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The ascomycete Trichoderma reesei is one of the main fungal producers of cellulases and xylanases based on its high production capacity. Its enzymes are applied in food, feed, and textile industry or in lignocellulose hydrolysis in biofuel and biorefinery industry. Over the last years, the demand to expand the molecular toolbox for T. reesei to facilitate genetic engineering and improve the production of heterologous proteins grew. An important instrument to modify the expression of key genes are promoters to initiate and control their transcription. To date, the most commonly used promoter for T. reesei is the strong inducible promoter of the main cellobiohydrolase cel7a. Beside this one, there is a number of alternative inducible promoters derived from other cellulase- and xylanase encoding genes and a few constitutive promoters. With the advances in genomics and transcriptomics the identification of new constitutive and tunable promoters with different expression strength was simplified. In this review, we will discuss new developments in the field of promoters and compare their advantages and disadvantages. Synthetic expression systems constitute a new option to control gene expression and build up complex gene circuits. Therefore, we will address common structural features of promoters and describe options for promoter engineering and synthetic design of promoters. The availability of well-characterized gene expression control tools is essential for the analysis of gene function, detection of bottlenecks in gene networks and yield increase for biotechnology applications.
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INTRODUCTION

Trichoderma reesei is a model organism for plant biomass degradation and a production platform for proteins and enzymes (Bischof et al., 2016). The T. reesei reference strain QM6a was isolated during the Second World War on the Solomon Islands due to its ability to degrade US army tent canvas. Initial efforts to understand the biochemical mechanisms of its extracellular cellulases were performed by Mary Mandels and Elwyn T. Reese in the Natick Army Research Laboratories (Reese, 1976; Allen et al., 2009). The isolated wild-type strain T. reesei QM6a is, as many naturally occurring strains, a poor cellulase producer but showed a high potential for enhancement of secretion capacity. Therefore, it was necessary to run several strain improvement programs to convert QM6a into an industrial workhorse for cellulase production. These efforts resulted in many different mutagenized strains with the two main lineages from Rutgers and Natick (Reese, 1975; Montenecourt and Eveleigh, 1979). In the 1980ties the Rutgers lineage strain Rut-C30 (Peterson and Nevalainen, 2012) produced and secreted 30 g protein per liter fermentation medium using lactose as inducing carbon source (Durand et al., 1988). Further advancements by classical and genetic strain improvement led to industrial hyperproducer strains which are able to secrete more than 100 g of protein per liter in industrial fermentation settings, the new golden standard for cellulase production (Cherry and Fidantsef, 2003). Since all improved strains are derived from the single Solomon Islands isolate QM6a, a genomic tracking of changes accompanied with cellulase hyperproduction is possible (Le Crom et al., 2009). The potential to secrete huge amounts of protein promoted efforts to use T. reesei as expression host for recombinant proteins. Following the establishment of transformation techniques (Penttilä et al., 1987; Gruber et al., 1990), numerous fungal and non-fungal proteins were successfully produced by T. reesei (Nevalainen and Peterson, 2014; Paloheimo et al., 2016). Among these, calf chymosin was one of the first mammalian proteins produced in fungi (Harkki et al., 1989). Another emerging application is the biosynthesis of human proteins. Although T. reesei is not able to produce proteins with a human like glycosylation pattern, one advantage is that it does not hyperglycosylate proteins. These high-mannose glycans are often observed in proteins from other fungal expression hosts including Saccharomyces cerevisiae or Pichia pastoris and affect protein function or lead to immunogenic reactions in patients when used as therapeutic proteins (van Arsdell et al., 1987; Penttilä et al., 1988; Godbole et al., 1999; Boer et al., 2000; Jeoh et al., 2008; Ward, 2012). Promising results were recently achieved for a number of human proteins including antibodies, interferon alpha 2b, and insulin like growth factor when expressed in multiple protease deficient strains (Landowski et al., 2015). Besides its excellent yield of extracellular proteins, some of the secreted enzymes of T. reesei received the GRAS status (Generally Recognized as Safe) by the US Food and Drug Administration (U.S. Department of Health and Human Services, www.fda.gov). Another advantage is the cultivation on inexpensive media and the possibility for upscaling to reactor volumes larger than 100 m3 without compromising productivity (Paloheimo et al., 2016). T. reesei can grow on cheap lignocellulosic waste materials from food and non-food crops as easy available carbon. The lignocellulolytic enzymes produced under these conditions are then used to convert plant cell wall polysaccharides into simple fermentable sugars which are microbiologically transformed into bioethanol or other biorefinery products with higher value (Belal, 2013; Saravanakumar and Kathiresan, 2014; Xu et al., 2015).

For recombinant protein expression, the existence of a well-developed genetic toolbox is essential for efficient engineering of the production host. Its main parts were extensively reviewed, for example in (Keränen and Penttilä, 1995; Steiger, 2013; Bischof and Seiboth, 2014). The basic requirements are suitable host strains and preferentially a large set of different gene expression cassettes. One important element of an expression cassette is the promoter, which initiates and controls gene expression.

In this review, we will describe established promoters for T. reesei with emphasis on their advantages and disadvantages and discuss recently discovered promoters using transcriptomic approaches. Subsequently, we will give examples for other useful promoters that could be adapted for T. reesei and describe synthetic expression systems that have recently been or are about to be established for T. reesei. Finally, we will touch the emerging field of promoter engineering, where we will address the promoter architecture in eukaryotes, specific features of promoters and transcription factors in T. reesei and give an outlook on the in silico design of promoters.

