 activation domain [62], and it was expressed using methionine repress-
ible MET17 promoter (Figure 7A) [160, 161]. The sTF dependent synthetic pro-
moter had a bidirectional architecture, in which six sTF binding sites had been 
positioned between two core promoters, each core promoter directing the tran-
scription to opposite directions. The core promoters were controlling the ex-
pression of two fluorescent proteins, green fluorescent protein (GFP) and red 
fluorescent protein (mCherry). The core promoters selected for testing were 
originating from promoters of highly expressed S. cerevisiae genes: GAL1 (en-
coding galactokinase), PDC1 (encoding pyruvate decarboxylase), TPI1 (encod-
ing triose phosphate isomerase), TDH3 (encoding glyceraldehyde-3-phosphate 
dehydrogenase, ENO1 (encoding enolase I), and PGK1 (encoding 3-phospho-
glycerate kinase). All these genes are highly expressed, especially in presence of 
glucose, in yeast with the exception of GAL1 whose expression is induced in 
presence of galactose and absence of glucose. The assumption was that core pro-
moters from these highly expressed genes would have an optimal structure for 
efficient recruitment of general transcription machinery, and thus their use in 
synthetic expression system would provide high transcription output.  

A generalized strategy for selection of CP from native promoters was used: the 
genetic regions spanning ~50 bp upstream the hypothetical TATA box until the 
start codon (ATG) of the downstream gene was considered as a core promoter. 
This strategy was justified by the fact that determining the exact core promoter 
sequence from a native eukaryotic promoter is a challenging task, even though 
several (low specificity) core promoter motifs, such as TATA box, downstream 
promoter element and initiator have been identified from eukaryotic core pro-
moters. The length of each selected core promoter region was approximately 
~200 bp (±20 bp) which corresponds well the length of many previously re-
ported yeast core promoters [98].  

In the first experiment, we aimed to test whether the selection of core pro-
moter sequences was successful. The aim was to confirm that the upstream ac-
tivating sequence had been successfully removed while important core pro-
moter motifs had been retained. Thus, we constructed yeast strains containing 
bidirectional expression cassettes with fluorescent proteins (Figure 7A) but 
which were lacking sTF expression cassette. The assumption was that these 
strains exhibit only a low basal expression, and indeed, once the strains were 
cultivated and analysed by measuring GFP and mCherry fluorescence, very low 
fluorescence was observed (Figure 7B). In general, the measured fluorescence 
levels were only slightly above the levels measured from parental strain lacking 
the GFP and mCherry expression cassette. In addition, the measured fluores-
cence levels of these strains were typically ~40–60 fold lower compared to 
strains in which GFP and mCherry were expressed from the corresponding full-
length native promoters (data shown in Publication I and in Appendix A). 
These results indicate that upstream activating sequence had successfully been 
removed from these promoters, at least mostly. However, slightly elevated flu-
orescence was measured in strains containing TDH3cp, which suggests that this 
core promoter has either increased basal transcription activity, or remaining 
regulatory elements were still embedded within its structure (Figure 7B). 
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As a next step, we constructed the complete expression system by implement-
ing the sTF expression cassettes into the strains (Figure 7A), and evaluated its 
functionality. Strains were cultivated in medium lacking methionine to induce 
sTF expression. GFP and mCherry fluorescence was measured after a cultiva-
tion, and several fold fluorescence increase was observed compared to strains 
lacking the sTF (Figure 7C). These results proved that all the parts in the ex-
pression system are functional, including all six core promoters. It can also be 
concluded that TDH3cp is the strongest core promoter from the chosen set. 
Other tested core promoters (PDC1cp, ENO1cp, and PGK1cp) showed also high 
activity, as fluorescence levels were only mildly lower than in case of TDH3cp. 
GAL1cp and TPI1cp were weaker, GAL1cp showed approximately half of 
TDH3cp activity in the test. These results demonstrate that the structure of a 
core promoter affects gene expression levels, and therefore selection of core pro-
moter with desired strength can be used for modulation of gene expression. 
Similar results were also previously reported by McIsaac et al [63]. 
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Figure 7 Establishment of synthetic expression system for S. cerevisiae. A) The concept of sys-
tem used for testing different core promoters. A set of bidirectional synthetic promoters were en-
gineered to contain two, oppositely orientated core promoters (cp), which were separated by six 
LexA-sTF binding sites (BS). Bidirectional promoters controlled the expression of two fluorescent 
proteins, GFP and mCherry. The expression of fluorescent proteins was triggered by LexA-B42 
sTF, whose expression was controlled with methionine repressible MET17 promoter. The sTF 
expression cassette was integrated into HIS3 locus while reporter cassette with fluorescent pro-
teins was integrated into URA3 locus. B) Fluorescence measurement of strains lacking sTF ex-
pression cassette. Cells were cultivated 16 h in SCD-U lacking methionine. C) The fluorescence 
measurement of strains containing the full synthetic expression system described in A). Cells 
were cultivated 16 h in SCD-HU lacking methionine. The results in B) and C) represents average 
values from at least three biological replicates. Error bars represent standard deviations. The 
cultivations were performed in Erlenmeyer flask cultivations. 

3.1.2 Modulation of gene expression by changing the number of sTF binding 
sites 

The possibility to modulate gene expression levels by selecting a suitable core 
promoter can simplify optimization of genetic systems. However, this strategy 
allows only a narrow-range expression modulation, unless large core promoter 
libraries covering the whole expression range is available. To obtain expression 
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system with broad-range adjustable outputs, the number of sTF binding sites 
was modified. We hypothesized that by alteration in number of sTF binding sites 
within the synthetic promoter, the likelihood that the promoter is bound by the 
sTF changes with obvious consequences on expression levels. The more sTF 
proteins bound simultaneously the higher enhancement of assembly of the tran-
scription preinitiation complex leading to stronger transcription. 

In order to test our hypothesis, the expression cassettes with varying number 
of sTF binding sites were constructed (Figure 8). The expression cassettes cho-
sen for the test contained bidirectional synthetic promoter in which ENO1cp 
controlled the expression of GFP, and PGK1cp controlled the expression of 
mCherry. Between the core promoters, 0–8 binding sites for the sTF were in-
troduced. Not all the sTF binding sites had identical DNA sequences. We used 
four different versions (B1, B2, B3, B4, see Appendix B) in which LexA se-
quence slightly differed from the consensus sequence [162, 163]. This was done 
to avoid use of repetitive sequences, which could be prone to recombination 
events compromising the genetic stability. The modification was enabled by the 
fact that the nucleotides in the middle of LexA operator are not critical for sTF 
binding [164]. The functionality of the binding sites were confirmed by perform-
ing mobility shift assays (Appendix B / Supplementary Figures A and C in 
Publication I). 

 

 

Figure 8 The schematic representation of expression cassettes containing varying number (0–8) 
of sTF binding sites. The binding sites are introduced between ENO1cp and PGK1cp, which con-
trol the expression of GFP and mCherry genes, respectively. The cassettes were integrated into 
URA3 locus.  

The strains containing the LexA-B42 sTF and the bidirectional expression cas-
settes with varying number of sTF binding sites (Figure 8) were cultivated for 
fluorescence measurement. The cultivations were performed in varying methi-
onine concentrations to modulate the expression of LexA-B42 sTF. Once the 
number of sTF binding sites was increased, fluorescence increased accordingly 
(Figure 9). This was especially well visible in strains grown in medium con-
taining ≤200 μM methionine. The fluorescence of strains containing zero sTF 
binding sites was on the level of strains lacking sTF (Figure 7B and Figure 9). 
Depending on the methionine concentration, the eight sTF binding sites version 
led to ~5–15 fold higher expression as compared to one binding site version. In 
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addition, almost linear correlation between fluorescence and number of sTF 
binding sites was observed (R2 > 0.9 at ≤200 μM methionine concentration). 
These results are well in line with previously reported studies [62, 63]. 

The expression level of sTF had also great impact on the expression levels of 
GFP and mCherry (Figure 9). Once the strains were grown in medium contain-
ing ≥ 500 μM methionine, very low fluorescence was obtained. In these condi-
tions, MET17 promoter is less active [161], and sTF was expressed substantially 
lower levels. On the other hand, clear increase in fluorescence was observed 
once methionine concentration decreased from 500 μM to 0 μM. Since activated 
METP17p is a relatively strong promoter, these results could indicate that rela-
tively high levels of LexA-B42 sTF is required for full activation of the synthetic 
promoter.  

 
 

 

Figure 9 Modulation of gene expression. The figure shows GFP (left panel) and mCherry (right 
panel) fluorescence of strains containing varying number of sTF binding sites (expression cas-
settes shown in the Figure 8). The expression of LexA-B42 sTF was modulated by cultivating the 
strains 16 h in SCD-HU with varying methionine concentrations (sTF was under the control of 
MET17 promoter). The results represents average values from at least three biological replicates. 
Cultivations were performed in Erlenmeyer flask cultivations. 

One of the most important feature of expression systems applicable for indus-
trial applications is the ability to achieve high expression levels. Unfortunately, 
the expression levels obtained by the systems shown in Figure 7A were clearly 
below the levels obtained by the use of strong native promoters (Appendix A / 
Figure 2D-F in Publication I). However, it has previously been shown that the 
B42 activation domain is a relatively weak activation domain [62]. Thus, we re-
placed the B42 activation domain in the sTF with commonly used strong VP16 
activation domain [62, 131, 143]. The performance of the modified sTF was 
tested together with the expression cassettes shown in the Figure 8. Again, sTF 
was expressed from MET17p and the cultivations were performed in varying 
methionine concentrations to modulate sTF expression. It was observed that 
significantly higher expression levels of the reporters were obtained (Figure 
10). The levels were, in fact, comparable or exceeding the levels achieved by 
strong native promoters, such as TDH3p. Similar results with LexA-VP16 sTF 
were previously reported by Ottoz et al. [62]. Surprisingly, as opposed to sTF 
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with B42 activation domain, GFP and mCherry fluorescence were highly pro-
duced even in absence of methionine. These results propose that in the case of 
strong sTF, already low sTF expression could be sufficient for efficient activation 
of synthetic promoter(s). In fact, this was an encouraging observation since se-
vere growth defects are often seen with highly expressed sTFs, due to toxicity. 
Indeed, in the case of strong LexA-VP16 sTF, we observed severe growth defect 
in medium lacking methionine (Supplementary Figure F in Publication I). 

