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ZUSAMMENFASSUNG  

Kohlenhydrat-aktive Enzyme (Englisch: carbohydrate active enzymes, CAZymes) von 

filamentösen Pilzen sind für verschiedene industrielle Anwendungen, von entscheidender 

Bedeutung. Mit Fortschritten in der Systembiologie, Automatisierung und Gentechnologie wie 

CRISPR/Cas9 liegen die derzeitigen Limitierungen im Verständnis der Induktion und 

Regulation von CAZymes, wodurch eine Verbesserung der Enzymsekretion durch rationale 

Bioprozess- und Gentechnikstrategien möglich gemacht werden kann. Die Entwicklung neuer 

und vielversprechender pilzlicher CAZyme-Produktionsstämme kann daher durch jene 

Methoden ermöglicht werden. Der thermophile filamentöse Pilz Thermoascus aurantiacus 

ATCC 26904 produziert beträchtliche Mengen an Cellulasen und Xylanasen, die auch bei 

Temperaturen über 65 °C eine hohe Aktivität beibehalten. Wärmestabile Enzyme bieten 

zahlreiche Vorteile für die kosteneffiziente Herstellung von Biokraftstoffen.  

Das Ziel dieser Arbeit war es, (1) die CAZyme-Induktion und (2) die CAZyme-Genregulation 

von T. aurantiacus aufzuklären und (3) von klassischen CAZyme hypersekretierenden 

Neurospora crassa Mutanten zu lernen, wie die Pilzenzymsekretion erhöht werden kann, um 

mit diesem Wissen verbesserte Genmodifikations- und Bioprozessentwicklungsstrategien zu 

generieren.  

Es wurde festgestellt, dass die komplexe Kohlenstoffquelle Xylan zur Sekretion hoher Mengen 

an Cellulasen und Xylanasen führte, während einfache C5- und C6-Zucker wie D-Xylose, L-

Arabinose und Cellobiose die CAZyme-Expression in Batch-Kulturen nicht signifikant 

induzierten. Dies ist vermutlich auf Kohlenstoffkatabolitrepression (Englisch: carbon 

catabolite repression, CCR) zurückzuführen. Die Entwicklung eines neuartigen Testverfahrens 

zur Induktorenidentifikation, basierend fed-batch Prozessen von Zuckerinduktoren, 

ermöglichte es jedoch CCR zu umgehen. Mit diesem System konnte festgestellt werden, dass 

D-Xylose, Cellobiose und L-Arabinose starke CAZyme Induktoren sind. 

Ein Haupthindernis der Etablierung neuer Pilzstämme ist das Fehlen genetischer 

Transformationsmethoden. In dieser Arbeit wurde eine erfolgreiche Agrobacterium 

tumefaciens-vermittelte Transformation des thermophilen Pilzes T. aurantiacus etabliert. Wir 

optimierten die Transformationseffizienz des neu entwickelten Protokolls und nutzten es zur 

Überexpression der Xylanasenregulatoren xlnR, clr1 und clr2 was zu einem Anstieg der 

Xylanaseaktivität der generierten Mutantenstämme führte. 

Zusätzlich wollten wir von klassischen CAZyme hypersekretierenden Pilzmutanten lernen, wie 

die Enzymsekretion bei T. aurantiacus und anderen Pilzen erhöht werden kann. Die Mutation, 
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die eine CAZyme-Hypersekretion in der seit langem bekannten N. crassa exo-1 Mutante 

verursacht, wurde durch eine Genom-Resequenzierung und genetische Tests identifiziert: ein 

vorzeitiges Stoppcodon im F-Box-Protein-kodierenden Gen exo-1. Wie für die klassische exo-

1 Mutante bekannt, wurde auch in einem entsprechenden Gendeletionsstamm (∆exo-1) nach 

dem Konsum freier Zucker im Medium eine hohe Invertase-, Amylase- und Pektinaseaktivität 

gefunden. Während das Homolog des exo-1 Gens in T. aurantiacus fehlt, konnten 

Kooperationspartner den Phänotypen der Enzymhypersekretion erfolgreich in dem industriell 

eingesetzten thermophilen Pilz Myceliophthora thermophila mit CRISPR/Cas9 durch Deletion 

des exo-1 Homologs reproduzieren, was zu einer hohen Amylase-Sekretion führte. 

Zusammenfassend wurden systembiologische, genetische und bioprozesstechnologische 

Methoden etabliert, um die CAZyme Produktion für Biotreibstofferzeugung mit T. aurantiacus 

zu verbessern.  
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SUMMARY 

Fungal carbohydrate active enzymes (CAZymes) are vital for various industrial applications 

such as the conversion of plant biomass to biofuels and bio-based chemicals. With 

advancements in systems biology, automation, and genetic engineering through CRISPR/Cas9, 

current limitations lie in the knowledge of CAZyme induction and regulation for improving 

enzyme secretion through rational engineering strategies. Systems biology studies under 

CAZyme inducing conditions and establishment of genetic engineering tools will allow to 

develop novel and promising fungal cellulase production hosts.  

The thermophilic filamentous fungus Thermoascus aurantiacus is an intriguing host for 

cellulase production. The wild type (WT) strain ATCC 26904 produces considerable quantities 

of cellulases and xylanases which retain high activity above 65 °C. Heat-stable enzymes confer 

numerous advantages for cost efficient biofuel production. Understanding the induction and 

regulation of CAZyme gene activity and secretion is crucial for the design of genetic 

engineering and cultivation strategies, which aims to achieve highest possible CAZyme yields. 

Additionally, uncovering the genetic basis of classical fungal hypersecreting mutants through 

systems biology and genetic studies helps to uncover mutations and signaling pathways that 

can be reversely engineered in related fungi to enhance enzyme secretion of filamentous fungi.  

The goal of this thesis was to uncover (1) CAZyme induction and (2) CAZyme gene regulation 

in T. aurantiacus and (3) learn from classical fungal CAZyme hypersecreting Neurospora 

crassa mutants how to improve fungal enzyme secretion to design improved genetic- and 

bioprocess engineering strategies. This work involved extensive method development and 

established vital knowledge for improving cellulase production with T. aurantiacus.  

It was found, that the complex carbon source xylan lead to secretion of high amounts of 

cellulases and xylanases, while simple C5 and C6 sugars, such as D-xylose, L-arabinose, and 

cellobiose failed to significantly induce CAZyme expression in batch cultures, presumably due 

to carbon catabolite repression (CCR). The development of a continuous feed setup allowed to 

circumvent CCR while feeding low amounts of potential inducers into 50 mL shake flask 

cultures. With this system, it was possible to uncover that D-xylose, cellobiose and L-arabinose 

were strong inducers of plant biomass degrading enzymes.  

One major obstacle that prevents employing new fungal strains is the lack of genetic 

transformation systems. Here a successful Agrobacterium tumefaciens mediated 

transformation of the thermophilic fungus T. aurantiacus, a producer of highly heat-stable plant 

cell wall degrading enzymes, was achieved. The transformation efficiency of the newly 
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developed protocol was optimized and used to overexpress the transcriptional xylanase 

regulators xlnR, clr1 and clr2, which led to increase in xylanase activity of the mutant strain.  

Finally, we sought to learn from classical fungal CAZyme hypersecreting mutants how to 

increase enzyme secretion in T. aurantiacus. The mutation causing CAZyme hypersecretion in 

the long-known N. crassa exo-1 mutant was identified through genome resequencing and 

genetic tests: a premature stop in the F-box protein-encoding gene exo-1. As known for the 

exo-1 mutant, high invertase, amylase and pectinase activity was found in the corresponding 

deletion strain ∆exo-1 upon sugar depletion. While the exo-1 gene homolog is missing in T. 

aurantiacus, the enzyme hypersecretion phenotype could be successfully reverse-engineered 

through collaborators into the industrially employed thermophilic fungus Myceliophthora 

thermophila through CRISPR/Cas9, leading to high amylase secretion.  

In summary, systems biology, genetic and bioprocess technologies have been established to 

improve CAZyme secretion for biofuel production with T. aurantiacus. 
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1.  Introduction  

1.1.  Fungal cell wall-degrading enzymes allow the conversion of 

lignocellulose into biofuels and bio-products 

The global economy heavily relies on fossil resources, which poses a risk for society and 

environment due to accelerating climate change and depending on finite resources. Fuels, food, 

medication, textiles and countless other commodities that are essential for our daily lives 

depend on these limited resources. Additionally, their use causes climate change, which poses 

a considerable threat (1). Pressing questions include the nature of future clean, renewable and 

versatile alternatives that will satisfy our demands for the products of our daily life.  

Non-edible plant biomass is a renewable and highly abundant residue from forestry, 

agriculture, paper production and food industry (2, 3). It is mainly composed of lignocellulose, 

which can be deconstructed into simple sugars through the action of plant cell wall-degrading 

enzymes, such as cellulases and xylanases or chemical substances (4, 5). The released sugars 

can then be converted into biofuels and many other products through metabolically engineered 

bacteria, yeasts or filamentous fungi (6). In some cases, these hosts need to be genetically 

engineered to be able to convert the full variety of those sugars (7). Thus, plant biomass is more 

versatile than most other renewable energy sources while offering the chance to create new 

economic opportunities for rural areas.  

The low efficiency of cellulose deconstruction remains the major roadblock in making these 

fuels cost-competitive with fossil fuels (8). Currently, plant biomass is pre-treated with 

chemicals, such as acids, bases, peroxides, or heat and steam to open up the biomass structure. 

This first step increases the accessibility of the plant polysaccharides to plant cell wall-

degrading enzymes such as cellulases, xylanases, pectinases and accessory proteins. These 

enzymes facilitate deconstruction of sugar polymers through hydrolytic or oxidative cleavage 

or disintegration of cellulase crystallinity through the action of expansin- and swollenin like 

proteins (9). The liberated sugars can then be harvested as a plant biomass hydrolysate and 

used as a carbon source for microbial fermentations into biofuels and bio-based products 

through metabolically engineered bacteria and yeast strains. These strains often carry 

modifications in primary and secondary metabolism genes to redirect the flux of metabolites 

to pathways of interest to produce desired compounds (10). This involves engineering of native 

genes and integrations of foreign genes to obtain those compounds of interest. Ultimately, this 

biological route is able to produce a much wider repertoire of molecules than synthetic 
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chemistry and further optimization of strain engineering strategies will make biologically 

produced compounds cost competitive. Thus, producing cheap sugars from non-edible plant 

biomass consisting of cellulose and hemicellulose using cellulases and other enzymes holds 

the potential to reduce our dependency on fossil resources as a substrate.  

Cellulose and hemicellulose are the most abundant biopolymers on earth, forming the major 

fraction of plant’s dry mass (11). In the environment, these sugar polymers are degraded by 

saprotrophs mainly through enzymatic breakdown. At the same time, plant cell wall-degrading 

enzymes are a bottleneck for lignocellulose deconstruction in biotechnology. While these 

proteins are produced by a variety of organisms, industrially, mostly enzymes from filamentous 

fungi are used, since these organisms secrete enzymes into the environment, which enables 

their cost-efficient purification for down-stream saccharifications (12). Separation of the 

enzyme production host and the plant biomass is necessary to prevent the uptake of the released 

sugars by the fungus.  

A plethora of different CAZymes has been classified, that act on carbohydrates and catalyze 

plant biomass deconstruction among many other things (13). The polysaccharide cellulose is 

initially attacked by different glycoside hydrolases (GH). The action of GH5-family enzymes 

endo-1,4-β-glucanases (EG) through hydrolytic cleavage or through oxidative cleavage by 

AA9/AA10 enzymes (lytic polysaccharide monooxygenases, LPMOs); both of which cleaving 

cellulose chains internally (14–16). The generated free ends are then accessible for family GH6 

and GH7 enzymes exo-1,4-β-glucanases/cellobiohydrolases (CBH) which cleave the 

disaccharide cellobiose (4-O-β-D-glucopyranosyl- D-glucose) from either the reducing or non-

reducing chain end. Cellobiose is a soluble di-saccharide that can be taken up directly by many 

fungi. For full metabolization however, cellobiose is further cleaved by family GH1 or GH3 β-

glucosidases (BG) into two D-glucose molecules, which are then available for cellular 

metabolism. Proteins classified as swollenins are secreted by fungi as well, which disrupt 

cellulose crystallinity in order to expose sugar polymers to enzymes (9).  

Xylan (one of the major hemicelluloses in plant biomass) is composed of various C5 and C6 

sugars with terminal modifications, and requires a different set of enzymes for deconstruction 

(17, 18): endoxylanases cleave the backbone, while α-L-arabinofuranosidases and β-

xylosidases cleave L-arabinose or D-xylose units. Esterases remove added modifications, such 

as methyl-, acetyl- and feruloyl groups from sugars.  

Besides these previously mentioned enzymes, there is also great industrial interest in enzymes 

related to processing of other plant related poly- or oligosaccharides than cellulose and xylan, 

such as starch-deconstructing amylases, invertases, which split sucrose into D-glucose and D-
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fructose, and pectinases that break down different types of pectin (19). Notably, filamentous 

fungi are suitable producers of all of these enzymes as well and are thus used as industrial 

enzyme production platforms (20).  

While most fungi produce plant cell wall-degrading enzymes, thermophilic fungi were 

repeatedly found to release more sugars from plant biomass compared to commonly used 

mesophilic fungi. The enzymes of the thermophilic fungi Thielavia terrestris and 

Myceliophtora thermophila had superior sugar release abilities compared to the two potent 

mesophilic enzyme producers (21) (Figure 1. 1). Mesophilic enzymes typically have low 

activity above 60 °C. Deconstruction of cellulose for conversion to biofuels and other goods 

gets cheaper when using heat-tolerant enzymes from thermophilic fungi (22). These enzymes 

display higher activity and allow the use of industrial waste heat and combined enzyme-heat 

treatments, leading to lower contamination risks, reduced cooling costs and better flow 

characteristics of the viscous biomass slurry. Recent efforts focus on making enzymes from 

industrial mesophilic strains more heat-tolerant (23). An alternative is to adopt new fungi with 

naturally heat-tolerant enzymes for biotechnological applications (24, 25). 

 

1.2.  Isolation and description of T. aurantiacus  

T. aurantiacus is a thermophilic fungus that has been first described in 1907 by Hugo Miehe 

from self-heating hay (26). Through phylogenetic analyses, this fungus was placed in the 

Eurotiales order into the Thermoascaceae family (27). Currently, this family contains only two 

genera, Thermoascus and Byssoclamys. Miehe found that this fungus does not grow below 

30 °C and has its growth optimum at 50 °C and noted that after two days at 40 °C, cleistothecia 

fruiting bodies were formed (Figure 1. 2 A). This high growth optimum is quite unusual 

compared to most filamentous fungi. The cleisthothecia are up to 1 mm in size and produce 

asci, containing 8 ascospores (Figure 1. 2 B). T. aurantiacus was described as a self-crossing 

(homothallic) fungus, which is a rather rare feature in the fungal world (26). Production of 

asexual conidiospores has not been observed for this species. However, Miehe described 

structures located at hyphal tips, that resemble clamydiospores, a rare type of asexual 

propagation entities (28, 29). T. aurantiacus seems to grow in a wide variety of habitats and 

geographic regions, since this species has been isolated from soil, compost and products related 

to agriculture and forestry. A different variety of this fungus, which was classified as T. 

aurantiacus var. leviosporus, was isolated in Honduras (28). This variety was different from T. 
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aurantiacus var. aurantiaucs through having a smooth ascospore surface, while the latter one 

displayed a rough spore wall.  

 

 

Figure 1. 1: Thermophilic fungi and biofuel production: A, higher sugar release from plant biomass 

incubated with enzymes of thermophilic fungi (M. thermophila, T. terrestris) was found compared to 

mesophilic fungi (T. reesei, C. globosum) (Source: Berka et al., 2011). B, Comparison of sugar release 

by enzymes of T. aurantiacus, T. terrestris and the commercial CTec2 cocktail (Novozymes) at various 

temperatures (McClendon et al 2012).  

 

 

1.3.  Plant cell wall-degrading enzyme production of T. aurantiacus  

An early study indicated that T. aurantiacus was able to grow on acid-swollen cellulose (30). 

Ever since, many studies confirmed the ability of this fungus to grow on complex plant 

biomass, cellulose, hemicellulose and simple sugars related to plant cell wall breakdown. More 

recently, it was found that the secreted enzymes of T. aurantiacus released significantly higher 

amounts of D-glucose from Ionic Liquid (IL) pretreated switchgrass compared to enzymes from 

the thermophilic fungus T. terrestris across all temperatures tested (31). Most strikingly, T. 

aurantiacus enzymes lead to similar sugar release as the commercial enzyme cocktail CTec2 

(Novozymes) at 50 °C and comparably higher sugar release at elevated temperatures (Figure 

1. 1). This was confirmed by our recent study, where T. aurantiacus enzymes achieved equal 

sugar yields from acid pretreated corn stover as the commercial enzyme cocktail CTec2 at 

50 °C, while roughly 3 times higher yields were obtained by the fungal enzymes compared to 

CTec2 when the incubation happened at 60 °C (32). T. aurantiacus enzymes harvested from 

solid-state fermentations were also successfully used for saccharifications of sodium hydroxide 

pre-treated sugarcane bagasse. These enzymes allowed saccharification to be performed at 

60 °C, which is not possible with CTec2 or T. reesei enzymes, which readily lose activity at 

this temperature. The generated sugarcane bagasse hydrolysate was then subsequently used for 
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biofuel production via fermentation with Clostridium acetobutylicum (33). This shows the 

striking ability of T. aurantiacus enzymes to liberate high amounts of sugar from plant biomass, 

enabling higher saccharification process temperatures at the same time. Cellulases from a T. 

aurantiacus were also isolated and characterized in several studies from different strains. 

Cellulases of T. aurantiacus ATCC 46993 (isolated in New Zealand) were successfully purified 

upon submerged fermentation on filter paper: a BG (87 kDa), an EG (78 kDa), a CBH (49 kDa) 

and a second EG (34 kDa) (34). Similar cellulases were obtained from an Indian T. aurantiacus 

isolate, except for the 78 kDa EG, which was missing (35). The main cellulases from T. 

aurantiacus ATCC 26904, which were used in this study, were identified with proteomics: a 

CBH (54 kDa), an EG, (33 kDa), an endo-β-1,4 xylanase (33 kDa) and a LPMO (25 kDa) 

(Figure 1. 2 C). Moreover, a BG (92 kDa) was identified (36).  

Another untypical property of T. aurantiacus enzymes is the absence of cellulose binding 

modules (CBMs), which are present in cellulases of many other fungi such as T. reesei  (37, 

38). CBMs enable stronger interaction of cellulases with cellulose and lead to higher 

saccharification efficiencies due to concentrating those enzymes at the polysaccharide interface 

as long as the plant biomass loadings during the saccharification are lower than 25 %. However, 

at higher loadings, cellulases without CBMs are as efficient as cellulases with CBMs. 

Cellulases without CBMs were found to be easier to recover and recycle after saccharifications, 

which potentially improves the saccharification economics (38).  

Moreover, the T. aurantiacus LPMO was used to uncover the molecular structure and 

mechanism of cellulose oxidation by this enzyme, which was found to contain Cu in its active 

site (39). It was shown that this enzyme uses molecular oxygen to generate a Cu-superoxide 

species that is then able to cleave cellulose. This fungus produces remarkable amounts of 

LPMO (Figure 1. 2 C). The high thermostability of T. aurantiacus enzymes, high enzyme 

reaction rates, the simple secretome composition, the high amount of secreted LPMO, and the 

possibility to cross this fungus to generate recombinant progeny within a couple of days make 

this fungus a highly intriguing host for cellulase production.  
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Figure 1. 2: (A) Growth of T. aurantiacus on potato dextrose agar plates. (B) T. aurantiacus ascospores 

in suspension (left, 40x air objective) and inside intact asci (right, 63x oil objective). (C) SDS-PAGE 

cellulase banding pattern after growth in liquid beechwood xylan medium (15 µl loaded), CBH = 

cellobiohydrolase, EG = endoglucanase, Xyl = xylanase, PMO = polysaccharide monooxygenase. 