ESTABLISHED PROMOTERS FOR GENE EXPRESSION IN T. REESEI

Promoters are regulatory regions upstream of the transcription start site controlling the transcription of genes. They provide information for the binding of RNA polymerase and factors necessary for recruitment of the RNA polymerase. Initiation of transcription is regulated by a diverse set of activators and repressors with often further coactivators or corepressors involved (Wei et al., 2011). Although our knowledge on fungal promoters is steadily increasing, it is still considerable low compared to prokaryotic promoters and the exact composition of regulatory motives found in promoters of eukaryotes is still not sufficiently characterized. Some of the known features are summarized in section Structure and Regulation of Promoters.

Promoters can be classified into constitutive and tunable promoters. Constitutive promoters are expressed independently of environmentally induced transcription factors. Figure 1A shows such an independent activation or repression. In contrast to constitutive promoters, tunable promoters react to presence or absence of biotic or abiotic factors as shown in Figures 1B–D. Bidirectional promoters are a special case and able to regulate two adjacent genes oriented in opposite directions. They can be employed to express two genes simultaneously but will not be further addressed in this review, since they are not yet broadly used for T. reesei.
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FIGURE 1. A simplified model for the different mode of actions of constitutive and tunable promoters. (A) Constitutive expression of a promoter is regulated by activation (left) and repression (right) without the influence of biotic or abiotic factors. (B) Concentration-dependent activation or repression of promoter regulation. Depending on the concentration, the modulating substance influences the action of transcriptional activators and repressors. (C) Transcriptional regulation by competitive activation and repression. Transcriptional activators and repressors bind to the promoter and compete for cis-regulatory binding sites.



Constitutive Promoters

Constitutive promoters regulate expression of basal genes, like housekeeping genes or genes of the glycolytic pathway. They produce at a constant rate independent of the employed carbon source resulting in about the same amount of gene product over time. However, their activity is not very flexible, since they lack an on/off option. Constitutive promoters are independent of environmental factors. Nevertheless, they are often correlated to the growth of the fungus. Using the term constitutive is not completely correct in that context. The here described promoters can also be considered as auto-inducible, since their independence from growth factors has not yet been shown. The term auto-inducible is often used with bacterial expression hosts as Escherichia coli (Briand et al., 2016; Anilionyte et al., 2018). In this review, we will stick to the term “constitutive” as it is still generally used in literature. The most commonly used constitutive promoters for T. reesei were usually only tested under specific conditions for protein production. Especially D-glucose based media are cheap and therefore attractive for economic protein production. Thus, it would need further investigations to figure out, whether they are truly independent of media components or if they are active during all growth phases.

Frequently used homologous constitutive promoters are listed in Table 1. The promoters of cDNA1 (Nakari-Setälä and Penttilä, 1995) and tef1 (Nakari et al., 1993) were isolated by screening of cDNA libraries for genes highly expressed during growth on D-glucose and were used for overexpression in D-glucose containing media. The promoter of the uncharacterized cDNA1 is generally regarded as one of the strongest among the constitutive promoters, while Ptef1 is medium strong (Nakari-Setälä and Penttilä, 1995; Uzbas et al., 2012). Other promoters of eno1, gpd1 and pdc1 are also well expressed during cultivation on D-glucose (Chambergo et al., 2002; Li et al., 2012). (Li et al., 2012) compared their activities by expression of the T. reesei xylanase xyn2. They found that Ppdc1 and Peno1 are stronger than Pgpd1, but that Pgpd1 showed a very stable expression, whereas Ppdc1 and Peno1 activities increased on high D-glucose concentrations in the medium (Li et al., 2012). The homologous cellobiohydrolase cel7a was overexpressed under Peno1 control in a Δcel7a strain resulting in suitable product levels (Linger et al., 2015). The promoter of pki1 was used for e.g., xylanase production exhibiting low to medium strength (Kurzatkowski et al., 1996).


Table 1. Examples for constitutive promoters for T. reesei.
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Overall, the comparison of the expression strength of these different promoters is difficult as the cultivation conditions, media compositions or strain backgrounds vary considerably in the different publications. So far, no results are available, which compare these promoters under industrial production conditions. Although constitutive promoters are simple to use and independent of media requirements, the major disadvantage in comparison to inducible promoters is their expression strength. The strong constitutive cDNA1 promotor produced significantly less protein in a cultivation using D-glucose compared to the strong inducible cel7a promoter under cellulase inducing conditions (Penttilä et al., 1987).

Tunable Promoters

Tunable promoters are either inducible or repressible and dependent on the presence or absence of activating or repressing agents. These can be substances like sugars, amino acids, vitamins, metals or physical stimuli like light or different temperatures. The different mode of action of substance related activation and repression is depicted in Figures 1B,C. The effect of these modulating substances can be e.g., concentration dependent or competitive. Preferably, the strength of the promoter can be fine-tuned by the addition of different quantities of the inducing/repressing substance. For protein production, an inducible promoter should have no or only a low basal expression which is considerably enhanced by addition of the inducer. The induction should be strong, but in contrast to gene function studies a full tightness is not the main concern but surely advantageous to separate growth and production phase (Meyer et al., 2011; Huang et al., 2015). In both cases, the induction can be the result of a direct activation and the neutralization of a repressor, respectively. The expression level of a repressible promoter should be high to moderate and significantly lowered by addition of a repressing substance. As a production host for cellulases and xylanases, the promoters of genes of the main secreted enzymes are attractive targets for use in overexpression cassettes.

