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Kurzfassung 
Der filamentöse Pilz Trichoderma reesei ist von Natur aus fähig pflanzliche Biomasse 

abzubauen. Er sondert eine Reihe von hydrolytischen Enzymen in seine Umgebung ab, die 

das pflanzliche Material, das zum größten Teil aus Zellulose und Hemizellulose besteht, in 

niedermolekulare Kohlehydrate zerlegen. Die Abbauprodukte stehen nun dem Pilz zur 

Nahrungsaufnahme zur Verfügung. Je nachdem, welche Kohlehydrate in der Umgebung 

vorhanden sind, werden die regulatorischen Schaltkreise des Pilzes daran angepasst. Damit 

gibt es auch ein bevorzugtes Substrat für die Zellulasen- und Hemizellulasenproduktion. 

Beispielsweise übt der Einfachzucker D-Glukose, der leicht zu verstoffwechseln ist, eine 

Katabolitrepression auf die hydrolytischen Enzyme aus. Die Aufnahme solcher Einfachzucker 

wird priorisiert und die Energie wird vor allem in Biomassebildung und Selbsterhaltung 

gesteckt. Das stellt besonders für die industrielle Enzymproduktion eine große 

Herausforderung dar. Um dieses unerwünschte Phänomen zu umgehen, wurden Stämme wie 

Rut-C30 durch zufällige Mutagenese auf erhöhte Zellulaseproduktion erstellt. Die meisten 

Industriesstämme haben einen ähnlichen genetischen Hintergrund wie die Mutante Rut-C30. 

Zu diesen genetischen Merkmalen zählen die erhöhte Zellulaseproduktion und die fehlende 

Katabolitrepression auf D-Glukose. Es ist jedoch noch unklar, welches genetische Merkmal 

nun für den Rut-C30-Phänotyp konkret ausschlaggebend ist, da durch die zufällige 

Mutagenese eine Reihe von Mutationen aufgetreten sind. 

Die Kontrolle der Expression der hydrolytischen Enzyme erfolgt zu einem großen Teil 

durch den Transaktivator Xyr1 und das Katabolit-Repressor-Protein Cre1. Beide 

Transkriptionsfaktoren agieren in einer Abhängigkeit von bestimmten Zuckern. Bisher ist viel 

über das Zusammenspiel von Cre1 und Xyr1 und deren Einfluss auf die Zellulase- und 

Xylanaseexpression bekannt. Es ist jedoch zu bedenken, dass der Pilz (wie jeder andere 

Eukaryot) seine DNA mittels Histonproteine verpackt und dadurch die lokale Genstruktur 

eine andere Zugänglichkeit für bestimmte Faktoren bekommt. Dies führt zu einem 

zusätzlichen Aspekt in der Genregulation, der berücksichtigt werden muss und auch gezielt 

genutzt werden kann.  

Diese Dissertation untersucht die verschiedenen Einflüsse auf die DNA-Zugänglichkeit 

und die weiteren Folgerungen für die Zellulase- und Xylanaseexpression. Die DNA-

Zugänglichkeit kann durch Änderungen in der Chromatinstruktur und durch das 

Bindeverhalten von bestimmten Transkriptionsfaktoren, wie zum Beispiel, Cre1 verändert 

werden. Zur Wirkungsweise der jeweiligen Einflüsse wurden Transkriptionsanalysen und 

Chromatinzugänglichkeiten bestimmt. Sowohl D-Xylose als auch α-Sophorose, induzieren in 
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Trichoderma die Expression der Xylanasen. In beiden Fällen trägt die Chromatinstruktur zur 

Induktion bei, sei es im Wildtypstamm aber auch in der Mutante Rut-C30. Im Gegensatz zum 

Wildtypstamm, reagiert die Mutante Rut-C30 bei α-Sophorose immer mit einer 

Chromatinöffnung. Um zwei ähnliche Induktionsprozesse durch zwei unterschiedliche Zucker  

genauer zu untersuchen, wie es für die Xylanase XYNII der Fall ist, wurden in vivo Footprints 

gemacht. Diese stellen Veränderungen in der Proteinbesetzung an der DNA dar. Als Ergebnis 

wurden Unterschiede in Protein-DNA-Wechselwirkungen zwischen den Induktionsmodellen 

gefunden, was auf eine vermutlich unterschiedliche Signaltransduktion zurückgeht. Nicht nur 

die Xylanaseinduktion ist vom Chromatin beeinflusst, die Chromatinstruktur spielt auch im 

‚Upstream’-Genbereich des Transaktivators Xyr1 eine wichtige Rolle. Auf α-Sophorose, 

wurden höhere xyr1 Transkripte und eine gleichzeitig erhöhte Chromatinzugänglichkeit 

gemessen. Im Gegensatz zu xyr1 und den Xylanasen, zeigten beide Zellulase-kodierende 

Gene cbh1 und cbh2 keine Chromatinöffnung bei α-Sophorose auf.  

Im letzten Teil der Arbeit wurde auf die partielle Deletion von Cre1 in der Mutante Rut-

C30 eingegangen. Daraus ergibt sich, wie bereits bekannt, die fehlende Katabolitrepression 

auf D-Glukose in Rut-C30. Mechanistisch gesehen, ist die verkürzte Version von Cre1 (hier 

Cre1-96 genannt) bisher einer vollständigen Abwesenheit des Repressors Cre1 gleichgesetzt 

worden. Die Transkript- und Chromatinanalysen zeigten jedoch, dass sich Cre1-96 von einer 

vollständigen Deletion von Cre1 unterscheidet. Im Gegensatz zur vollständigen Deletion, 

erhöht Cre1-96 die Zellulaseaktivität, indem es eine offenere Chromatinstruktur in den 

‚Upstream’-Bereichen der Zellulasegenen (cbh1 und cbh2) und des Transaktivators Xyr1 

verursacht, was mit erhöhtem Transkripten der jeweiligen Gene korreliert. Weiters reguliert 

Cre1-96 einen potentiell neuen Transkriptionfaktor, der womöglich auf die Umstruktuierung 

des Chromatins Einfluss nimmt.  
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Abstract 
The filamentous fungus Trichoderma reesei is a natural degrader of plant-based biomass. 

It secretes various hydrolytic enzymes, which act on the plant cell wall’s main components, 

cellulose and hemicellulose. Thereby, the fungus has access to low molecular sugars as 

nutrients derived from complex polysaccharides. In response to different (sugar) stimuli, T. 

reesei adapts its regulatory circuits and thus the secreted, enzymatic profile. In the presence of 

D-glucose, an easily-to-metabolize sugar, T. reesei undergoes carbon catabolite repression 

(CCR) of its hydrolytic enzymes. The uptake of such sugars is prioritized and the energy is 

put into maintance and biomass gain of the fungus. Especially industry was facing here a 

main bottleneck in cellulase and hemicellulase production. To circumvent the CCR, strain 

improvement strategies employed random mutagenesis and screenings to create the mutant 

Rut-C30. The nowadays used industrial T. reesei strains are derived from the mutant Rut-C30. 

This means that they have a partly similar genetic background. The most important 

characteristics of Rut-C30 are the release of CCR and the increased amount of cellulolytic 

enzymes. It is still not clear, which exact genetic trait is responsible for the hypercellolytic 

Rut-C30 phenotype.  