 

Figure 10 Modulation of gene expression using strong LexA-sTF with VP16 activation domain. 
The figure shows GFP (left panel) and mCherry (right panel) fluorescence of strains containing 
varying number of sTF binding sites (expression cassettes shown in the Figure 8). The expression 
of LexA-VP16 sTF was modulated by varying methionine concentrations (sTF under the control 
of MET17 promoter). The results represents average values from at least three biological repli-
cates (Erlenmeyer flask cultivations). 

Most of the synthetic expression systems developed for eukaryotic hosts by 
this far have specific requirements for cultivation conditions. For example, 
many systems are dependent on specific inducer compounds, such as estradiol 
or tetracycline [62, 63, 143, 165]. This poses a potential challenge for their large-
scale industrial utilization, due to increased cost and regulatory restrictions. 
Thus, constitutive expression systems are a preferred solution in most industrial 
applications. Currently, native (so-called) constitute promoters are being uti-
lized in the vast majority of applications. This however represent limitations for 
introducing novel production hosts, as a discovery of universally functional na-
tive promoter is highly unlikely. In addition, the native promoters are prone to 
temporal regulation resulting in expression fluctuation. The native-promoter-
based system might perform unexpectedly during extended cultivation in which 
conditions might change significantly. For these reasons, development of a con-
stitutive synthetic expression system, which would provide robust and predict-
able functionality in condition independent manner, is highly relevant.  

In our previous experiments we discovered that TDH3cp has a relatively high 
basal transcription activity (Figure 7B). We reasoned that this core promoter 
could be well suited for expression of strong sTFs, because even its low level was 
sufficient to strongly activate expression of target gene(s). The advantage of us-
ing core promoter for sTF expression would be that core promoters are mini-
mally regulated by native transcription factors. For that reason, core promoters 
could provide truly constitutive expression in all growth and development 
phases via their basal transcription. 

g pp y g
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In order to develop a constitutive synthetic expression system and to evaluate 
the feasibility of using core promoter for the sTF expression, two expression 
cassettes were constructed. LexA-B42 and LexA-VP16 sTFs were placed under 
the control of TDH3cp. These sTF cassettes were used together with the reporter 
cassettes containing 0 - 8 binding sites, to constitute strains with functional ex-
pression systems. The levels of fluorescence (Figure 11) showed similar corre-
lation between the fluorescence and the number of binding sites as observed 
previously with the expression system containing MET17p-controlled sTFs at 
around 500 M methionine concentration (Figure 9 and Figure 10). This is 
an expected result and it confirms the low level expression of the sTFs provided 
by the TDH3cp. The LexA-B42-based system provided low range of graded ex-
pression outputs, which makes this system useful in applications where fine-
tuning of low expression would be necessary. On the other hand, the LexA-
VP16-based system provided close to maximum performance, thus the use of 
TDH3cp for transcription control of strong sTFs seems appropriate. The differ-
ence in fluorescence between strains containing a single sTF binding site versus 
eight binding sites was over four fold with LexA-VP16 sTF. Altogether, these re-
sults suggest that the use of for sTF expression could be a viable strategy for 
limiting sTF toxicity, and for development of strong constitutive synthetic ex-
pression system. In fact, transcription analysis performed on samples collected 
from a wide spectrum of growth and cultivation conditions strongly support the 
assumption that TDH3cp has a stable expression pattern in varying conditions 
(Supplementary Figure E Publication I). 

 

Figure 11 Test of constitutive synthetic expression system. The fluorescence of strains containing 
sTF expression cassette (indicated by the scheme on top of figures) and GFP/mCherry expres-
sion cassettes shown in the Figure 8. The expression of sTFs were controlled with the TDH3 core 
promoter. A) Fluorescence of strains expressing weak LexA-B42 sTF. B) Fluorescence of strains 
expressing strong LexA-VP16 sTF. The strains were cultivated 16 hours in SCD-HU (Erlenmeyer 
flask cultivations). The results represents average values from at least three biological replicates. 
Error bars represent standard deviations. 

The transcription analysis of the TDH3cp-based expression system with LexA-
VP16 sTF revealed that increasing mRNA levels of the reporter genes corre-
spond to the increasing number of sTF binding sites (Figure 12). However, as 
opposed to fluorescence analysis, the transcription of GFP was observed to be 
more than two fold higher than transcription of mCherry. There are some pos-
sible explanations for this observation, including dissimilar efficiency of the RT-
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PCR caused by the primer design or GC-content of the amplicons, different half-
lives of the mRNAs, or different stability of the proteins.     

 

Figure 12 Transcription analysis of strains containing the expression cassettes shown in the Fig-
ure 8 combined with constitutive expression of LexA-VP16 sTF. The figure shows GFP and 
mCherry transcription levels relative to IPP1 gene transcription. The strains were cultivated 16 
hours in SCD-HU (Erlenmeyer flask cultivations). The results represents average values from two 
biological replicates. Error bars represent standard deviations. 

3.2 Development and characterization of a synthetic toolkit for  
S. cerevisiae 

The tools and technologies required for engineering of microbial hosts has 
greatly improved during the last decade. This development has enabled us to 
start assembling genetic systems with advanced characteristics, such as com-
plex cellular circuits with sophisticated regulatory functions. Unfortunately, as 
mentioned before, the expression tools required for these purposes are poorly 
characterized, or completely lacking in many fungal hosts. Since S. cerevisiae is 
an important workhorse for industry as well as for academic research, we con-
sidered it to be highly important to expand the selection of tools for this host. In 
addition, we reasoned that if the concept of using orthogonal DNA parts used in 
the complex systems show robust performance, some of them could later be 
used in other less-established fungal hosts. 

The assembly of complex genetic circuits often requires multiple carefully 
characterized synthetic transcription factors with different functionalities. Each 
sTF might take different role in a circuit controlling only certain sub-operations. 
In addition, depending on the design, some sTFs might function as activators 
while other function as repressors. In any case, the absence of cross reactivity 
between individual circuit units is crucial for the proper functionality. Thus, in 
this study, we aimed to develop a comprehensive synthetic gene expression 
toolkit, which would simplify the design and assembly of genetic circuits in S. 
cerevisiae. The toolkit comprised a set synthetic transcription factors, which 
could function either as activators or as repressors. In addition, we developed a 
library of core promoters, which can be assembled to sTF dependent synthetic 
promoters by combining them with different sTF binding sites. In the end, we 
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demonstrated the use of these tools by construction of novel type of bistable 
genetic switch with engineered memory function. 

3.2.1 Characterization of synthetic transcription factors 

As a first step, we developed a set of new synthetic transcription factors, which 
had distinct operator sequences (binding sites), and could be used in different 
control operations simultaneously. As in the previous examples, the sTFs were 
composed of helix-turn-helix type of N-terminal bacterial repressor protein, 
SV40 nuclear localization signal (NLS) and C-terminal transcriptional activa-
tion domain. The DNA-binding protein modules were selected from the previ-
ously characterized bacterial repressors with specific and varying DNA-binding 
motifs. The tested repressors were LexA [62, 145, 166], SrpR [59, 167, 168], PhlF 
[59, 61, 169, 170], TetR [59, 131, 155, 171, 151], Bm3R1 [59, 168, 172], TarA [59, 
168, 173], LacI [150, 155, 174], GalR [175, 176], Orf2 [59, 168, 177], IscR [178] 
(NCBI Reference Sequence: NP_252504.1) and BrlR [179] (NCBI Reference Se-
quence: NP_253565.1). LacI, LexA and TetR are DNA-binding proteins com-
monly used in synthetic expression systems in eukaryotic hosts [121, 132, 145, 
148, 150, 155, 156, 180]. The VP16 activation domain was selected to be used in 
each sTF because its use was previously shown to provide high expression levels 
(Figure 11) [62]. 

The test platform for the sTFs was composed of synthetic promoters that con-
trolled the expression of Venus reporter gene (yellow fluorescent protein) (Fig-
ure 13). The synthetic promoters contained zero to eight binding sites for the 
sTF to be tested followed by the ENO1cp. TDH3cp was used for sTF expression 
to provide low and constitutive sTF expression, and to minimize possible toxic 
side effects. For testing of the system, in all cases the sTF- and the reporter-
cassettes were integrated in single copy in the S. cerevisiae genome at the URA3 
and LEU2 loci, respectively. 
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Figure 13 The schematic representation of the system used for sTF functionality screen. Syn-
thetic promoters were engineered to contain 0 to 8 upstream sTF binding sites followed by ENO1 
core promoter. The synthetic promoters controlled the expression of Venus reporter gene. The 
sTFs were expressed using constitutive TDH3 core promoter. sTF expression cassettes were 
integrated into URA3 locus, while reporter cassettes were integrated into LEU2 locus. 

The capacity of the sTFs to form a functional expression system was tested by 
analysing the reporter gene Venus fluorescence. Six sTFs based on LexA, SrpR, 
PhlF, TetR, Bm3R1 and TarA repressors proved to be highly functional and able 
to activate reporter gene expression at significant levels, Bm3R1-sTF being the 
strongest activator (Figure 14A). The other sTFs, based on LacI, GalR, Orf2, 
IscR or BlrR repressors did not activate the reporter gene expression, or alter-
natively they caused severe morphological changes or growth inhibition (data 
not shown). These candidates were not analysed further. 

In strains containing LexA-sTF, SrpR-sTF, PhlF-sTF or TarA-sTF, a clear in-
crease in the reporter gene expression was observed in response to increasing 
number of the sTF binding sites (Figure 14A). This observation is well in line 
with previous results obtained in this study and by others (Figure 11) [62, 63]. 
However, in the case of Bm3R1-sTF and TetR-sTF, already one or two binding 
sites resulted in maximal expression level. Most likely, these sTFs have superior 
DNA binding properties leading to efficient promoter occupancy by the sTF 
even with low number of binding sites. Another important observation was that 
negligible fluorescence was obtained in strains without sTF, containing only the 
Venus expression cassette (with 8 sTF BS). This result suggests that the sTF 
binding sites do not cross-react with native transcription factors. 

The transcription analysis performed on the samples corresponded well with 
the results obtained from fluorescence measurement (Figure 14B). However, 
in the PhlF strains, the Venus reporter transcription level was similar to those 
in the TetR and Bm3R1 strains although the fluorescence signal was similar to 
the LexA and SrpR strains. Many bacterial repressors function as biosensors 
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whose DNA binding capability is dependent on presence of certain compounds, 
such as antibiotics. Thus, possible hypothetical explanation for the observation 
could be that the binding of PhlF-sTF is affected by the presence of unknown 
chemical or regulatory event in the beginning of cultivation, and the sTF be-
comes active only in later phases. In this scenario, the accumulation of Venus 
starts later than in other strains, which results in lowered fluorescence. 