Cellulase Promoters

The cellulase cellobiohydrolase CBH1, or according to the Carbohydrate-active Enzymes (CAZyme) annotation CEL7A (Lombard et al., 2014), constitutes with about 60% the dominating protein in the T. reesei secretome produced under cellulase inducing conditions. Its expression strength has made the cel7a promoter the first choice to drive recombinant protein production (Gritzali and Brown, 1979; Nummi et al., 1983). Cel7a promoter based expression constructs can be introduced in multiple copies. It is estimated that up to four copies of the expression cassette can still increase protein production but that at higher copy numbers a saturation effect occurs which is assumed to be caused by a depletion of transcriptional activators (Karhunen et al., 1993; Margolles-Clark et al., 1996). Besides the one of cel7a, there are a few other frequently used cellulase promoters listed in Table 2, including Pcel6a or Pegl2. Beside their lower expression strength, all of them exhibit similar advantages and limitations as the promoter of cel7a.


Table 2. Examples for tunable promoters for T. reesei.
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Cellulase genes have to be induced by sugars, which need to be present in the fermentation medium. Consequently, the application of those promoters is limited by the media requirements. Induction of cellulase promoters can be achieved by a broad variety of carbohydrates, ranging from insoluble polymeric carbon sources like cellulose and cellulose containing raw materials, to soluble disaccharides. Some of the best explored and most used inducing carbon sources can be found in Table 3. Cellulose and related carbon sources can be disadvantageous for industrial processes due to the insolubility of the substrate, which can affect downstream processing. The soluble disaccharide sophorose is too expensive for industrial use and lactose leads to lower enzyme production than cellulose in most strains. The monosaccharide L-sorbose affects growth of the fungus and is usually not used in industrial protein production. A more detailed discussion on further aspects of these inducing carbon sources was reviewed before (Stricker et al., 2008a; Kubicek et al., 2009; Amore et al., 2013).


Table 3. Inducing substrates for cellulase and xylanase expression.
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Cellulase promoters, including Pcel7a, are usually inactive during growth on D-glucose and other easily metabolizable carbon sources, such as D-xylose, due to a mechanism termed carbon catabolite repression (Ruijter and Visser, 1997; Mach-Aigner et al., 2010). In the cellulase hyperproducer strain T. reesei Rut-C30, ancestor of many industrial strains, carbon catabolite repression was abolished and therefore the strain can express cellulase and xylanase genes on D-glucose and other non-inducing carbon sources. This is the result of a mutation in the carbon catabolite repressor gene cre1 (Ilmén et al., 1996b; Seidl et al., 2008). However, these derepressed cellulase levels are considerably lower compared to the induced expression levels (Nakari-Setälä et al., 2009).

A side effect when using cellulase promoters for protein expression is that induction leads to the expression of other native cellulases. This does not constitute a problem when the whole protein mixture is used for e.g., plant biomass degradation but leads to a loss of energy for the production and secretion of these byproducts in case a pure product is desired. In addition, they lead to increased costs in the downstream processing during protein purification. These problems are partially prevented by knocking out the most prominent cellulases (Landowski et al., 2015) or targeting the expression cassette to the cel7a locus to eliminate formation of the major cellobiohydrolase CEL7A. As an alternative, (Uzbas et al., 2012) established a generally cellulase and xylanase free production platform in T. reesei by using a strain deleted in the main cellulase activator XYR1. By doing so, the enzyme activities can be determined directly in the supernatant without disturbance of native cellulases or xylanases avoiding laborious purification steps. This system was already used to express various proteins, for example the T. reesei swollenin SWO1 and a Corynascus thermophilus cellobiose dehydrogenase (Eibinger et al., 2016; Ma et al., 2017).

Alternative Tunable Promoters

Whereas most cellulases are coordinately regulated, the expression of the xylanases can differ to some extent. There are several xylanase promoters in use (Table 2). Xylanases are induced by sugars, but in contrast to cellulases, not all of them are induced and repressed by the same substances. XYN1 and XYN3 are repressed by CRE1, respectively D-glucose, while XYN2 retains a low constitutive expression on D-glucose (Mach-Aigner et al., 2010; Herold et al., 2013). XYN2 is also induced by cellulose and related inducers (Amore et al., 2013; Herold et al., 2013). The most common used xylanase promoters are the ones of xyn1 and xyn2.

Whereas cellulase and xylanase promoters are repressed on D-glucose, the promoter of the sugar transporter stp1 is turned on when D-glucose is used as carbon source. Promising studies have been made for this alternative promoter, that can use cheap D-glucose but also other carbon sources as activating agent (Ward, 2011; Zhang et al., 2013, 2015).

NEW DEVELOPMENTS TO EXPAND THE PROMOTER TOOLBOX

Rational strain engineering demands novel regulatory tools to understand the complexity, limitations and driving forces of protein production. Therefore, it is necessary to regulate genes in a new manner as simply overexpression or deletion will not be sufficient to grasp the complexity of protein production. Nowadays, whole gene networks need to be adjusted in order to optimize product formation. Common obstacles can for example be metabolite pool drownings, unfavorable changes in the redox state of the cell, protein misfolding or protease formation caused by overexpression of recombinant proteins. Furthermore, complex gene systems often compensate for simple genetic modifications and cannot be characterized by only silencing or activating a single gene. All these drawbacks can be overcome by directed changes in expression or by construction of new gene circuits.

As detailed in the previous chapters, there is an adequate selection of promoters available for recombinant protein expression derived from cellulase or xylanase genes, respectively a few constitutive promoters with medium strength. However, they have a number of limitations. One of the problems of these inducible promoters is that they are controlled by a similar set of transcription regulators including the activator XYR1 and repressor CRE1 and that the inducing substrates lead to the expression of other coregulated enzymes and proteins. In addition, introduction of multiple copies of the cel7a promoter influences the expression of cel7a and other members of this regulon (Karhunen et al., 1993). Consequently, only very limited options for rational strain engineering apart from cellulase induction are possible. Therefore, it is necessary to establish new promoters and develop synthetic expression systems, which are regulated independently from the carbon source and in a cellulase and xylanase independent fashion. Furthermore, the industrial processes in the bioethanol or biorefinery industry demand more and more the utilization of lignocellulosic waste material from food and non-food crops as cheap carbon sources for the production of bioethanol or biorefinery products (Seidl and Seiboth, 2010). Ideally, the respective gene modulating substances should not be present in the fermentation medium, which is often difficult to achieve when such complex carbon sources as wheat straw are used.