The production of the hydrolytic enzymes is regulated to a great extent by the 

transactivator Xyr1 and the catabolite repressor protein Cre1. Both transcription factors act in 

a carbon source dependent manner. So far, a lot is known about the interplay between Cre1 

and Xyr1 and the impact on cellulase and xylanase expression. However, it has to be 

considered that the fungal (as any other eukaryotic) DNA is condensed by histones, leading to 

the formation of nucleosomal arrays along the DNA. By that, the access is modulated for 

DNA approaching factors (e.g. transcription factors, chromatin remodelers). Together, the 

binding of transcription factors and the DNA accessibility regulate gene expression. Gathered 

knowledge about both, can be used for further strain improvements. 

This thesis revealed that the DNA accessibility has an impact on cellulase and xylanase 

expression. Additionally, the effectors of DNA accessibility are either a change in chromatin 

or the binding of transcription factors, such as Cre1. Transcriptional analysis and chromatin 

studies showed that the both inducers, D-xylose and α-sophorose, are involved in a 

chromatin-related induction mechanism of xylanases in the wild-type strain and the mutant 

Rut-C30. In contrast to the wild-type, an chromatin opening is always observed on α-

sophorose in Rut-C30. To distinguish the induction processes by two different inducers, as it 

is the case for the xylanase XYNII on α-sophorose and D-xylose, changes in protein-binding 
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to specific DNA-binding sites were monitored by in vivo footprinting. This result showed that 

differences in protein-DNA interactions are inducer dependent and the signalling might be 

different too. In addition to the xylanase-encoding genes, the DNA accessibility was also 

investigated in the upstream regulatory region of xyr1 and of both main cellulases cbh1 and 

cbh2. In case of xyr1, an increased DNA accessibility was found to be a result of an opening 

in chromatin and led to higher xyr1 transcript levels upon induction by α-sophorose. In 

contrast to xyr1, the cbh1 and cbh2 upstream regulatory regions did not show any chromatin 

opening in the presence of the inducer α-sophorose.  

Finally, the thesis focuses on the partial deletion of Cre1 in Rut-C30. Mechanistically, the 

partial deletion was equated with a full deletion of Cre1. Transcriptional and chromatin 

analyses showed that the truncated version of Cre1 (Cre1-96) outcompetes a full deletion of 

Cre1 in cellulolytic performance. Additionally, Cre1-96 contributes to a more accessible 

chromatin in the upstream regulatory regions of cbh1, cbh2 and xyr1 than the full deletion, 

which results in higher transcript levels of those genes. Last but not least, Cre1-96 influences 

a helicase-like transcription factor (encoded by htf1), which might be involved in chromatin 

remodelling.  
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Introduction 
All kinds of fungi are represented in different habitats such as soil, water and air. Hence, 

they have been an essential part of our environment and are a part of our daily lives. The wide 

spectrum of different fungi brought versatile applications; some of which were used already 

in antiquity. The employment of filamentous fungi such as Penicillium gained high 

importance in the 1920’ies and revolutionized the medical area until now (Fleming 1929). But 

not only medicine benefited from fungi. Fungal derived products range from plastics, 

cosmetics to bulk chemicals such as organic acids (e.g. citric acid) and enzymes. Great 

attention was drawn to filamentous fungi due to their potential to produce enzymes used in 

lignocellulosic bioethanol production as a non-fossil derived fuel. The World Energy Council 

(WEC) calculated the primary energy consumption as a yearly average of 12 billion tons coal 

equivalent worldwide. The steady increase in the world’s population (10 billion people by 

2050 according to the United Nations) would demand 24 billion tonnes coal equivalent per 

year. There is definitely the need for alternatives based on plant biomass, since society has to 

face depletion of fossil resources, up-going oil prices and the environmental impact of fossil 

fuels. 

Bioconversion of plant-derived biomass shows a great potential to cope with those 

problems. Wheat straw is a non-food lignocellulosic waste product (approximately 350 

million tons worldwide per year (Saini et al. 2015)) and consists of cellulose, hemicellulose 

and lignin. Cellulose is the most abundant biopolymer in plants, followed by hemicellulose 

and lignin. Lignin is rigid and highly diverse in its phenolic compounds. To access lignin, 

physical treatment combined with oxidative enzymatic reactions are necessary (reviewed in 

(Sánchez 2009)). Cellulose and hemicellulose are degraded enzymatically by cellulases and 

hemicellulases of various fungal species (reviewed in (Dashtban et al. 2009)).  

The filamentous ascomycete Trichoderma reesei is an industrially used cellulase and 

hemicellulase producer. Its hydrolytic enzyme system reacts tightly coordinated to different 

carbohydrate stimuli in the environment. The cellulolytic subset is induced by cellulose, 

cellobiose, lactose and α-sophorose (Ilmén et al. 1997). Whereas the main xylanases are 

induced by the presence of xylan, D-xylose, xylobiose and (at least one of them) also by α-

sophorose (Zeilinger et al. 1996, Würleitner et al. 2003). α-Sophorose is interesting in two 

aspects. Up to now, it is the most potent inducer of cellulases in T. reesei (Sternberg & 

Mandels 1979). On the downside though, it is very costly to use in an industrial scale. It is 
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naturally produced by a transglycosylation of cellobiose, catalysed by T. reesei’s β-

glucosidases BGLI and BGLII (Fowler & Brown 1992, Mach et al. 1995, Saloheimo et al. 

2002). A concentration-dependent induction of the xylanases is observed for D-xylose (Mach-

Aigner et al. 2010). High concentrations lead to a repression of xylanase expression, whereas 

low amounts induce the xylanolytic enzyme system. However, the amount of enzymes 

secreted naturally does not satisfy industrial purposes. As the demand on large enzyme 

quantities increased, the field of strain improvement emerged.  

The induction by different carbohydrates is one crucial aspect of the whole induction 

system, but equally important are intracellular mediators of those external signals. A key 

achievement in T. reesei strain engineering was the identification of transcription factors 

regulating the hydrolytic enzyme production. There are several so far (e.g. Ace1, Ace2, Ace3, 

Xpp1, Hap2/3/5 (Aro et al. 2001, Zeilinger et al. 2001, Aro et al. 2003, Häkkinen et al. 2014, 

Derntl et al. 2015)), but the focus of this thesis will be on the two main regulators and their 

mode of action. The two main mediators are the activator Xyr1 (Stricker et al. 2006) and the 

repressor Cre1 (Strauss et al. 1995). Xyr1 is the main activator of the expression of hydrolytic 

enzymes in T. reesei (Stricker et al. 2006). It was identified by sequence homologies to XlnR 

in A. niger (van Peij et al. 1998). Xyr1 belongs to the zinc binuclear (Zn2Cys6) cluster protein 

and binds to 5’-GGCWWW- 3’ motifs to its target genes (Furukawa et al. 2009). In context to 

the hydrolytic enzyme-encoding genes, the most prominent targets of Xyr1 are the cellulase-

encoding genes cbh1, cbh2, egl1 and bgl1 and the xylanase-encoding genes bxl1, xyn1 and 

xyn2 (Stricker et al. 2006). Interestingly, the transcription profiles of cbh1 and cbh2 are co-

regulated with the xyr1 transcription (Derntl et al. 2013). The transcription of the xylanase-

encoding genes xyn1 and xyn2 are dependent on Xyr1, but not solely. The regulatory fine-

tuning of xyn1 and xyn2 transcription is achieved by gene-specific factors such as Ace1, 