Comparison of the Venus transcription levels to strong native genes (TDH3 
and TEF1) revealed that the strongest sTF versions were able to provide high 
expression levels, which at high end surpass the levels of strongest native pro-
moters (Figure 14B). The significance of this result is that it makes the system 
attractive solution for applications in which very high expression levels are de-
sired, such as for protein production applications [45]. 

 

Figure 14 sTF functionality screen. The strains containing the sTF and reporter cassettes de-
scribed in the Figure 13 were analysed for A) Venus fluorescence B) Transcription. Strains “8BS 
(wo sTF)” represent strains containing Venus expression cassette (8 BS version) but lacking sTF 
cassette. P stands for parental strain (no Venus and sTF expression cassettes were integrated). 
Strains were grown for 18 hours in SCD-UL (4 ml cultivations in 24-well). The results represents 
average values either from three (fluorescence) or two biological replicates (transcription). Error 
bars represent ±1 standard deviation. 

As discussed earlier, the absence of cross reactivity of sTFs is crucial in appli-
cations in which several sTFs are used simultaneously. Thus, we analysed the 
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mutual orthogonality of the six sTFs by systematically pairing the sTFs with syn-
thetic promoters containing eight binding sites of all tested sTFs. The synthetic 
promoters were controlling the expression of Venus reporter gene as shown in 
the Figure 13. The results revealed a high level of orthogonality in the case of 
all sTFs, as no or very low fluorescence was observed in the strains carrying not-
matching pairs of sTF and binding sites (Figure 15). However, a minor activa-
tion of synthetic promoter containing SrpR binding sites was triggered by LexA-
, TetR- and TarA-sTFs. Interestingly, it was observed that SrpR binding site has 
minor sequence similarity with LexA and TarA binding sites, which can be the 
cause for minor activation (alignment of BSs shown in Publication II). However, 
even at its highest, the cross reactivity led only to ~8 fold activation of synthetic 
promoter. As a comparison, the expression of SrpR-sTF led to ~340 fold activa-
tion of the same promoter. Thus, these results suggest that most of the sTFs 
could safely be used in circuits without risk of mutual cross-reactivity. 

 

Figure 15 Orthogonality matrix. The off-target activity towards promoters with different BSs was 
tested by measuring the fluorescence reporter signal in the strains having sTFs and BSs system-
atically paired. 8 BS versions of Venus reporter cassettes were used. The fold activation repre-
sents fluorescence ratio between the strain expressing a sTF and the corresponding strain lacking 
the sTF. Strains were cultivated for 18 hours in SCD-UL (4 ml cultivations in 24-well). The values 
represent the mean of three biological replicates. 

3.2.2 Characterization of synthetic repressors 

The sTFs described above enabled tuning of target gene activation. However, in 
some applications, also repression of certain genes might be necessary, for ex-
ample for limiting the flux of essential substrates or intermediates towards com-
peting pathways. To achieve tight repression, the DNA binding property of the 
sTF proteins were considered for use as repressors. To test this, SrpR, PhlF, 
TetR, Bm3R1 and the previously used LacI [148, 155, 174] were fused to SV40 
NLS to facilitate nuclear localization and to generate synthetic repressors 
(sRep). In order to develop sRep dependent synthetic promoters, sRep-specific 
binding sites were introduced in the structure of core promoters (downstream 
of the TATA-box) (Figure 16). The assumption was that binding of sRep would 
interfere with the assembly of transcription preinitiation complex, and would 
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thus inhibit initiation of transcription. Similar strategy was also used for gene 
repression previously [150].  

The repressor test system was constructed as an extension of the LexA - based 
expression system with four binding sites (Figure 13), where the ENO1cp was 
replaced with a spectrum of modified core promoters that originate from S. 
cerevisiae (PGK1cp, ENO1cp, THI4cp), Aspergillus niger (533cp, 114cp) and 
Trichoderma reesei (Tr123cp) (Figure 16). A separate sRep expression cas-
sette was introduced which provided control of the repressor abundance via the 
thiamine repressible THI4 promoter (THI4p). The activity of THI4p is depend-
ent on thiamine concentration allowing dose dependent regulation of the sRep 
levels (THI4 promoter characterisation shown in Publication II). Furthermore, 
THI4p is strongly repressed at high thiamine concentrations enabling tight con-
trol of gene expression.  

A set of yeast strains was constructed with three expression cassettes each in-
tegrated as single copy in different locus in the genome: 1) The LexA-sTF cas-
sette - expressing sTF under the TDH3cp for constitutive activation of the re-
porter gene expression; 2) The reporter (Venus) cassette, where the reporter 
gene was under the control of a sTF/sRep-dependent synthetic promoter; and 
3) a corresponding sRep expression cassette (Figure 16). In addition, control 
strains lacking the sRep cassette were constructed to assess the performance of 
the modified core promoters in absence of even residual amounts of the sReps.  

 

Figure 16 The concept of genetic system used for testing synthetic repressors (sRep). The ex-
pression of Venus reporter gene is controlled with a synthetic promoter which contains four LexA 
binding sites followed by an engineered core promoter containing two embedded sRep binding 
sites. The expression level of a Venus reporter gene is defined by a combinatorial effect of LexA-
sTF and sRep. LexA-sTF is constitutively expressed using TDH3cp while the expression of sRep 
is controlled using thiamine repressible THI4p. LexA-sTF cassette was integrated into HIS3 locus, 
reporter cassette into LEU2 locus, and sRep cassette into URA3 locus.  

The highest activation of the reporter gene expression was observed in the 
presence of high thiamine concentration (800 μg/L, THI4p repressed), where 
the reporter gene expression was at similar level as in the strains lacking the 
sRep (Figure 17). Lowering the thiamine concentration led to a gradual activa-
tion of the sRep expression, which in turn resulted in decreased reporter levels, 
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and eventually to full repression. Previously Mazumder and McMillen have also 
reported similar results in which gradual repression of target gene was obtained 
[150]. We also observed that at high thiamine concentrations, some sReps show 
higher capacity to repress the reporter expression. For example, the Bm3R1- 
and TetR-sReps mediated repression was more sensitive to decreasing thiamine 
concentration from 800 to 400 μg/L compared to SrpR- and PhlF-sReps. This 
could indicate higher affinity of the “stronger” sReps to their binding sites. This 
observation is well in line with the previously obtained results in which the use 
of Bm3R1- and TetR sTFs led to highest reporter gene activation (Figure 14A).  

 

Figure 17 Repressor experiment. The strains carrying different sRep systems shown in Figure 
16 were analysed for Venus fluorescence. sRep production was modulated by cultivating strains 
in SCD medium containing various thiamine concentrations. “No rep” represents control strains 
without the sRep-cassette (cultivated in 400 μg/L thiamine concentration). Cells were cultivated 
18 h in 24 well plates (4 ml cultivations). The values represent the mean of three biological repli-
cates ± SD. 

3.2.3 Bistable switch 

To test performance of the established tools in a complex genetic circuit, a novel 
type of a bi-stable genetic switch was designed and constructed (Figure 18). 
The system had two stable states, which function as a gene-expression memory. 
The switch between the states was achieved by introduction of a strong temporal 
signal, which caused inhibition of an active state and simultaneous activation 
(switch) of the other state. Once the new state was established, it resumed the 
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control over its own activity (and concurrent repression of the other state) also 
in absence of the temporal switch signal.  
The temporary signals were facilitated by inducible promoters (in presence of 
an inducer) controlling expression of modified Bm3R1- and TetR-sTFs (“Switch 
cassette”; Figure 18). In the Bm3R1-sTF, a shortened version of the Cln2 deg-
radation tag [181, 182] was introduced to the C-terminus of the protein to gen-
erate Bm3R1-sTF-Cln2-sh. In the TetR-sTF, the VP16 activation domain was re-
placed by the weaker B42 activation domain to generate TetR-B42. These mod-
ifications were made to eliminate toxicity of highly overexpressed sTFs contain-
ing VP16 in the induction conditions. The expression of Bm3R1-sTF-Cln2-sh 
was controlled using galactose inducible GAL1 promoters (GAL1p) and TetR-
B42 was expressed using THI4p. The choice of these promoters was motivated 
by very low or no background transcription in the repressing conditions, and 
very high expression levels when induced. 

At the core of the system was the “Control cassette” which allowed switching 
between two mutually exclusive TetR and Bm3R1 expression states (Figure 
18). The cassette had a novel bi-directional architecture in which two engi-
neered core promoters the ENO1-Bm3R1cp and the 533-TetRcp, selected based 
on the repression assay (Figure 17), were fused together in the opposite direc-
tion. These core promoters controlled the expression of TetR-sTF and Bm3R1-
sTF simultaneously. Once the system was set to the TetR-state, the TetR-sTF 
activated its own expression, forming a feedforward loop (Figure 18A). At the 
same time, the TetR-sTF acted as a repressor for the Bm3R1-sTF through bind-
ing at the 533-TetR core promoter. Once the system was in the opposite, 
Bm3R1-state, the expression of the Bm3R1-sTF formed a feedforward loop and 
simultaneously repressed the TetR-sTF (Figure 18B). The switch from TetR 
state to Bm3R1 state was accomplished by transferring the cells to a medium 
containing galactose for the induction of Bm3R1-sTF-Cln2-sh sTF. Analogously, 
the switch from the Bm3R1 state into the TetR state was done by cultivating cells 
in medium lacking thiamine for the expression of TetR-B42. After the removal 
of temporary switch signals, the system was designed to maintain its status by 
feedforward loops.  