Images of A and B were taken by Timo Schuerg.  

 

 

1.4.  Induction of CAZymes in T. aurantiacus  

Filamentous fungi are masters of biodegradation of various organic materials through secreting 

an arsenal of enzymes to break down various types of organic compounds. These organisms 

also evolved elaborate sensing systems to identify which carbon sources are in their close 

proximity and which kinds of enzymes need to be secreted to deconstruct those organic 

compounds. Intriguingly, different fungal species react to different molecular inducers that 

stimulate secretion of enzymes. The induction of cellulase secretion in T. aurantiacus has been 

investigated before and was found to be different from the one of T. reesei. It was found that 

T. aurantiacus supernatant caused little hydrolysis of carboxymethylcellulose (CMC), which 
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is commonly referred as CMCase activity, on starch, raminarin, cellobiose, lactose, maltose, 

lactose, sucrose, D-glucose, D-xylose and L-arabinose and high activity on alkali treated bagasse 

and xylan (40) while weak cellulase activity was found on Avicel cellulose. Notably, Avicel 

cellulose led to the highest activity of CMCase activity of T. reesei culture supernatant, while 

xylan did not induce cellulases. This indicated strong differences in the cellulase induction of 

both fungal species. Also, it was concluded that D-xylose, cellobiose and L-arabinose were no 

better inducers of T. aurantiacus cellulases than D-glucose, leading to almost identical but low 

CMCase activities in the supernatant. In contrast, T. reesei did not display any CMCase 

activities when grown on most carbon sources. In an independent study, elevated cellulolytic 

deconstruction of the substrate CMC, when incubated with culture broth of T. aurantiacus, was 

again found when the fungus was grown on a wide variety of carbon sources such as sugars, 

sugar alcohols, cellulosic substrates and organic acids (41). In the same study, it was found that 

T. aurantiacus supernatants displayed substantial amounts of CMCase activity when grown in 

D-glucose medium for several days, while no CMCase activity was found for T. reesei in the 

same experiment, despite that D-glucose was fully consumed by both fungi in a highly similar 

manner. It was found that T. aurantiacus cellulases became de-repressed at D-glucose 

concentrations of around 0.2% (w/v). 

When the xylanase induction of T. aurantiacus was assessed it was found that all carbon 

sources tested led to low xylanase secretion, while high activities in the supernatant was only 

found when the fungus was grown on xylan and methyl β-D-xylopyranoside (MXP) (42). Solid 

state fermentation with complex substrates was used to uncover an alpha-L-

arabinofuranosidase (43), pectinases (44) and amylases (45).  

Previously, it was found that T. aurantiacus displayed highly variable secretion of cellulases 

and xylanase on four different cellulose types while high amounts of those enzymes were 

produced upon growth on beechwood xylan in the same experiment (32). In a separate 

experiment, high production of those enzymes was found when T. aurantiacus was shifted 

from a D-glucose culture to medium containing the non-metabolizable D-xylose analogon MXP 

while this did not happen in the presence of D-xylose and xylobiose, which can be metabolized. 

These observations indicated, that celluloses can be substantially different in regards to 

stimulation of enzyme secretion of this fungus, which might be due to different degrees of 

impurities of other polysaccharides (46). Moreover, this indicated that cellulose might not be a 

good inducer of cellulases and xylanases in T. aurantiacus, but potentially C5 sugars such as 

xylose might be potent inducers, when slowly released from enzymatic xylan deconstruction 

or when present in a non-metabolizable form such as MXP. To understand the induction of T. 
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aurantiacus CAZyme secretion and CAZyme genes, a fed-batch screening procedure was 

developed for shake flasks to screen the effect of different purified plant cell wall decay related 

sugars in a fed-batch or batch manner.  

 

1.5. Development of novel filamentous fungal strains as industrial 

platforms for cellulase production by random mutagenesis and rational 

design 

Filamentous fungi have been used for centuries to produce food and beverages such as miso, 

sake and soy sauce and lately also for a variety of applications from paper production to biofuel 

generation (47–49). However, the natural enzyme secretion of WT isolates is in most cases not 

high enough to make those processes economic. Historically, potent fungal enzyme secreting 

strains have been generated through random mutagenesis, employing radiation, plasma jets or 

chemical agents to cause randomized DNA damage, leading to alteration in gene expression 

patterns and gene functionalities (24, 50, 51). These mutations sometimes cause elevated 

secretion of enzymes or other desirable phenotypes, such as changes in growth morphology 

that lead to low viscosity of the fermentation broth or reduction in carbon catabolite repression 

(CCR) which represses enzyme production in the presence of easily available carbon sources 

(52).  

While random mutagenesis turned out to be an effective way of generating desired mutants, it 

is inefficient regarding time and labor, since extensive screening has to be performed to isolate 

mutants displaying higher enzyme secretion. At the same time, these mutants often display 

growth defects due to the accumulation of background mutations in other genes. Thus, it often 

takes decades to obtain these high enzyme-secreting strains. The potent cellulase hyper-

secreting strains CL847 (T. reesei) and C1 (M. thermophila) have been generated through 

random mutagenesis for industrial cellulase production. It was reported that these strains 

secrete up to 100 g/L of cellulases (24, 50, 51).  

Per se, random mutagenesis does not generate the knowledge of how to improve cellulase 

producing strains by design, since the mutations are unknown. However, even with modern 

systems biology tools, it can be inherently difficult to understand the genetic causes. For 

instance, genome re-sequencing of classical cellulase hypersecreting fungal mutants such as 

the publicly available T. reesei strain RUT-C30 uncovered a wide variety of mutations and 

genome rearrangements and in most cases the nature of the underlying mutations causing 

elevated protein secretion remain unknown (50). Only through reverse genetic engineering of 
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these mutations into a base strain of the same or closely related species with known genetic 

background, several of these mutations were studied, which led to the identification of 

previously unknown genes causing elevated enzyme secretion. Nevertheless, this process is 

slow due to the time-consuming nature of traditional manual construct design, transformation 

methods and screening procedures.  

With advances in genetic engineering technologies such as CRISPR/Cas9 and increasing 

progress in automated DNA construct design and DNA synthesis, however, transformations 

and strain screening will become much faster and cheaper. These technologies hold the exciting 

potential to engineer fungal enzyme hypersecreters by design. With the current knowledge of 

cellulase regulation, significantly improved production of cellulases was achieved in 

Penecillium oxalicum a fungus within the Eurotiales group, increasing enzyme production 

several-fold (53). Overexpression of the cellulase activator clrB and deletion of the cellulase 

repressors creA and bglR achieved substantial increase in cellulase production. This strain was 

generated in 6 months and displayed strongly elevated cellulase production compared to the 

WT strain and equal production to the industrial cellulase hypersecreting P. oxalicum strain JU-

A10-T, which was generated through classical mutagenesis. This example shows the 

extraordinary potential of rational strain engineering strategies based on the knowledge of 

cellulase gene regulation. In a follow up study, the investigation of further cellulase regulators 

coupled to -omics led to even better production strains and improved understanding of cellulase 

regulation in P. oxalicum (54).  

 

 

1.6. Genetic studies on cellulase regulation uncovered intriguing targets 

for engineering potent cellulase producers  

The understanding of cellulase secretion is vital for strain engineering purposes and has been 

found to be tightly regulated at the transcriptional level and numerous cultivation parameters 

modulate cellulase expression such as the presence of cellulase inducers or more favorable 

carbon sources, pH, nitrogen availability and the presence of light. Notably, cellulase regulation 

and cellulase induction differ among fungal species and need to be assessed to generate the 

required understanding. The essential transcriptional activators in Eurotiales group for 

cellulolytic genes are ClrB in A. niger and P. oxalicum and its ortholog ManR (55) in A. oryzae. 

ClrA (A. nidluans) is another cellulase regulator, whose deletion was found to have a minor 

effect on cellulase production, unlike its ortholog clr-1 in N. crassa, which led to strongly 
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impaired production and severe growth defects on cellulose (56, 57). The transcription factor 

XlnR and its orthologes are involved in regulation in xylanolytic genes (58, 59). In A. niger, 

this factor is also involved in activation of cellulolytic genes when grown on xylan or D-xylose, 

while in A. oryzae, XlnR caused low activation of cellulase genes in the presence of both D-

xylose and cellobiose. XlnR target gene activation in the latter species seemed to be regulated 

via reversible phosphorylation in the presence of D-xylose, while cellobiose did not cause this 

phosphorylation (59). In T. reesei, the xlnR homolog xyr-1 is the most important regulator of 

cellulases and xylanases and its deletion leads to severe growth defects on cellulose (60). 

Intriguingly, the inducers for production of cellulase can significantly differ even in rather 

closely related species. While for T. reesei, cellobiose, sophorose and lactose are potent 

inducers for cellulase secretion, only cellobiose induced cellulases in N. crassa. For A. niger 

however, the C5 sugar D-xylose is a potent inducer for cellulases (20).  

Suppression of enzyme secretion through CCR is highly conserved in filamentous fungi, which 

is caused by the presence of higher amounts of simple sugars. It was found that even in the 

presence of simple sugars, a distinct sequential uptake occurred in A. niger (61). This 

mechanism ensures that no energy intensive enzyme secretion for polysaccharide 

deconstruction happens in the presence of easily available carbon sources. CCR is mediated in 

filamentous fungi through the S. cervisiae Mig1 orthologues Cre-1/CreA in filamentous fungi 

(52, 62, 63). Cre-1/CreA was found to repress CAZyme genes directly through blocking 

transcription by binding to specific promotor binding sites of CAZyme gens or transcriptional 

activators of CAZymes. This makes cre-1, as well as the mentioned cellulase activators 

attractive target genes for strain engineering purposes.   

Deletion and overexpression of cellulase and hemicellulose regulators and other genes 

affecting enzyme secretion yielded strains that displayed higher enzyme secretion potential 

than the respective WT strains (53, 54, 62, 64). However, these strains secreted considerably 

less cellulases than industrial strains generated through random mutagenesis and thus one 

limiting factor remains, which is the knowledge of what genes need to be modified to increase 

enzyme production. Thus, understanding cellulase gene regulation, identifying genes involved 

in high enzyme secretion, establishing genetic transformation protocols to perform genetic 

studies coupled with postgenomic methods like RNA-Seq has the potential to establish novel 

strains not in decades but rather months to years. Critical developments besides efficient 

transformation methods and identification of engineering targets is scaling down cultivations 

and enzymatic saccharification to enable high throughput screening of strains or optimization 

of enzyme formulations for improved plant biomass deconstruction. These developments hold 
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the potential to develop novel fungal platforms in short time cycles carrying no undesired 

background mutations. In the following chapters, this work presents the necessary method 

developments for uncovering the factors that enable high cellulase production of the 

thermophilic fungus T. aurantiacus that will be used for developing this organism into a 

thermostable cellulase production host based on rational strain engineering strategies.  

 

1.7.  Objective and strategy  

Considering the limitations of fungal CAZyme induction delineated above, the aims of this 

thesis were to identify genetic and cultivation-related factors that facilitate high cellulase and 

xylanase gene expression in the fungus T. aurantiacus to establish this fungus as a 

biotechnological platform for CAZyme production and as a model organism for genetic 

research. Enabling high enzyme production requires a combination of genetic tools for strain 

and bioprocess engineering. In this thesis, I (1) used systems biology to generate a fundamental 

understanding of cellulase gene regulation and enzyme production in T. aurantiacus to perform 

(2) genetic studies in T. aurantiacus and (3) lastly, I wanted to learn from classical fungal 

hypersecreting N. crassa mutants how to improve fungal enzyme secretion through a novel 

regulatory mechanism. While bioprocess engineering has been extensively investigated at JBEI 

recently (32), high throughput methodologies were not established and were incorporated into 

different aspects of this project.  

 

1.7.1.  Uncovering CAZyme induction in T. aurantiacus  

Modern -omics technologies such as RNA-Seq have greatly improved the understanding of the 

induction of fungal cellulase biosynthesis and plant biomass degradation. These techniques 

have led to the identification of novel cellulase gene regulators and cellulases in plant biomass 

degradation (20, 56, 65). In addition, the combination of cell biology with -omics and genetic 

methods has provided a mechanistic understanding of how cellulase production is regulated in 

different fungi (54, 56, 66). This has helped to refine bioprocess and genetic engineering 

strategies for generating high enzyme secreting fungal strains.  
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Figure 1. 3: Experimental strategy to uncover CAZyme induction in T. aurantiacus through a fed-batch 

inducer screening at shake flask scale. RNA extracted from fungal cultures that were grown on cellulase 

gene-inducing (xylose, C5 plant hydrolysate), repressing (glucose) and neutral (no carbon source) 

conditions was sent to collaborators at UC Davis for sequencing and raw data processing. The same 

conditions were used for enzyme assays and proteomics to obtain an understanding of cellulase gene 

induction and enzyme activity in T. aurantiacus.  

 

 

1.7.2.  Development of genetic engineering tools for uncovering gene regulation of 

cellulases in T. aurantiacus  

So far, no protocols for genetic studies of T. aurantiacus have been published, which is why 

the cellulase regulation of this fungus is still completely unexplored. While protoplastation and 

electroporation turned out to be unsuccessful in the past (unpublished data), an Agrobacterium 

tumefaciens mediated transformation protocol was successful in obtaining transformants. It 

was possible for the first time to discover the role of the transcriptional regulators in T. 

aurantiacus (Figure 1. 4). Gene of interest overexpression studies were performed with a high-

throughput plasmid cloning system pTS57, that was recently developed by a student of TU 

Braunschweig  (Supplementary Figure 1) for constitutive gene expression based on type II BsaI 

restriction enzymes, also known as GoldenGate cloning (67). The plasmid contains the strong 

constitutive native gdpA promoter and xlnR terminator of T. aurantiacus and genetic elements 

for Agrobacterium transformation and was used for attempts to overexpress the cellulase 

regulators clr1, clr2 and xlnR. This knowledge and these methods will be vital to render T. 
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aurantiacus into a platform for low cost cellulose conversion to renewable fuels and other 

products. In addition, this knowledge will be vital for establishing this fungus as a model 

organism for the genetics and cell biology of thermophilic fungi. 

 

 

Figure 1. 4: Spores of T. aurantiacus were isolated and transformed with Agrobacterium tumefaciens, 

which inserted cellulase regulator overexpression cassettes together with the hph gene into the fungal 

genome. Successful transformants were isolated via resistance to hygromycin B and verified by PCR. 

Robotics method development and scale down of cultivations to 24 well plates were used for enzyme 

activity assays to establish a genetic model of cellulase regulation in T. aurantiacus. 

 

 

1.7.3. Uncovering enzyme hypersecretion of the Neurospora crassa exo-1 mutant for   

reverse engineering high enzyme secretion in filamentous fungi 

Understanding of CAZyme induction and the improvement of genetic tools for modifying 

CAZyme regulators is vital for identifying and modifying genes that improve enzyme 

secretion. While modification of target genes through genetic engineering is typically faster 

than using random mutagenesis, plenty can be learned from classical fungal mutants that 

display enzyme hypersecretion phenotypes. The combination of -omics and genetic studies 

with those mutants allows identification of novel genes involved in CAZyme hypersecretion, 

which can be used for reverse engineering those mutations into related fungal species.  
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The classical N. crassa mutants exo-1, inl and alleles of dgr have been described as 

hypersecreters of amylase, invertase, pectinases, cellobiases and trehalases (68–70). No reports 

have been found regarding the cellulases and xylanases secretion potential of these mutants. 

Until now, the basis of this enzyme hypersecretion remained unknown. The responsible 

mutation was found in the F-box protein coding gene exo-1 that causes the highly elevated 

secretion of these enzymes. The N. crassa gene deletion mutant collection was used to screen 

the exo-1 deletion strain for the mutation detected with genome re-sequencing. Upon 

identification of the affected gene, this mutation was further investigated through a 

combination of biochemical characterization of enzymes secreted into the medium, systems 

biology (RNA-Seq and Proteomics) and genetic tests of potential regulators affected in the 

hypersecreting mutants. Ultimately, the mutation was reverse-engineered into the industrially 

relevant fungus M. thermophila.   

 

 

2.  Material and methods  

2.1.  Chapter 1 – CAZyme Induction studies  

2.1.1.  Strains and culture conditions  

T. aurantiacus ATCC 26904 and A. niger ATCC 1015 were obtained from the American Type 

Cell Culture Collection (ATCC) and maintained on potato dextrose agar (PDA) plates by 

inoculating fresh plates with a piece of a grown culture. T. aurantiacus cultures were incubated 

for 2 days at 50 °C to enhance growth and were then shifted to 45 °C to prevent desiccation of 

the plate. All incubators (Complete Culture Control Incubator CCC 2.5d, Boekel Scientific) 

contained several water reservoirs to keep the air moist and prevent plate desiccation. N. crassa 

FGSC #2489 was maintained on Vogel’s minimal medium agar slants with 2 % sucrose. N. 

crassa and A. niger were grown at 30 °C. New fungal cultures were periodically inoculated 

from cryostocks. 

 

2.1.2.  Fed-batch and batch submerged fermentation and shift experiments  

McClendon’s salts (31) were used for all submerged fermentation experiments, with the 

modification that for all inducer screenings, 0.8% (w/v) soy meal peptone (SMP) was added as 

a nitrogen source, which facilitated best growth and highest titer of enzyme secretion while 25 
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mM ammonium sulfate (AmSO4) and 25 mM tri-sodium citrate were used for the RNA-Seq 

experiment instead.  

From a 6-day old agar culture, spores were harvested by pouring 5 ml of autoclaved water on 

the plate surface and gently scraping with disposable cell spreaders (Heathrow Scientific). The 

spores were transferred to a sterile 15 ml falcon tube (Cellstar, Greiner Bio-One). The spore 

suspension was continuously vortexed and was used as an inoculum (106 spores / ml) for 300 

ml D-glucose medium pre-cultures (McClendon’s salts, 2% D-glucose (w/v) and 0.8% SMP or 

25 mM AmSO4 and 25 mM citrate) in 1 L non-baffled shake flasks, sealed with foam stoppers. 

The D-glucose -SMP-medium pre-cultures were incubated for 48 h and the D-glucose AmSO4-

precultures for 72 h at 50 °C in a rotary shaker (Multitron, American Laboratory Trading). For 

the shift experiments, all pre-cultures were combined and well mixed and filtered in a Biosafety 

Cabinet using a glass fiber filter-based system that was attached to a vacuum system. The 

mycelium was drained until it had a solid texture. From this filtered mycelium, 1.5 g were 

weighed into baffled 250 ml Erlenmeyer culture flasks containing 50 ml shift culture medium 

(McClendon’s salts, different amounts of carbon source as indicated and either 0.8% SMP or 

AmSO4 + citrate). All soluble carbon sources were autoclaved separately and for RNA-Seq 

filter sterilized to prevent caramelization or formation of undesired by-products and added 

afterwards. The shift cultures were then either used for induction screenings via continuous 

feeding (see below) or sealed with foam stoppers and further incubated for 72 h at 50 °C at 180 

rpm. N. crassa submerged fermentation, filtering and shifting was carried out as described 

above with the only difference that Vogel’s medium with 2% D-glucose was used instead of 

McClendon’s medium.  

 

2.1.3.  T. aurantiaus minimal medium development 

Due to the compromised growth of T. aurantiacus in McClendon’s medium without SMP or 

other defined media with inorganic nitrogen sources such as Vogel's medium (71) or YNB, a 

McClendon’s medium version was developed that facilitated improved growth and enzyme 

secretion of this fungus. For all tests, McClendon’s medium was used (McClendon’s salts and 

2% carbon source) with 25 mM for ammonium nitrate (AmNO3) and AmSO4 or 0.8% (w/v) 

SMP. All experiments were carried out in 250 ml baffled Erlenmeyer flasks, sealed with foam 

stoppers in a rotary shaker (Multitron, American Laboratory Trading) at 50 °C and 180 rpm. 