The advent of genomics and transcriptomics facilitates the discovery of new promoters with new characteristics and qualities. In theory, there are hundreds of native tunable promoters available for each production host, whose expression strength can vary with biotic and abiotic substances available in the medium, growth state or developmental phase. State-of-the-art identification of new potential promoters and inducer or repressor are comparative transcriptomic analyses using either microarray or the generally more accurate RNA-Seq (Wang et al., 2009; Nazar et al., 2010). A further advantage of this approach is that it is not only possible to identify new suitable promoters but it is also possible to estimate how strong the transcriptomic response is upon addition of the inducing or repressing substance. Preferentially only a minor set of genes should be affected to avoid changes in product formation or growth. Therefore, some of the gene expression modulating substances described below were specifically tested for their effect on gene transcript levels expression during growth on the raw plant biomass wheat straw as carbon source. With this approach also published expression data can be analyzed as shown for example for Aspergillus niger to identify constitutive promoters (Blumhoff et al., 2013). Likewise, comparative genomics enhances the identification of orthologous sequences and accelerates thereby the transferability of promoters and the adaptation of expression systems from related fungi to T. reesei, as further source for new genetic tools.

New Tunable Promoters Discovered by Transcriptomic Studies

The assimilation of sulfur in microorganisms comprises genes that are also sensitive toward different sulfur containing substances such as L-methionine. MET/met genes offer a set of promoters of medium strength that are tightly repressed in the presence of L-methionine. The efficient inactivation of the most commonly used promoter of the L-methionine repressible ATP sulphurylase MET3 was demonstrated for different yeasts including Saccharomyces cerevisiae (Cherest et al., 1985; Mao et al., 2002), P. pastoris (Delic et al., 2013), Candida albicans (Care et al., 1999), and Ashbya gossypii (Dünkler and Wendland, 2007). Addition of L-methionine to the medium does not interfere with T. reesei biomass formation or native cellulase production making this amino acid a suitable substance to repress gene expression (Gremel et al., 2008; Bischof et al., 2015). The use of different orthologues of these met genes as source for repressible promoters was therefore also tested for T. reesei. Although the MET3 orthologue in T. reesei is highly repressible when simple cellulase inducing carbon sources as lactose were used, met3 repression was absent in the presence of the complex carbon source wheat straw in the medium. Therefore, it was necessary to identify new L-methionine repressible genes. Transcriptomic comparison of cultures grown on wheat straw treated with and without L-methionine revealed that only 50 genes were differentially regulated upon L-methionine addition. Among the down-regulated genes, a promoter of tauD like dioxygenases was successfully tested with the invertase sucA from Aspergillus niger as reporter. A strong repression of invertase expression was found in wheat straw cultures, even hours after addition of L-methionine. This repressible promoter is not restricted to wheat straw cultures and was also functional during growth on other carbon sources including D-glucose and glycerol (Bischof et al., 2015).

Analogous to L-methionine repressible promoters, new inducible promoters were discovered which do not interfere with cellulase production or growth of T. reesei. Among different amino acids and vitamins tested, pantothenic acid was identified as suitable inducer at low substrate concentrations. Comparative microarray analysis between a pantothenic induced and a mock treated wheat straw culture identified only a small number of genes that were differentially regulated. Six of the highest inducible genes were found in a gene cluster including a putative pantothenic acid transporter. Fusion of promoters of these pantothenic acid inducible genes to the T. reesei ß-glucosidase BGL1 showed a clear induction of expression at low amounts with 0.1 and 1 mM pantothenic acid (Gamauf et al., 2018).

Another example for tuning of gene expression is the promoter of the copper transporter tcu1. Copper transporter are tightly repressed by environmental copper levels to efficiently regulate the uptake of copper. Copper responsive promoters were already successfully applied in other fungi (Ory et al., 2004; Lamb et al., 2013) and were recently adapted for T. reesei (Lv et al., 2015). T. reesei tcu1 is the orthologue of the N. crassa copper transporter and its activity depends on the copper concentration in the medium but is independent of the carbon source. Its expression is abolished if a certain amount of copper is present in the medium and can be relieved by the addition of a Cu2+ chelator. The function of the tcu1 promoter was tested by expressing the cellulase and xylanase activator XYR1. Using this promoter a derepression of cellulase production in T. reesei was achieved by xyr1 expression (Lv et al., 2015). The promoter was further engineered to be more sensitive toward lower copper concentrations in the μM scale and was established in the context of an unmarked genetic modification strategy (Lv et al., 2015; Zhang et al., 2016b). The tcu1 promoter was also applied to selectively silence genes without risking a lethal phenotype (Zheng et al., 2017; Wang et al., 2018), which qualifies the system for cost-effectively exploring functions of essential genes. An interesting question in the context of cellulase production is if the low copper concentrations can affect the activity of the cellulase cocktail as they contain beside the canonical glycoside hydrolases also copper-dependent oxidases.

An interesting option to control gene expression are developmentally regulated promoters. A set of genes active only under sporulation conditions was identified in T. reesei by a transcriptomic approach (Metz et al., 2011). These promoters could be used to express the proteins exclusively during the onset of sporulation and target the proteins to the conidiospores. In this case, the promoters do not need to be induced by addition of an agent to the medium, but are regulated by the developmental phase of the fungus.