The output signal of the bi-stable circuit was monitored via a “Reporter cas-
sette” containing expression cassettes for reporter genes encoding either BFP 
(blue fluorescent protein) or Venus (Figure 18). Synthetic promoters, used for 
the reporter genes, contained four binding sites for TetR-sTF or Bm3R1-sTF 
placed upstream of repressible core promoters, the Venus expression was con-
trolled by TetR-BSs + ENO1-Bm3R1cp, and the BFP expression by Bm3R1-BSs 
+ 533-TetRcp, respectively. Thus, the TetR-sTF activated Venus and simultane-
ously repressed BFP, whereas the Bm3R1-sTF functioned in the opposite man-
ner. In addition, the bi-stable switch system contained a “Diagnostic cassette”, 
which was used to monitor the expression pattern and levels of the sTFs. The 
Diagnostic cassette contained the same repressible-core promoter architecture 
as was used in the Control cassette, but here the presence of the TetR-sTF acti-
vated the expression of KO2 (orange fluorescent protein) gene, whereas the 
Bm3R1-sTF drove the expression of mCherry. 
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Figure 18 Schemes of the bistable switch circuit states. The genetic system is encoded by four 
DNA cassettes, each integrated in separate genomic locus. The circuit operates in two distinct 
and mutually exclusive states, TetR and Bm3R1, respectively. Transcriptional activation is indi-
cated by a filled arrow, the vertical line in front of the arrow indicates simultaneous repression in 
the other direction. An open arrow next to core promoters (CPs) indicates the direction of tran-
scription activation facilitated by the CP. A) The TetR state is triggered by the absence of thiamine 
(via the THI4p). Expression of TetR-B42 in the switch cassette activates transcription of the TetR-
sTF and, simultaneously, blocks the Bm3R1-sTF expression in the control cassette. By the action 
of the TetR-sTF, a feed-forward loop is formed to ensure stable maintenance of the TetR state, 
resulting in expression of Venus in the reporter cassette and KO2 in the diagnostic cassette. At 
the same time, TetR-sTF acts as a repressor for Bm3R1-sTF, BFP, and mCherry. B) The Bm3R1 
state is activated in the presence of galactose (via GAL1p), and all the regulatory events in the 
circuit are reversed as compared to the TetR state. The Bm3R1-sTF-Cln2-sh activates the ex-
pression of the Bm3R1-sTF to form another feed-forward loop triggering a cascade of activations 
and repressions resulting in a stable state. 

All four cassettes of the bi-stable switch system were integrated in a single 
copy to four separate loci in the S. cerevisiae genome, and the resulting strain 
was subjected to a series of tests to assess the functionality of the engineered 
genetic circuit. First, detailed transcription analysis was performed to charac-
terize the dynamics of the transitions between the states (Figure 19). The ini-
tial “synchronization” of the whole cell population into the TetR-state was 
achieved by cultivating the yeast cells in the absence of thiamine. This triggered 
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strong upregulation of the TetR-B42 resulting in activation of the TetR-state 
(i.e. TetR-sTF feedforward loop and the production of Venus and KO2 and sim-
ultaneous repression of the Bm3R1 state). When thiamine was provided again 
(cells transferred into the complete SCD medium), the TetR-B42 transcription 
was rapidly inactivated. The active TetR-sTF feedforward loop, however, re-
tained the circuit in the TetR-state  and provided stable expression of Venus and 
KO2 while simultaneously repressing the Bm3R1-state. The transition from the 
TetR- into the Bm3R1-state was triggered by transferring the cells into a galac-
tose-containing medium. This led to a rapid induction of the Bm3R1-sTF-Cln2-
sh expression from the Switch cassette and inhibition of the TetR-state tran-
scription activity. There was a several hour delay in the Bm3R1-state activation 
that is likely due to the presence of residual TetR-sTF protein and its association 
with the binding sites at the 533-TetRcp that is driving the Bm3R1-sTF expres-
sion. Once this sTF was degraded or diluted through cell proliferation, Bm3R1-
sTF-Cln2-sh initiated the Bm3R1 feedforward loop and the expression of BFP 
and mCherry. When galactose was removed (cells transferred into the SCD me-
dium), and the Bm3R1-sTF-Cln2-sh transcription was inactivated, the Bm3R1-
sTF resumed the control over the circuit. 

 

Figure 19 Time course transcription analysis of the bi-stable switch during the transition between 
the states. The cells were switched to the TetR-state in the absence of thiamine for 24 hours 
(yellow box) followed by cultivation in non-inducing SCD medium (white box). Subsequent switch 
to the Bm3R1-state was triggered by a 24 hour cultivation in the presence of galactose (grey box), 
followed by another cultivation in non-inducing SCD medium (white box). In the heat map, the 
values are relative to the maximum transcript level of each gene (in percent). The value 100 % 
corresponds to the highest measured signal in the time course. The UBC6 transcription was used 
as a reference value in the analysis. The shown values are the mean values of two biological and 
two technical replicates. 

The functionality and robustness of the bi-stable switch was tested by serial 
transitions between the states with regular monitoring of the fluorescence pat-
terns. The cells were initially synchronized (switched) either to the Bm3R1- 
(Figure 20A) or TetR- state (Figure 20B), and then repeated cycles of switch-
ing between the states were performed over 16 days. After each switch, while the 
cultivation was continued in non-inducing conditions (SCD), the fluorescent 
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protein production stabilized and remained stable until the next switch, as mon-
itored by the fluorometry measurements. The circuit performed remarkably 
well in accordance to the design and, importantly, it remained functional over a 
long time period. However, the transition from the TetR- into the Bm3R1-state 
was observed to be slower than the reverse transition. This was particularly vis-
ible on the lower level of the Bm3R1-state-specific fluorescence at the beginning 
of cultivation in the SCD medium after each transfer from galactose. In addition, 
a longer time was required for stabilization of the Bm3R1-state fluorescence 
outputs. This could have been caused by higher affinity and/or longer half-life 
of the TetR-sTF, which resulted in the observed slower transition between the 
states. 

 

Figure 20 The cells were switched several times between the TetR and Bm3R1 states by culti-
vating cells for 24 h in the inducing conditions, in the absence of thiamine (yellow shading) or in 
the presence of galactose (gray shading), followed by a 48 h cultivation in non-inducing conditions 
(SCD). Each cultivation was refreshed every day for the duration of the experiment (16 days). 
The colour of the yeast cells in the scheme represents the main fluorescent protein expressed in 
each state, Venus (yellow) or BFP (blue). A) Fluorescence of bistable switch strain initially “pro-
grammed” to the Bm3R1 state. B) Fluorescence of bistable switch strain starting from the TetR 
state. The fluorescence values in the graphs represent the mean of four biological replicates ± 
SD. 



 

48 
 

The ability of the bi-stable switch system to maintain the programmed state 
for extended time is an essential parameter indicating robust performance. 
Therefore, we investigated the stability of the circuit in a memory test. For this, 
the cells were first synchronized either to the Bm3R1- (Figure 21A) or TetR-
state (Figure 21B) and then subjected to continuous growth in non-inducing 
SCD medium for 11 days. In the case of TetR-state, the system remained highly 
stable for the duration of the whole experiment. The Bm3R1-state showed also 
a stable pattern; however, at the late stage of the experiment (after day 10) a 
small increase of Venus and KO2 fluorescence levels, associated with the TetR-
state, were detected (Figure 21A). However, regardless of small leakage to-
wards TetR-state, the results show that the engineered circuit was maintained 
reliably in the assigned state in most of the cells over 80 generations. In addition 
to examples shown here, the robust functionality and memory feature was fur-
ther demonstrated in metabolic pathway engineering application (Figure 4 in 
Publication II) in which on-demand switching between two alternative meta-
bolic branches of violacein pathway was achieved [49, 146].  
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Figure 21  Memory test of the bistable switch. Either A) the Bm3R1 or B) the TetR state was 
switched on, followed by cultivation in non-inducing SCD medium for 11 days (culture diluted in 
fresh medium every day). The fluorescence values represent the mean of four biological repli-
cates ± SD. 

 

3.3 Universal expression system for fungi 

Novel microbial species are being characterized and sequenced at increasing 
pace in the recent years. This has revealed many organisms with superior natu-
ral characteristics, such as increased tolerance for extreme pH, temperatures, 
or osmotic stress. In addition, some organisms have previously unidentified en-
zymatic activities, metabolic pathways, or they have high natural capacity to 
produce industrially attractive products, such as proteins or chemicals. These 
species, especially many fungal strains, have shown highly attractive character-
istics for many biotechnical applications. 
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The establishment of novel production hosts has traditionally been a difficult 
process, mainly because the tools required for genetic engineering and gene ex-
pression have been available only for the most well established species. The 
main challenge has been the lack of universally functioning tools and technolo-
gies, which could be efficiently applied in wide spectrum of species without ma-
jor species specific optimization. Luckily, the recently introduced CRISPR-Cas9 
genome editing technology is functional in a large variety of organisms, such as 
bacteria, fungi, plants and mammals. Unfortunately, the CRISPR-Cas9 technol-
ogy alone is insufficient for the establishment of efficient cell factories. The abil-
ity to control gene expression is equally important.   

RNA II polymerase dependent transcription initiation is a relatively well-con-
served process among eukaryotes [104, 105]. Especially, the general transcrip-
tion factors involved in the formation of transcription preinitiation complex are 
highly homologous. However, the regulation of gene expression via specific 
transcription factors and regulatory events is mostly a species and promoter 
specific. Thus, functionality of native promoters is often decreased, or even 
completely lost, outside their native hosts. This significantly slows down the in-
troduction of novel species into industrial or even research applications, as de-
velopment of gene expression systems has to be done for each new host individ-
ually. In order to demonstrate this challenge in practise, we tested the function-
ality of a few well-established and strong promoters of Y. lipolytica, P. pastoris, 
and Aspergillus nidulans (A. nidulans) in S. cerevisiae, and compared their 
strength with native S. cerevisiae PGK1 promoter (Figure 22). For example, A. 
nidulan’s gpdA promoter is often used promoter in industrial protein produc-
tion applications due to its high strength [183–185]. However, its use in S. cere-
visiae resulted to only minor mCherry expression. In addition, the TEF1 pro-
moter of Y. lipolytica and GAP promoter of P. pastoris were weaker in S. cere-
visiae than what would be expected based on their strength in the native hosts. 
These results clearly demonstrate limited used of heterologous promoters, as it 
might lead to unpredicted performance or total loss of promoter activity.  
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Figure 22 Test of heterologous promoters in S. cerevisiae. A) Well-established and strong native 
promoters of S. cerevisiae (S.c.), Y. lipolytica (Y.l.), P. pastoris (P.p.) and A. nidulans (A.n.) were 
cloned into S. cerevisiae integrative plasmid with mCherry reporter gene. B) Fluorometry analysis 
of the S. cerevisiae strains carrying single-copy genome integrated cassettes shown in a). Strains 
were cultivated 18 hours in SCD medium. Values and error bars represent the mean and standard 
deviation from three independent cultivations. 

The core promoter is the part of eukaryotic promoter in which transcription 
preinitiation complex assembles and transcription initiation occurs. Since these 
processes are relatively well-conserved among eukaryotes, we hypothesised that 
some core promoters could have broad inter-species functionality [186]. Previ-
ously Portela et al. showed that some core promoters can retain their function-
ality outside their native host [152]. Thus, based on universally functional core 
promoters, it might be possible to construct an expression system that can be 
used in a wide spectrum of eukaryotic organism without the need for species-
specific optimization. In addition, to create a functional expression system, the 
activation of target gene expression was envision to be achieved by an artificial 
(synthetic) transcription factor instead of native transcription activators. 