Ace2, Xpp1 and Hap2/3/5 (Würleitner et al. 2003, Rauscher et al. 2006). The transcription of 

xyr1 occurs at a basal level under non-inducing conditions and is repressed on D-glucose 

(Mach-Aigner et al. 2008). α-Sophorose, however, induces the xyr1 transcription (Derntl et 

al. 2013) and in addition leads to an increase in the ratio of nuclear localized Xyr1 compared 

to cytosolic localized Xyr1 (Lichius et al. 2014). The activating role of Xyr1 is not restricted 

to the expression of hydrolytic enzymes. It is also involved in the expression of enzymes 

involved in the D-xylose and lactose metabolism, by influencing directly the D-xylose 

reductase activity (Stricker et al. 2006, Stricker et al. 2007).  



	   9 

In contrast to Xyr1, Cre1 is the main repressor of cellulase and hemicellulase expression. 

Cre1 mediates the carbon catabolite repression (CCR), a highly conserved mechanism 

amongst different species. CCR is triggered by high concentrations of easily metabolizable 

sugars, such as D-glucose or D-xylose. As a consequence, more complex substrates are not 

metabolized until D-glucose or D-xylose will have been depleted and the hydrolytic system 

remains shut down until then. Cre1 was identified by sequence homology of CreA in A. 

niger/nidulans and Mig1p in S. cerevisiae (Nehlin & Ronne 1990). Like its homolog, Mig1p, 

Cre1 is a C2H2 zinc finger protein and translocates into the nucleus in the presence of D-

glucose (De Vit et al. 1997, Lichius et al. 2014). Moreover, it gets phosphorylated in the 

presence of D-glucose. Upon phosphorylation, Cre1 is able to bind to 5’-SYGGRG- 3’ motifs 

within the upstream regulatory regions of its target genes and exerts its full active form as a 

carbon catabolite repressor (Cziferszky et al. 2002). For industrial cellulase production, CCR 

is a hindrance, as Cre1 represses the transcription of the genes encoding for the main activator 

Xyr1 and also for one of the two main cellulases, CBHI (encoded by cbh1), and for the 

xylanase, XYNI (encoded by xyn1). Strain improvement strategies employed random 

mutagenesis to yield a hypercellulolytic strain, called Rut-C30 (Montenecourt & Eveleigh 

1979). This strain achieves enzyme yields up to 20 mg/mL and qualifies therefore for 

industrial purposes. Notably, most nowadays used industrial T. reesei strains are derived from 

the mutant Rut-C30. From a genetic point of view, it shows several chromosome 

rearrangements (Mäntylä et al. 1992), including a 85 kb deletion (Seidl et al. 2008) and a 

partial deletion of Cre1 (Ilmén et al. 1996) as the main features. Latter leads to de-repression 

of cellulase expression on D-glucose.  

Furthermore, it has to be considered, that eukaryotic DNA is packed together with 

histones to chromatin, which adds an additional layer to the gene regulation. Chromatin 

consists of nucleosomes, a DNA-protein unit, containing 147 bp of DNA wrapped around an 

octamer of histone proteins (Kornberg 1974). Two distinct forms of chromatin can be 

distinguished, exemplary depending on the frequency and density of nucleosomes along the 

DNA: euchromatin and heterochromatin. Euchromatin is a more open form of chromatin, 

which allows transcription factors or other proteins to access the DNA. In contrast to that, 

heterochromatin is associated with a very densely packed chromatin. The dense packaging is 

achieved by the recruitment of heterochromatin-associated proteins or histone-modifying 

enzymes (e.g. heterochromatin protein 1 in fission yeast (Nonaka et al. 2001)). As both states 

are in transition to each other, the chromatin is under constant reconstruction. In brief, the 
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gene expression can be regulated in two ways: firstly by the chromatin accessibility and 

secondly, by the binding of transcription factors. 

Up to now, only a few studies have been conducted to investigate the chromatin-based 

gene regulation in T. reesei. A contribution to the local nucleosomal structure of the cellulase-

encoding genes requires Cre1, particularly in cbh1, and the Hap2/3/5 complex in cbh2 

(Zeilinger et al. 2003, Ries et al. 2014). For the xylanase-encoding genes, a nucleosomal 

model was proposed only for xyn2 (Würleitner et al. 2003). In xyn2, a nucleosome free region 

was found spanning across the TATA box and this region remains accessible under inducing 

and non-inducing conditions (Würleitner et al. 2003). However, chromatin is more than just 

nucleosomes. Transcription factor binding sites are also hot spots to examine changes in their 

binding behaviour. As already mentioned, Cre1 does have an effect on nucleosome 

arrangement. But it is not known, if other transcription factors have also an effect on changes 

in protein-DNA interactions in their target genes. These changes in protein-DNA interactions 

could contribute to a chromatin-related gene regulation besides the nucleosomal structure. 
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Aims 
This thesis deals with the DNA accessibility of cellulase and hemicellulase-encoding 

genes in different T. reesei strains.  

The experimental set ups were performed on different carbon sources (D-glucose as a 

repressing carbon source, D-xylose and α-sophorose as inducing conditions) in the wild-type 

strain QM6a and in the mutant strain Rut-C30, which has an industrial relevance. The 

chromatin-related studies are of great importance, because gene regulation is not restricted 

solely to transcription factors.  

 

First, the impact of the chromatin on the xylanase expression was investigated. Various 

inducer molecules achieve the induction of xylanase expression, but some exert a greater 

induction potential than others. Here, it was investigated how the two inducing substances, D-

xylose and α-sophorose contribute to the xylanase expression in regard to the chromatin 

accessibility in the wild-type strain and in the mutant Rut-C30. A special focus was on the 

alterations in protein-DNA interactions across the upstream regulatory regions of the xyn1 and 

xyn2 promoters and on changes of the pattern depending on the inducer applied.  

As the main activator of cellulase and xylanase expression, Xyr1 is an obvious target for 

transcriptional and further chromatin studies. So far, it is quite possible that Xyr1 acts on the 

DNA accessibility.  

As a second aim, this thesis covers the impact of Xyr1 on chromatin and the differences 

in protein-DNA interaction patterns in the upstream regions of the transactivator Xyr1 itself 

and for the cellulase-encoding genes. Chromatin accessibility studies (CHART-PCR) and 

transcript analysis are required to elucidate the context of chromatin and transcript profiles of 

xyr1, cbh1 and cbh2.  

Finally, the truncated version of Cre1 was subject of the last part of this thesis. The 

partial deletion of Cre1 is present in most industrial T. reesei strains, including Rut-C30. 

Although it is only partially deleted, the function of the truncated Cre1 is compared to a full 

deletion of Cre1 and in both cases it is regarded as a Cre1-negative background. It remains 

still obscure to what extent the partial deletion of Cre1 might be responsible for the increased 

production of cellulolytic enzymes in Rut-C30. Both, transcriptional and chromatin-related 

information is required to examine the impact of DNA accessibility on cellulase activity. 