Examples for Potential Adaptation of Promoters From Other Fungi to T. reesei

A number of promoters are found in other well-studied ascomycetes including Neurospora and Aspergillus spp. and could represent useful additions to the genetic toolbox of T. reesei.

Promoters From Neurospora crassa

An inducible promoter often used for N. crassa is the qa-2 promoter which can be activated by quinic acid and which is repressed by D-glucose (Baum and Giles, 1985; Geever et al., 1987). The promoter works similarly in T. reesei, but is not yet optimized for gene expression, since it is highly sensitive to sugar concentrations in the culture (Zheng et al., 2017).

Beside chemically induced promoter, there are promoters regulated by a physical stimulus such as light. Light sensitive promoters are available but were tested only for a few organisms, for example N. crassa (Fuller et al., 2018). T. reesei ability to react to light stimuli was already the subject of a number of transcriptomic studies (Tisch et al., 2011), but a systematic search for light-sensitive promoters under different light conditions is still missing.

Promoters From Aspergillus

Several inducible promoters established for Aspergillus sp. show a great potential as alternatives for T. reesei. For example, the recently described promoter of bphA (benzoate para-hydroxylase) from A. niger can be induced by the presence of benzoic acid. It is tightly repressed in the absence of benzoic acid and induced within 10 min upon its addition to the medium (Antunes et al., 2016). That the fungus can grow on benzoic acid as the sole carbon source indicates that toxicity is a minimal concern in this system.

There are also thiamine repressible thiA promoters available, which were tested successfully in A. oryzae und A. nidulans. One drawback is that they are not repressible under alkaline conditions (Shoji et al., 2005).

A challenge for protein production processes is to minimize the amount of carbon source necessary for biomass maintenance and formation but using the carbon source instead to maintain only high productivity. One possibility to uncouple product from biomass formation is to reach a specific growth rate close to zero. Whole genome transcriptomic analysis has identified a number of promoters active under these harsh conditions of zero growth for Aspergillus (Jørgensen et al., 2010; Wanka et al., 2016a), some of them are also available in T. reesei.

Synthetic Expression Systems

In order to realize a metabolism-independent expression and accurate regulation of genes, synthetic expression systems are recommended. Such a well-engineered expression system should respond in a controlled manner to input, for example to an inducing agent, be tightly regulated, cover different expression strength and be non-toxic. In most cases, the controlled gene expression is achieved by the use of a synthetic transactivator, which consists of a fusion of different protein domains. Synthetic transactivators comprise a DNA-binding domain, a heterologous regulatory domain and an activation domain e.g., derived from the Herpes simplex virus protein 16 (VP16), as shown in Figure 2. This transactivator usually requires a chemical ligand for binding to the responsive operator sequence. To increase gene expression multiple copies of the operator are usually introduced to the promoter. The goal is to establish a variety of regulatory systems in T. reesei to simultaneously but independently regulate or balance the expression of different genes. Figure 2 shows the general mode of action of such an expression system. Examples for such expression systems are the estrogen receptor system, a light regulated expression system and the Tet-on/off system.
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FIGURE 2. A schematic presentation of synthetic expression system for gene activation. A promoter drives the expression of a synthetic transcription activator (TA) containing a DNA binding domain (e.g., LexA or GAL4), a regulatory domain (e.g., an estrogen receptor) and a transcription activation domain (e.g., VP16). Upon binding of an inducer the conformation of the transactivator changes and interacts with the operator that initiates the transcription of the gene of interest.



The inducible estrogen receptor system (hERα) was successfully applied for S. cerevisiae. It is based on the human estrogen receptor hERα, a member of a family of nuclear receptors for small hydrophobic ligands. The hERα was fused to the DNA-binding domain of LexA or of S. cerevisiae Gal4 and the VP16 activation domain (Quintero et al., 2007; Ottoz et al., 2014; Dossani et al., 2018). The expression system was successfully tested in Aspergillus nidulans and A. niger, in which diethylstilbestrol or 17-β-estradiol regulated hERα to activate reporter gene transcription via estrogen-responsive elements (Pierrat et al., 1992; Pachlinger et al., 2005). A downside of the system is that it is either highly inducible but exhibits a high basal expression level or it is tightly regulated but only weakly inducible (Pachlinger et al., 2005; Meyer et al., 2011). A respective system from plants (Zuo et al., 2000) was adapted to T. reesei with similar results (Derntl, 2018).

Controlling the expression strength of genes with light promises a variety of advantages upon regulation with chemical agents: (i) light can be applied and removed in an instance, (ii) it is cheap and simple to obtain, (iii) it is easy to control intensity and duration, that means it is fully tunable and (iv) no specific media composition is required. A main drawback is, however, to implement this system on an industrial scale where high biomass concentrations pose clearly a challenge. In S. cerevisiae light sensitivity toward blue or red light was introduced by fusing photoreceptors of Arabidopsis to the S. cerevisiae GAL1 promoter (Hughes et al., 2012). (Wang et al., 2014) developed a light-sensitive transactivator for T. reesei by fusing the S. cerevisiae Gal4 DNA-binding domain to the N. crassa blue-light photoreceptor Vivid and the H. simplex VP16 activation domain (Zoltowski et al., 2007). The transactivator was then set under the control of the pki1 promoter and the expression of two reporter genes was successfully induced by light pulses (Wang et al., 2014). This “expression-switch” can be inserted to commonly used promoters to make them light-sensitive (Zhang et al., 2016a).