The inoculation was done with spores as described in the previous section. The pH 

determination was performed with a calibrated pH meter (SYMPHONY SB70P, VWR) and 
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the mycelium dry weight was measured by filtering the content of an entire culture over a 

previously weighed filter paper with a vacuum system and washing it several times with dH2O. 

This mycelium was dried for 48 h at 65 °C and weighed. N. crassa and A. niger submerged 

fermentation, filtering and shifting was carried out as described above with the only difference 

that Vogel’s medium or Aspergillus minimal medium with 2% D-glucose, D-xylose or Avicel 

cellulose was used instead of McClendon’s medium as indicated. 

 

2.1.4.  Pump experiments 

The BT100-1L Multi-Channel Peristaltic Pump (Langer Instruments Corp., Boonton, NJ, 

USA) was used for testing the CAZyme inducing effects of different plant cell wall associated 

sugars. The feed rate was calibrated to release desired amounts of sugar feed over 72 h 

depending on the experiment setup. Beechwood xylan (Megazyme) was used as indicated as a 

cellulase and xylanase inducing control. The pump tubings were extensively flushed with 

sterile water before and after each experiment. The set-up for N. crassa inducer screening was 

identical with the exception that Vogel’s minimal medium was used for pre-culture and shift 

culture.   

 

2.1.5.  RNA extraction and sequencing  

For understanding the effects of monomeric and dimeric plant cell wall sugars on CAZyme 

induction, the BT100-1L pump was used as described above. T. aurantiacus was grown in 

minimal McClendon’s medium and shifted as described in the submerged fermentation 

chapter. The pump was calibrated to release 50 mg l-1 h-1 of either D-xylose, L-arabinose or 

cellobiose during 16 h to four shake flask replicates for each sugar. Additionally, to these fed-

batch cultures, 4 cultures were set up as a no carbohydrate control and 4 cultures containing 

2% (w/v) D-glucose served as a control treatment for carbon catabolite repressing conditions. 

After 16 h, the feed was stopped and 10 ml of each culture were rapidly filtered over a filter 

paper, peeled off and snap frozen with liquid nitrogen. These mycelia were stored at -80 °C 

and altogether ground with mortar and pestle. Culture filtrate was kept for assessing enzyme 

activities and potential accumulation of sugars.  

The RNA extraction was performed with Maxwell RSC system (Promega, Madison, WI, USA) 

and the Plant RNA kit (Promega, Madison, WI, USA) according to the fungal RNA-extraction 

protocol. Briefly, aliquots of extracted mycelium were transferred into designated tubes and 

400 ul of Homogenization solution and 200 ul of Lysis buffer were added and vortexed and the 
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extraction was initiated. The purified RNA was eluted in nuclease free water. RNA quality was 

assessed with a NanoDrop spectrometer and the quality with the RNA 6000 Nano kit (Agilent, 

Waldbronn, Baden-Württemberg, Germany). For the final sample submission, the RNA 

concentration was determined with the  Qubit RNA HS Assay Kit (ThermoFisher Scientific) 

and send on dry ice to the UC Davis DNA Technologies Core for sequencing with sample 

specifications (see Table 2. 1). With these RNA samples, the library preparation, sequencing 

and the preliminary differential gene expression calculations was performed by UC Davis DNA 

Technologies Core through the 3’Tag-Seq method.  

 

2.1.6.  Analytical techniques 

After the final incubation time, 800 ul of the culture broth was transferred to a spin column and 

centrifuged at 8000 rpm for 3 min. The filtrate was then used for all further assays.  

CMCase, xylanase and amylase activity was surveyed with the 3,5-Dinitrosalicylic acid (DNS) 

method (72) with 1% (w/v) CMC, beechwood xylan, wheat arabinoxylan or soluble starch in 

50 mM sodium acetate buffer pH 6 for amylase and pH 5 for all other substrates. For the assay, 

enzymes filtrate was diluted 1:20 and added in triplicates to a 96 well PCR plate together with 

70 ul of the polysaccharide substrates. Monomeric sugar standards (D-glucose for CMCase, D-

xylose for xylanase and maltose for amylase) ranging from 0 - 12.5 uM was added in duplicates 

to each plate. All assays were performed in PCR cyclers for 30 min at 65 °C. The reactions 

were stopped via adding 80 ul of the DNS reagent and boiling for 5 min at 95 °C. The amount 

of released sugars was measured at λ = 540 nm. One unit of enzyme activity (U/ml) was 

defined as amount of released sugar (nmol) per time (min) per volume of culture supernatant 

(ml). The enzyme quantity was measured with the Bradford Protein Assay (Bio-Rad, Hercules, 

CA, USA). The assay reagent was diluted 1:5 and 200 ml were added to a 96 well plate together 

with 5 ul of enzyme filtrate. Bovine gamma-globulin (BGG) was added as a standard (0 - 2 

g/L) based on the recommendation of the assay manual for the estimation of non-globulin like 

protein concentration. The absorbance measurement was performed at 595 nm.  

The enzyme profile was investigated with SDS-PAGE gels (8–16% Tris–glycine mini gel; 

Invitrogen, Carlsbad, CA, USA). The maximum amount of enzyme filtrate containing 1/6th of 

loading dye (Laemmli buffer/2-mercaptoethanol (4:1)) was boiled for 5 min at 95 °C and 

loaded together with 5 ul of the Novex sharp prestained protein standard molecular weight 

markers (Thermo Fisher Scientific, South San Francisco, CA USA) and separated for 65 min 



 

18 
 

at 140 V. The gel was then stained with SimplyBlue SafeStain (Thermo Fisher Scientific, South 

San Francisco, CA USA) according to the manual.  

 

Table 2. 1: Metadata of the submitted RNA samples to UC Davis DNA Technologies core for 

performing Tag-Seq 

 

 

 

2.2.  Chapter 2 – Genetic tool development for T. aurantiacus  

2.2.1.  Strains and culture conditions 

T. aurantiacus ATCC 26904 was originally obtained from the ATCC and grown on PDA (GSS 

TKNP0047PK, Potato Dextrose Agar Plates). PDA plates were inoculated with an agar piece 

from an already grown PDA fungal culture for two days at 50 °C and for four days at 45°C. 

 Name # RNA conc.  (ng/ul) Treatment/ Condition Metadata 1: CAZyme Induction

SS1TA2 1 116 Xylose Yes

SS1TA3 2 71.6 Xylose Yes

SS1TA4 3 80.6 Xylose Yes

SS1TA5 4 62 Cellobiose Yes

SS1TA7 5 76.8 Cellobiose Yes

SS1TA8 6 82 Cellobiose Yes

SS1TA9 7 76 Arabinose Yes

SS1TA10 8 82.6 Arabinose Yes

SS1TA12 9 82.6 Arabinose Yes

SS1TA13 10 84 No sugar Neutral

SS1TA14 11 82.8 No sugar Neutral

SS1TA16 12 75.6 No sugar Neutral

SS1TA17 13 50 Glucose No

SS1TA18 14 83.2 Glucose No

SS1TA24 15 71 Glucose No

 Name # Metadata 2: Catabolite repressing Metadata 3: Xylanase activity Metadata 4: Protein secretion

SS1TA2 1 No Yes Yes

SS1TA3 2 No Yes Yes

SS1TA4 3 No Yes Yes

SS1TA5 4 No No Yes

SS1TA7 5 No No Yes

SS1TA8 6 No No Yes

SS1TA9 7 No Yes Yes

SS1TA10 8 No Yes Yes

SS1TA12 9 No Yes Yes

SS1TA13 10 No No No

SS1TA14 11 No No No

SS1TA16 12 No No No

SS1TA17 13 Yes No No

SS1TA18 14 Yes No No

SS1TA24 15 Yes No No
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Fungal spores were harvested after 6 days with water or 0.2% Tween 80 and further filtered 

and counted with a hemacytometer.  

Agrobacterium tumefaciens strain EHA105 was grown Luria-Bertani (LB) medium plates 

(supplemented with Kanamycin 50 µg ml-1in when culturing transformed strains harboring 

plasmids for the fungal transformations). After two days, 2-3 A. tumefaciens colonies carrying 

the desired plasmids were inoculated in 10 ml of liquid LB medium at 30°C supplemented with 

Kanamycin as described above.  

 

2.2.2.  Antibiotic resistance plate tests of T. aurantiacus  

For all plate tests, counted T. aurantiacus spores were placed in the center of 9 mm agar plate 

containing the desired antibiotic. These plates were then incubated at 45 °C and fungal growth 

was measured 72 h (hygromycin B, geneticin, nourseothricin, 5-fluoroortic acid [5-FOA] and 

fluoroacetamide [FAA]) or as indicated (gulfosinate ammonium and phleomycin). The fungal 

mycelium diameter was measured with a vernier caliper from two sides and averaged. 

Antibiotic concentrations were added as indicated or as 1.3 mg/ml for 5-FOA and FAA. All 

antibiotics were sterile filtered separately and added after sufficient cooling of the agar. The 

following media compositions were used: PDA for hygromycin B, geneticin and 

nourseothricin, Vogel’s medium with 2% sucrose for gulfosinate ammonium, phleomycin (pH 

8), 5-FOA and FAA.  

 

2.2.3.  Ascospore production and germination rate tests  

PDA plates (Sigma-1879V) were inoculated in 3 biological replicates for each time point and 

isolated from 3 – 8 day old plates. These spores were diluted appropriately and counted with a 

hemocytometer. Spores from each isolated plate were spread on a new plate and incubated for 

16 hours at 45°C. These spores were then randomly imaged with a Leica-DM4000B 

microscope  and the germination rate was calculated via counting germinated versus non 

germinated spores with ImageJ. A minimum of 385 spores was counted for each day, except 

for day 3, where almost no spores were present. For ascospore production tests on different 

agar media, fungal cultures were incubated the same way and spores were harvested and 

counted identically as described above.  
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2.2.4.  Agrobacterium tumefaciens mediated transformation of T. aurantiacus  

The base vector pTS57 (Pgdp::P::gfp::T::TxlnR; Ptef1::hph::TtrpC) was used to generate all 

further vectors (Table 2. 3). pTS57 expresses the gene of interest with the T. aurantiacus gdp 

promotor and xlnR terminator, which flank a gfp-dropout cassette that is recognized by E. coli. 

This cassette has two BsaI restriction sites at either end and allows Golden Gate Cloning to 

insert genes of interest. E. coli transformants harboring the plasmid containing the gene of 

interest integrated can then be identified through loss of gfp fluorescence on a blue-screen. 

Additionally, pTS57 contains the hygromycin B phosphotransferase (hph), expressed by the 

native T. aurantiacus tef-1 promotor and trpC terminator. Plasmid were isolated after assembly 

and electroporation into MEGAX DH10B T1R Electrocomp Cells (Thermo Fisher Scientific) 

with the QIAprep Spin Miniprep Kit (Qiagen) and transformed into A. tumefaciens strain 

EHA105 through electroporation. The plasmid pTS67 (Supplementary Figure 3) was also used, 

which was derived from pTS57 by the above mentioned procedure to constitutively express 

the transcription factor xlnR. Furthermore, pTS58 (Supplementary Figure 2) was sued for initial 

transformation protocol optimizations to select for hygromycin B resistant colonies and pTS67, 

pTS68 and pTS69 for the overexpression of xlnR, clr1 and clr2 (Supplementary Figures 3-5). 

A modified version of the ATMT procedure for Rhodosporidium toluroides was used (73). 

Briefly, ascospores of T. aurantiacus were harvested from 6-day old PDA plates and counted 

with a hemocytometer. A. tumefaciens EHA105 was grown in 10 ml of liquid Luria Bertani 

medium containing 50 ug/ml of Kanamycin overnight. From this culture, a new liquid LB-

Kanamycin culture was generated with optical density at 600 nm (OD600) of 0.5 that was grown 

to OD600 1 and then pelleted, washed three times with induction medium, resuspended in 

induction medium and incubated for further 24 hours. Freshly harvested fungal spores and A. 

tumefaciens cell cultivated in induction medium overnight were filtered onto a 0.45 um 

cellulose acetate membrane (0.45 um MCE Membrane, MF-Millipore) and incubated on 

induction medium agar plates for 2 days. The spores and cells were washed off with a wash 

solution containing 200 ug/ml of cefotaxime and were spread on PDA plates containing 200 

ug/ml of cefotaxime and 50 ug/ml of hygromycin B with subsequent incubation for 3 days at 

45 °C. Isolated colonies were picked with a syringe tip and grown on a fresh PDA plates 

containing 200 ug/ml of cefotaxime and 50 ug/ml of hygromycin B to remove untransformed 

spores through harvesting ascospores from the proximate region for generating cryostocks and 

performing further strain tests.  
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2.2.5.  Strain tests and screening of transformants  

Strains isolated and re-grown on hygromycin B PDA plates were used to inoculate 

McClendon’s medium and 0.8% SMP and a carbon source as indicated. For cellulase 

production tests, Avicel cellulose was used. For enzyme assays, 0.8 ml of the culture broth was 

filtered through a spin filter column (Mini Spin Column, EconoSpin) and aliquots of the 

mycelium were harvested for DNA extraction.  

The enzyme assays were performed with the DNS method (72), were 75 ul of CMC, 

Beechwood xylan or water transferred to a 96 well PCR plate (FLAT 96 WELL PCR PLATE, 

VWR) and 5 ul of diluted enzyme was added. The water addition served as a control to track 

residual sugars in the culture broth to account for potential sugar utilization defects of the 

generated mutants. After the incubation, the Biomek FX was used to add DNS reagent to the 

PCR plates. Upon incubation of these plates at 95 °C, the plate content was transferred with a 

different method to plate reader compatible flat bottom 96 well plates and the absorbance was 

measured at 540 nm. D-glucose was used as a standard for the CMCase assay and D-xylose for 

the xylanase assay. The Bradford Protein Assay was used to determine the concentration of 

enzymes after dilution, which was performed by hand, where 190 ul of 1 x Bradford Reagent 

was mixed with 10 ul diluted enzymes. A BGG standard curve (0 – 2000 ug/ml) was used to 

determine the protein concertation.  

For the DNA extraction, the mycelium DNA was extracted with the Maxwell RSC Plant DNA 

Kit (Promega) on the Maxwell RSC Instrument (Promega) according to the manual. One 

modification involved bead beating intact mycelium with 300 ul extraction buffer. The isolated 

DNA concentration was measured with NanoDrop 2000 and used for PCR verifications of 

successful transformation. Different primer pairs were used for verification (Table 2. 2).  

 

2.2.6.  Generation of uracil auxotrophic 5-FOA resistant T. aurantiacus strains through 

UV mutagenesis  

Fungal spores were harvested and an uncounted amount was transferred to a petri dish 

containing 14 ml of sterile water. The spores were treated with the fb-uvxl-1000 UV cross 

linker (fisher scientific) for 45 seconds and plated on Vogel’s minimal medium containing 1.3 

mg/ml 5-FOA, 1 mg/ml uracil and 2% sucrose. This plate was incubated for 4 days at 45 °C 

and 4 colonies were isolated. These colonies were purified two more times on the same 

medium. For spore production, these strains were cultivated on PDA containing 1 mg/ml uracil. 
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The mutations were verified by extracting DNA from these mutants with the Maxwell RSC 

Instrument (Promega) and performing Sanger Sequencing (Genewiz, San Francisco).  

 

2.3.  Chapter 3 - Reverse engineering enzyme hypersecretion in filamentous 

fungi  

2.3.1.  Strains used in this study 

The following strains were obtained from the Fungal Genetics Stock Center (74): N. crassa 

reference wild-type strain (WT, FGSC #2489), Δexo-1 (ΔNCU09899; FGSC #19860), exo-1 

(FGSC #2256), inl (FGSC #498), Δcre-1 mat a (ΔNCU08807; FGSC #10372), Δcol-26 mat A 

(FGSC #11031), Δgla-1 mat a (ΔNCU01517.2; FGSC #13986) and Δgla-1 mat A 

(ΔNCU01517.2; FGSC #13987). The following strains were generated through crosses: Δexo-

1/Δgla-1 (FGSC #19860, FGSC #13987), Δexo-1/Δcol-26 (FGSC #19860, FGSC #11031), 

Δexo-1/Δcre-1 (FGSC #2256 FGSC and Δcre-1 mat A, which was obtained from a cross of 

FGSC #2489 and FGSC #18633 [Δcre-1 mat a]). his-3+::exo-1, exo-1 was constructed via 

transformation of exo-1 his-3- with the wild-type exo-1 variant was amplified from FGSC 

#2489 and cloned into the ccg-1 promotor containing pMF272 vector through yeast 

recombinational cloning. 

 

2.3.2.  Establishment of an improved growth medium for N. crassa enzyme secretion  

N. crassa secretes comparably low amounts of enzymes and sporadically exhibits a clumping-

behavior where the initially dispersed culture aggregates to mycelium clumps, which increased 

the differences compared to cultures that did not aggregate. To this end, a modified medium 

was developed that facilitated higher enzyme secretion and high homogeneity among cultures: 

Vogel’s salts with 32.5 mM sodium citrate tribasic dehydrate (Sigma-Aldrich) and ammonium 

nitrate (Sigma-Aldrich) substituted against 25 mM ammonium sulfate (Sigma-Aldrich).  

 

2.3.3.  Culture conditions and shift experiment procedure 

All strains were maintained on 1.5% slanted agar cultures with Vogel’s minimal medium(71) 

and 2% sucrose (Difco Saccharose). For liquid culture experiments, the modified Vogel’s 

medium was used. Soluble carbon sources were autoclaved separately to prevent 

caramelization and added afterwards to the medium, while insoluble carbon sources were 
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autoclaved in the medium. All liquid culture experiments were performed as shift experiments, 

unless otherwise noted. A pre-culture was inoculated in modified Vogel’s medium with 1x106 

conidia ml-1 and cultured for 48 h at 180 rpm and 30 °C on a rack shaker (SBM-X, Kuhner). 

The pre-culture was filtered over a glass fiber filter, washed, drained and 1.5 g of mycelium 

was weighed into 50 ml shift cultures in non-baffled 250 ml shake flasks, sealed with foam 

stoppers. The shift cultures were maintained for either 72 or 96 h at 180 rpm and 30 °C. 

Aliquots of 800 µl of the culture broth were filtered through QIAprep Spin Miniprep Columns 

(Qiagen) for 3 min at 8000 xg and the filtrate was used for all further assays. 

 

2.3.4.  Growth assays  

Agar media were prepared as described above and used to makw 1.5% agar plate or race tube 

cultures. These media were inoculated with 10 µl a 1x106 spores per ml suspension of the 

respective strain. All carbon sources were added at 2% w/v for race tube assays and 1% for 

plate culture assays. Cultures were incubated at 30 °C.  

 

2.3.5.  Bradford Assay and SDS-PAGE 

For protein quantification, the Bradford Protein Assay (Bio-Rad) was used (75). Based on the 

Biorad manual, BGG was used for enzyme quantification. For this assay, 5 µl of filtered liquid 

culture broth or 5 µl of the respective BGG standard were taken for the assay, respectively, and 

200 µl of the 1x diluted Bradford Reagent was added. The absorbance read out was done at 

595 nm. For SDS-PAGE, purchased 8–16% Mini-PROTEAN TG Precast Protein Gels, 12 or 

15 wells (Bio-Rad) were used. The maximum possible enzyme amount of enzyme sample plus 

loading dye (Laemmli Sample Buffer, Bio-Rad) with 2-mercaptoethanol (Bio-Rad) was loaded 

together with 5 µl Novex Sharp pre-stained Protein Standard (Thermo Fisher Scientific). The 

electrophoresis was done at 140 V for 65 min with diluted 10x Tris/Glycine/SDS 

Electrophoresis Buffer (Bio-Rad). The gel was washed and stained with the SimplyBlue 

SafeStain (Thermo Fisher Scientific) according to the manual.  