Furthermore, in vivo footprinting analyses and EMSA experiments investigated the changes 

on Cre1 binding sites in Rut-C30 compared to the wild-type strain QM6a.  

  



	   12 

Conclusions 
The stated aims were properly addressed in the three publications included in this thesis. 

The inducer-dependent profiles of protein-DNA interactions across the xyn1 and xyn2 

upstream regions were obtained by chromatin studies and in vivo footprinting. Moreover, the 

context of chromatin and transcription was shown for xyr1 and its targets cbh1 and cbh2. And 

finally, the partial deletion of Cre1 in Rut-C30 was further investigated. 

 The xylanase induction is achieved by two different inducers, namely D-xylose and α-

sophorose. Chromatin studies and transcription analysis showed that xyn1 is strongly induced 

by D-xylose, but it does not involve a chromatin opening. When it comes to xyn2 

transcription, D-xylose and α-sophorose induce in a similar fashion. These similarities are 

reflected in the transcripts and the chromatin status within an upstream regulatory region in 

the wild type and mutant Rut-C30. However, the in vivo footprinting showed that the α-

sophorose induction does not involve additional DNA-interacting proteins. This suggests that 

the signalling pathway on α-sophorose and D-xylose are different and might involve two 

(partly) distinct induction machineries for xyn2.   

Additionally, the chromatin accessibility is generally higher in Rut-C30 than in the wild-

type strain for the xylanase-encoding genes xyn1 and xyn2. A similar trend was observed for 

the upstream regulatory region in xyr1. The higher xyr1 transcript is related to a higher 

chromatin accessibility in both strains under inducing conditions (α-sophorose). So far, the 

xylanase-encoding genes and the xyr1 promoter became targets of chromatin accessibility 

changes. However, the chromatin studies revealed that the DNA accessibility plays only a 

secondary role in cellulase expression. The cellulase induction is primarily dictated by the 

levels of Xyr1 available.  

Lastly, the truncated form of Cre1 (Cre1-96) contributes to the enhanced cellulase 

production in Rut-C30. Due to the partial deletion, the remaining protein Cre1-96 is left with 

only one zinc finger. Interestingly, Cre1-96 is still able to bind DNA independently of any 

carbon source. This suggests, that the repressor protein Cre1 might have converted to a 

putative activator in Rut-C30. The activating effect of Cre1-96 was shown in an enhanced 

cellulase activity and a chromatin opening in the upstream regulatory regions of the cellulase-

encoding genes and the transactivator xyr1. The mechanism of the chromatin opening seems 

to involve a chromatin-remodelling factor (encoded by htf1), whose expression is Cre1-96 

dependent.  
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Abstract 

The ascomycete Trichoderma reesei produces industrially applied plant cell wall-
degrading enzymes. The two major xylanases XYNI (encoded by xyn1) and XYNII (encoded 
by xyn2) are amongst those enzymes. The transactivator Xyr1, the repressor Cre1, and gene-
specific transcription factors regulate the expression of both xylanases. The inducing 
compounds D-xylose and sophorose trigger the expression of the xylanases, however, to 
different extents. D-glucose causes carbon catabolite repression (CCR) mediated by Cre1, 
which leads to a down-regulation of expression of both. Apart from transcription factors, 
DNA packaging adds an important layer to the regulation of the production of xylanolytic 
enzymes. In this study the chromatin status in two upstream regulatory regions (URRs) of the 
xyn1 and xyn2 genes and the transcript levels were investigated in the wild-type strain QM6a 
and the hypercellulolytic mutant Rut-C30. This analysis demonstrated more open chromatin 
and higher transcript levels in both strains and genes under at least one of the two inducing 
conditions. Additionally, a generally more open chromatin could be observed in Rut-C30 
independent of the carbon source that was accompanied by elevated transcript levels. In vivo 
footprinting analyses demonstrated that protein-DNA interactions differ between D-xylose 
compared to D-glucose in both strains. In addition, different DNA occupancies were observed 
in the URR of xyn2 in dependency of the applied inducer. Obviously, the usage of a certain 
inducer influences the final promoter architecture. 
 
Key words – Chromatin – D-xylose – Inducers – sophorose – Trichoderma reesei – xylanases   
 
Introduction  

Trichoderma reesei (teleomorph Hypocrea jecorina (Kuhls et al. 1996)) is a 
filamentous ascomycete, which exerts a saprotrophic lifestyle. It gains its nutrients by 
degradation of plant cell wall material. For this purpose, it secretes various cellulases and 
hemicellulases to break down complex polysaccharides. Synergistic action of T. reesei’s 
secreted enzyme cocktail leads to a degradation of the plant biomass.  

The two main cellobiohydrolases CBHI (encoded by cbh1) and CBHII (encoded by 
cbh2) (Teeri 1983) act on cellulose, the most abundant polysaccharide in nature. However, 
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plant cell walls are not only made of cellulose. Hemicelluloses add high variability to the 
structure of plant cell walls by their side chains. Xylan is the most abundant polysaccharide 
amongst the hemicelluloses. T. reesei secretes two major endo-β-1,4-xylanases to degrade 
xylan. These are XYNI (encoded by xyn1) and XYNII (encoded by xyn2) (Törrönen et al. 
1992). Apart from their function in nature, endo-β-1,4-xylanases are widely used in industrial 
applications (Viikari et al. 1994).  

On the transcriptional level, both xylanases share common regulatory mechanisms. 
Transcriptional regulation is basically dependent on the interplay of the Xylanase regulator 1 
(Xyr1) (Stricker et al. 2006) and the carbon catabolite repressor Cre1 (Strauss et al. 1995). 
Xyr1 is a GAL4-like transactivator and binds to the six nucleotide sequence 5’-GGC(T/A)3-3’ 
(Furukawa et al. 2009). This motif occurs typically as repeats in Xyr1-target promoters. For 
instance, in the xyn1 promoter, a regulatory element was described to be functional in vivo 
that contains two Xyr1-binding sites arranged as an inverted repeat. Mutation of the Xyr1-
binding sites within this element resulted in a loss of xyn1 expression (Rauscher et al. 2006). 
Xyr1 itself is transcribed at a low basal level on most carbon sources and is induced by the 
transglycosylation product sophorose (Derntl et al. 2013). In contrast to cellulase-encoding 
genes, transcription levels of xyn1 and xyn2 do not respond directly to an increased 
transcription level of xyr1. The authors suggested that the regulation of xylanase expression 
involves further regulatory mechanisms (Derntl et al. 2013).  

Cre1 is a C2H2 zinc finger protein, it binds to a 5′-SYGGRG-3′ binding motif (Strauss 
et al. 1995), and it mediates carbon catabolite repression (CCR) in the presence of readily 
metabolizable carbon sources, such as D-glucose. Cre1 acts directly on the transcription of its 
target genes, e.g. cbh1 (Ilmén et al. 1998), xyn1 (Mach et al. 1996), and xyr1 (Mach-Aigner et 
al. 2008). Consequently, CCR is acting on two different hierarchical levels, i.e. indirectly, by 
repressing the expression of the main activator Xyr1, and directly, by binding to the upstream 
regulatory regions (URRs) of the respective target genes. As a third common transcription 
factor, the CCAAT-box binding protein complex Hap2/3/5 plays a role in the expression of 
xyn1 and xyn2 (Würleitner et al. 2003, Rauscher et al. 2006).  