An almost universal applied expression system is the Tet-on/off system (Gossen and Bujard, 1992). In case of the Tet-on system the transcription is dose-dependently activated by the addition of the synthetic tetracycline derivative doxycycline, which bind to the reverse transactivator rtTA. This complex then binds to the tetO operator sequence activating the transcription of the gene of interest. The Tet-off system consists of the tetracycline-controlled transactivator tTA, which allows permanent expression of the gene of interest in the absence of tetracycline. Addition of tetracycline prevents tTA binding to the tetO operator and represses thereby expression. This systems have been adapted for fungi including A. fumigatus (Vogt et al., 2005; Helmschrott et al., 2013) and A. niger (Meyer et al., 2011; Wanka et al., 2016b), but obstacles are observed for a successful adaptation for T. reesei (Zheng et al., 2017).

Overall, the selection of established artificial expression systems for T. reesei is very limited. However, there are multiple systems available, which show high potential. Examples include the temperature inducible gene regulation (TIGR) system (Weber et al., 2003), cumate gene-switch (4-isopropylbenzoic acid) (Mullick et al., 2006), biotin triggered genetic switch (Weber et al., 2009), pristinamycin on/off system (Fussenegger et al., 2000) or erythromycin on/off system (Reeves et al., 2002).

Expression systems are usually only adapted for one specific host organism and can be transferred effectively only to a limited number of closely related species. Therefore, (Rantasalo et al., 2018) have developed a universal synthetic expression system for recombinant protein production for six different yeasts including S. cerevisiae and P. pastoris and the two fungi T. reesei and A. niger. The system comprises two different expression cassettes, including one which provides a weak constitutive level of a synthetic transcription factor (BM3R1-NLS-VP16) and a second one for strong tunable expression of the target gene via an synthetic transcription factor dependent promoter consisting of eight BM3R1 binding sites (Rantasalo et al., 2018).

ENGINEERING OF PROMOTERS

The rational design of promoters is one of the newest fields within synthetic biology. The advantages are clear: a promoter with the needed characteristics can be designed independently of the natural spectrum of the production host. Ideally, the expression strength can be modulated, promoter switches can be added and inducibility or repression properties can be added or deleted. In the age of modern molecular biology, in which the synthesis of artificial DNA sequences is quick and cheap, the modification of primary sequences of promoters is a convenient way to optimize expression. The changes can alter different levels of regulation, as depicted in Figure 3 including transcription factor binding sites, secondary structure stabilities or chromatin accessibility. Sounds easy, but prior to the design of new promoters it is crucial to retrieve information about the sequences that lead to the desired characteristics. One backlash until today is that there are no adequate and reliable prediction software for promoter functions available. Neither for the modification of natural backbones, nor the rational design of completely synthetic promoters. Today, modified and synthetic promoters are still tested via trial and error.


[image: image]

FIGURE 3. The different levels of regulation. (A) On the primary sequence the activity is regulated by the interaction with DNA binding molecules including as activating or repressing transcription factors (TF). They can bind in different ways to motifs in the sequence. (B) The activity is influenced by the secondary structure of the DNA. It can support or weaken the activity by stabilizing the primary sequence. (C) The tertiary structure of the chromatins regulates the accessibility of the promoter for DNA binding molecules.



Structure and Regulation of Promoters

Regulatory elements of fungal promoters are still poorly characterized. However, a detailed knowledge of the binding motives in the promoters is necessary for rational engineering of promoters for biotechnological application.

The promoter consists of two merging parts: the core promoter which is responsible for its basal activity (Roeder, 1996; Roy and Singer, 2015) and the proximal promoter. The region near the start codon of the coding sequence contains the transcription start site for the RNA polymerase II (Smale and Kadonaga, 2003) and other enhancing elements (Novina and Roy, 1996). Usually they contain a TFIIB recognition site (Gelev et al., 2014), initiation site (Inr), motif 10 element (MTE); (Lim et al., 2004) and downstream promoter element (DPE) (Juven-Gershon and Kadonaga, 2010). The regulation of expression is determined by the accessibility of the DNA (Svejstrup, 2004; Müller and Tora, 2014), the RNA polymerase affinity respectively the stability of the initiation complex and transcription factors (Lemon and Tjian, 2000; Juven-Gershon and Kadonaga, 2010). The chromatin structure is another layer of regulation for the promoter. In eukaryotes, DNA can be tightly packaged with the help of histones forming the chromatin structure. This condensed state can prevent the RNA polymerase, activators and repressors to interact with the DNA. To allow access to the otherwise inactive DNA, chromatin remodeling is necessary to alter the architecture of these regions allowing transcriptional regulation by these factors. The relation between chromatin status and induction of cellulase production in T. reesei was already addressed in a number of publications (Seiboth et al., 2012; Mello-de-Sousa et al., 2015, 2016) but will not further be followed in this review.

Modification of Natural Promoters

An obvious approach to alter the characteristics of a promoter is to add or delete transcription factor binding sites or genetic switches of the promoter (Mach and Zeilinger, 2003). Premise for this approach is that the respective cis acting sequences and mechanisms of activation/repression are already known. We will therefore shed light on the essential parts of eukaryotic promoter and on some of the known transcription factors and their binding sites specific for T. reesei.

A highly engineered promoter is the one of cel7a. By deleting CRE1 repression sites but leave induction sites intact, Pcel7a can be used to express a recombinant gene on D-glucose, on which all native cellulases are usually repressed (Ilmén et al., 1996a). Several studies were made in which CRE1 binding sites were replaced by activator binding sites for e.g., ACE2 and HAP2/3/5 to abolish carbon catabolite repression and enhance activity of the engineered cel7a promoter (Liu et al., 2008; Zou et al., 2012). Other examples were already discussed above, like the insertion of sequences into the native promoter to add characteristics like light-inducibility or copper sensitivity. Multiple insertions of activating sites do not necessarily lead to increased promoter activity, as the general promoter architecture has to be considered, since the spacing between certain elements in the promoter can be play an important role as exemplified for the cel7a promoter (Kiesenhofer et al., 2017).