 

2.3.6.  Determination of enzyme activities with the DNS method  

The DNS assay was used to compare enzyme activities of different fungal strains (72). For this 

assay, 10 µl of 1:10 diluted and filtered culture broth was combined with 70 µl of 50 mM 
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acetate buffer pH 5 (for CMCase and invertase) or pH 6 (amylase assay) and either 1% soluble 

starch (Sigma-Aldrich), sodium carboxymethyl cellulose (Aldrich Chemistry) or 10 mM 

sucrose (Difco Saccharose) in a 96 well PCR plate. The optimum temperature and incubation 

time for each assay was determined first and performed as follows: CMCase: 45 °C, 30 min; 

amylase: 55 °C. 5 min, invertase: 55 °C, 5 min and trehalase 55 °C, 20 min. The reaction was 

stopped through addition of 80 µl DNS reagent and boiling at 95 °C for 5 min. The sugar 

concentration was determined via a measurement at 540 nm. All assays and read outs were 

performed in 96 well format plates.  

 

2.3.7.  Proteomics  

TissueLyser II system (Qiagen) trays were chilled at 4°C overnight. Samples were then 

transferred into 2mL snap-cap centrifuge tubes and two 3mm UFO-shaped stainless steel beads 

were added to each sample tube along with 1mL of 8M urea. All of the samples were placed in 

the chilled TissueLyser trays and homogenized for 4 mins at 30Hz. 200 µl of each sample was 

transferred into new centrifuge tubes and the remaining was frozen at -80 °C. A bicinchoninic 

acid (BCA) assay (Thermo) was performed to determine the protein concentration of each 

sample. Following the assay, 10mM dithiothreitol was added to the samples and they were 

incubated at 60 °C for 30 mins with constant shaking at 800 rpm. Samples were then diluted 

8-fold for preparation for digestion with 100 mM NH4HCO3, 1 mM CaCl2 and sequencing-

grade modified porcine trypsin (Promega) was added to all protein samples at a 1:50 (w/w) 

trypsin-to-protein ratio for 3 h at 37 ˚C. Digested samples were desalted using a 4-probe 

positive pressure Gilson GX-274 ASPEC system (Gilson Inc) with Discovery C18 100 mg/1 

mL solid phase extraction tubes (Supelco), using the following protocol: 3 mL of methanol 

was added for conditioning followed by 2 mL of 0.1% TFA in H2O. The samples were then 

loaded onto each column followed by 4 mL of 95:5: H2O:ACN, 0.1% TFA. Samples were 

eluted with 1mL 80:20 ACN:H2O, 0.1% TFA. The samples were concentrated down to ~100 

µL using a Speed Vac and a final BCA was performed to determine the peptide concentration 

and samples were diluted to 0.1 µg/µL with nanopure water for MS analysis.  

For analysis of the measured peptides, the MSGFPlus search engine was used for peptide 

identification. These results were then filtered to 0.9999 % false discovery rate, using a 

target/decoy strategy, by calculating probability and Q-Values (minimum false discovery rate).  

Furthermore, 68,534 clean peptide sequences were compared to the search fasta using Protein 
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Coverage Summarizer (https://omics.pnl.gov/software/protein-coverage-summarizer) Further 

analysis was performed analogous as described for the RNA-Seq analysis.  

 

2.4.  Primers 
 

Table 2. 2: List of primers used in this work.  

ID Sequence  

RG1 CTCGGAGGGCGAAGAATCTC 

RG2 ATTTGTGTACGCCCGACAGT 

RG39 GCGGTTCTCATGACTCGT 

RG40 GGGACTGTCGGGCGTACA 

RG41 CCTCCGAGAGCTGCATCA 

RG42 AAGCACCTATCTCACTACTACA 

RG73 CAACAGCTGCCAGTGTGTTC 

RG74 CGAACAGCCTCTTCACGAGT 

RG75 GACGGTTTCTATACAGTCTTTTCAG 

RG76 CCCCCGATGTTACTCCGC 

TS222 CGTAGTACCTGAGCACCCCTCTGAGCTCTT 

TS223 CCATTTGTCTCAACTCCGGAGCTGACATCGA 

TS224 CGAGGGTCCGAGGGTCTCCTAGATCGAA 

TS225 GCGACAAGAAATGTAACGCCAGGAAAGTATGAGGAA 

TS226 AGTGACACTGACGCCTGCCCATCGATGG 

TS227 GCCCTCCTACATCGAAGCTGAAAGCACGAGA 

TS228 CAGGGTCGATGCGACGCAATCGTCCGAT 

TS229 GCCCTCCTACATCGAAGCTGAAAGCACGAGA 

TS230 GAAGATGATATTGAAGGAGCATTTTTGGGCTTGGCTGGA 

TS231 GTTGGAGATTTCAGTAACGTTAAGTGGATCCCGGT 

TS232 CGGTACGCTTCAGCTCGCTAGCCCTGA 

TS233 GTGGATAACTGGTATACCTCCATCACACGCGACA 

TS234 AGCGACATCATCAAGCGGTCTGTCGACTCG 

TS235 CGCCGACCACGAGGTTTTGGTAACTTTCAACGAA 

TS236 TAGGTCTCACTCAATGTCTCGATCACCTTCCGCCACTGCAGTA 

TS237 TAGGTCTCACAGACTAAAGAGGTATTCCTGAAATGACATCCAGAGCCCTT 

https://omics.pnl.gov/software/protein-coverage-summarizer


 

26 
 

TS238 CCGGGCCCAGTATATGTTCCGCAGATGACTGGAGCTCT 

TS239 AGAGCTCCAGTCATCTGCGGAACATATACTGGGCCCGG 

TS240 CCGGGCCCAGTATATGTTCCGCAGATGA 

TS241 TCATCTGCGGAACATATACTGGGCCCGG 

TS242 GGTCCAAACATACACGATTGGGAGAGGGCCTA 

TS243 GGCCCTCTCCCAATCGTGTATGTTTGGACCTT 

TS244 GGCGGGTCAAATCAGGAATAAGGGCA 

TS245 CCAGGTCCAGGCGGCTCTTCGCA 

TS246 GGCGGTTCTCATGACTCGTCGAGAGTAGATACT 

TS247 CCACCCGCACAACGCCACATCAGCCAT 

TS248 CTGACATCAACCACCTCAGATTTTTTTTCTCCCCAAC 

TS250 GGAGAATTAAGGGAGTCACGAGACGGTAGAACAGTGCAAGTCGAACG 

TS252 CCATGTCTTCTTCGTCGCGGTGACCTACGGCGCTCGCGC 

TS254 TGTACATACGTTTCTGTTTACACCACAATATATCCTGCCACCAGC 

TS256 CTTTTTTTGCATGTGCCGAGCGGCCGCGTGTTA 

TS258 GCACTGCAGTACAGCACTGTACAGCCCAAGG 

TS260 CGAGGGGTTCTTACTACAACTTGGCAA 

TS261 GCAGCTGTTGCACTCTGTGAGAATGA 

TS262 CCTGCTCATCCTCGCGGAGATGA 

TS263 CCTGCTAATATCTCAGTTATGCCCAAAGT 

TS264 GGCGGTTCTCATGACTCGTCGAGA 

TS265 CGAAGCGGACAGGAGCTGCCTT 

TS266 CCGAACGGCTGAAGCGCTTGGT 

TS267 GCATCAAGCGGTCGCGACCCAA 

TS268 CCATGACCCACAGCTAGATTTCTTTGCAT 

TS269 CCACCCGCACAACGCCACATCA 

TS270 CCAGCACTCGTCCGAGGGCA 

TS271 GGACGTACCCACCCTGTTTCCCT 

TS272 CCGGTCGGCATCTACTCTATTCCTT 

TS273 TAAGCCTGAACTCACCGCGACGT 

TS274 GGCCTCTTCTTCCCCTCCATTCCT 

TS275 GCCCTCCTACATCGAAGCTGAAAG 

TS276 CCTGGTCGACCAAAGTTGGGAGA 

TS277 CCTCTTTCCCATCATGCCCGTTGT 
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TS278 CTTTTTTTGCATGTGGTGAGTCAGAGCGACAGTGACAAGAACTCA 

TS279 GGCTGTACAGTGCTCGTGACTCCCTTAATTCTCCGCTCATGA 

TS280 GAATTAAGGGAGTCACGAGCACTGTACAGCCCAAGG 

TS281 CGCTCTGACTCACCACATGCAAAAAAAGAAAAAAAATTCATTTTGTG 

TS282 GGAGATAGGGAGTTGTGGTGGTTGTGAT 

TS283 GCACAAAATCACCACTCGATACAGGCA 

TS284 GGGTGATGCTGCCAACTTACTGATTTA 

 

2.5.  Plasmids 
 

Table 2. 3: Plasmids used in this thesis  

Name Bacterial 

marker 

fungal marker Parent 

Plasmid 

Gene Comment  

pTS57 KanR hph NA None High throughput cloning   

pTS58 KanR hph NA h1-gfp Constitutive expression  

pTS67 KanR hph pTS57 xlnR Constitutive expression  

pTS68 KanR hph pTS57 clr1 Constitutive expression  

pTS69 KanR hph pTS57 clr2 Constitutive expression 

pRG1.5 AmpR his3+ pMF276 exo-1 Constitutive expression 

 

2.6.  Chemicals and reagents  

 

Table 2. 4: Chemicals used in this thesis 

Chemical Name Manufacturer  Product Number  

2-Deoxy- D-glucose Sigma Aldrich 154-17-6 

2-Mercaptoethanol Bio-Rad 161-0710 

3',5'-Dimethoxy-4'-hydroxy-

acetophenone  

Sigma-Aldrich D134406-1G 

Fluoroacetamide Sigma Aldrich 640-19-7 

5-Fluorootic Acid Research Products International F10501-5.0 

Agrose  Fisher BioReagents 9012-36-6 
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Ammonium Sulfate (AmSO4) Sigma Aldrich 7783-20-2 

Avicel cellulose Fluka Analytical 11365 

Bacto Agar BD 214010 

Cefotaxime Sodium Salt TCI Tokyo Chemical Industry C2224 

Certified Nuclease Free Water Growcells.com 17DC1020D 

Chloroform Sigma-Aldrich 37978-100ML 

D-Glucose   

Difco Oatmeal Agar BD Becton 7297517 

DifcoTM Potato Dextrose Agar BD 213400-500G 

Dimethyl sulfoxide, 99% BTC Beantown Chemical 132780-500G 

Dipotassium Phosphate  Sigma Aldrich 7758-11-4 

Maltose Monohydrate Sigma Aldrich 6363-53-7 

DNS Reagent   

D-Sorbitol  Sigma Aldrich 50-70-4 

D-xylose Sigma Aldrich 58-86-6 

G418 Sulfate Geneticin G810 

Gamma-Globulins from bovine 

blood 

Sigma Aldrich 9007-83-4 

GelRed Biotum 41003-1 

Glycerol VWR BDH1172-1LP 

HEPES Sigma Aldrich 7365-45-9 

Hygromycin B VWR Life Science J607-100MG 

Methyl β-D-xylopyranoside Sigma Aldrich 612-05-5 

Potato Dextrose Agar Plates TEKNOVA P0047 

Potato Dextrose Broth Fluka Analytucal P6685-250G 

Potato Glucose Agar Sigma Aldrich 70139-500G 

Saccharose BD Becton 217610 

Sodium Acetate Sigma Aldrich 127-09-3 

Sodium Chloride Sigma Aldrich 7647-14-5 

Sodium Citrate Sigma Aldrich 6132-04-3 

Sodium Nitrate Sigma Aldrich 7631-99-4 



 

29 
 

Sodium Phosphate Diabasic Sigma Aldrich 7558-79-4 

Sodium Phosphate Monobasic Sigma Aldrich 7558-80-7 

Soy Meal Peptone Amresco N454-500G 

Starch, soluble Sigma-Aldrich S9765-500G 

Thiamine hydrochloride SIGMA T1270-25G 

Tween 80 Sigma P5188-100ML 

Xylan (Beechwood) 10 grams Megazyme P-XYLNBE-10G 

Xylan (Beechwood) 20 grams Megazyme P-XYLNBE-20G 

 

2.7.  Buffers and solutions  
 

Table 2. 5: Buffers and solutions used in this thesis 

50 x Vogel's salts solution     

 125 g Na3C6H5O7x2H2O 

 250 g KH2PO4 

 100 g NH4NO3 

 10 g MgSO4x7H2O 

 5 g CaCl2x2H2O 

 5 ml Trace elements 

 2.5 ml Biotin solution 

Final Volume  1   

    

Vogel's trace elements    

 50 g sodium citratexH2O 

 50 g ZnSO4x7H2O 

 10 g Fe(NH4)2(SO4)x6H2O 

 2.5 g CuSO4x5H2O 

 0.5 g MnSO4xH2O 

 0.5 g H3BO3 

 0.5 g NaMoO4x2H2O 

Final Volume  1 L  

    

Westergaards solution    

 2 g KNO3 

 1.4 g K2HPO4 

 1 g KH2PO4 

 1 g MgSO4x7H2O 

 0.2 g NaCl 

 0.2 g CaCl2 

 0.1 ml Biotin stock solution 

 0.2 ml Trace elements 
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Final Volume  1 L  

    

McClendon's medium    

 20 ml 50 x McClendon’s salts A  

 40 ml 25 x McClendon’s salts B  

 2 ml 500 x trace elements 

 8 g Soy meal peptone 

Final Volume  1 L  

    

McClendon's minimal 
medium    

 20 ml 50 x McClendon’s salts A  

 40 ml 25 x McClendon’s salts B  

 2 ml 500 x trace elements 

 3.3 g (NH4)2 SO4 

 7.35 g tri-sodium citratex2H2O 

Final Volume  1 L  

    

50 x McClendon salts A     

 100 g NaCl 

 125 ml 1M MgCl2x6H2O 

 35 ml 1M CaCl2x2H2O 

Final Volume  1 L  

    

25 x McClendon salts B     

 75 g KH2PO4 (monobasic) 

 50 g K2HPO4 (dibasic) 

Final Volume  1 L  

    

500 x trace elements    

 0.15 g ZnSO4x7H2O 

 0.79 g MnCl2x4H2O 

 0.11 g FeSO4x7H2O 

 0.02 g CoCl2x6H2O 

 0.56 g CuSO4x5H2O 

Final Volume  200 ml  

 

 

2.8.  Agar media  

 

Table 2. 6 : Agar media used in this thesis 

Potato dextrose agar (PDA)    

 39 g Oat meal agar 

Final Volume  1 L  
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Oat meal agar    

 72.5 g Potato dextrose agar 

Final Volume  1 L  

    

    

5-FOA uracil agar    

 20 ml 50 x Vogel's salts solution  

 20 g sucrose 

 15 g Difco Agar 

 1 g 5-Fluoroorotic acid 

 1 g Uracil 

Final Volume  1 L  

    

    

Hygromycin B agar for isolation of 
transformants     

 39 g Potato dextrose agar 

 50 mg Hygromycin B (50 mg / ml solution) 

 200 mg 
Cefotaxime sodium salt (200 mg / ml 
solution) 

Final Volume  1 L  

    

    

Vogel's agar    

 20 ml 50 x Vogel's salts solution  

 20 g sucrose 

 15 g Difco Agar 

Final Volume  1 L  

 

 

 

 

2.9.  Strain list   

 

Table 2. 7: Strain list 

ID Genotype  Strain 
information 

Species 

taRG000 WT ATCC 26904 T. aurantiacus  

taRG001 - 
taRG029 

Pgdp::xlnR::TxlnR::hph , ectopic  T. aurantiacus  

Clr1-1 - Clr1-4 Pgdp::clr1::TxlnR::hph , ectopic  T. aurantiacus  

Clr2-1 - Clr2-5 Pgdp::clr2::TxlnR::hph , ectopic  T. aurantiacus  
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45-1 ATCC 26904 UV mutant, 5-FOA 
resistant 

 T. aurantiacus  

45-2 ATCC 26904 UV mutant, 5-FOA 
resistant 

 T. aurantiacus  

45-3 ATCC 26904 UV mutant, 5-FOA 
resistant 

 T. aurantiacus  

45-4 ATCC 26904 UV mutant, 5-FOA 
resistant 

 T. aurantiacus  

14114 WT ATCC 1015 A. niger  

N1-01 mat a FGSC #2489 N. crassa 

N1-02 mat A FGSC #988 N. crassa 

N1-03 his-3-, mat A FGSC #6103 N. crassa 

N1-04 his-3-, mat a FGSC #9716 N. crassa 

RG1.1 ∆exo-1::hph, mat a FGSC #19860 N. crassa 

DHN-082 exo-1, mat a FGSC #2256 N. crassa 

DHN-0107 ∆gla-1::hph, mat A FGSC #13987 N. crassa 

RG1.3 ∆gla-1::hph, mat a FGSC #13986 N. crassa 

DHN-137  his-3-, exo-1, mat a  N. crassa 

RG1.5 his-3+::NCU09899*R208, mat a  N. crassa 

RG1.6 his-3+::NCU09899, exo-1, mat a  N. crassa 

RG1.7 ∆exo-1::hph, ∆gla-1::hph  N. crassa 

RG1.8 inl FGSC #498 N. crassa 

RG1.9 ∆cre-1::hph, heterokaryon, mat a FGSC #18633  N. crassa 
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3.  Results 

3.1.  Characterization of CAZyme induction in T. aurantiacus 

This chapter comprises the work performed on uncovering the induction of secreted CAZyme 

in T. aurantiacus through enzyme assays and gene expression analysis (RNA-Seq) on different 

carbon sources.  

 

3.1.1.  Cultivation optimizations of T. aurantiacus   

While fed-batch tests of inducer feeds can be successfully performed in bioreactors, this has 

been rarely employed for uncovering induction of cellulases and xylanases at shake flask scale 

(76). In order to perform fed-batch studies successfully, it is important to optimize cultivation 

conditions first at a given scale. Parameters for successful cultivations and enzyme production 

in shake flasks at 50 ml scale with filamentous fungi are the medium composition and pH, 

amount of fungal spores used for inoculation, and the carbon and nitrogen source added to the 

culture medium. These parameters for successfully cultivating T. aurantiacus at shake flask 

scale as batch cultures were assessed (77). This was a vital prerequisite for successfully 

producing enzymes with this organism to uncover CAZyme induction at shake flask and 

bioreactor scale. Reduced growth of T. aurantiacus was observed at pH 4, while unbuffered, 

pH 5.5 and pH 7 led to highly similar amounts of fungal biomass produced (77). Another 

important factor for fungal cultivations that was assessed was the number of fungal spores 

needed for submerged fermentations to obtain homogenous dispersed mycelium. It was found 

that at least 106 spores per ml were needed for obtaining homogenous and densely grown 

mycelia, while 105 spores per ml yielded large pellets. It was also found that growth and enzyme 

production was strongly reduced on inorganic nitrogen sources, while SMP led to high biomass 

production and enzyme secretion. Two different SMPs were tested (Amresco and Fluka) and 

no difference was found (77). Finally, a wide variety of carbon sources was tested that led to 

the identification of several carbon sources that stimulated high cellulase and xylanase 

secretion: beechwood xylan, arabinoxylan, xyloglucan and MXP. Surprisingly, growth on 

Avicel cellulose and no carbon (NoC) did not cause higher enzyme secretion than growth on 

D-glucose when grown on these for 3 days. Also, the kinetics of enzyme production of 2% 

carbon source (w/v) was assessed and it was found that after roughly 70 hours, no additional 

enzyme was produced in the case of beechwood xylan (77).  
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3.1.2.  Process developments for optimized batch cultivations and inducer screenings of 

T. aurantiacus at shake flask scale  

Another factor to be adressed was the minimum amount of total fungal biomass to be shifted 

to shake flask cultures for reliably screening induction of enzyme secretion. To this end, the 

fungus was initially grown in McClendon’s medium supplemented with D-glucose and SMP to 

produce high amounts of fungal biomass. This biomass was then filtered from the medium, 

washed and equal aliquots of fungal biomass were then distributed to new flask containing 

different carbon sources or NoC. The NoC control was used to capture the response under 

starvation conditions. Clearly, fungi cannot grow without a carbon source and thus a NoC 

control can only be included through performing shift experiments. Moreover, shift 

experiments were found to be necessary, since high variability of growth and enzyme 

production of biological culture replicates grown on the same carbon source was found when 

spores were directly added to those carbon sources. However, when the fungus was first grown 

on D-glucose and then identical aliquots of that culture were shifted to different carbon sources, 

high consistency regarding growth and enzyme secretion was found among different cultures.  