In order to identify universally functioning core promoters, we carried out a 
core promoter screen in S. cerevisiae. We selected the candidate CPs that origi-
nated from the filamentous fungi, A. niger and T. reesei. CPs selected for the 
screen (~200 bp region of promoter immediately upstream of the start codon) 
were chosen from genes that displayed high transcription levels under various 
growth conditions [187, 188]. We reasoned that functionality of the heterolo-
gous CPs from distantly related species in S. cerevisiae would indicate presence 
of features, in the CP sequence, that can be efficiently recognised by the tran-
scription machinery and motivate their use for a universal expression system. 
The developed test platform enabled quick and easy assembly of the expression 
system and simultaneous CP evaluation (Figure 23A). Candidate CPs were in 
vivo assembled into a reporter plasmid containing expression cassette with four 
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LexA-sTF binding sites followed by the candidate CP and mCherry reporter 
gene. The test was done in two yeast strains 1) the strain expressing LexA-sTF 
and 2) the strain lacking sTF. Fluorescence of strains expressing the sTF enabled 
evaluation of core promoters’ function with upstream bound activator, while the 
fluorescence of strains lacking the sTF enabled assesment of the CPs’ basal tran-
scription activity. 

Many heterologous core promoters were highly functional in S. cerevisiae 
(Figure 23B). Surprisingly, some of the core promoters of A. niger origin 
shown similar performance as the S. cerevisiae’s native PGK1cp. Few core pro-
moters of T. reesei origin, such as Tr123cp and Tr112cp, were relatively strong 
as well. These results demonstrated that some core promoters retain the capac-
ity of efficient transcription initiation also outside their native environment, un-
like most of the full-length promoters. In addition, we observed a correlation 
between the core promoters’ strength and their basal transcription level. Thus, 
some of the core promoter were suitable for use in the synthetic expression sys-
tem for the sTF expression. 

 

Figure 23 Core promoter screen. A) A test platform used in the core promoter screen. A library 
of heterologous core promoters containing homologous flanks with linearized centromeric plasmid 
were in vivo assembled in two S. cerevisiae strains 1) in strain containing constitutive sTF ex-
pression cassette 2) in a strain lacking sTF expression cassette. The fluorescence of the resulting 
colonies were measured to assess the functionality of each core promoter. B) mCherry fluores-
cence of S. cerevisiae strains containing different heterologous CPs originating either from A. 
niger (An) or T. reesei (Tr ). S. cerevisiae’s (Sc) native PGK1cp was introduced as a positive 
control. Red bars represent the measured fluorescence of strains expressing sTF (red primary 
axis on the left) and blue bars represent the fluorescence of strains lacking sTF (blue secondary 
axis on the right). Cells were grown at +30 °C for 18 hours in 4 ml SCD medium (in 24-well plate). 
Values and error bars represent the mean and standard deviation from three biological replicates. 
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The graph shows only subset of the tested core promoters, the comprehensive set is shown in 
Publication III. 

Based on the results obtained in the core promoter screen, we constructed a 
synthetic expression system (SES) containing the strongest heterologous core 
promoters. We selected the core promoters of the A. niger origin, 00850cp 
(008cp) and 201205cp (201cp), to drive the expression of sTF and mCherry, 
respectively (Figure 24). The sTF contained A. niger codon optimized version 
of Bm3R1 repressor protein, NLS, and VP16 activation domain. The Bm3R1 
DNA binding protein was selected because it was shown to provide highest ex-
pression levels in S. cerevisiae (Figure 14). The sTF dependent synthetic pro-
moter contained eight sTF binding sites followed by CP and mCherry reporter 
gene. Species specific selection marker and homologous regions for genomic in-
tegrations were also introduced. In addition, expression cassettes lacking sTF 
encoding DNA were constructed to evaluate possible intrinsic activation of the 
system by the native regulation (negative control, NC).  

 

Figure 24 Schematic presentation of the SES cassettes, including selection markers and ge-
nome-integration DNA regions used in the individual species. The mCherry expression was con-
trolled by the sTF (Bm3R1-NLS-VP16) via a synthetic promoter with eight sTF-specific binding 
sites and An201cp. The negative controls (NC) for each version lacked the region spanning the 
CP and a large portion of the sTF. Each cassette was integrated in the genome in a single copy.  

The constructed expression cassette was first tested in four yeast species: S. 
cerevisiae, Y. lipolytica, P. kudriavzevii and P. pastoris, and in two filamentous 
fungi: A. niger and T. reesei. Later the functionality was also tested in two exotic 
yeasts, Candida apicola and Zygosaccharomyces lentus, to demonstrate the 
usefulness of universal functionality in species that have not been previously 
genetically engineered (Supplementary Figure 7 in Publication III). These or-
ganisms form a group of evolutionarily distant fungal hosts that are industrially 
relevant for chemical and fuel production (S. cerevisiae, Y. lipolytica, A. niger), 
for protein production (P. pastoris and T. reesei), or represent an attractive 
multi-tolerant host with limited tools for gene expression engineering (P. 
kudriavzevii) [189]. In addition, in spite of some available gene expression 
tools, many of these hosts lack tools, which enable precise modulation of gene 
expression. Some of these hosts, such as T. reesei, also lack strong constitutive 
promoters, whose use would allow high-level expression in the absence of spe-
cific inducers. 

The universal expression cassette was integrated in single-copy into the ge-
nomes of the tested hosts. The resulting strains were analysed qualitatively by 
confocal fluorescence microscopy for production of mCherry (Figure 25). The 
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analysis revealed strong and uniform fluorescence throughout the cell popula-
tion indicating robust behaviour of the expression system. 

 

 

Figure 25 Confocal fluorescence microscopy of strains containing single copy integrated SES 
cassette. S. cerevisiae codon optimized version of sTF was used in S. cerevisiae and P. pastoris 
strains (marked with asterisk *). The micrographs acquisition settings and the contrast were ad-
justed to maximize the visualization of the red fluorescence. A corresponding bright field image is 
shown for each strain. 

To quantitate the performance of the SES, we analysed transcription levels of 
the mCherry, the sTF, and the TEF gene (TEF1 in yeasts, tef1a in T. reesei, and 
tefA in A. niger), which is one of the most highly expressed genes in eukaryotes 
[190]. In all hosts, the mCherry transcription levels were similar or higher than 
the level of TEF (Figure 26). Especially high mCherry transcription was ob-
served in T. reesei, in which the transcript level of mCherry was more than 60-
fold higher than the level of tef1a. Negative control (NC) systems, where no sTF 
encoding DNA was present, resulted in negligible expression of mCherry in all 
hosts except in P. kudriavzevii, where moderate levels of mCherry transcription 
was detected in the NC strains (~10% compared to the corresponding complete 
SES system). This suggests that in P. kudriavzevii, the Bm3R1-binding sites 
may be recognised by an unidentified, endogenous TF. In S. cerevisiae, the use 
of the SES system resulted in relatively low 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 optimised sTF resulted in high expression of mCherry 
(SES*). In P. pastoris, another organism with an AT-rich genome, only S. cere-
visiae codon optimised sTF was tested. 
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Figure 26 Transcription analysis of strains containing the SES system. The mCherry and sTF 
transcript levels were compared to transcript levels of the endogenous TEF gene in each host. 
PS denotes parental strain (without SES) while NC denotes negative control strain (SES without 
sTF). In S. cerevisiae, also the S. cerevisiae codon-optimized version of sTF was used in the SES 
which is indicated by an asterisk (SES*). In P. pastoris, only S. cerevisiae codon-optimized sTF 
was tested. Strains were grown for 18 hours in four ml SCD medium (24-well plate) prior to the 
analysis. Values and error bars represent the mean and standard deviation from two biological 
and two technical replicates. 

To test whether the SES system enables expression level adjustment in diverse 
organisms, we used two distantly related species, P. kudriavzevii and A. niger. 
The SES system was modified to contain 0, 1, 2, 4 or 8 Bm3R1-binding sites 
upstream of the mCherry gene (Figure 27A), and integrated as a single copy 
into genomes of these hosts. Fluorescence flow cytometry analysis of P. 
kudriavzevii cells and A. niger conidia showed increased fluorescence as a re-
sponse to increasing number of sTF binding sites (Figure 27B and C). In ad-
dition, the result provides compelling evidence that expression tuning can be 
accomplished in diverse hosts with identical expression cassettes. Since the 
availability of gene expression tools is very limited for these hosts, the developed 
system can greatly simplify their genetic engineering work. 
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Figure 27 A) Schematic presentation of SES with zero to eight sTF-binding sites used in P. 
kudriavzevii and A. niger. The SES cassettes were integrated in the genomes of the hosts in a 
single copy. B) Analysis of the mCherry fluorescence by flow-cytometry measurements of P. 
kudriavzevii cells and C) A. niger conidia. The box plots show the fluorescence intensity (mCherry) 
normalized by the particle (cell/conidia) size (forward scatter) for ~10000 cells/conidia from each 
strain. P. kudriavzevii cells were grown at +30 °C for 18 hours in four ml SCD medium (24-well 
plate). A. niger conidia were produced by 7-days cultivation on PDA plates. 

3.4 Synthetic expression system for protein production 

The use of recombinant proteins in various industries is steadily increasing. For 
instance, the chemical industry aims at novel practices, where use of enzymes 
would ensure improved process performance, increased safety, and lower im-
pact on the environment. In addition, numerous medical applications are in-
creasingly employing protein-based therapeutics (biologics), which provide 
more efficient treatments or more precise diagnostics. However, one of the chal-
lenges limiting faster progress in these applications, is the lack of efficient high-
level and low cost protein production platforms. 

T. reesei is one of the most-utilized host in protein production industry, due 
to its tremendous capacity to secrete enzymes at high levels (>100 g/L) [2]. The 
most often used T. reesei’s protein expression systems are based on the use of 
promoters of cellulolytic genes, such as cellobiohydralase 1 (cbh1) [113, 191–
193]. These promoters are strongly activated in the presence of inducing com-
pounds, mainly cellulose or its derivatives, but also lactose or other compounds 
[194, 195]. The transcriptional regulation of cellulolytic genes is highly coordi-
nated by transcription factors such as XYR1, CREI and ACEI [95, 194, 196, 197]. 
Thus, exposure to inducing compounds causes simultaneous expression and se-
cretion of spectrum of cellulolytic enzymes. While the co-expression can be 
highly useful phenomena in production of cellulolytic enzyme cocktails, these 
side activities can be unwanted or harmful once heterologous proteins are ex-
pressed in these conditions [111, 118, 198]. 
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Protein-product purification from a typical production culture supernatant 
containing a mix of proteins may require extensive downstream processing and 
thus significantly affects the overall economic and technical feasibility of the bi-
oprocess [118]. Partly due to these reasons, T. reesei has not been extensively 
used as a host in applications in which purity of the end-product is required. 