In addition, gene-specific transcription factors are involved in regulation of xyn1 
and/or xyn2 transcription. For instance, the Activator of cellulases 1 (Ace1) (Aro et al. 2003) 
acts as a repressor of xyn1 expression (Rauscher et al. 2006). The Activator of cellulases 2 
(Ace2) (Aro et al. 2001) and the Xylanase promoter-binding protein 1 (Xpp1) (Mach-Aigner 
et al. 2010, Derntl et al. 2015) influence xyn2 transcription (Würleitner et al. 2003, Stricker et 
al. 2008a, Derntl et al. 2015). Xpp1 exerts a repressive function in regard to transcriptional 
regulation, whereas Ace2 rather acts as an activator. Although both xylanase-encoding genes 
share common transcription factors, their regulation of gene expression varies in terms of 
their response to available carbohydrates. For xyn2, a low basal transcription level is observed 
even under repressing conditions (e.g. on D-glucose) (Derntl et al. 2013). Induction of xyn2 
expression occurs on sophorose, xylobiose, and in the presence of D-xylose (Zeilinger et al. 
1996, Würleitner et al. 2003). On the other hand, xyn1 is subjected to CCR and is therefore 
completely shut off under repressing conditions (Mach et al. 1996). Induction of xyn1 
expression is mainly achieved on D-xylose (Zeilinger et al. 1996). The reasons for the 
different induction behaviour of the two xylanases are not fully understood yet.  

Additionally to transcription factors, chromatin contributes to the regulation of 
transcription. In a recent study, it was shown that chromatin packaging plays a role in the 
regulation of transcription of the cellulase-encoding genes cbh1 and cbh2 (Ries et al. 2014, 
Mello-de-Sousa et al. 2016). Further, in an earlier study, it was reported that in the absence of 
Xyr1, the chromatin status of cellulase-encoding genes got denser and was accompanied by a 
decreased expression (Mello-de-Sousa et al. 2015). When the cellulase expression and the 
chromatin status are pulled together, the industrially important strain Rut-C30 has to be 
mentioned. Rut-C30 was generated by 3 mutagenesis steps starting from QM6a as the 
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originate strain (Montenecourt & Eveleigh 1979a, Montenecourt & Eveleigh 1979b). This 
yielded the high cellulase-producing strain with a phenotype released from CCR. Importantly, 
Rut-C30 bears a truncated version of Cre1 (Cre1-96), which seems to contribute to a more 
open chromatin status (Mello-de-Sousa et al. 2014). Moreover, MNaseI digestion of the cbh1 
and cbh2 promoter were performed. It was found that the structural gene of cbh1 shows a 
complete loss of positioned nucleosomes in Rut-C30 despite the tested carbon source (Ries et 
al. 2014). Whereas in cbh2 both, structural gene and the region located upstream of the start 
codon showed a full depletion of nucleosomes under repression and inducing conditions 
(Zeilinger et al. 2003). In terms of xylanase production, Rut-C30 is also relevant for industrial 
purposes considering the release of xyn1 expression from CCR. The extent of inducibility of 
xyn1 and xyn2 expression was found to be different on D-xylose compared to sophorose in 
Rut-C30 (Derntl et al. 2013). However, a possible influence of the chromatin status on the 
expression of xylanases has not been investigated yet (as it was done for the cellulases).  

In this study, we investigated the chromatin status and the protein-DNA interactions in 
the URRs of both xylanase-encoding genes. A special focus was the comparative analysis of 
the two different inducing conditions (D-xylose, sophorose) in relation to a repressing (D-
glucose) condition. To this end, CHART-PCR, qPCR, and in vivo footprinting analyses were 
performed to investigate two selected regions in the URR of each xylanase-encoding gene in 
the wild-type strain QM6a and in Rut-C30. 
 
Materials & methods 

Fungal strains 
The following T. reesei strains were used throughout this study: T.reesei QM6a 

(ATCC 13631) is the wild-type strain and is referred to as reference strain. The other strain of 
interest is the hypercellulolytic strain Rut-C30 (ATCC 56765), which is the common ancestor 
of most T.reesei industrial strains. All strains were maintained on 3 % malt extract agar plates 
containing 0.1 % (w/v) peptone. 

Growth conditions 
For carbon source replacement experiments, fungal mycelia were pre-cultured in 1 l 

Erlenmeyer flasks on a rotary shaker (180 rpm) at 30 °C for 24 h in 250 ml of Mandels-
Andreotti (MA) medium (Mandels 1985) containing 1 % (w/v) glycerol as sole carbon source. 
For inoculation 109 conidia per litre (final concentration) were used. Pre-grown mycelia were 
washed, equally distributed, and resuspended in 20 ml or 100 ml MA media containing 1 % 
(w/v) D-glucose, 0.5 mM D-xylose, 2 mM sophorose or no carbon source, respectively. 
Replacement cultures were then incubated on a rotary shaker (180 rpm) at 30 °C for 3 h. 
Samples were derived from three biological replicates and were pooled before RNA 
extraction and chromatin digestion. 

Analysis of transcript levels 
0.01 - 0.03 mg frozen fungal mycelia were homogenized in 1 ml of peqGOLDTriFast 

DNA/RNA/protein purification system reagent (PEQLAB Biotechnology, Erlangen, 
Germany) using a FastPrep(R)-24 cell disrupter (MP Biomedicals, Santa Ana, CA, USA). 
RNA isolation was conducted following the manufacturer’s instructions and the concentration 
was measured using the NanoDrop 1000 (Thermo Scientific, Waltham, US). Synthesis of 
cDNA from mRNA was carried out using the RevertAidTM H Minus First Strand cDNA 
Synthesis Kit (Thermo Scientific, Waltham, USA) according to the manufacturer’s 
instructions. Quantitative, reverse transcription PCRs (RT-qPCRs) were performed in a 
Rotor-Gene Q system (Qiagen, Hilden, Germany). All reactions were performed in triplicates. 
The reaction mixture had a final volume of 15 µl containing 7.5 µl 2 x iQ SYBR Green Mix 
(Bio-Rad, Hercules, USA), 100 nM forward and reverse primer, and 2.5 µl cDNA (diluted 
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1:20). Primer sequences are provided in table 1. Cycling conditions and control reactions 
were performed as described previously (Steiger et al. 2010). Data normalization using sar1 
and act as reference genes, and calculations were performed as published previously (Steiger 
et al. 2010). 

Chromatin accessibility real-time PCR (CHART-PCR) 
DNaseI digestions of chromatin and subsequent quantitative PCR (qPCR) analyses 

were carried out as described before (Mello-de-Sousa et al. 2014). qPCR analyses of the 
DNaseI-treated samples were performed to measure the relative abundance of DNA of the 
target regions. PCRs were performed in triplicates in a Rotor-Gene Q system (Qiagen) using 
the reaction mixture (final volume 20 µl) and the cycling conditions as described before 
(Mello-de-Sousa et al. 2014). Primer sequences are provided in table 1.  
 