The minimal amount of mycelium needed to perform successful shift experiments was 

determined by shifting different amounts of filtered fungal biomass from a D-glucose pre-

culture to new shake flasks containing McClendon’s medium, SMP and either L-arabinose or 

beechwood xylan, two CAZyme-inducing carbon sources. Accordingly, 0.2, 0.4, 0.6, 0.8, 1 or 

2 g of freshly filtered pre-culture mycelium was added to 50 ml 2% (w/v) L-arabinose or 

beechwood xylan McClendon’s (Figure 3. 1). The Bradford protein assay revealed how much 

enzyme was produced by each culture. Addition of 0.2 g fungal biomass yielded the lowest 

production for L-arabinose and xylan, while the enzyme amount in the medium increased up to 

addition of 1 g mycelium, after which no further increase appeared to happen. Therefore, 

adding 1 g of filtered fungal biomass or more to a shift culture was needed to obtain the highest 

possible amount of enzymes produced. Based on these findings, 1.5 g of filtered fungal 

mycelium was used for further shift experiments from there on.  
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Figure 3. 1: Protein secretion tests of T. aurantiacus grown in shake flasks containing different sugars. 

Relationship of fungal biomass shifted to shake flasks and amount of enzymes secreted into the 

supernatant by the fungus when grown on beechwood xylan and L-arabinose. One point represents one 

biological replicate. Secreted proteins were quantified with the Bradford Protein Assay.  

 

 

3.1.3.  Design of a fed-batch system at shake flask scale for screening CAZyme inducers  

In all previous experiments with T. aurantiacus, all tests were performed as batch cultures, 

meaning that the entire carbon source was added in the beginning of the experiment. During 

these experiments, it was repeatedly found that complex carbon sources such as xylans or 

whole plant biomass induced high amounts of enzyme secretion, while adding simple sugars 

only induced mild or no enzyme secretion. It was hypothesized that complex substrates first 

need to be depolymerized by enzymes, which causes a steady but low release of sugars from 

the polymers. This process can be essentially seen as a fed-batch process at microscale, 

exposing the fungus to low amounts of sugars over extended periods of time. Therefore, a 

method was established to be able to perform fed-batch screenings of simple sugars at shake 

flask scale. For bioreactors, calibrated peristaltic pumps are often used and a pump model was 

found that allowed highly parallel feed tests at shake flask scale: the BT100-1L pump.  

The BT100-1L pump has 12 channels that can be individually calibrated to release desired 

amounts of sugars. In this thesis, the first tests with this pump were performed by inserting the 

tubing outlet into the shake flask and fixing it with a foam stopper (Figure 3.2 A). To maintain 



 

36 
 

better sterility across the system, the luer lock system was implemented (Figure 3.2 B). Briefly, 

the sugar solution was sterile filtered and transferred to falcon tubes and a syringe connected 

via luer locks to the tubing that was used to feed the sugar solution. For the shake flasks, syringe 

needles were pierced through the foam stopper and connected with luer lock to the tubing. The 

flask was filled with medium and autoclaved. With this system, no contamination was 

observed.  

 

 

Figure 3. 2 Fed-batch pump developments for improving sterility of the feed and handling of the system. 

(A) Original connections of tubing with aluminum foil and outlet tubing inserted to shake flasks. This 

set-up caused frequent contamination during the initial tests. (B) Implementation of luer lock system 

made assembly significantly easier and no contamination occurred using this system.  

 

 

3.1.4.  Fed-batch induction of cellulase and xylanase secretion at shake flask scale  

Initial cultivations of T. aurantiacus on beechwood xylan compared to Avicel cellulose 

indicated, that the inducer of cellulases and xylanases might be D-xylose. The first feed-

experiment that was performed to test this hypothesis was uncovering the CAZyme induction 

of D-xylose during 72 fed-batch. As a non- CAZyme inducing control, D-glucose feed was 

added to the experiment also for 72 hours. Additional controls were batch cultures of D-xylose 

and D-glucose that were included to tests how much enzyme was produced when those sugars 

were added at the beginning of the experiment. As a final control, beechwood xylan was added 

as a batch culture to include a potent cellulase- and xylanase-inducing carbon source. No fed-

batch controls were added for beechwood xylan. All cultures were grown for 72 h (Figure 3. 

3). For fed-batch cultures, it was intended to feed the same amount of D-xylose and D-glucose 

as added to the batch cultures containing either 0.5% D-xylose or 0.5% D-glucose. This was 

achieved by feeding 69.4 mg*L-1 h-1 D-xylose or D-glucose to 50 ml McClendon medium, 

which resulted in a final addition of 250 mg sugars to both batch and fed-batch cultures. After 
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the cultivation, the final feed volume of fed-batch cultures and the batch cultures was matched 

through adding dH2O to compensate the dilution through feeding the sugars. The culture broth 

was then filtered to remove the mycelium and the DNS assay (CMCase and xylanase) and the 

Bradford Protein Assay was performed to uncover differences of the individual conditions.  

 

 

Figure 3. 3: Fed-batch tests of D-xylose/D-glucose feed compared to D-xylose/D-glucose and 

beechwood xylan batch cultures (see Schuerg et al., 2017) revealed elevated (A) CMCase activity, (B) 

xylanase activity and (C) protein secretion measured with the Bradford Protein Assay when subjected 

to constant D-xylose feeding, while D-glucose did not lead to increased enzyme secretion when fed. 

(D) The enzyme profiles were visualized with SDS-PAGE. All measurements are derived from 3 

biological replicates. (Error bars represent standard deviations, n = 3).  

 

This initial run showed that D-xylose was a potent cellulase and xylanase inducer only in fed-

batch cultures, while D-glucose was neither an inducer for these enzymes during fed-batch nor 

batch cultivations (Figure 3.3 A-D). Beechwood xylan again led to high CAZyme production. 

Most strikingly, the low D-xylose feed led to almost as high protein titers as growth on 

beechwood xylan (Figure 3.3 C,D). This indicated, that the full induction potential of sugars 

can only be seen during fed-batch. However, this seemed only true for CAZyme inducing 

sugars, which needed to be verified by testing further sugars during batch and fed-batch 

cultivation. 

To assess whether other plant cell wall related C5 and C6 sugars and disaccharides have similar 

effects on CAZyme secretion induction compared to polysaccharides in this fungus, D-xylose, 

cellobiose, L-arabinose and sucrose feeding was tested and compared to beechwood xylan 
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(Figure 3.4). To screen these sugars, the BT100-1L pump was used again. These sugars were 

added as in the previous experiment as 0.5% w/v to one set of batch shake flasks in the 

beginning of the experiment and continuously fed to another set of fed-batch flasks over 72 h 

as 69.4 mg*L-1 h-1. This resulted in the same amount of sugar added to both sets of flasks. It 

was found that high amounts of enzymes were secreted due to feeding the sugars in a 

continuous manner for D-xylose, cellobiose and L-arabinose, but not sucrose. This showed that 

cellobiose and L-arabinose too were potent CAZyme inducers. Moreover, this confirmed that 

their full inducing potential was only visible during fed-batch cultivations. Even more 

strikingly, the beechwood xylan batch culture displayed lower amounts of enzyme secretion 

than the D-xylose feed culture. Please note that the overall lower induction of CAZyme 

secretion caused by beechwood xylan in this experiment compared to the first one (Figure 3.3.) 

is due to the lower amount of xylan used in the latter experiment (0.5% here vs. 2% before).  

It was also investigated whether different sugars induce both, CMCase and xylanase activity 

or just one of these. If only CMCase or xylanase activity would be induced, this would indicate 

differences in the induction mechanisms of these sugars, potentially through different internal 

signaling cascades. When testing specific enzyme activities, it became apparent that D-xylose, 

cellobiose and L-arabinose were potent inducers of cellulase secretion (CMCase activity), while 

feeding sucrose did not lead to comparable cellulase activity in the culture broth (Figure 3.4. 

A-D). However, it was found that the low cellobiose feed did not induce xylanase activity, 

while both C5 sugars led to high xylanase activity in the culture supernatant. This indeed 

indicated distinct differences in the induction mechanism of these sugars.  

Additionally, the optimum of D-xylose and L-arabinose feed concentration was assessed at 

shake flask scale (Figure 3.4 E). It was found that the optimal feed rate for D-xylose ( 0.3 g * 

L-1 h-1) was higher than for L-arabinose (0.25 g * L-1 h-1). Also, high L-arabinose feed seemed 

to lead to lower enzyme repression than high D-xylose feed, as indicated by higher protein 

secretion taking place during the highest feed rate of both sugars.  
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Figure 3. 4: Comparison of CAZyme secretion of T. aurantiacus in fed-batch (FB) and batch (B) 

cultures with beechwood xylan (Xln), D-xylose (Xyl), cellobiose (Cel), L-arabinose (Ara) and sucrose 

(Suc) through (A) SDS PAGE with molecular weight marker in kDa, (B) xylanase and (C) CMCase 

assay using the DNS method and (D) enzyme quantification with the Bradford Protein Assay. (E) 

Secreted enzyme titers in relation to sugar concentration in the sugar feed was determined with the 

Bradford Protein Assay. (Error bars represent standard deviations, n = 3). 

 

 

Based on the previous findings that cellobiose mainly induced cellulase secretion in T. 

aurantiacus while D-xylose and L-arabinose feed also induced xylanases, I wanted to test which 

levels of protein secretion, CMCase and xylanase activity can be observed when mixtures of 

these sugars  are fed to shake flask cultures. Therefore, in a follow up experiment, adding 

mixtures of the previously tested sugars was evaluated through batch and fed-batch cultures 

(Figure 3.5). Feeds of D-xylose, cellobiose, D-xylose xylose/cellobiose (1:1) and D-xylose / L-

arabinose (1:1) were compared to the same combinations as batch cultures (Figure 3.5). Mixing 

cellobiose and D-xylose led to restoration of full xylanase activity, despite feeding only half of 

D-xylose as compared to the D-xylose -only feed. Again, considerably higher enzyme secretion 

was found in the fed-batch cultures compared to the batch cultures.  
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Figure 3. 5:  Comparison of CAZyme secretion of T. aurantiacus in fed-batch (FB) and batch (B) 

cultures with beechwood xylan (Xln), D-xylose (Xyl), cellobiose and D-xylose (Cel/Xyl), cellobiose 

(Cel), and D-xylose and L-arabinose (Ara/Xyl) through (A) SDS PAGE with D-xylose molecular 

weight marker in kDa, (B) xylanase and (C) CMCase assay using the DNS method and (D) enzyme 

quantification with the Bradford Protein Assay. Black arrows mark the differences of xylanase activity 

caused by addition of L-xylose to cellobiose feed. (Error bars represent standard deviations, n = 3). 

 

 

After testing cellobiose, D-xylose and L-arabinose feed in more detail, the induction potential 

of further sugars was tested to uncover new potential inducers of CAZyme in T. aurantiacus. 

This was achieved by investigating the CAZyme-inducing effects of D-gluconic acid, D-

glucuronic acid, D-glucosamine and maltose on protein secretion, xylanase and amylase 

activity (Figure 3.6 A-D) and on protein secretion and xylanase activity of D-xylose, D-

galactose, lactose, D-mannose and D-glucose (Figure 3.6 E-F). CMCase is not shown here, since 

it seemed to correlate mostly with total secreted protein amounts and thus did not add 

substantial new information. All cultivations were performed as described for the previous feed 

experiments.   

It was found that D-galactose, lactose, D-mannose and D-glucose batch and fed batch cultures 

displayed low amounts of enzyme secretion and no elevated xylanase secretion, indicating that 

fed-batch of these sugars per se did not lead to higher enzyme production. Also, D-gluconic 

acid, D-glucuronic acid, D-glucosamine and maltose feed did not lead to elevated enzyme 
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secretion nor any elevated xylanase activity except that maltose feed led to roughly 9 times 

higher amylase activity than any other sugar tested in that run. 

 

 

Figure 3. 6: Sugar induction feed tests: (A) Xylanase and (B) Amylase activity of T. aurantiacus grown 

under fed-batch conditions with D-xylose, D-gluconic acid, D-glucuronic acid, D-glucosamin, maltose 

and D-glucose. Protein secretion was assessed with (C) the Bradford Protein Assay and (D) SDS-PAGE. 

Another set of induction feed tests was performed with batch (B) and fed-batch (FB) cultures of D-

xylose, D-galactose, lactose, D-mannose and D-glucose and analyzed for (E) xylanase activity and (F) 

protein profile with SDS-PAGE. (Bars represent two biological replicates). 

 

 

After the CAZyme induction potential in T. aurantiacus of several sugars was screened with 

the BT-100L pump, the use of this system was tested for another closely related species, N. 

crassa, to investigate broader application of this method. In order to test that, the same fed-

batch pump screening was also tested with N. crassa regarding CAZyme induction in response 

to D-xylose, cellobiose, L-arabinose and D-glucose batch and fed-batch additions (Figure 3.7). 

N. crassa belongs to a different fungal clade (Sordariales) than T. aurantiacus (Eurotiales). 



 

42 
 

Also, unlike T. aurnatiacus, N. crassa cellulases and xylanases were found to be strongly 

induced by cellulose (20), which was previously confirmed in other studies (78–80). The only 

difference in cultivation of N. crassa was that Vogel’s medium was used for the D-glucose 

preculture and batch / fed-batch shift cultures without adding SMP, since Vogel’s medium is 

conventionally used for N. crassa.  

In contrast to T. aurantiacus, D-xylose and L-arabinose feed did not stimulate high CMCase 

and xylanase activities with this fed-batch screening method, while cellobiose induced both 

activities.  

 

 

Figure 3. 7: Summary of fed-batch (FB) and batch (B) CAZyme induction in (A) N. crassa through 

different sugars (Cello = cellobiose; Xyl = D-xylose; Ara = L-arabinose; and Gluc = D-glucose) 

compared to Avicel cellulose. (A) Protein secretion was investigated with the Bradford assay, (B) DNS 

assays (CMCase and Xylanase Assay) and (C) SDS-PAGE. (Error bars represent standard deviations, 

n = 3). 

 

 

3.1.5.  Induction of amylase secretion in T. aurantiacus  

After successfully identifying cellobiose, D-xylose and L-arabinose as potent enzyme secretion 

inducers in T. aurantiacus, it was found that maltose might be a potent amylase inducer in this 

fungus (Figure 3.6 B). Thus, it was decided to use the fed-batch screening assay to uncover 

amylase inducers in addition to cellulases and xylanase inducers and also uncover whether the 

fungus prioritizes cellulase secretion or amylase secretion when exposed to a mixture of 

cellulase and amylase inducers. Malt extract, maltose, D-xylose, D-xylose /maltose (1:1), 

cellobiose and cellobiose/maltose (1:1) was added over 72 h to shake flasks (Figure 3.8). All 

cultivations were performed as described above for T. aurantiacus.  
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Figure 3. 8: Comparison of fed-batch amylase induction in T. aurantiacus with malt extract (ME), 

maltose (M), D-xylose (Xyl), D-xylose + maltose (Xyl/M), cellobiose (Cel) and cellobiose + maltose 

(Cel/M) through (A) SDS-PAGE with molecular weight marker in kDa (dashed boxes indicate the 

presence of putative amylases that were only observed when feeding maltose or malt extract), (B) 

amylase assay using the DNS method and (C) enzyme quantification with the Bradford Protein Assay. 

Each bar represents the average of two biological replicates.  

 

 

 

It was found that maltose and malt extract fed-batch lead to considerably different enzyme 

profiles than the CAZyme-inducers D-xylose and cellobiose. A pronounced prominent band at 

~70 kDa was visible, together with another band at ~160 kDa in the case of maltose and malt 

extract feed that were not present in D-xylose and cellobiose feed when the filtered culture 

broth of the respective cultures was separated on a SDS-PAGE (Figure 3.8 A). These novel 

bands might be amylases. While maltose feed alone caused 24 times higher amylase activity 

than D-xylose, the malt extract feed further doubled amylase activity compared to maltose, 

indicating that other starch-related break down products further increase amylase secretion. 

Intriguingly, supplying a 1:1 feed of maltose and D-xylose or maltose and cellobiose, 

respectively, led to very low amylase activity, especially in the case of the D-xylose-maltose 

mixture. Thus, cellulase secretion is apparently prioritized when starch and cellulose / xylan 

breakdown products are present. However, the overall enzyme secretion was decreased when 

maltose was present compared to feeding L-xylose or cellobiose only. The overview of all 
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sugars tested regarding amylase (soluble starch), xylanase (beechwood xylan), arabinanase 

(arabino-xylan) and amount of protein secreted (Bradford Protein Assay) is shown in Figure 

3.9 (Note that all enzymes were diluted to 50 ug / ml for amylase, xylanase and arabinanase 

activitiy).  

 

 

Figure 3. 9: Overview of all fed-batch/feed and batch experiments. Secreted enzymes from T. 

aurantiacus grown on these carbon sources were sampled and diluted to the same concentration and 

tested regarding amylase (soluble starch), xylanase (beechwood xylan), arabinanase (arabino-xylan) 

and amount of protein secreted (Bradford Protein Assay). All enzyme activities were normalized to D-

xylose fed batch cultures (Line 1).  

 

 

3.1.6.  Development of a minimal medium for studying gene expression patterns in T. 

aurantiacus during cellulase and xylanase inducing conditions  

Since the previous induction studies had revealed that cellobiose, D-xylose and L-arabinose 

could act as CAZyme gene inducers, studying gene expression patterns of cultures grown under 

similar conditions would be highly interesting to better understand which genes are 

differentially expressed when subjected to those sugars. RNA-Seq is a highly sensitive method 

to study gene expression patterns. However, growth conditions have to be highly regulated, 

since gene expression patterns can be easily affected by a plethora of parameters. Based on 

literature research, T. aurantiacus has been exclusively cultivated in media with complex 

nitrogen sources (Table 3. 1).  
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Table 3. 1: Nitrogen sources of media for previous cultivations of T. aurantiacus  

Growth media Nitrogen source g liter-1 Reference Strain 

Basal medium  Proteose peptone, 0.75; urea, 0.3 Romanelli et a. 1975 QM-9383 

Fergus medium  n.a. Tong et al. 1980 coastal beach isolate  

BSMP Peptone, 0.5 Feldman et al. 1987 ATCC 34115, ATCC 

26904  

Basal medium  AmSO4, 1.4; polypepton, 1.0;  

yeast extract, 0.5  

Kawamori et al. 

1987 

Strain A-13I, isolated 

from  

Basal medium  Casein peptone, 5 Gomes et al 1994 T. aurantiacus Miehe 

Isolated in Bangladesh 

Basal medium  Soy meal (and others) Gomes et al. 2000 T. aurantiacus IMI 

216529 

Basal medium  Yeast extract, 5; and wheat bran, 20 Parry et al. 2001   

Basal medium  Peptone, 18; wheat bran, n.a. Nampoothiri et al. 