Another option to engineer promoters is the assembly of active sequences. This method is especially useful when the binding motifs and their interacting transcription factors are unknown. Natural promoter sequences with known expression characteristics or strength can be aligned and similar parts found among the sequences in these promoters can be divided into building blocks. These blocks can then be arranged in various ways to form synthetic promoters. Once a functional promoter is assembled, the building blocks can be further modified, duplicated or deleted to improve the overall activity of the new promoter (Hartner et al., 2008; Xuan et al., 2009; Mellitzer et al., 2014; Vogl et al., 2014). While this approach was already extensively used to optimize S. cerevisiae and P. pastoris promoters, it was not applied for T. reesei yet. An advantage of this system is that first hints for new transcription factor binding sites and their respective transcription factors can be found without prior knowledge.

General Eukaryotic Promoter Elements

Although only present in 5–7% of all eukaryotic promoters, the TATA-box is one of the most known and well characterized core promoter elements (Roy and Singer, 2015). The TATA-box and the TATA-binding protein are necessary for assembly of the TATA-initiation complex (Smale and Kadonaga, 2003). For a detailed summary see (Yella and Bansal, 2017).

The HAP2/3/5-complex binding site or CAAT-box can be found in about 30% of eukaryotic promoters, more frequently in TATA-less promotors but also in promoters with a TATA-site (Mantovani, 1998). The HAP2/3/5-complex acts as enhancer and the presence of its binding motif CCAAT is necessary for high expression of cbh2 (Zeilinger et al., 1998, 2001). The complex may play a role in the chromatin remodeling and therefore is involved in cellulase induction (Zeilinger et al., 2003).

CpG islands are mostly unmethylated, long stretches of CG-rich regions and are involved in the epigenetic regulation of transcription (Deaton and Bird, 2011). In such an island the GC content of a region of 200–2,000 bases (depending on the definition) is higher than 55% and it is thought that the GpC islands can initiate or silence gene expression, especially in promoters without TATA-box (Delgado et al., 1998; Chatterjee and Vinson, 2012). Several promoters can lie within one island. Most of the studies concerning the role of CpG islands were done in mammals but GpC islands can also be found in intergenic regions of the T. reesei genome. The regulatory role of such an element has not been investigated yet.

GC-box with its consensus sequence of GGGCGG is preferentially found in TATA-less promoters and is involved in the correct positioning of the RNA polymerase II (Weis and Reinberg, 1997).

T. reesei Transcription Factors and Their Binding Sites

In T. reesei the best-studied transcription factors are involved in the regulation of cellulases. Recent research efforts demonstrate that cellulase regulation is controlled by a highly adapted regulatory network involving multiple transcription factors, which can directly or indirectly regulate cellulase expression. CRE1 is the major regulator for carbon catabolite repression. The transcription factor impairs the native cellulase production on glucose, which is mainly an indirect effect. During growth on D-glucose as carbon source, CRE1 mainly accounts for the repression of genes responsible for the entry of cellulase inducers into the cell. Studies have shown that the cre1 gene is truncated in the industrial ancestor strain RUT-C30 and leads to a cellulase hyperproduction and derepression in that very strain (Strauss et al., 1995; Ilmén et al., 1996b; Takashima et al., 1996; Le Crom et al., 2009; Nakari-Setälä et al., 2009; Portnoy et al., 2011a). CRE1 binds to the SYGGRG sequence and it is believed that the functional binding sites consists of two closely spaced repeats (Cubero and Scazzocchio, 1994; Mach et al., 1996).

XYR1 is the master activator for cellulases and xylanases and is involved in D-xylose and L-arabinose catabolism. Lack of XYR1 completely eliminates cellulase expression (Stricker et al., 2008a; Akel et al., 2009; Furukawa et al., 2009; Portnoy et al., 2011b; Lichius et al., 2015). XYR1 binds to a GGCTAA sequence arranged as an inverted repeat (Stricker et al., 2006; Kiesenhofer et al., 2017) and seems to be regulated by a long non-coding RNA (Till et al., 2018).

ACE1 is a Cys2His2-type zing finger protein and binds to different AGGCA motifs (Saloheimo et al., 2000). A deletion of the transcription factor leads to an increased production of all (hemi-)cellulases, suggesting that it acts as a repressor for these class of enzymes (Aro et al., 2003).

ACE2 is a zinc binuclear cluster protein that binds to a GGCTAA sequence, which is the same binding motif as for XYR1 (Aro et al., 2001). A deletion of ace2 leads to a significantly reduced expression of cellulases and biomass formation on cellulose. The induction time of xyn1 and xyn2 was reduced, but the overall xylanase production was lower in Δace2 strains (Aro et al., 2001; Stricker et al., 2008b).

ACE3 is another activator. Its overexpression resulted in enhanced cellulase production, whereas the deletion impaired cellulase expression and severely decreased xylanase activity (Häkkinen et al., 2014). The exact binding motif is not yet determined.

RCE1 is a zinc binuclear cluster protein and acts as a transcriptional repressor. Lack of RCE1 facilitates cellulase induction and delays the termination of cellulase expression. RCE1 seems to antagonize the binding of XYR1 to the cellulase promoters (Cao et al., 2017).