Table 1 Primer sequences and their employment in the study are listed here. All sequences 
are given in 5’ to 3’ orientation. 

Primer name Sequence Employment 
epixyn1_1Tr_f   GCACTCCAAGGCCTTCTCCTGTACT xyn1 CHART, region −577 to 

−278 
epixyn1_1Tr_r  TAGATTGAACGCCACCCGCAATATC  
epixyn1_3Tr_f   GTCGATATTGCGGGTGGCGTTCAAT xyn1 CHART, region −306 to 

−10 
epixyn1_3Tr_r  TTTGTGCGTGTTTTCCTTGAAGTCG  
epixyn2_1Tr_f   GTGCCGATGAGACGCTGCTGAGAAA xyn2 CHART, region −527 to 

−252 
epixyn2_1Tr_r  GATATTGCGCCTTGCAACACCATCG  
epixyn2_2Tr_f   CTCGAGACGGCTGAGACAGCAGCAT xyn2 CHART, region −311 to 

−38 
epixyn2_2Tr_r  TGTCTTTTGGGCTTGGAGGGGTTGT  
actfw   TGAGAGCGGTGGTATCCACG RT-qPCR 
actrev  GGTACCACCAGACATGACAATGTTG 
sar1fw  TGGATCGTCAACTGGTTCTACGA 
sar1rev  GCATGTGTAGCAACGTGGTCTTT 
xyn1f  CAGCTATTCGCCTTCCAACAC 
xyn1r  CAAAGTTGATGGGAGCAGAAG 
taqxyn2f  GGTCCAACTCGGGCAACTTT 
taqxyn2r  CCGAGAAGTTGATGACCTTGTTC 
xyn1_1 oligo 3 f [6-FAM]AGCCCCAGCAGAACATGTCGTCGG xyn1 footprint,  region 1 -869 to 

-598 
xyn1_1 oligo 3 r [6-FAM] AGGGGCTTCATGTCGGACTTGCGG  
xyn1_2 oligo 3 f [6-FAM] 

AGCAGCTACATCTACCAAGACACTCGTGC
A 

xyn1 footprint,  region 2 -513 to 
-361 

RG72 [6-FAM] 
GAGGTTGAAAGCGGCTCGTACAGTATCC 

 

xyn2_1 oligo 3 f [6-FAM] 
TGTGATGCTGCTGCTGATGGCTAATCCC 

xyn2 footprint,  region 1 -580 to 
-373 

xyn2_1 oligo 3 r [6-FAM] 
CTCATCAAGCTTGCCTCGTCTCCGC 

 

RG131 [6-FAM] 
CCGTTATTCAGACAATGTATGTGCCGGGC 

xyn2 footprint,  region 2 -258 to 
-73 

RG132 [6-FAM] 
GTTGTTGTGTCTTTTGGGCTTGGAGGGG 
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The amount of intact input DNA of each sample was calculated by comparing the 
threshold values of the PCR amplification plots with a standard curve generated for each 
primer set using serial dilutions of genomic, undigested DNA. The chromatin accessibility 
index (CAI) was defined as: CAI = (Dc1+Dc2)/2Ds, where Ds is the amount of intact DNA 
detected for each target region, and Dc1 and Dc2 are the amounts of intact DNA detected for 
the promoter regions of sar1 and act, respectively, which were used as reference genes for 
normalization. 

In vivo footprinting analysis  
In vivo methylation using dimethyl sulphate (DMS) followed by ligation-mediated 

PCR was performed as described previously (Gorsche et al. 2013). Primer sequences are 
provided in table 1. The separation of fragments was performed by capillary gel 
electrophoresis (Microsynth, Balgach, Switzerland) and results were analysed using the 
ivFAST program (Gorsche et al. 2013). The ivFAST output data is statistically tested 
(Student’s t-test) within a two-sided 95% confidence interval and gives significantly different 
values. Landscape visualization of data was generated as described previously (Mello-de-
Sousa et al. 2014) and displayed as the protein-DNA interaction index (PDI). The PDI 
indicates a relative ratio of protein-DNA interactions derived from mycelia incubated on D-
xylose or sophorose compared to D-glucose (reference condition) for both strains and regions. 
 
Results and Discussion  

Other than by D-xylose, the induction by sophorose always goes along with chromatin 
opening 

To investigate the role of the chromatin status during the induction of the xylanase 
expression, the wild-type strain QM6a and the strain Rut-C30 (released from CCR) were pre-
grown on glycerol and then transferred to the two inducing substances, namely D-xylose and 
sophorose. Further, D-glucose was used as a repressing carbon source and no carbon source 
as the reference condition. The fungal mycelia were then subjected to DNaseI digestions and 
a CHART-PCR assay was employed to determine the chromatin accessibility of the URRs of 
xyn1 and xyn2. To relate the chromatin accessibility to the transcription profile of both strains, 
RT-qPCRs of the respective genes (i.e. xyn1 and xyn2) were performed. Two regions for the 
CHART-PCR of each gene were chosen based on the frequency of occurrence of transcription 
factor-binding sites in the respective URRs. The chosen regions are depicted in figure 1.  
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Fig 1 – URRs of xyn1 and xyn2 are schematically presented. Grey bars represent URRs of the 
respective genes. Yellow (xyn1) and blue (xyn2) bars depict the structural genes. Within the 
URRs, transcription factor-binding sites are symbolized by coloured triangles: Xyr1-binding 
site 5’-GGC(T/A)3-3’ (blue), Cre1-binding site 5’-SYGGRG-3’ (orange), CCAAT-box 
(yellow), and TATA-box (black). Positions are indicated by the scale on top. Regions for 
CHART-PCR and in vivo footprinting analyses are marked by black bars and were termed 
CHART region 1 and 2, or footprint region 1 and 2, respectively. 

 
In the case of xyn1, the CHART region 1 comprises a URR that was proven to be 

functional, whereas the CHART region 2 bears the TATA-box and putative transcription 
factor-binding sites in close proximity. The cis elements in the URR of xyn1, which were 
previously identified as functional in vivo, are a CCAAT-box (position -428), two Xyr1-
binding sites (positions -404 and -420), and a double Cre1-binding site (positions -383 and -
391) (Rauscher et al. 2006). In the case of xyn2, the CHART region 1 contains putative cis 
elements located further upstream. The CHART region 2 is located near the TATA-box and 
bears a previously described regulatory element of xyn2. The following cis elements belong to 
this region: a CCAAT-box (position -216) that is surrounded by two Xyr1-binding sites 
(positions -208 and -222), and one Cre1-binding site (position -188) (Würleitner et al. 2003, 
Stricker et al. 2008b).  
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Fig 2 A-D – The chromatin status and the transcript levels were assessed by CHART-PCR 
analyses and RT-qPCR in the wild-type strain QM6a (grey) and in Rut-C30 (black). Both 
strains were pre-grown on glycerol and incubated for 3 h on D-glucose (triangles), D-xylose 
(circles), sophorose (squares), and no carbon source, which was used as the reference 
condition for transcript analysis (indicated by the dashed vertical lines). The relative transcript 
ratios are displayed in logarithmic scale on the x-axis and the chromatin accessibility indices 
(CAIs) are depicted on the y-axis. The transcript levels and the CAIs are normalized to act 
and sar1. NTD means “no transcript detected” and was set to -1. The results for the 
investigated CHART regions 1 (A, C) and 2 (B, D) are provided for xyn1 (A, B) and xyn2 (C, 
D). 
 