2004 

ATCC 58156 

Vogel's medium AmNO3, n.a. Brienzo et al. 2012 ATCC 204492 

McClendon 

medium 

Corn steep liquor, 10 McClendon 2012 ATCC 26904 

Potato dextrose 

broth 

Potato extract, n.a. Jain et al. 2014 Fungal isolate RCKK 

Mandels' medium Urea, 0.3; AmSO4, 0.3; peptone, 0.75 Lee et al. 2014  Environmental isolate 

 

 

To perform RNA-Seq, the so far employed growth media for T. aurantiacus were not suited, 

because of the complex nitrogen sources such as SMP, which might result in cryptic effects on 

gene expression patterns. A McClendon’s salts-based defined minimal medium was developed 

to rule out these effects. The growth of this fungus in McClendon’s and Vogel’s medium 

supplemented with either SMP or AmNO3 was compared. While the fungus showed good 

growth in the SMP supplemented media, no growth was found in McClendon’s medium and 

very little growth, but no protein secretion, was found in Vogel’s medium with AmNO3 (77). 

At this point, it was not clear why T. aurantiacus did not grow in defined media without 

complex nitrogen sources. A follow up experiment was performed, but this time the carbon 

source was changed from D-glucose to glycerol to uncover if this substrate facilitates better 

growth. Also, a defined amino acid mixture was added to uncover if this type of pure organic 
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nitrogen leads to the same growth as SMP, which contains organic nitrogen but also several 

other impurities.  

Again, highly impaired growth was found in Vogel’s medium and McClendon’s medium 

containing glycerol and AmSO4, an equimolar mixture of amino acids, or SMP as individual 

nitrogen sources (Figure 3.10). This indicated that organic nitrogen in form of amino acids was 

not able to promote similar growth as complex SMP. Thus, the growth defect in minimal 

medium might be caused by a different factor. At this point, a more systematical approach was 

chosen for testing a variety individual nitrogen sources in parallel with D-glucose as the carbon 

source.  

 

 

Figure 3. 10 : Initial growth tests of T. aurantiacus on 2% glycerol (w/v) in McClendon’s medium 

(McCl) and Vogel’s medium (Vogel’s) supplemented with (NH4)2SO4 (AmSO4), an amino acid mix 

(Amino acids) or soy meal peptone (SMP). The fungal biomass was dried and weighed. SMP led to 

highest growth in both media, while addition of amino acids and AmSO4 was not sufficient to achieve 

good growth. Each bar represents one biological replicate.  

 

 

Fungal biomass and final culture pH was compared on NH4Cl, AmNO3, AmSO4, NH4 

glutamate, glutamate, NH4 acetate, glycine, urea and a 1:1 urea-NH4 mixture to SMP (Figure 

3.11). This time, culture pH was assessed at the end of a 3-day growth period to uncover 

potential effects of the nitrogen source on culture medium pH. Growth on SMP led to a final 

culture pH of roughly 7 and 350 mg of dry mass was generated. All other carbon sources led 

to negligible growth with AmSO4 being the next highest (108 mg dry weight) with a final 

culture pH of 3. Notably, it was found that T. aurantiacus already displayed reduced growth at 
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pH 4 (77). In addition, only the culture with NH4 acetate led to appreciable growth (69 mg dry 

weight) with a final pH of 7.2 (Figure 3. 11). Intriguingly, NH4 acetate led to an increase in pH 

from 5 after autoclaving to 7.2 at the end of the cultivation. This feature seemed to be a 

physiological effect of growth on acetate, since growth on NH4Cl did not lead to a similar 

increase in pH.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 11: Growth tests of T. aurantiacus on 2% D-glucose (w/v) in McClendon’s medium of pH 5 

supplemented with different nitrogen sources (AmSO4 = (NH4)2SO4, AmNO3 = NH4NO3 and SMP = 

soy meal peptone). The fungal biomass was filtered, dried and weighed. The pH of the filtrate was 

determined (the dashed line represents the initial pH). Each bar represents one biological replicate.  

 

 

Another interesting finding was that the second highest growth besides using SMP was 

observed with AmSO4 as a nitrogen source, which was the only treatment that contained higher 

amounts of sulfur than any of the other defined nitrogen sources. Comparison of McClendon’s 

salts with Vogel’s salts showed that there was 28 times less sulfate present in McClendon’s 

salts. This disparity of sulfur present in both grow media could hint at sulfur limitation in 

McClendon’s salts. In order to rule out sulfur limitation, AmSO4 was used as a nitrogen source 

for further tests. 
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AmSO4 and NH4 acetate led to the highest biomass production among all nitrogen sources 

tested. Also, AmSO4 led to an unfavorable drop in pH while NH4 acetate caused to an increase 

in pH beyond the starting pH of the medium (pH 5). Therefore, a combination of AmSO4 and 

NH4 acetate and other organic acids was tested to uncover if fungal growth and pH stabilization 

are promoted when both or AmSO4 and another organic acid were added at the same time. This 

test included mixing different ratios of AmSO4 with NH4 acetate, or AmSO4 with succinate 

and propionate (Figure 3.12). Strikingly, mixing AmSO4 and organic acids with NH4 as cation 

caused an increase in growth and less drop of pH in all cases, except for propionate, where no 

growth occurred at all. Indeed, improved growth was found for the mixture of AmSO4 and NH4 

acetate (2:1), albeit SMP still produced more biomass. The highest growth in minimal medium 

was observed when adding 25 mM succinate to AmSO4, suggesting that there might be more 

suitable organic acids than acetate. Also, adding twice the amount of phosphate buffer to 

AmSO4 was assessed to see if increased buffering capacity helps the fungus to grow. This 

slightly reduced the drop in pH but did not increase overall growth. Most strikingly, adding a 

1:1 nitrogen-equimolar mixture of NaNO3 and AmSO4 caused less growth than adding AmSO4 

by itself while a strong drop in pH still was observed (Figure 3. 12). This indicated that adding 

NO3
- as an anion had no effect on growth and final culture pH unlike adding acetate or 

succinate.  

Since addition of organic acids to McClendon’s medium containing AmSO4 as a nitrogen 

source substantially increased the growth of T. aurantiacus compared to not adding organic 

acids, it appeared to be important to uncover which organic acid leads to the highest amount of 

enzymes secreted by the fungus. To test this, a shift experiment was designed, since shift 

experiments give accurate estimation of enzyme secretion potential of fungi in a given medium. 

For this shift experiment, the organic acids acetate, succinate and citrate (50 mM acetate, 25 

mM succinate, 13.3 mM citrate) were compared to SMP regarding fungal biomass production 

and final culture pH in D-glucose containing pre-cultures. These cultures were then shifted to 

identical shift cultures flasks containing the cellulase inducer beechwood xylan (Figure 3.13). 

The pre-culture and shift cultures contained the organic acids together with AmSO4 except for 

the SMP control which did not contain organic acids or AmSO4. After these cultures were first 

grown in D-glucose medium (SMP or AmSO4 plus organic acids), the fresh mycelium was 

weighed, and the culture filtrate pH was measured. All organic acid cultures displayed a drop 

in pH, and citrate led to slightly lower fungal biomass production then acetate or succinate 

while SMP facilitated the best growth. The mycelium was then shifted into the same medium 

containing the respective organic acid (or no organic acid in the case of the SMP control) with 
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2% beechwood xylan as a carbon source to uncover protein production of the fungus depending 

on which organic acid was added. It was found that citrate yielded highest enzyme titers and 

acetate the lowest. 

 

Figure 3. 12: Growth tests of T. aurantiacus on 2% D-glucose (w/v) in McClendon’s medium of pH 5 

supplemented with different nitrogen sources (AmAcet = NH4 acetate, AmSO4 = (NH4)2SO4, AmNO3 

= NH4NO3, Nitr = nitrate and SMP = soy meal peptone) and organic acids (Succ = succinate and Prop 

= propionate). For each nitrogen source, a total 50 mM nitrogen was added, which was mixed in 

different ratios. (A) The fungal biomass was filtered, dried and weighed. (B) The pH of the filtrate was 

determined (the dashed line represents the initial pH). Each bar represents one biological replicate, 

except for AmSO4, which represents 3 biological replicates (error bars = standard deviation).  
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The effect of organic acid addition on enzyme secretion was substantial. Therefore, citrate 

appeared to be the most favorable organic acid, allowing sufficient growth in minimal medium 

and facilitating high enzyme secretion of T. aurantiacus at the same time.  

Since citrate seemed to be the superior acid for protein production of T. aurantiacus in minimal 

medium, a citrate concentration series test was performed to uncover the effect on protein 

secretion during D-xylose fed-batch conditions with the BT100-1L pump (Figure 3.14 A, B). 

This test was designed to reveal how much enzyme is secreted by the fungus under identical 

D-xylose feed concentrations but different citrate concentrations present. Also, the goal was to 

uncover the final culture pH under these conditions. Accordingly, 10, 15, 20 and 25 mM citrate 

were added to McClendon’s salts supplemented with AmSO4. To these flasks, D-xylose was 

fed over 72 hours. NoC controls were included as McClendon’s salts cultures supplemented 

with AmSO4 and 10, 20 and 30 mM sodium citrate and no D-xylose feed. All conditions were 

compared to SMP (with no AmSO4 or citrate added). The experiment was conducted as for all 

previous shift experiments except for the media formulations described here.  

The protein production on SMP was again substantially higher during D-xylose feeding, while 

the AmSO4 citrate cultures all generated highly similar amounts of enzyme. Notably, adding 

25 mM citrate did not lead to any change in pH so that the final culture pH was identical to the 

initial pH after D-xylose feeding (pH 5). Interestingly, only adding citrate as a carbon source in 

the NoC control led to increase in pH up to 7.74 (Figure 3. 14 B). This high pH might already 

impair growth of T. aurantiacus. Notably, this increase in pH seemed to be due to 

metabolization of citrate in the presence of AmSO4 and thus the observed pH phenomenon 

caused by organic acids might be a physiological effect and not a buffer effect of the organic 

acid added.  

After it was determined that adding 25 mM sodium citrate to McClendon’s D-glucose minimal 

medium led to no change in culture pH upon feeding D-xylose, this citrate concentration was 

also tested for batch cultivations with 2% D-glucose instead of D-xylose feed. This experiment 

was planned to uncover which final culture pH and fungal biomass would result from this 

citrate concentration, that did not lead to any changes in culture pH during D-xylose feed. 
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Figure 3. 13: Shift experiment of T. aurantiacus grown in McClendon’s salts with three different 

organic acids (acetate, succinate and citrate) and AmSO4 ((NH4)2SO4) compared to a soy meal peptone 

(SMP) control containing no AmSO4 or organic acids. The fungus was first grown in a 2% D-glucose 

pre-culture (AmSO4 + organic acids or SMP control) and the culture mycelium was filtered and 

weighed. The entire mycelium was then weighed and shifted to shift culture medium (AmSO4 + organic 

acids or SMP control) and 2% beechwood xylan. For SMP and AmSO4, 50 mM nitrogen was added to 

each flask. (A) The fungal biomass from the pre-culture was filtered and weighed. From the shift 

culture, an aliquot of the medium was filtered and (B) the proteins in the supernatant were quantified 

with the Bradford Protein Assay and (C) the enzyme profile was visualized with SDS-PAGE. Each bar 

represents three biological replicates (note that for the SDS-PAGE only 2 slots were available for acetate 

supernatant).  
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Figure 3. 14: Growth and enzyme secretion tests of T. aurantiacus grown during low D-xylose feed 

with the BT100-1L pump in McClendon’s medium of pH 5 supplemented with 25 mM AmSO4 or 0.8% 

SMP (soy meal peptone) and citrate at a molarity as indicated for 3 days. Note that AmSO4 was added 

to every culture containing citrate, while the SMP control did not receive any citrate. No carbohydrate 

(no. carb.) controls did not receive any D-xylose feed. (A) The amount of secreted enzymes into the 

culture medium was determined with the Bradford Protein Assay. (B) The pH of the filtrate was 

determined (the dashed line represents the initial pH). Each bar represents 2 biological replicates. A 

concentration series of different D-xylose feeds was tested in McClendon’s minimal medium (25 mM 

AmSO4, 25 mM sodium citrate, pH 5) with (C) Bradford Protein Assay and (D) SDS-PAGE. 

 

 

Adding 25 mM to McClendon’s D-glucose minimal medium led to more than 2 times improved 

biomass growth of T. aurantiacus compared to not adding the organic acid and a slight rise of 

the culture pH from 5 to roughly 5.5 (Figure 3.15). Adding this amount of citrate facilitated a 

substantial improvement of T. aurantiacus cultivations in McClendon’s D-glucose minimal 

medium. Also, adding citrate allows combining all 3 components of the McClendon’s medium 

into a 25x stock, which would otherwise precipitate due to the presence of phosphate and 

divalent cations. These tests generated a convenient medium composition for culturing T. 

aurantiacus in defined medium. This improved medium (1x stock) has the same composition 

as the McClendon’s salts (31) except that the SMP was entirely replaced by 25 mM AmSO4  

and 25 mM sodium citrate with a final pH of 5.   
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Figure 3. 15: Growth test of T. aurantiacus grown on 2% D-glucose in McClendon’s medium of pH 5 

supplemented with 25 mM AmSO4 with or without 25 mM citrate or 0.8% SMP (soy meal peptone) for 

3 days. (A) The fungal biomass was filtered, dried and weighed. (B) The pH of the filtrate was 

determined (the dashed line represents the initial pH). Error bars represent standard deviations, n = 3. 

 

 

3.1.7.  Adding citrate and ammonium sulfate to minimal media was found to be a 

modification that improved mycelium growth, mycelium morphology and 

CAZyme secretion for a variety of fungal species 

The discovery that adding 25 mM sodium citrate and 25 mM AmSO4 to minimal media 

improved growth and enzyme production of T. aurantiacus in these defined media raised the 

question if also other fungal species might display improved growth in their minimal media 

when changing the respective nitrogen source to AmSO4 and adding 25 mM sodium citrate. 

Especially, since part of this thesis also focused on work related to culturing N. crassa (see 

chapter 3.3), this medium modification might help to improve culturing and investigating 

protein secretion of other fungi such as the industrial host A. niger as well. Therefore, the 

described minimal medium modification was tested for A. niger and N. crassa.  

The goal was to assess if the same drop in pH also happened in the case of N. crassa cultivations 

as it was observed with T. aurantiacus and if fungal biomass production, enzyme secretion and 

growth morphology could be improved. First, the growth of N. crassa in the original Vogel’s 

medium versus growth on Vogel’s salts with no AmNO3 but SMP or AmSO4 or AmSO4 plus 

citrate was assessed (Figure 3.16). All cultivations were performed as described for T. 
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aurantiacus, except that Vogel’s medium was used and that the cultivation temperature was 

set to 30 ℃. 

Also for N. crassa, strong differences in final culture medium pH were observed, with AmSO4 

alone leading to the strongest drop in pH, while the addition of citrate again lead to stabilization 

of the pH to similar levels as AmNO3. While the amount of fungal biomass produced of the 

AmSO4 citrate combination was not higher than with AmNO3, the most striking difference was 

that the AmSO4 citrate cultivation lead to a nicely dispersed culture morphology while AmNO3 

led to clumping (Figure 3. 16 C). This clumping is often observed with N. crassa and can create 

plenty of challenges, since the aeration and transfer rates of various compounds of interest 

differ substantially across a mycelium clump compared to a dispersed morphology (81). Thus, 

employing the minimal media modification discovered in this thesis helped to improve the 

growth morphology of N. crassa. Also, it was observed that adding citrate and AmSO4 again 

led to a reduced drop in pH compared to only adding AmSO4. 

The next goal was to assess, if the combination of AmNO3 and citrate can lead to higher protein 

secretion rates. For T. aurantiacus, NO3 appeared to be an unfavorable nitrogen source, since 

adding NO3 to AmSO4 reduced overall growth compared to adding AmSO4 alone (Figure 3.12). 

N. crassa however is known to be able to grow on AmNO3 and thus adding citrate might lead 

to similar benefits as described for AmSO4. Therefore, it was assessed if adding citrate to 

AmNO3 or AmSO4 also results in higher enzyme secretion when N. crassa is grown in Vogel’s 

medium with 2% Avicel cellulose for 3 days. First, the fungus was directly grown on Avicel 

cellulose to learn if citrate might be beneficial for improving enzyme secretion on this substrate 

(Figure 3.17 A,B). From this initial cultivation, it was learned that adding citrate indeed 

improved enzyme secretion and shift experiments were performed by growing N. crassa first 

in a D-glucose pre-culture and then shifting to 2% Avicel Vogel’s media as indicated (Figure 

3.17 C-D, Figure 3.18) to test the effect of citrate addition in more detail.  

When N. crassa was directly grown in Avicel media containing AmSO4 as a nitrogen source, 

dispersed morphology was observed regardless of the citrate amount added (Figure 3.17 A,B). 

Also, it was found that the cultures were also dispersed when citrate was added to AmNO3, 

however only when 30 mM citrate was added. At lower concentrations, AmNO3 led to a clumpy 

morphology. Increased protein secretion only happened when adding 30 mM citrate to either 

nitrogen source. The dispersed culture morphology might enhance enzyme production. Adding 

30 mM citrate to Vogel’s Avicel media substantially improved enzyme secretion when adding 

AmNO3 and AmSO4 as a nitrogen source and also culture morphology changed drastically in 

the case of adding AmNO3.  
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Figure 3. 16: Growth tests of N. crassa in D-glucose-based Vogel’s minimal medium supplemented 

with different nitrogen sources indicated that addition of AmSO4 and citrate leads to more stabilized 

pH and highly dispersed culture morphology compared to soy meal peptone (SMP), AmSO4 and 

AmNO3. The growth was assessed through determining (A) filtered culture dry weight, (B) culture pH 

and (C) culture morphology. Vogel’s salts with AmNO3 is the original recipe. This modification relied 

on the observation that addition of citrate and other organic acids to the growth medium reduced the 

observed drop in pH related to fungal growth. Therefore, addition of organic acids turned out to be a 

simple way to improve consistency of growth morphology and enzyme production. (Error bars represent 

standard deviations, n = 3).  

 

 

After growing N. crassa directly on Avicel Vogel’s medium, the next step was to see if the 

culture morphology and enzyme production can be improved also in shift experiments from a 

2% D-glucose pre-culture with original Vogel’s medium (AmNO3) for 48 hours to 2% Avicel 

cultures containing either AmNO3, AmSO4 or AmSO4 and 25 mM citrate (Figure 3.17 C-D). 

Also here, it was found that strong clumping of the fungus happened when adding AmNO3 or 

AmSO4 only, while the combination of AmSO4 and citrate yielded dispersed cultures. 

Strikingly, AmSO4 and citrate yielded also the highest enzyme titers after the cultivation. 

Therefore, it was concluded that the addition of AmSO4 and citrate to Vogel’s medium was 

favorable regarding fungal growth morphology and enzyme secretion during fermentations of 

D-glucose and Avicel cellulose.    
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To better understand this clumping effect, dispersed mycelium was shifted from the Vogel’s 

medium containing D-glucose, AmSO4 and citrate to Vogel’s medium containing Avicel and 

AmSO4 and citrate or AmNO3. N. crassa was grown in D-glucose medium with AmSO4 and 

citrate, which led to dispersed mycelium (Figure 3.18 A). Equal amounts of this mycelium 

were then shifted to Vogel’s medium supplemented with Avicel cellulose as a carbon source 

and either AmSO4 and citrate or AmNO3. Intriguingly, the culture clumped on AmNO3 strongly 

together, while in AmSO4 and citrate, it remained dispersed throughout the cultivation (Figure 

3.18 D). In this case, the cellulase titers did not seem to be affected. These tests indicated that 

the combination of ammonia, sulfate and citrate in minimal media can have profound effects 

on protein secretion and even more on culture morphology and pH.  