Beside these, a number of other transcription factors have been characterized including ARA1, which is involved in the utilization of D-galactose and L-arabinose and regulates different CAZymes in response to D-galactose (Benocci et al., 2018). The xylanase regulator SxlR seems to be a repressor for GH11 family xylanases as an overexpression in RUT-C30 resulted in a reduced and a deletion in an increased xylanase activity (Liu et al., 2017). The deletion of the transcription factor Trpac1 lead to a significantly higher cellulase production at pH 7, but not at other pH values (He et al., 2014). For more detailed reviews concerning the transcriptional regulation of cellulases see (Kubicek et al., 2009; Bischof et al., 2016; Kunitake and Kobayashi, 2017) and (Benocci et al., 2017).

Synthetic Design of Promoters

By gaining more and more insights into the regulation of expression, the way leads to the rational design of synthetic promoters optimized for the respective purpose. Several studies were made toward this direction in mammals (Juven-Gershon et al., 2006; Schlabach et al., 2010), but there are still a lot of unknown factors in gene expression and a lack of reliable prediction methods for an everyday application of rationally designed promoters. Due to this lack of deeper knowledge, a first approach for the design could be based on a Multivariate Data Analysis, in which the sheer number of potentially relevant factors can be statistically analyzed. In the next step, in silico assumptions have to be confirmed by experimental evaluation. The number of experiments can be drastically reduced by the Design of Experiment (DoE) approach. For example, a number of activating short sequences are identified and these elements are then arranged in different combination in a backbone. DoE will then help to reduce the number of actual sequences that have to be synthesized and tested. The activity of the new promoter sequences will then be determined and parts with higher or lower impact can be analyzed by Multivariate Data Analysis tools including PCA or PCR (Gagniuc et al., 2012). The designed promoters can further be optimized by additional rounds of engineering.

CONCLUSION

For a long time, the natural low cellulase and xylanase production of T. reesei was enhanced for industry by random mutagenesis. To establish T. reesei as recombinant production host, it is more desirable to rationally engineer and optimize the strain for fermentation processes. Many tools are necessary for an efficient modification of the organism, one of them being a broad selection of promoters and expression systems. The choice of the respective promoter depends on the aim of the manipulation, for a simple overexpression a strong inducible promoter does the trick. For complex engineering issues, for example, the manipulation of metabolite pools or the alteration growth parameters toward more favorable characteristics in the fermenter, different promoters and expression systems are needed, that are not interfering with the protein production itself. Finally, synthetic biology offers new avenues and opens the possibility of de novo design of context-specific, customizable promoters. However, to realize these approaches in T. reesei and other fungi, it will be necessary to further increase our understanding of the regulatory networks governing gene expression.
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Cellulase celba Gellobiohydrolase Celulose/wheat straw, o-glucose Zeiinger et al., 1998, 2003; Rahman
GBH2/CEL6A sophorose, lactose etal, 2009; Wang and Lu, 2016
cel7a Gellobiohydrolase Cellulose/wheat straw, o-glucose Nevalainen et al,, 2005; Uzbas etal.,
CBH1/CELTA, sophorose, lactose 2012; Lietal., 2017
celsa Endoglucanase EG2/CELSA  Cellulose/wheat straw, o-glucose Miyauchi et al., 2013
sophorose, lactose
cell2a Endoglucanase EGS/CEL12A  Cellulose/wheat straw, o-glucose Rahman et al., 2009
sophorose, lactose
Xylanase xyn1 Xylanase XYN1 Xylan, o-xylose (conc. o-glucose, b-xylose Zeiinger et al., 1996; Mach-Aigner
dependent) (cone. dependent) etal, 2010; Pucher et al., 2011;
Nakazawa et al., 2012; Herold et al.,
2013
xyn2 Xylanase XYN2 Xylan, o-xylose (cone. Partly o-glucose, Zeiinger et al., 1996; Mach-Aigner
dependent), xylobiose, o-xylose (conc. etal, 2010; Zhang et al., 2018
cellobiose, sophorose dependent)
xyn3 Xylanase XYN3 Cellulose, l-sorbose, o-glucose, p-xylose Xu et al., 2000; Rahman et al., 2009;
sophorose (conc. dependent) Nakazawa et al., 2012; Hirasawa
etal, 2018
Sugar trans-porter _stp Sugar transporter o-glucose Not investigated Ward, 2011; Zhang et al., 2013, 2015
Various tauD3 tauD like dioxygenase - I-methionine Bischof et al,, 2015
GenelD  Dehydrogenase Pantothenic acid - Gamauf et al., 2018
70383
teut Gopper transporter Copper depletion Gopper addition Wang etal., 2018
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etal., 2013,
Polysaccharide Wheat straw Insoluble, raw plant material, high Bischof et al., 2013
induction
Disaccharide Sophorose Expensive carbon source, high Mandels et al., 1962; Vaheri et al., 1979; Suto and
induction Tomita, 2001
Disaccharide Lactose Medium induction Mandels and Reese, 1957; lvanova et al., 2013
Monosaccharide L-sorbose Affects growth of the fungus, high  Kawamori et al., 1986; Nogawa et al,, 2001
induction
Xylanases Polysaccharide xylan Insoluble, high indluction Zeilinger et al., 1996; Mach and Zeiinger, 2003
Disaccharide xylobiose Soluble degradation product from  Mach and Zeiinger, 2003; Herold et al,, 2013
xylan, consisting of two
xylose-monomers.
Monosaccharide o-xylose Induction at low concentrations, at  Zeiinger et al., 1996; Mach-Aigner et al., 2010;
high concentrations repression Herold et al., 2013
mediated by CRE1
Monosaccharide L-arabinose, L-arabitol Induction at low concentrations Mach-Aigner et al., 2011; Herold et al., 2013
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dehydrogenase
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1996
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elongation factor  commonly used Pentti, 1995
Ta constitutive
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P2 Ribosomal protein  Expression He et al,, 2013
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