To solve this problem, several attempts have been taken to develop constitu-
tive or glucose induced/derepressed protein expression systems [117, 118, 198]. 
The presence of glucose efficiently represses the secretion of cellulolytic en-
zymes, and thus, growth in these conditions enables significantly purer produc-
tion of the target protein. Unfortunately, none of the established expression sys-
tems available for T. reesei can provide industrially relevant yields in non-in-
ducing and glucose containing media. For example, Li et al. reported that they 
were able to produce 1.6 g/L xylanase II in glucose medium using promoter of 
pyruvate decarboxylase (pdc) [117]. In this example, the xylanase II accounted 
for 83 % of total secreted protein. In another example, Nakari-Setälä and 
Penttilä reported 50–100 mg/L level production of CBHI and endoglucanase 1 
(EGLI) enzymes by the use of unidentified cDNA1 promoter [118]. Even though 
these studies are valuable proof-of-concept studies and they demonstrate the 
purity improvements achieved by the use of glucose medium, the obtained 
yields remain far below the levels that can be obtained using classical expression 
systems, such as cbh1 promoter. However, the universal expression system de-
veloped in this study was shown to provide high gene expression levels in T. 
reesei (Figure 26). Thus, we aimed to demonstrate how the SES system could 
provide industrially attractive solution for production of pure proteins in a sim-
ple, non-inducing glucose medium. 

Our previous experiments indicated that a mild increase of the sTF expression 
could still lead to improved performance of the system, while excessively high 
sTF expression led to toxic effects such as decreased growth rates or lethality 
(data not shown). For example, the use of native TDH3cp for sTF expression 
was shown to lead to higher reporter gene expression in S. cerevisiae compared 
to the use of An008cp (Appendix C / Supplementary Figure 2 in Publication 
II). Thus, to maximize expression of the target gene in T. reesei, we tested addi-
tional core promoters to be used for the expression of sTF in the T. reesei opti-
mized SES system. We focused on selected core promoters originating from T. 
reesei, previously screened in S. cerevisiae (Figure 23B). The hydrophobin II 
core promoter (hfb2cp, named as Tr_119989cp in Publication III), used in the 
modified SES reporter system for the expression of sTF, provided the highest 
levels of the mCherry-reporter production (Appendix D). Therefore, this core 
promoter was used for constructing the sTF expression cassette which was sin-
gle-copy integrated into cellobiohydrolase II (cbh2) locus of the T. reesei ge-
nome to create a background strain. The sTF itself was identical to the sTF that 
was used in the universal version of the synthetic expression system (Figure 
24). 

  The example protein, which was selected for this study was lipase B of Can-
dida antarctica (calB). Lipases are industrially important group of enzymes, 
which have wide applicability in food, textile, detergent, cosmetic, bioenergy 
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and pharmaceutical industries [199, 200]. Especially calB has been shown to be 
a robust enzyme, which can retain its function in harsh industrial conditions, 
such as in high solvent contents [201]. 

In order to express this enzyme in T. reesei, three expression cassettes were 
constructed, where the expression of calB was controlled by a synthetic pro-
moter containing eight sTF binding sites positioned upstream the An201 core 
promoter. The calB coding region was modified by replacing native N-terminal 
secretion signal with the previously established CBHI carrier protein and Kex2 
cleavage site encoding sequences [34], to facilitate secretion and proteolytic 
processing of the protein. Next, the SES-calB expression cassettes were used as 
donor DNA molecules, in CRISPR/Cas9-transformation, for simultaneous de-
letions/replacements of cellobiohydrolase I (cbh1), endoglucanase I (egl1), and 
endoglucanase II (egl2) genes in the T. reesei strain carrying the sTF expression 
cassette integrated in cbh2 locus. This resulted in a strain with four major cel-
lulase genes replaced by the SES-based calB production platform (Figure 
28A). The deletions of major cellulases was chosen to decrease overall native 
protein production in favour to calB production in cellulase-inducing condi-
tions. As a comparative example, a classical approach was tested where an iden-
tical CBHI-carrier-calB fusion gene was placed under control of the cbh1 pro-
moter (Figure 28B). 

 

Figure 28 A) Scheme of the synthetic expression system used for the CBHI-calB production. The 
hfb2 core promoter (T. reesei origin) was used for the expression of synthetic transcription factor 
(sTF; Bm3R1-VP16). The sTF recognizes the binding sequences (8×BS) in an engineered pro-
moter of the cbh1-calB gene. The sTF expression cassette was integrated in a single copy into 
the cbh2 locus and the CBHI-calB expression cassette was integrated as three copies in the cbh1, 
egl1 and egl2 loci. B) Scheme of a control CBHI-calB expression cassette. The cbh1-calB gene 
was expressed from the commonly used cellulose inducible cbh1 promoter. The cassette was 
integrated into cbh1 locus in a single copy. 

calB production was tested in fed-batch bioreactor cultivations. The strains 
were grown using commonly used cellulase inducing medium (spent grain lac-
tose; SG-lactose) and cellulase repressing medium (glucose medium). In the in-
ducing medium, both strains showed similar calB production during the fer-
mentation (Figure 29A). In addition, based on the SDS-PAGE analysis, the 
calB protein (33 kDa) together with the CBHI carrier (56 kDa) were the most 
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abundant products. The total secreted protein concentration in the end of fer-
mentation (day 5) was 20.9 g/L in the control strain (cbh1p) cultivation, and 
15.7 g/L in the SES strain cultivation (Figure 29B). As expected, the overall 
production of native proteins was substantially decreased in the SES strain. 

Once the cultivation was performed in the glucose-containing medium, dra-
matic reduction in protein production was observed in the control strain (Fig-
ure 29A), where the total secreted protein concentration decreased to 0.4 g/L 
which corresponds to a ~98% reduction in extracellular protein concentration 
(Figure 29B). On the other hand, the production of calB was virtually unaf-
fected in the SES-strain, where the calB and the CBHI-carrier protein seemingly 
constituted the only secreted products. Reduction in total protein concentration 
was observed to decrease from 15.7 g/L to 9.6 g/L (~39% reduction), which can 
be accounted for repression of native cellulolytic genes in the presence of glu-
cose. This demonstrated a superior stability of expression provided by the SES 
system.  

To assess the activity of the produced calB, we performed an enzymatic lipase 
assay from samples collected at day 5 of the bioreactor cultivations. The lipase 
activity was normalized to total protein concentrations in each sample and the 
activities were expressed as percentage of the commercially available calB en-
zyme activities (Figure 29B). The calB activities varied from 2.6 % to ~45 % of 
the commercial enzyme. Interestingly, the calB produced by the SES-strain 
shown similar levels of normalized activity in both cultivation conditions (~45 
% of commercial calB in SG-lactose as well as in glucose medium), even though 
the SDS-PAGE indicated higher purity of the product derived from glucose cul-
tivation. However, in spite of significant improvement in purity, few native pro-
teins were secreted to in glucose medium as well (Figure 29A). 
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Figure 29 Production of CBHI-calB fusion protein in T. reesei. The strains containing expression 
cassettes shown in the Figure 28 were cultivated in fermenter using either cellulase inducing SG-
lactose or non-inducing glucose medium. A) The SDS-PAGE analysis of proteins produced (se-
creted) into culture media. The cultivation media samples collected on days 1, 3 and 5 were di-
luted 1:10 in water prior to analysis. Purified, full length CBHI protein was used as a loading 
standard and the proteins were visualized by Coomassie staining. B) The total protein concen-
trations (blue bars, left y-axis) and the calB lipase activities (orange bars, right y-axis) in the sam-
ples collected on day 5 of the bioreactor cultivations. The lipase activity levels were normalized 
to total protein concentrations and the results are presented as a percent of commercially availa-
ble calB activity. The values and the error bars represent means and standard deviations from 
three technical replicates. 

3.4.1 High purity of produced calB achieved by fusion with efficient 
secretion signal peptide 

The N-terminal part of CBHI is commonly used as a fusion carrier protein for 
enabling heterologous protein production into culture medium [34, 202–204]. 
The high natural capacity of T. reesei to secrete CBHI protein is utilized in these 
applications to provide a strong N-terminal signal sequence in a context of the 
CBHI protein, which often leads to improved protein product secretion, folding, 
and stability. However, the use of a lengthy carrier protein could have certain 
disadvantages, such as increased consumption of cellular resources needed for 
its biosynthesis and eventually presence of the carrier protein in the culture su-
pernatant. 

To eliminate use of the CBHI-carrier protein, we looked for secretion signal 
peptides which, when fused to a protein of interest, would enable efficient se-
cretion. We selected four previously identified secretion signal peptides of well-
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secreted fungal enzymes: CBHI from T. reesei [205], CBHII from T. reesei 
[206], α-amylase from Aspergillus awamori [206], and glucoamylase from As-
pergillus niger [206] (Table 2). The selected signals sequences were cloned 
into calB expression cassettes to form the N-terminus of calB protein (SS-calB). 
The calB expression cassettes had otherwise identical structure to those used for 
the expression of calB with the CBHI-carrier protein, they however contained a 
different set of targeting regions for the genome integrations, i.e. parts homolo-
gous to 5′- and 3′- regions of cbh1, cbh2, and egl2 genes. The sTF expression 
cassette, identical to the one used for CBHI-carrier-calB production strain, was 
integrated into the egl1 locus of the T. reesei genome replacing the native gene 
region. The egl1 locus was selected, instead of the previously used cbh2 locus, 
based on our results indicating that expression of sTF from the egl1 locus could 
provide a more stable pattern compared to the cbh2 locus. 

Table 2 Protein signal sequences tested in this study. Each signal sequence was used as an N-
terminus of the calB protein to direct it into secretory pathway. 