After performing extensive tests on the growth and enzyme secretion response of N. crassa to 

cultivation in Vogel’s medium supplemented with either AmSO4, AmSO4 and citrate or 

AmNO3, two final experiments were performed for evaluating the growth and enzyme 

secretion of the industrially relevant fungus A. niger to AmSO4 and citrate. A. niger was grown 

in its original medium recommended by the Fungal Genetics Stock center (FGSC), where the 

original nitrogen source NaNO3 was replaced as described below. Cultivations were performed 

as described for N. crassa.  

Similar results were obtained as for N. crassa and T. aurantiacus when A. niger was grown in 

its original medium compared to the modified medium. The growth of A. niger on D-glucose 

in the original medium was compared and the same medium without NaNO3 but either 25 mM 

AmSO4 and 25 mM sodium citrate or 25 mM AmSO4 alone or 0.8% SMP (Figure 3.19). Again, 

strong pH effects were found also for A. niger, where addition of citrate again lead to better 

stabilization of the pH, improved culture morphology and substantially higher biomass 

production than AmSO4 and AmNO3 alone. With SMP, the pH did not change, and the highest 

biomass production was observed here. Therefore, substituting NaNO3 in the original medium 

against 25 mM AmSO4 and 25 mM sodium citrate led to a highly favorable culture morphology 

when grown on D-glucose.  

 



 

57 
 

 

Figure 3. 17: Enzyme secretion of N. crassa in original and modified Vogel’s medium grown on Avicel 

cellulose. (A) Culture morphology and enzyme secretion of N. crassa in Vogel’s salts with different 

amounts of citrate and either AmNO3 or AmSO4 as a nitrogen source and Avicel cellulose. Cultures 

were directly inoculated with spores without prior D-glucose pre-culture. (B) Corresponding enzyme 

profiles of N. crassa cultures were grown in (A) directly on Avicel cellulose. (C) Culture morphology, 

(D) enzyme profile, and (E) protein amount of N. crassa first grown in original Vogel’s D-glucose 

medium that was shifted to 2% Avicel and Vogel’s salts containing either AmNO3 (original Vogel’s 

medium) or AmSO4 / AmSO4 + citrate (modified medium). For A and B, one biological replicate was 

used per condition, for C and D, three biological replicates were used for each condition (error bars = 

standard deviation).  
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Figure 3. 18: Enzyme secretion of N. crassa in original (AmNO3) and modified (AmSO4 + citrate) 

Vogel’s medium: (A) N. crassa was pre-grown in D-glucose medium with AmSO4 + citrate and 

AmNO3. Only mycelium from the dispersed AmSO4 + citrate medium was then shifted to 250 ml shake 

flasks containing Avicel cellulose containing either AmNO3 or AmSO4 + citrate. (B) Quantification of 

secreted enzymes with the Bradford Protein Assay and (C) SDS-PAGE enzyme profile of N. crassa 

cultures were grown on Avicel cellulose. (D) Culture morphologies of the corresponding shift cultures. 

Error bars represent standard deviations, n = 3. 
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Figure 3. 19: Growth tests of A. niger in D-glucose-based minimal medium supplemented with different 

nitrogen sources indicated that addition of AmSO4 and citrate leads to more stabilized pH and higher 

than fungal biomass production, AmSO4 and NaNO3. The growth was assessed through determining 

(A) filtered culture dry weight (72 h incubation), (B) culture pH (72 h incubation) and (C) culture 

morphology (48 h incubation). Minimal medium with NaNO3 is the original recipe (Note that the 

imaged cultures are from a different experiment than A, B, where no images were taken). Error bars 

represent standard deviations, n = 3. 

 

 

As for N. crassa and T. aurantiacus, protein secretion of A. niger in the original medium 

compared to the improved medium was assessed (Figure 3.20). The goal was to assess, whether 

A. niger also secretes more enzymes in the modified medium compared to the original one. The 

cultivation was performed identically as described for the cultivation in D-glucose, except that 

D-xylose was added to the medium as the only sugar to induce enzyme secretion.  

When A. niger was grown in these media on D-xylose, a cellulase inducer in A. niger, strong 

differences in mycelia morphology were found. In the original medium, the fungus produced 

thick pellets, while in the AmSO4 citrate medium, the culture was dispersed. Notably, no 
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protein production occurred in the original medium, while observable protein secretion 

happened in the improved medium.  

 

 

Figure 3. 20: Enzyme secretion of A. niger in original (NaNO3) and modified (AmSO4 + citrate) minimal 

medium supplemented with 2% D-xylose. Only dispersed mycelium was found AmSO4 + citrate 

medium. (A) Quantification of secreted enzymes with the Bradford Protein Assay and (B) SDS-PAGE 

enzyme profile of A. niger cultures were grown on D-xylose. (C) Culture morphologies of the 

corresponding cultures (three biological replicates).  

 

 

In summary, it was found that this modification indeed was an improvement for three 

filamentous fungi grown in minimal medium regarding growth, culture morphology and 

enzyme secretion. The benefit of adding AmSO4 and sodium citrate to minimal media 

containing D-glucose seemed to be related to preventing the strong drop of pH that happened 
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during growth of the three fungi tested in the absence of organic acids. This medium 

modification might be of interest for other fungi that are difficult to cultivate in conventional 

minimal media.  

 

3.1.8.  A fed-batch test run for RNA-Seq with D-xylose, cellobiose, L-arabinose and 

maltose revealed CAZyme secretion in McClendon’s minimal medium  

The goal of the previous fed-batch experiments was to assess which inducers stimulate the 

secretion of cellulases, xylanases and amylases in T. aurantiacus. Besides screening for 

enzyme activities, this set-up can also be coupled to system biology methods such as RNA-Seq 

to uncover the gene expression patterns under these conditions and investigate sugar utilization 

for the first time in T. aurantiacus. This knowledge will be vital for designing improved genetic 

engineering and bioprocess engineering strategies.  

Since the BT100-1L pump system was now optimized for fed-batch inducer screenings at 250 

ml shake flask scale and the minimal medium development was finished to enable improved 

growth and enzyme production during fed-batch conditions without the need to use SMP, it 

was possible to perform a RNA-Seq experiment test run (without extracting RNA) to validate 

enzyme secretion. The goal was to determine, if similar enzyme secretion patterns could be 

observed with this minimal medium compared to the SMP medium. A fed-batch run was 

performed to determine the optimal conditions for the RNA-Seq experiment since the minimal 

medium had not yet been tested with cellobiose, L-arabinose and maltose feed, but only D-

xylose feed (Figure 3.14). A high D-glucose control was added to include CAZyme-repressing 

conditions together with a NoC to include a starvation control. T. aurantiacus was first grown 

in a D-glucose minimal pre-culture and then shifted to the respective shift cultures (Figure 3.21 

A). McClendon’s medium containing 25 mM AmSO4 and 25 mM sodium citrate was used for 

the pre-cultures and shift cultures. The enzyme assays were performed as described for 

induction tests in McClendon’s medium supplemented with SMP.  

Intriguingly, the effect of cellobiose and L-arabinose on enzyme titers produced was 

considerably weaker in the McClendon’s minimal medium compared to D-xylose feed, which 

resulted in more than two times higher protein titers than the other two sugars. However, the 

SDS-PAGE profile indicated that L-arabinose feed induced cellulase and xylanase secretion 

(Figure 3.21 B-F). This was confirmed with the DNS assay, using beechwood xylan and 

arabinoxylan as substrates. Intriguingly, when all enzymes were diluted equally, L-arabinose 

feed seemed to have higher xylanase, arabinanase and CMCase activities per ug of enzyme, 
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while maltose feed and D-glucose and NoC batch medium displayed low activities. This 

experiment indicated that cellulases and xylanases were induced in these cultures, despite the 

overall enzyme secretion being low. Therefore, an identical low-feed experiment for RNA-Seq 

was performed except for omitting maltose feed, to focus on cellulase and xylanase induction 

and ensuring better preparation of samples for RNA-Seq through having four instead of three 

biological replicates.  

 

 

Figure 3. 21: Fed-batch test run for RNA-Seq with in McClendon’s minimal medium. (A) Experiment 

scheme: A D-glucose grown pre-culture was shifted to shake flasks connected to the BT100-L pump 

for fed batch of D-xylose (Xyl), cellobiose (Cello), L-arabinose (Ara) and maltose (Malt) or batch 

cultures containing high D-glucose (Glu) or no sugar (no Carbon). Error bars represent standard 

deviations, n = 3. 
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3.1.9.  RNA-Seq of D-xylose, cellobiose, L-arabinose fed-batch cultures and high D-

glucose and no carbohydrate batch cultures  

After confirming during the RNA-Seq test run that cellulases and xylanases were produced by 

the cultures during the fed-batch conditions, the actual run with the goal to isolate RNA from 

the induced cultures was started. The RNA-Seq experiment was performed as described for the 

previous test run with four fed-batch cultures with D-xylose, cellobiose and L-arabinose and 

four batch cultures of high D-glucose (2% w/v) and no NoC medium each. The high D-glucose 

culture served as a control where CAZyme genes are repressed and the NoC medium served as 

a control representative for non-inducing and non-repressing conditions.  

After 16 hours, the cultures were rapidly filtered and the mycelium was immediately frozen 

with liquid nitrogen. The culture filtrate was analyzed for remaining sugars with the DNS 

method. No sugar was detected in the D-xylose, cellobiose and NoC cultures, while 0.045% (± 

0.017) L-arabinose was detected in the L-arabinose feed cultures and roughly 2% residual sugar 

in D-glucose cultures. Unconsumed L-arabinose was found in all cultures, suggesting that the 

uptake of this sugar is slower than that of the other sugars. It needs to be noted that the CCR 

threshold of highly CCR-inducing D-glucose was found to be 0.2 % in T. aurantiacus, below 

which cellulases were found to be secreted into the medium (41). Thus, the residual L-arabinose 

amount measured was on average more than four times lower (for one culture 3 times lower), 

suggesting an absence of CCR (Figure 3. 22). High amounts of RNA were successfully 

extracted from all cultures with the Maxwell RSC Instrument (Promega). Most samples 

displayed high quality RNA as depicted by bioanalyzer measurements through presence of two 

high peaks of the 18s and 28s rRNA respectively (Figure 3.23).  

The Tag-Seq method was chosen to do RNA-Seq, which is a low-cost procedure to perform 

gene expression profiling. Unlike conventional RNA-Seq, Tag-Seq only generates one initial 

library fragment per transcript at the 3’ end. This low number of initial library fragments 

reduces the amount of sequencing needed, compared to conventional RNA-Seq where several 

initial library fragments can originate from a single transcript. Tag-Seq does therefore not allow 

to investigate splice isoforms or whole transcript assembly from the reads, however gene 

expression profiling can be performed at a lower cost. Since only differential gene expression 

analyses were of interest, we chose to perform Tag-Seq.  
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Figure 3. 22: Determination of residual sugars in % (w/v) in the supernatants of fungal cultures that 

were used for RNA-Seq for individual cultures of the carbon sources D-xylose, cellobiose, L-arabinose 

and no carbohydrate added from left to right. Each bar represents a biological replicate.  

 

 

The RNA sequencing was performed by the UC Davis DNA Tech Core. The initial data 

processing indicated very low rRNA content (0.1%) and highly similar amounts of reads across 

all conditions, indicating a successful library preparation (Figure 3.23). Surprisingly however, 

most of generated Tag-Seq reads (71%) could not be assembled to the T. aurantiacus genome. 

A closer investigation showed that most of these reads were sequenced outside of the coding 

sequence in the UTRs of the transcript. The UTRs have not been determined for T. aurantiacus 

mRNAs and thus were missing in the current genome model. Therefore, high quality RNA-

Seq data were obtained, but the genome model needed to be updated first in order to assemble 

the reads to the respective genes. 

 

3.1.10. Genome re-annotation of the T. aurantiacus genome  

From the Tag-Seq experiment of the previous section, it became apparent that the annotations 

of the T. aurantiacus genome, especially the UTRs, were not suited for the assembly of reads 

to their respective coding sequences. This genome has not been updated with RNA-Seq data to 
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strengthen the annotation of the gene models. The current T. aurantiacus genome (v1.0) is 

available through the JGI (https://genome.jgi.doe.gov/Theau1/Theau1.home.html).  

 

Figure 3. 23: Summary of preliminary RNA-Seq data generated by the Tag-Seq method. (A) Quality 

parameters of the preliminary analysis. (B) Assembling the data (Tag-Seq reads) to the T. aurantiacus 

genome. Most Tag-seq reads are outside of the genes (blue bars) in the untranslated regions (UTRs). 

 

 

Genomes curated with RNA-Seq data have great implications for systems biology studies and 

genetic engineering efforts. The updated UTRs can then be used to re-annotate the sequencing 

data to uncover regulation of CAZyme and sugar transporter genes and cellular metabolism 

with the current data set. This knowledge will be vital for designing improved strategies for 

genetic- and bioprocess engineering. The goal was to use the RNA-Seq data together with the 

curated T. aurantiacus genome to infer which might be the most promising targets for gene 

modifications.  

For improving the T. aurantiacus genome models with conventional RNA-Seq from cultures 

grown on the same carbon sources of the Tag-Seq experiment, the same RNA was submitted 

https://genome.jgi.doe.gov/Theau1/Theau1.home.html
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from T. aurantiacus isolated from cultures grown in D-xylose, cellobiose, L-arabinose, high D-

glucose and NoC medium (Chapter 3.1.8.). One pooled RNA sample was submitted for each 

of the five conditions for deep sequencing to capture low-expression genes. The library 

preparation and sequencing were performed at JGI together with transcript assembly and the 

identification of UTRs for updating the T. aurantiacus genome.  

 

 

Table 3. 2: Genome information of the initial (v1.0) and new (v2.0) T. aurantiacus genome updated 

with RNA-Seq data (est). These data will be soon publicly accessible on the JGI website.  

Genome Assembly    

Genome Assembly size (Mbp) 28.49   

Sequencing read coverage 
depth 95.9   

# of contigs 196   

# of scaffolds 48   

# of scaffolds >= 2Kbp 33   

Scaffold N50 5   

Scaffold L50 (Mbp) 2.25   

# of gaps 148   

% of scaffold length in gaps 0.20%   

Three largest Scaffolds (Mbp) 3.45, 3.10, 3.01   

    

    

Data set 
 

# sequences 
total 

# mapped to 
genome 

% mapped to 
genome 

est.fasta 68714066 67385008 98.10% 

JGI_RNA_contigs 40556 38296 94.40% 

    

Genome model v1.0   

length (bp) of: average median  

gene 1659 1396  

transcript 1419 1173  

exon 426 231  

intron 105 68  

# of gene models 8798   

    

Genome model v2.0   

length (bp) of: average median  

gene 1961 1716  

transcript 1738 1499  

exon 508 302  

intron 94 67  
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The sequencing run and data processing was performed by JGI. Two sequencing runs were 

performed, since most reads were from rRNA origin. This was surprising, since the Tag-Seq 

method had yielded very few rRNA reads. After both sequencing runs, the mRNA reads were 

obtained, which were further processed and used to update the genome model regarding gene 

lengths, numbers of exons and introns and number of gene models (Table 3. 2). Most 

importantly, the UTRs of T. aurantiacus genes were determined (Figure 3. 24). In the 

upcoming months, the Tag-Seq reads will be assembled again to the new T. aurantiacus 

genome model upon public release of the newly annotated genome.  

 

 

 

Figure 3. 24: Models of two genes of the initial (v1.0) and new (v2.0) T. aurantiacus genome (images 

taken from the JGI website). Top numbers represent base pairs, bottom numbers amino acids, blue areas 

mark UTRs, red areas CDS and narrow lines show introns. For genome v.10 see 

https://genome.jgi.doe.gov/Theau1/Theau1.home.html 

 

 

https://genome.jgi.doe.gov/Theau1/Theau1.home.html
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3.2.  Genetic tools development for T. aurantiacus 

Previously, no genetic tools were available for T. aurantiacus, which significantly reduced the 

potential of this fungus for cellulase production purposes. During this thesis, a transformation 

system was generated and further optimized.  

 

3.2.1.  Antibiotic tests for the transformation system development 

In order to establish a transformation system for fungal species, it first needs to be determined 

which antibiotic resistance markers can be used for a given species, since fungi can be naturally 

resistant to certain antibiotics. Once suitable antibiotics are determined, the respective 

resistance gene (resistance marker) can be chosen for integration into the fungal genome. 

Several selection markers have been employed for fungal transformation to date (82). 

Commonly used selection markers are genes conferring resistance to hygromycin B, 

nourseothricin, acetamide, gulfosinate ammonium, geneticin and phleomycin (83, 84). 

Alternatively, acetamide can be used as a nitrogen source to isolate successful transformants 

through integration of an acetamidase gene (amdS), since many fungal species do not possess 

this essential enzyme for acetamide utilization (85). Those selection markers also do not work 

in all fungi similarly, since certain species are naturally resistant or possess a functional 

acetamidase gene. In order to determine which markers can be used for transforming T. 

aurantiacus, the growth of this fungus was tested on hygromycin B, nourseothricin, geneticin, 

phleomycin, gulfosinate ammonium and acetamide (Figure 3. 25). Strong growth inhibition 

was caused by the first four compounds, while the fungus was able to grow on Vogel's medium 

supplied with gulfosinate ammonium. T. aurantiacus carries a putative acetamidase 

(Theau1|781) and indeed fungal growth on minimal media plates supplemented with acetamide 

as the sole nitrogen source was found (Figure 3. 25 D). Thus, overall, several selection markers 

that are employed in other genetically tractable fungi can also be employed in this organism.  

 

3.2.2.  Production and germinations rates of T. aurantiacus ascospores 

Various transformation methods are available for fungi, such as protoplastation, 

electroporation, Agrobacterium tumefaciens- and nanoparticle-based methods like biolistics 

(83). Mostly, fungal spores have been used, while mycelium and protoplast can also be used. 

Thus, spore germination rates are crucial to ensure the highest transformations rates. Also, the 

overall amounts of spores produced can be a limiting factor for testing many conditions or 

transforming larger numbers of DNA constructs. Thus, both factors needed to be assessed for 
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the ascospores of T. aurantiacus. Notably, this fungus was reported to only produce ascospores 

through self-crossing, and conidiospores have not yet been described for this species (26).  

 

 

Figure 3. 25: Growth tests of T. aurantiacus on different selection markers: (A) hygromycin B, 

nourseothricin and geneticin (PDA medium), (B) phleomycin (Vogel’s minimal medium) and (C) 

gulfosinate ammonium (Vogel’s minimal medium). (D) T. aurantiacus is able to grow on acetamide 

(Vogel’s minimal medium with no nitrogen added, ammonium nitrate and acetamide from left to right). 

Two replicate plates were used for all assays. Note that all antibiotics or acetamide were separately 

sterile filtered and added to the media after autoclaving. Two biological replicates were used for each 

test.  

 

 

Ascospore production of the closely related fungus A. nidulans is a process tightly regulated 

by environmental factors and often a specific regime is needed for crossing to occur (86). One 

vital condition for fungal sexual crossing and subsequent ascospore production to occur is the 

choice of medium used for culturing. Therefore, the effect of different agar media on the T. 

aurantiacus ascospores production was investigated. Spore production varied considerably 
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depending on the agar media used (Figure 3. 26, C). Strikingly, no spore production occurred 

on CSM and YPD agar, while Oatmeal Agar yielded high amounts of ascospores and different 

types of potato dextrose agar (PDA) yielded variable results. The best PDA batches for 

ascospore production regarding the amount of spores produced by T. aurantiacus were PDA 

from Sigma Aldrich (70139, Lot.: 1879V). Also, Oatmeal Agar (BD) was tested, which enabled 

the second highest production of ascopsores. Notably, the PDA from Sigma Aldrich yielded 

pronounced differences in coloration and amount of spore production of this fungus depending 

on the batch, where Lot.: BCBV2300 yielded almost no ascospores at all unlike Lot.: 1879V. 