In the case of xyn1, the chromatin status does not change on D-xylose in comparison 
to D-glucose in both CHART regions and strains (Fig. 2 A and B), but the transcript levels are 
considerably induced by D-xylose in both strains (Fig. 2 A or B). In Rut-C30, the extent of 
induction by D-xylose is even higher than in QM6a. The chromatin is slightly more open in 
Rut-C30 than in QM6a, which is a general trend also on the other investigated carbon sources 
(Fig. 2 A and B). The chromatin reacts differently on sophorose compared to D-xylose. A 
chromatin opening can be observed in the presence of sophorose compared to D-glucose for 
both strains and regions (Fig. 2 A and B). However, the extent of induction on sophorose was 
lower than on D-xylose in both strains. Altogether, an opening of chromatin did accompany 
the induction achieved with sophorose, but no opening was associated with an even more 
pronounced induction by D-xylose (Fig. 2 A and B).  
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In contrast to xyn1, an opening effect of the chromatin is observed on D-xylose 
compared to D-glucose in both investigated CHART regions of xyn2 in QM6a (Fig. 2 C and 
D). Although, this opening did not occur in Rut-C30, xyn2 gene expression is induced in both 
strains on D-xylose. The chromatin opening on D-xylose together with an increased transcript 
level was found in QM6a only (Fig. 2 C and D). Sophorose induces xyn2 expression to a 
similar extent as D-xylose in both strains (Fig. 2 C and D). In the case of sophorose, the 
chromatin becomes more accessible compared to D-glucose in one of the investigated regions 
in each strain (CHART region 2 in QM6a, CHART region 1 in Rut-C30). Summarizing, the 
achieved induction (regardless of the inducing compound) was accompanied by an opening of 
chromatin in the wild-type strain, and a sophorose-specific opening in Rut-C30.  

D-xylose changes protein-DNA interaction in the wild-type strain, but hardly in Rut-
C30  

In the course of transcription analyses, the expression of both xylanases was found to 
be induced by D-xylose in both strains (Fig. 2 A-D). However, the expression of xyn1 can be 
induced stronger in Rut-C30 than in QM6a (Fig. 2 A and B). Interestingly, an opening of the 
chromatin didn’t accompany the induction of xyn1 expression by D-xylose in either strain, 
whereas it did for the induction of xyn2 expression (Fig. 2 C and D). To study the strain-
specific differences during induction of xylanase expression in detail, in vivo footprinting 
analyses were performed. Therefore, both strains were pre-grown on glycerol and transferred 
to D-glucose and D-xylose. A DMS treatment allowed us to capture in vivo DNA occupancy 
by proteins within two footprinting regions that were chosen based on the frequency of 
occurrence of transcription factor-binding sites and regulatory elements (Fig. 1).  

 
We could detect strong differences of the protein-DNA interactions comparing D-

xylose to D-glucose in the wild-type strain in the region 1 of the xyn1 URR (-869 to -598) 
(Fig. 3 A). In Rut-C30, though, the differences in DNA occupancy between the two carbon 
sources were not as pronounced as in QM6a (Fig. 3 A). In comparison to region 1, the region 
2 of the xyn1 URR (positions -513 to -361) shows a different in vivo footprinting pattern. Less 
pronounced differences (concerning intensity and frequency) in protein-DNA interactions on 
D-xylose compared to D-glucose were detected in both strains (Fig. 3 B). In QM6a, the 
differences in protein-DNA interactions were mainly found on essential cis acting elements. 
In Rut-C30, the differences of DNA occupancies between D-xylose and D-glucose were 
detected in close proximity to one Xyr1-binding site (position -426) and to the Cre1-binding 
sites (-383, -391 and -466) (Fig. 3 B).  
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Fig. 3 A-B – In vivo footprinting landscapes of the xyn1 URR are presented for footprinting regions 1 (A) and 2 
(B). Fungal mycelia were pre-grown and transferred to D-xylose (inducing) and D-glucose (repressing). The 
chromosomal DNA was methylated in vivo by DMS. The profiles of the relative protein-DNA interaction indices 
(PDIs) of the wild-type strain QM6a (grey) and Rut-C30 (black) are depicted on the y-axis. The PDIs indicate 
differences in protein-DNA interactions on D-xylose compared to D-glucose for each strain and region. Putative 
transcription factor-binding sites within the URR (x-axis) are symbolized by coloured triangles: Xyr1 (blue), 
Cre1 (orange), and CCAAT-box (yellow). Positions are indicated by the scale on top. 
 

 
Fig 4 A-B – In vivo footprinting landscapes of the xyn2 URR are presented for footprinting regions 1 (A) and 2 
(B). Fungal mycelia were pre-grown and transferred to D-xylose (inducing) and D-glucose (repressing). The 
chromosomal DNA was methylated in vivo by DMS. The profiles of the relative protein-DNA interaction indices 
(PDIs) of the wild-type strain QM6a (grey) and Rut-C30 (black) are depicted on the y-axis. The PDIs indicate 
differences in protein-DNA interactions on D-xylose compared to D-glucose for each strain and region. Putative 
transcription factor-binding sites within the URR (x-axis) are symbolized by coloured triangles: Xyr1 (blue), 
Cre1 (orange), the CCAAT-box (yellow), and the TATA-box (black). Positions are indicated by the scale on top. 
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In the case of xyn2, we obtained for region 1 (positions -580 to -373) a similar pattern 
for both strains, i.e. we detected only a few changes in protein-DNA interactions on D-xylose 
compared to D-glucose (Fig. 4 A). However, in region 2 (positions -258 to -73) strong and 
frequently occurring differences in protein-DNA interactions between D-xylose and D-
glucose were detected in the case of QM6a (Fig. 4 B). In contrast, the in vivo footprinting 
pattern in Rut-C30 shows again hardly any differences in DNA occupancy on D-xylose 
compared to D-glucose. Notably, the detected differences were found on and in close 
proximity to the TATA-box (Fig. 4 B).  