Source gene Organism Amino acid sequence Refer-
ence 

α-amylase  Aspergillus 
awamori 

MRVSTSSLALSVSLFGKLALGLSAAE [206] 

Glucoamylase Aspergillus niger MSFRSLLALSGLVCTGLANV [206] 

cbh1 Trichoderma 
reesei 

MYRKLAVISAFLATARAQSA [205] 

cbh2 Trichoderma 
reesei 

MIVGILTTLATLATLAASVPL [206] 

 
To quickly assess the effect of the signal sequences on the production of calB, 

several randomly picked colonies from each transformation were cultivated in 
glucose-containing medium, and the culture supernatants analyzed by SDS-
PAGE (Appendix E). In addition, the calB activity was measured in a subset of 
the culture supernatants (Appendix E). Based on these initial analyses, α-am-
ylase and glucoamylase signal sequences provided substantially better secretion 
of calB as compared to CBHI and CBHII signal sequences. 

The efficiency of strains producing the calB by the SES system, the α-amylase-
SS-calB strain (SS-calB) and the previously constructed CBHI-carrier-calB 
strain (CBHI-calB), was assessed in fed-batch bioreactor cultivations. Both 
strains were grown in parallel either in SG-lactose medium in 1 L bioreactors for 
7 days, or in glucose-containing medium in 15 L bioreactors for 5 days (Figure 
30A and B). The protein levels gradually increased throughout the cultivation 
and reached the maximum values on the last fermentation days (day 7 in SG-
lactose / day 5 in glucose) (Figure 30A–C). The total protein levels reached 
21.4 g/L (SG-lactose medium) and 10.0 g/L (glucose medium) in case of the 
CBHI-calB strain, and 17.4 g/L (SG-lactose medium) and 4.6 g/L (glucose me-
dium) in case of the SS-calB strain (Figure 30C). Based on the SDS-PAGE, 
both strains produced similar amounts of calB (33kDa) in both media; however, 
in the SS-calB cultivations the calB was undoubtedly the most abundant protein. 
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In fact, once the SS-calB strain was grown in glucose medium, the purity of the 
calB in culture supernatant seemed considerably higher than the apparent pu-
rity of commercially available calB (Figure 30B). 

The analysis of lipase activity in the culture supernatants confirmed that the 
calB produced in T. reesei was a fully functional enzyme (Figure 30C). In par-
ticular, the normalized calB activity achieved with the SS-calB strain in glucose 
cultivation reached 159 % of commercial calB enzyme activity, which was likely 
due to superior purity of the product. Other strains and cultivations conditions 
showed substantially lower normalized calB activities in the culture superna-
tants, which was caused by co-production of other proteins, such as CBHI-car-
rier or diverse native enzymes, into the culture medium. Interestingly, in the 
SES-strains (CBHI-calB and SS-calB) cultivated in SG-lactose, the normalized 
calB activities reached the maximum values already at day 4 of the cultivations, 
declining in the following days. This might indicate faster accumulation of calB, 
which is expressed by the constitutively active SES system, as opposed to slower 
accumulation of the native enzymes, whose expression is gradually activated 
during the exposure to the inducing agents in the SG-lactose medium.  
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Figure 30 Production of SS-calB and CBHI-calB in T. reesei using synthetic expression system. 
The strains were cultivated either in A) SG-lactose medium for 7 days or in B) glucose-containing 
medium for 5 days, and the produced proteins were analysed by the SDS-PAGE. The cultivation 
media samples were collected as indicated and diluted 1:30 in water prior to analysis. Commer-
cially available calB protein was used as a loading standard and the proteins were visualized by 
Coomassie staining. The samples from the last day of each cultivation subjected to gel-filtration 
chromatography and freeze-drying were also analyzed after reconstitution in water and 1:30 dilu-
tion (marked with asterisk). C) The total protein concentrations (blue bars, left y-axis) and the calB 
lipase activities (orange bars, right y-axis) in the samples collected from the bioreactor cultivations 
and in the gel-filtrated, freeze-dried samples (marked with asterisk). The lipase activity levels were 
normalized to total protein concentrations and the results are presented as a percent of commer-
cially available calB activity. The values and the error bars represent means and standard devia-
tions from three technical replicates. 
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4. Conclusion and future perspectives 

The increasing ability to contruct microbial hosts has enabled development of 
cell factories in which the products can be efficiently synthesized via engineered, 
and sometimes fully synthetic, enzymatic pathways. The number of applications 
where cell factories are used rapidly increases, and they vary from therapeutic 
cells to biological production of fuels, chemicals and pharmaceuticals. There are 
already few examples demonstrating the possibilities of synthetic biology, such 
as heterologous production of artemisinin or opiates in yeast. This trend will 
most likely accelerate in future as many traditional industries (such as pharma, 
food, energy, or chemical) are aiming to improved environmental friendliness 
in their processes and products, provide better and cheaper pharmaceuticals, or 
more efficient food production systems for the growing population. Biotechnol-
ogy is one of the key technologies that is expected to play a critical role in an-
swering these challenges. However, to fulfil these expectations, there is an ur-
gent need to develop technical solutions that allows development of economi-
cally as well as environmentally and socially sustainable biotechnical applica-
tions. Especially, the tools required for genetic engineering and control of criti-
cal cellular processes, such as gene expression, glycosylation or cell prolifera-
tion, need to be developed further. In addition, the high-throughput screening 
methods and establishment of automated strain engineering pipelines is crucial 
to decrease the time and cost required for the strain development. 

One of the most important scientific discoveries of the recent years is, unques-
tionably, the genome editing tool CRISPR-Cas9. Its use has significantly 
speeded up genetic engineering processes, by enabling precise and efficient in-
troduction or deletion of genetic material. However, the CRISPR-Cas9 technol-
ogy alone is insufficient for the establishment of efficient cell factories. Other 
important tools and technologies, which have significantly improved during the 
recent years include novel computational methods, faster and cheaper DNA se-
quencing, and DNA synthesis services. In addition, the methods used for build-
ing the DNA constructs have become easier and faster. With the aid of these 
tools, it is possible to increase our understanding of biological systems, and 
quickly assemble and optimize novel production systems. 

The purpose of strain engineering is the construction and optimization cellu-
lar processes for efficient production. In many applications, this requires ex-
pression of heterologous genes in the host - to obtain novel enzymatic activities 
or to redirect metabolic fluxes towards target product. Since gene expression is 
one of the key ways to regulate cellular processes, the ability to control gene 
expression reliably and predictably is essential in any biotechnical application. 
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Thus, a significant amount of effort has recently been invested into development 
of gene expression systems. As a result, a large spectrum of promoters and other 
gene expression tools is available for some hosts, such as E. coli and S. cere-
visiae. On the other hand, a relatively limited number of tools is available for 
other established hosts, like A. niger and T. reesei. However, most of the devel-
oped tools are based on the use of native genetic parts, such as promoters, and 
they are prone to complex, and often poorly understood native regulations. 
Thus, the use of these parts can lead to unintended behaviour during cultivation 
caused, for instance, by changing conditions during extended bioprocesses. In 
addition, many commonly used promoters require specific cultivation condi-
tions to become active, cbh1 promoter of T. reesei being one example. Moreover, 
the functionality of native promoters is often diminished, or lost, outside their 
native host, as was demonstrated in this study as well (Figure 22). As a result, 
a major species-specific development work is required once new production 
hosts are being established, which significantly hinders the exploitation of novel 
species with attractive properties. 

In order to provide solutions for the above-mentioned problems, this work fo-
cused on developing novel gene expression tools for fungal hosts. The aim was 
to develop technology, which would minimally rely on native DNA parts to avoid 
cross talk with native regulation. In addition, we aimed to develop a system, 
which would enable precise modulation of target genes expression. Our hypoth-
esis was that modularity would be of a great advantage because, in the best case, 
the combination of previously well-characterized parts would enable assembly 
of genetic systems whose functionality could be predictable. Thus, as a first step, 
we developed and tested the concept of modular expression system in yeast S. 
cerevisiae (Publication I). The developed gene expression system was based on 
expression of a synthetic transcription factor, which specifically activated the 
expression of downstream genes controlled by the sTF dependent synthetic pro-
moter. We demonstrated that the modulation of target gene expression could 
easily be achieved by selecting a core promoter with a desired strengths (Figure 
7), or by varying the number of sTF binding sites within the synthetic promoter 
(Figure 11). A few previous studies have reported similar results [57, 62, 63], 
however most of the previous systems require specific inducer compounds, such 
as estradiol. Thus, these systems are not suitable for industrial scale applica-
tions in which constitutive expression systems are preferred. However, the sys-
tem developed here, should be applicable in large-scale applications as well, be-
cause the system’s functionality was not relying on externally added com-
pounds.  Importantly, we discovered that core promoters with high basal tran-
scription activities, such as TDH3cp, can be used instead of full-length promoter 
for expression of strong sTFs to achieve constitutive and stable expression pro-
file. Another benefit of this concept was the possibility to decrease possible toxic 
side effects caused by sTF over-expression. 

Essential part of this work comprised characterization of modular parts, which 
could be used for engineering of complex synthetic gene circuits (Publication 
II). For example, we developed six highly orthogonal and differently performing 
sTFs whose mutual cross reactivity was minimal (Figure 15). It was observed 
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that the use of strong sTFs led to transcription outputs, which exceeded the lev-
els of the most highly, expressed genes in S. cerevisiae. This makes the devel-
oped tools, especially the Bm3R1-sTF based system, a highly attractive for ap-
plications, in which maximum expression levels are preferred. On the other 
hand, the ability to precisely modulate gene expression levels could be a highly 
useful solution for optimization of multienzyme pathways. For example, in 
some applications, precise balancing and dissimilar expression levels of individ-
ual enzymes might be required to maximize the flux through the production 
pathway, as discussed before.    

 In addition to synthetic transcription factors, we develop a set of synthetic 
repressors (sRep) by utilizing the DNA binding property of bacterial repressors. 
The idea was to enable temporal downregulation of target gene, for example to 
enable redirection of metabolic fluxes through targeted repression of selected 
native or heterologous genes. In some application, this could improve availabil-
ity of crucial substrates, or prevent excessive accumulation of intermediates, 
which could compromise the productivity or fitness of the production organism. 
Thus, in order to test the repression concept, we developed a library of repress-
ible core promoters by introducing two sRep binding sites within the structure 
of CPs (Figure 16). The engineered CPs were originating from S. cerevisiae, A. 
niger and T. reesei, and the generated library formed a spectrum of differently 
strong CPs. The core promoter library alone formed an extensive set of tools, 
which could find their use in multiple applications. The results obtained from 
the repression experiment showed a clear sRep dose dependent downregulation 
of reporter gene (Figure 17). Surprisingly, very high levels of the sReps was 
required to achieve complete repression. This could be problem in applications, 
where a tight repression is needed, but an advantage in applications, where only 
partial downregulation of transcription would be beneficial, such as in decreas-
ing flux through an essential metabolic pathway. The tighter repression func-
tionality could be, however, most  likely be implemented to the current sReps 
by the addition of a specific repression domain [64]. 

The simultaneous use of multiple modular parts was demonstrated in the bi-
stable switch circuit (Figure 18). The bi-stable switch herein had two distinct 
expression states and a genetic memory allowing it to retain its programmed 
status in the absence of inducer compounds. In consideration of the complexity 
of the circuit, the system functioned surprisingly well in accordance with the 
design. The switch from one exclusive state to another state occurred robustly, 
as was demonstrated by performing (multiple) serial switches (Figure 20). In 
addition, the system was able to maintain its programmed status over 80 gen-
erations (Figure 21). This, to our knowledge, is the first bistable switch devel-
oped for yeast that has shown to provide such robust functionality over such a 
long time period. In the best case, the developed system could be used in bio-
technical applications, for example, for switching between growth and produc-
tion mode. As a conclusion, we believe that the results provide convincing evi-
dence that the characterized tools are highly useful for assembly and optimiza-
tion of complex genetic systems in S. cerevisiae.  
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One of the most important and exciting discovery of this study was that many 
core promoters can retain their functionality outside their native hosts. For ex-
ample, the use of core promoters of T. reesei or A. niger led to high expression 
levels in S. cerevisiae (Figure 23). This observation motivated us to attempt to 
develop the synthetic expression system (SES), which would provide broad 
functionality in various species without need for species-specific optimization 
(Publication III). The system was assembled from heterologous core promoters 
which demonstrated inter species functionality, and from a strong Bm3R1-sTF 
and its corresponding binding sites (Figure 24). System’s functionality was 
tested in six yeasts and in two filamentous fungi, and high functionality was ob-
served in all the tested hosts (Figure 25). The modulation of gene expression 
was also successfully demonstrated in in two dissimilar hosts, A. niger and P. 
kudriavzevii (Figure 27). The impact of these findings is that the control of 
gene expression in fungal hosts became significantly easier and faster, especially 
in the case of hosts with limited tools. We considered this as a substantial benefit 
with commercial potential, and thus a patent application (Appendix F) was 
submitted on the developed system (Finnish patent FI127283B granted / PCT 
application PCT/FI2017/050114 / USA application 015234 US). Indeed, the sys-
tem has already raised broad interest among biotechnology companies, and the 
system is currently being tested in multiple customer projects. 

In order to demonstrate the use of the SES system for the production of an 
industrially relevant protein, we expressed lipase B of Candida Antarctica 
(calB) in T. reesei (Publication IV). Even though the previous experiments 
showed that the original SES system performed very well in T. reesei, a slight 
optimization was done to increase sTF’s expression level. In addition, the sTF 
and calB expression cassettes were integrated into separate loci, sTF in a single 
copy and calB expression cassette in a triple copy (Figure 28). We used 
CRISPR-Cas9 system to simultaneously replace three main cellulase genes in a 
single transformation. The SES system’s performance was compared to the cbh1 
promoter, which is a very strong and well-established promoter in T. reesei. The 
use of SES system led to similar calB levels in inducing conditions as was ob-
tained with the cbh1 promoter (Figure 29). Importantly, the SES system pro-
vided similar calB levels in inducing medium and in repressing, glucose con-
taining medium. These results suggest that the developed synthetic expression 
system functions in a highly constitutive manner. In addition, we discovered a 
short heterologous α-amylase signal sequence whose use led to similar calB lev-
els as was obtained with the CBHI carrier protein (Figure 30). Altogether, sub-
stantial purity improvements were achieved once the cultivation was performed 
in glucose medium instead of inducing medium, and once CBHI carrier protein 
was replaced with short α-amylase signal sequence. Since the existing tools 
available for T. reesei do not allow efficient production in glucose containing 
medium, significant savings in downstream protein purification could be ex-
pected with the approach developed herein. Protein purification is often the 
most expensive part of protein production process in many applications, so the 
technology developed here could expand the selection of products that can be 
cost-effectively produced in T. reesei. 
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The tools developed in this study represent a comprehensive gene expression 
toolkit, which will find use in many biotechnical applications. However, further 
studies are still required to take full advantage of the system. For example, the 
functionality of the universal expression system should be tested in additional 
fungal hosts, as well as in other eukaryotes. Indeed, once the fungal core pro-
moters were replaced with core promoters of Arabidopsis thaliana, very strong 
target gene expression was observed in our preliminary experiments in tobacco 
Nicotiana benthamiana. In fact, the expression from SES system exceeded the 
levels that was obtained using the strong and constitutive cauliflower mosaic 
virus promoter (CaMV 35S). In addition, a gradual increase in target gene ex-
pression was observed in tobacco once the number of binding sites was in-
creased. These results suggest that the concept of synthetic expression system 
could be universally viable across different kingdoms of eukaryotes. Next, we 
aim to develop similar system for mammalian hosts. The other future work in-
cludes further optimization of the system and characterization of additional 
parts. Additional industrial examples should also be provided, especially in 
terms of demonstrating the gene expression modulation in pathway engineer-
ing. In addition, the long-term genetic and expression stability should also be 
carefully addressed in further studies. 

All in all, it is expected that the tools developed in this study provides useful 
means for biotechnical research as well as for the industry by simplifying engi-
neering of fungal strains, and by enabling more efficient production of biotech-
nical products. In addition, we hope that completely novel organisms become 
amenable for strain engineering with the aid of these tools.  
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Appendix A: Characterization of native S. 
cerevisiae promoters (with UAS) 

A) Schemes of the reporter cassettes with full-length S.cerevisiae promoters as-
sembled in bidirectional orientation. B) The OD600 normalised fluorescence 
signal of the strains grown in presence of 2% D-glucose and in absence of me-
thionine. C) The normalised fluorescence of the strains grown in presence of 2% 
D-galactose and in absence of methionine. The values represent the averages 
and the error bars the standard deviations from at least three biological repli-
cates. 

 



 

 

Appendix B: In vitro binding of the LexA binding 
sites to the purified LexA-VP16 sTF (electro 
mobility shift assay) 

Similar in-vitro binding efficiency for the purified sTF16 was observed with the 
four versions of the LexA-binding sites in electro mobility shift assay (EMSA). 
Equal amounts of each Cy-5-labelled DNA probe (A) and the purified sTF were 
incubated with increasing quantities of an unlabelled DNA competitor contain-
ing four LexA-binding sites (B1-B2-B3-B4) (B). In each case, the sTF-labelled-
probe complex was partially destabilized in the presence of 2 ng/μl of the unla-
belled competitor DNA (+), and almost completely removed in the presence of 
20 ng/μl of the competitor (++). The control reactions contained no sTF or com-
petitor (C). 

 

 



 

 

Appendix C: Tuning of the sTF expression

(A) Scheme of the expression system for testing the influence of the sTF level 
for transcription tuning in S. cerevisiae. The system is composed of two genome 
intgrated DNA cassettes, where the Bm3R1-sTF is under the control of three 
differently strong core promoters - 008cp, 533cp, or TDH3cp. The number of 
the Bm3R1-specific binding sites in the promoter of the reporter gene was var-
ied from 0 to 8. (B) Fluorescence analysis of the strains expressing Venus under 
the Bm3R1-sTF dependent promoters with varying number of sTF BSs. The val-
ues and error bars represent the mean of three biological replicates ± SD. 

 



 

 

Appendix D: Test of additional core promoters for 
increased sTF expression in T. reesei 

A few core promoters of A. niger (An-prefix) and T. reesei (Tr-prefix) which 
were previously tested in yeast (Figure 23) were employed for Bm3R1-VP16 
sTF expression in T. reesei. A) A schematic representation of the expression 
cassettes used in the experiment. The reporter cassette contained mCherry re-
porter protein controlled by synthetic promoter composed of eight sTF BSs and 
An201cp. B) Fluorescence measurement of strains carrying the single copy in-
tegrated cassettes shown in A). NC represents fluorescence of parental strain 
lacking sTF and mCherry expression cassettes. Strains were grown for ~18 
hours in non-inducing glucose medium (24 well plate cultivation). The values 
and error bars represent the mean of three biological replicates ± SD. 

 



 

 

Appendix E: Screen for efficient signal sequences 

The signal sequences (SS) of CBHI (T. reesei), CBHII (T. reesei), α-amylase (A. 
awamori) and glucoamylase (A. niger) (Table 2) were fused to the calB encod-
ing sequence to form the N-terminus of resulting proteins. The sTF and SS-calB 
expression cassettes were integrated into T. reesei genome by two steps of 
CRISPR/Cas9 mediated transformations. In the first step, the sTF expression 
cassette was targeted into the egl1 locus. And in the second step, the resulting 
strain was transformed by multiplexed CRISPR/Cas9 targeting the SS-calB cas-
settes simultaneously into the cbh1, cbh2, and egl2 loci. A) Several colonies (9-
13) were randomly selected from each transformation plate and the strains cul-
tivated in 4 mL of glucose-containing medium in 24-well plate for 3 days. The 
total protein produced (secreted) was analyzed by the SDS-PAGE (Coomassie 
staining) to test the efficiency of each signal sequence for the calB protein secre-
tion. The culture media samples were diluted 1:10 in water and 12 μL were 
loaded into the gel. The previously constructed CBHI-calB strain (SES strain, 
Figure 28A) and its parental strain, lacking the sTF and the CBHI-calB expres-
sion cassettes, were included in the parallel cultivations as positive and negative 
control (NC), respectively. B) The culture supernatant samples collected from 
clones marked with asterisk (*) were further analyzed by performing the lipase 
assay. The lipase activity levels shown here represent raw measurement values 
from a single technical replicate (no normalization to protein concentration). 
The culture supernatants from the CBHI-calB strain (SES strain, Figure 28A) 
and its parental strain, lacking the sTF and the CBHI-calB expression cassettes, 
were included in the calB activity measurements as positive (PC) and negative 
controls (NC), respectively. 
 



 

 

 



 

 

Appendix F: List of patents and patent 
applications 

Expression system for eukaryotic organisms 
 Finnish patent FI127283B granted / PCT application PCT/FI2017/050114 / 

USA application 015234 US 
 Inventors: Dominik Mojzita, Anssi Rantasalo, Jussi Jäntti, Christopher 

Landowski, Joosu Kuivanen 
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