Summarizing, for QM6a we found that in both genes (i.e. xyn1 and xyn2) at least one 
region exhibits pronounced differences in protein-DNA interaction in response to D-xylose 
compared to D-glucose. In contrary, in Rut-C30, the DNA occupancy hardly changed in the 
presence of D-xylose compared to D-glucose. It is important to note that Rut-C30 had a 
slightly more open chromatin than QM6a and a better induction of xyn1 expression triggered 
by D-xylose (compare Fig. 2 A and B). Considering all these observations, we hypothesize 
that the transcription machinery can access the generally more open chromatin in Rut-C30 
more easily, resulting in a higher inducibility of the gene expression. However, neither the 
open chromatin status, nor the induction seems to be influenced by regulatory proteins 
binding specifically in response to the presence of D-xylose or D-glucose in Rut-C30 
according to the in vivo footprinting analyses. A possible explanation for the lack of 
differences in the protein-DNA interaction between D-xylose and D-glucose might be the 
presence of a truncated version of Cre1, i.e. Cre1-96 (Mello-de-Sousa et al. 2014). It was 
reported that Cre1-96 is involved in the open chromatin status of the promoter regions of the 
cellulase-encoding genes cbh1 and cbh2. Functional Cre1-sites were found to be occupied in 
these URRs under both, inducing and repressing conditions. Therefore, Mello-de-Sousa and 
co-workers suggested that Cre1-96 no longer binds DNA in a D-glucose-specific manner 
(Mello-de-Sousa et al. 2014). Consequently, we assume that Cre1-96 also binds on the 
investigated xyn1 and xyn2 URRs under both conditions, thereby contributing to the reduced 
differences observed in the in vivo footprinting analyses. Further, we suggest that the 
carbohydrate-independent binding of Cre1-96 is related to the more open chromatin in Rut-
C30 detected under all conditions tested. However, this model does not explain the strong 
differences in induction between D-xylose and D-glucose of the xyn1 and xyn2 gene 
expression in Rut-C30. In this regard, the in vivo footprinting analyses point towards the 
TATA-box. The detected differences of DNA occupancies directly at the TATA-box in Rut-
C30 suggest a hot spot of D-xylose-dependent interactions there, such as the assembly of the 
transcription machinery and/or recruiting proteins. 

Protein-DNA interaction pattern is similar in the wild-type strain and Rut-C30 when 
applying the inducer sophorose  

In the case of xyn2, a similar intensity of induction was achieved by sophorose as by 
D-xylose (Fig. 2 C or D). Therefore, we became interested in studying protein-DNA 
interactions on the xyn2 URR under sophorose-induced conditions in an analogous 
experiment as performed for D-xylose. We conducted an in vivo footprinting analysis of 
mycelia samples incubated on sophorose and compared them to samples derived from 
incubation on D-glucose. 

The in vivo footprinting analysis of region 1 resulted in rather small and regularly 
distributed differences comparing sophorose and D-glucose (Fig. 5 A). A clear cis element-
specific pattern could not be observed for either strain, similarly to the results for the 
comparison of D-xylose to D-glucose (compare Fig. 5 A to Fig. 4 A).  

As mentioned, strong differences in protein-DNA interactions were found across the 
region 2 on D-xylose compared to D-glucose in QM6a (Fig. 4 B). Using sophorose as an 
inducing substance, only minor differences in protein-DNA interactions were detected 
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compared to D-glucose, and even a complete loss of any interaction differences directly at the 
TATA-box was observed (Fig. 5 B). The Xyr1-binding sites remained occupied using 
sophorose as inducer in the wild-type strain, however, the differences to D-glucose were not 
as strong as on D-xylose (compare Fig. 5 B to Fig. 4 B). Interestingly, in Rut-C30, the in vivo 
footprinting pattern resulting from comparison of both inducers to D-glucose showed hardly 
any differences (compare Figs. 4 and 5 B). However, also in Rut-C30 a reduction in the 
intensity was found around the TATA-box when sophorose was used as inducer (Fig. 5 B) 
instead of D-xylose (Fig. 4 B).  

 
 

 
 
 
Fig 5 A-B – In vivo footprinting landscapes of the xyn2 URR are presented for footprinting 
regions 1 (A) and 2 (B). Fungal mycelia were pre-grown and transferred to sophorose 
(inducing) and D-glucose (repressing). The chromosomal DNA was methylated in vivo by 
DMS. The profiles of the relative protein-DNA interaction indices (PDIs) of the wild-type 
strain QM6a (grey) and Rut-C30 (black) are depicted on the y-axis. The PDIs indicate 
differences in protein-DNA interactions on sophorose compared to D-glucose for each strain 
and region. Putative transcription factor-binding sites within the URR (x-axis) are symbolized 
by coloured triangles: Xyr1 (blue), Cre1 (orange), the CCAAT-box (yellow), and the TATA-
box (black). Positions are indicated by the scale on top. 
 

Altogether, it became apparent that the interplay of proteins contacting the DNA leads 
to a different pattern of xyn2 expression (Würleitner et al. 2003, Stricker et al. 2008b). In the 
wild-type strain we generally observed different patterns for the two inducers, sophorose and 
D-xylose. In both strains the differences on the TATA-box were found to be less pronounced 
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on sophorose. In other words, the comparative in vivo footprinting patterns for sophorose for 
the wild-type strain became similar to those obtained for Rut-C30. For Rut-C30, it has 
previously been suggested that the xyn2 URR is permanently bound by regulatory proteins 
and remains free of nucleosomes (Würleitner et al. 2003).  

According to our results, sophorose – other than D-xylose – leads to a similar DNA 
occupancy as D-glucose in both strains. Bearing in mind that i) the chromatin became as loose 
on sophorose as on D-xylose (compared to D-glucose), and ii) that the extent of the achieved 
xyn2 induction was also similar with both substances (Fig. 2 C and D), we speculated that 
induction by sophorose is mediated without additional proteins binding. There are possible 
alternative mechanisms, which would fit to the similar in vivo footprinting pattern, e.g.: i) 
regulatory proteins that act in a carbohydrate-specific manner bind somewhere else in the 
respective URR, ii) chromatin remodelers that act in a carbohydrate-specific manner bind 
equally distributed on the URR (yielding the observed, regular pattern of small differences), 
iii) chromatin remodelers or histone modifying proteins bind in a carbohydrate-unspecific 
manner, but differ in their action (e.g. histone acetyltransferases bind and provoke an opening 
of chromatin under inducing conditions, while under repressing conditions histone 
methyltransferases bind and provoke a more close chromatin).  

However, all these hypotheses would mean that the type of signal transmission in case 
of D-xylose and sophorose is strikingly different. Regarding sophorose, a cAMP-dependent 
signal transmission was shown to be involved in enzyme production in T. reesei (Šesták & 
Farkaš 1992, Nogueira et al. 2015). Nogueria and co-workers found that the intracellular 
cAMP levels correlate directly with a higher induction level of cellulolytic enzyme expression 
in a sophorose-dependent manner (Nogueira et al. 2015). However, there does not exist such a 
study for the induction of xylanases in the presence of D-xylose or sophorose. Despite that, 
for Aspergillus phoeniciis and Aspergillus sydowii it was demonstrated that CCR of xylanase 
expression in the presence of D-glucose is similar as for xyn1 in T. reesei. The repression in 
Aspergillus could be reverted by the addition of exogenous cAMP (Gosh & Nanda 1994, 
Rizzatti et al. 2008). Nonetheless the addition of exogenous cAMP did not revert the 
repression of cellulases on D-glucose in T. reesei (Šesták & Farkaš 1992), one could speculate 
that there might be a cAMP-dependent release of CCR in the case of xylanases in T. reesei. 

for sophorose and D-xylose on the investigated region 2. Notably, this region bears the 
cis acting elements that were earlier described as functional for the regulation  
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Chapter 2 
 

Peer-reviewed publication: ‚The Relation Between Promoter Chromatin Status, Xyr1 and 

Cellulase Expression in Trichoderma reesei’ published in Current Genomics 17, 145-152 
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