Also, PD-broth (BD) supplemented with Difco Agar (Bacto) yielded comparably low amounts 

of ascospores. Thus, the choice of agar medium and even the specific lot can have profound 

differences on the number of ascospores produced. 

PDA from Sigma Aldrich (Lot.: 1879V) seemed to be the superior medium for growth and 

spore production and was used for spore production. It was found that ascospores displayed 

the highest germination rates after 5-6 days when the culture was grown on this medium for 2 

days at 50 °C to increase fungal growth and 3-4 days at 45 °C to decrease desiccation of the 

plates (Figure 3. 26). For all transformations conducted in this study, 6 days old ascospores 

were used, due to higher amounts of spores produced than on day 5. While the number of spores 

harvested increased beyond day 6, consistently low germination rates were found thereafter.  

 

3.2.3. Design of an efficient A. tumefaciens-compatible cloning system for constitutive 

expression of genes of interest in T. aurantiacus  

Previous attempts in our group focused on establishing a protoplastation and electroporation 

protocol for T. aurantiacus to transform protoplasts or spores with the hygromycin B 

phosphotransferase resistance marker hph. However, these methods did not yield any 

transformants. A plethora of fungal species has been genetically transformed with the 

Agrobacterium tumefaciens-mediated transformation (ATMT) procedure (87). Due to the 

prevalence of hygromycin B as a selection marker for transformation of filamentous fungi, it 

was decided to construct ATMT plasmids containing hph. In order to transform T. aurantiacus, 

Simon Harth, a Master student from the TU Braunschweig, constructed the plasmid pTS57 

during an internship at Lawrence Berkeley National Lab. This plasmid allowed high-

throughput integration of genes of interest through Golden Gate Cloning for constitutive 

expression in T. aurantiacus (Figure 3. 27 A). 
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Figure 3. 26: Ascospore production by T. aurantiacus: (A) Germination rates were assessed from 3 – 

8-day old spores that were scraped from 3 replicate plates each; germination was detected via 

randomized counts of spore suspensions. (B) The total amount of produced spores was calculated with 

a hemocytometer.  (C) Ascospore production was also determined with two 6-day replicate plates on 

different plate media. Strong changes in coloration and spore production were found on Potato Dextrose 

(PD) Agar of the same company (Sigma-Aldrich) and product, but different Lot number and PD-Agar 

or PD-Broth from a different company (BD). 

 

The hph gene was used as the resistance marker and is expressed with the native T. aurantiacus 

translation elongation factor-1 promotor (Ptef-1) and is flanked by the tryptophan biosynthesis 

protein terminator (trpC). The gene of interest cloning site is flanked by the native 

glyceraldehyde3phosphate dehydrogenase promotor (Pgpd) and the xylanase regulator xlnR 

terminator (TxlnR) and contains a GFP-drop-out-cassette with a BsaI restriction site, the E. coli 
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GlpT (BBa_J72163) promotor, a ribosome binding site, the gfp-CDS, the BBa_B0015 

terminator and another BsaI restriction site. This design allows screening for successful 

integrations of the gene of interest into the cloning site. Upon transformation into E. coli, native 

pTS57-harbouring colonies can be rapidly identified through GFP-fluorescence, while 

successful replacement of the GFP-cassette with the gene of interest into pTS57 yields white 

colonies. All constitutive expression plasmids used in this study were based on pTS57 through 

replacing the GFP-drop-out cassette with genes of interest (Table 2. 6). Thus, several plasmids 

were available for transforming T. aurantiacus.  

 

3.2.4.  Transformation of T. aurantiacus with the hygromycin B resistance marker and 

optimization of the transformation protocol  

A previously developed ATMT protocol for Rhodosporidium toruloides (73) was tested and 

modified for T. aurantiacus. Briefly, 108 fungal spores were mixed with 2-3 ml of an induced 

A. tumefaciens culture of OD600 of 1 and incubated for 48 h on induction agar containing 

acteosyringione. After this incubation, the spores were spread on hygromycin B PDA and the 

grown fungal colonies were isolated.  

For the initial transformation test run, the pTS57 (parent plasmid) and pTS58 (h1-GFP) 

plasmids were used. Both plasmids carried hph as described above. In this initial experiment, 

three transformants were obtained from two filters using 108 spores each. The presence of hph 

in all strains was verified by using two different primer sets (Figure 3. 27 B). The initial 

transformation frequency of roughly 3 transformants per 108 spores was low. However, it has 

to be noted that most ATMT protocols employ fungal conidia or protoplasts. These entities are 

likely easier to transform than ascospores, which typically have rigid cell walls to endure harsh 

environmental conditions.  

In order to improve the frequency of obtained colonies, several parameters of the initial 

protocol were modified. A 0.45 uM cellulose-acetate-membrane (MF-Millipore HAWP04700) 

was tested against a 0.2 uM nylon membrane (MF-Millipore GNWP04700) (Figure 3. 27 C). 

No colonies were obtained from the transformation using the nylon membranes, while 3 

(pTS68) and 4 (pTS57) colonies per 108 spores were isolated when using cellulose-acetate-

membranes. Since it was found in this work that ascospore production strongly varied with the 

type of plate medium used, the effect of the medium for culturing T. aurantiacus was assessed 

on transformations rates from spores harvested under this condition. High ascospore production 

was found on oatmeal agar and Teknova PDA plates. Thus, transformation rates of spores 
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grown on Oatmeal Agar, PDA from Sigma Aldrich (Lot 1879V) and Teknova were tested 

(Figure 3 D). Highest transformation rates were found for spores grown on Teknova PDA 

plates. This indicated, that the plate medium type can have profound differences when identical 

spore amounts were used (Figure 3. 27 D). Varying the concentration of acetosyringone (100, 

200, 300 and 600 uM) in the induction medium and induction plates was tested. This compound 

causes virulence in A. tumefaciens and it has been found that its amount can strongly impact 

the transformation efficiency. While no significant difference was found among these 

conditions, ~300 uM of that compound led to highest transformation rates based on average 

fungal colonies isolated (Figure 3. 27 E). Furthermore, the effect of combination of incubation 

time (2 and 3 days) and pH (5, 5.5 and 6) of the induction medium used for culturing of A. 

tumefaciens and the induction medium plates for fungal-bacterial co-incubation on 

transformation rates was investigated. pH 5 yielded the most transformants regardless of the 

amount of days incubated, while incubation times of 2 and 3 days did not seem to make a 

difference and led to highly similar amounts of mutants obtained (Figure 3. 27 F). Next, the 

effect of temperature on transformation rates during co-incubation of the bacteria and fungal 

spores was tested. The three different temperatures, 22 °C, 26 °C and 28 °C, were tested. It was 

found that 28 °C was the most favorable temperature (Figure 3. 27 G).  

Finally, a combination of the optimized conditions of the individual parameters was tested: an 

induction medium pH of 5 and 300 uM acetosyringone, 2 days coincubation of bacteria and 

spores from cultures grown on Teknova PDA plates for 6 days at 28 °C on cellulose acetate 

membranes. This combination led to the highest transformation rates that were observed so far, 

yielding on average roughly 11 colonies per 108 spores (Figure 3. 27 H). Thus, the 

transformation system was successfully established and optimized to yield roughly 3 times 

more transformants per plate than the initial protocol did.  

 

 

3.2.5.  Overexpression of xlnR leads to increased xylanase activity in T. aurantiacus 

liquid cultures 

After establishing and optimizing the conditions for the ATMT procedure of T. aurantiacus 

ascospores, the aim was to overexpress regulators that are known to increase cellulase and/or 

xylanase secretion in closely related filamentous fungi to uncover cellulase and xylanase 

regulation in T. aurantiacus. First, the xylanase regulator xlnR was chosen. XlnR and its 

homologue Xyr1 in T. reesei act as activators for xylanase and often also cellulases in different 
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Ascomycetes (54, 60, 88). The function of this transcription factor in T. aurantiacus is 

unknown.  

 

 

Figure 3. 27: (A) The ATMT plasmid pTS57 was designed for efficient insertion of genes of interest 

and screening through Golden Gate Cloning and upon replacement with a GFP-drop-out cassette. (B) 

Verification of hph integration into T. aurantiacus via ATMT. Optimization of T. aurantiacus ATMT 

for (C) membrane used, (D) source of fungal spores, (E) acetosyringone concentration, (F) incubation 

time and pH and (G) temperature. (H) A combination of optimized pH and temperature was tested 

regarding transformation rates. (C, F and G: 2 biological replicates, D, E and H: 3 biological replicates). 

 

 

The transformation was performed with pTS67 (Supplementary Figure 3), which harbors the 

xlnR expressed under the gdp promotor and contains the hph gene for selection of successful 

transformants. The isolates transformed with hph and constitutively expressed xlnR were 

compared to the WT regarding differences in xylanase and CMCase activity and quantity of 

protein secreted when grown in liquid media containing Avicel cellulose.  
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In this experiment, a total of 29 transformants was tested and the integration of hph in every 

transformant of a random subset of 16 transformants was verified (Figure 3. 28 C). All colonies 

yielded a band after PCR for a hph-specific primer pair. One band was sequenced and 

confirmed that it was indeed the hph sequence. All 29 transformants were compared to the WT. 

More than 50% increase in xylanase activity was found in 24 out of 29 isolates compared to 

WT, from which 10 displayed more than 300% increase (Figure 3. 28 A). This strongly 

supports that xlnR is a xylanase activator as has been found in Aspergilli and P. oxalicum (54, 

57, 59). CMCase activity was increased in most isolates, however to a much lower degree than 

xylanase activity (Figure 3. 28 B).  

The enhanced secretion of xylanases and cellulases in the transformants compared to the WT 

indicated that xlnR was a potent activator of these enzymes. However, the enzyme secretion 

could not be corrected for fungal biomass production, which is inherently difficult for Avicel 

cultures where fungi and residual cellulose cannot be separated. To assay these strains under 

conditions more controlled for fungal biomass contribution to enzyme production, a shift 

experiment with 3 isolates that displayed the highest amount of xylanase activity and the WT 

was performed. These strains were grown in D-glucose medium and equal amounts of fungal 

biomass was then shifted to NoC medium to account for the base line production of enzymes 

in the absence of an inducer. A 2 – 6 fold increase in xylanase activity compared to WT in 

these isolates was found (Figure 3. 28 D). This indicated that overexpression of xlnR was 

suitable for generating high xylanase secreting strains and this expression was stable during 

shift experiments when strains first grown on D-glucose and then shifted to NoC medium. 

Therefore, xlnR is a highly intriguing target for strain engineering and appears to be an 

important regulator for cellulase and xylanase regulation.  

 

3.2.6.  Ectopic overexpression of clr2 leads to increased xylanase activity  

After overexpressing xlnR, the function of the transcriptional regulators clr1 (plasmid pTS68, 

Supplementary Figure 4) and clr2 (plasmid pTS69, Supplementary Figure 5) were investigated, 

which act as cellulases and xylanase activators in related fungal species (88). For this 

experiment, xylanase and CMCase activity of all mutants was compared to WT (Figure 3. 29). 

It was found that all clr2 overexpression mutants displayed significantly increased xylanase 

activity, while CMCase activity of the culture supernatant was not increased compared to WT 

(pval < 0.05). For the clr1 overexpression mutant, a high variability was found, from lower 

xylanase activity than WT to significantly higher CMCase and xylanase activity. 
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Figure 3. 28: Constitutive expression of the native transcriptional regulator xlnR in T. aurantiacus led 

to elevated xylanase and CMCase secretion of xlnR overexpressing mutants compared to the wild type 

when grown in McClendon’s medium supplemented with Avicel cellulose. The DNS Assay was used 

to screen 29 xlnR overexpressing mutants grown directly in Avicel medium for (A) xylanase and (B) 

CMCase activity. (C) The hph integration was verified for all tested strains. (D) From a subset of the 

mutants tested in (A,B), a subset of 4 mutants displaying the highest xylanase activity in (A) was used 

for a shift experiment. The mutants were grown in McClendon’s medium supplemented with soy meal 

peptone and D-glucose for 48 hours and equal amounts of mycelium were shifted to no carbohydrate 

medium containing no D-glucose from which xylanase activity was assessed under starvation 

conditions. Bars in (A, B) represent one biological replicate, error bars represent standard deviation of 

3 technical replicates, Bars in D represent 3 biological replicates, error bars represent standard deviation 

of those, asterisks indicates significant difference compared to the wild type (two-sided ttest, pval < 

0.05).  

 

For future efforts, targeting overexpression cassettes to target regions in the genome (e.g. pyrG 

locus) or performing deletions of the tested transcriptional regulators will be vital to obtain a 

better understanding of cellulase and xylanase regulation.  
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Figure 3. 29: Constitutive expression of the native transcriptional regulator clr1 and clr2 in T. 

aurantiacus, screened with xylanase and CMCase activity the culture broth of isolated mutants 

compared to the wild type when grown in McClendon’s medium supplemented with soy meal peptone 

and D-xylose. WT bars represent 3 biological replicates (error bars = standard deviation), Clr1 strain 

and Clr2 strain bars represent one biological replicates. Asterisks indicates significant difference 

compared to the wild type (two-sided ttest, pval < 0.05).  

 

3.2.7.  Generation of 5-FOA resistant and uracil auxotroph T. aurantiacus mutants 

While resistance markers such as hph can be used for a variety of fungi. Once integrated into 

the genome, the resistant fungal colonies can be isolated on plate media containing the 

respective antibiotic, such as hygromycin B in the case of hph. However, most markers can 

only be used for a single modification, since the strain becomes resistant when the resistance 

maker was integrated into the genome. However, so called recyclable markers can solve this 

problem. Unlike conventional antibiotic resistances, recyclable markers such as pyrG, pyrE, 

amdS and several others can be screened for their presence and absence in the fungal genome. 

The most common recyclable marker is the Orotidine-5'-phosphate decarboxylase pyrG (S. 

cervisiae ura3 orthologue). This gene is vital for the synthesis of pyrimidines in the fungal cell. 

At the same time, this enzyme can also convert the non-toxic halogenated compound 5-FOA 

into the highly toxic compound 5-Fluorouracil. Therefore, mutations in pyrG can cause the 

inactivation of the uracil pathway, leading to uracil auxotrophy, but 5-FOA resistance at the 

same time, since no more 5-FOA is converted to 5-fluorouracil (89, 90). While uracil 

auxotrophic strains cannot grow on media without uracil, these strains can grow on plate and 
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liquid media containing uracil and 5-FOA at the same time, while non-uracil auxotrophic 

strains usually cannot grow due to their conversion of 5-FOA to 5-fluorocuracil. This 

essentially allows to isolate strains with gene deletions in the uracil pathway such as pyrG. 

However, also insertion of a functional pyrG copy in the uracil auxotrophic ΔpyrG background 

allows selection of transformants on minimal medium, which cures the auxotrophy. In a 

subsequent round, the newly inserted functional pyrG copy can then be target for another round 

of deletion or loop-out removal (91) to isolate ΔpyrG auxotrophs with 5-FOA for second 

transformation using the pyrG as the selection marker. Every round of integration or deletion 

of pyrG allows to delete or insert a gene of interest in the fungal genome. This way, many 

targeted genome modifications can be stacked by recycling pyrG through rounds of deletions 

and re-integrations.  

Recently, a screening procedure has been established, that allows the identification of targeted 

integrations with pyrG as a recyclable marker in A. niger through a complementary sequence 

in the transformation construct that is able to loop out only when integrated in the locus of 

interest (91). This facilitates identification of targeted integration through a 5-FOA screen in 

the presence of uracil that leads to identification of strains with looped out pyrG, which 

indicates integration in the target site.  

The same procedure is possible through deletion of the orotate phosphoribosyltransferase pyrE 

(S. cerevisiae ura5 orthologue), which also causes 5-FOA resistance and uracil auxotrophy (92, 

93). Due to the versatility of these genes, T. aurantiacus strains with deletion in pyrG or pyrE 

were tried to be obtained.  

To identify the optimal conditions for selection of successful pyrG deletion strains of T. 

aurantiacus, a UV mutagenesis was performed with WT spores for 45 seconds in the Fisher 

Scientific fb-uvxl-1000 UV cross linker. These spores were plated on Vogel’s minimal medium 

and PDA plates containing 1.2 mg/ml 5-FOA and 1 mg/ml uracil. Intriguingly, no growth 

occurred on the PDA plates, while 4 putative 5-FOA resistant mutants were isolated from the 

minimal medium plates. These four strains (45-1, 45-2, 45-3 and 45-4) were isolated through 

another round of selection on Vogel’s 5-FOA medium. It was hypothesized that therefore, these 

strains carry mutations in either the pyrG or pyrE orthologue. The pyrG and pyrE orthologue 

genes of  these mutants were sequenced and it was found that the pyrG gene was not affected, 

while a 192 bp duplication of part of the pyrE sequence was found in the pyrE gene of 45-1 

and a point mutations at pyrE position of the CDS was found in 45-3 (Figure 3. 30 A). This 

allowed the isolation of two random pyrE deletion mutants (45-1, 45-3) displaying uracil 

auxotrophy and 5-FOA resistance.  
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The 45-1 and 45-3 strain was tested on plate media. There it was found that 45-3 did not display 

any growth on minimal medium without supplemented uracil, while 45-1 did. This might be 

due to residual wild-type nuclei in 45-1 allowing growth under this condition (Figure 3. 30 B). 

Nevertheless, another resistance in T. aurantiacus was established that can now be used as a 

recyclable selection marker.  

 

 

Figure 3. 30: Sequencing of pyrE gene of two 5-FOA resistant T. aurantiacus UV mutants. (A) 

Sequencing of pyrE in the strains 45-1 and 45-3 revealed mutations in this gene. (B) Plate growth tests 

of both mutants compared with Wild type (WT) and a hygromycin B resistant strain (pR4008#D) 

revealed that 45-3 was uracil auxotroph and 5-FOA resistant. Images were taken and sequences were 

analyzed by the authors master student Julia Prinz. The alignment in (A) was performed with the 

Geneious Prime software.  

 

3.2.8.  Method Development - High Throughput Screening 

The higher amounts of mutant strains generated with the optimized transformation protocol 

made it necessary to develop means of higher throughput strain testing and screening. 

Previously, this was achieved by cultivating fungal CAZyme mutants in well plates on solid 

agar or in liquid media (94, 95). Plate-based screens are frequently performed for single-celled 

organisms, while fungi are still mostly cultivated in shake flasks. Due to the complex fungal 

growth morphology in well plates, oxygen deficits can quickly develop due to a lack of mixing, 

resulting in impaired growth. To more efficiently screen several mutants, a 24-well plate 

culturing method was developed for T. aurantiacus. The challenge was the high incubation 

temperature of 50 °C, resulting in high evaporation (Figure 3. 31 A, B). This has a negative 

effect on the cultivation, because after 3 days, the cultures at the bottom rows of the plate 

completely dried out. This excessive and unequal drying could be prevented by inserting the 

plates in a secondary vessel, which was sealed with a paper membrane at the top. This allowed 
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the cultivation of T. aurantiacus in 24-well plates in minimal and complex medium (Figure 

3.31). This cultivation now made it possible to cultivated generated mutants faster for DNA-

extraction and DNA sequencing verifications. 

 

 

Figure 3. 31: Cultivation of T. aurantiacus in 24 well plates for high throughput screening. (A) Initial 

water evaporation tests revealed high non-uniformal evaporation (red colors indicate loss of water in ul 

while blue colors indicated condensation and thus increase of water in ul). (B) Cultivation of T. 

aurantiacus in the non-optimized setup. (C) Cultivation of T. aurantiacus in the optimized setup in 

Vogel’s minimal medium supplemented with L-arabinose, sucrose or no carbon (from right to left) or 

(D) cultivations in PD-broth.  

 

3.3.  Reverse-engineering enzyme hypersecretion in filamentous fungi   

The original goal of this project was to uncover the genetic basis of enzyme hypersecretion of 

the N. crassa exo-1 mutant, in order to reverse engineer this mutation in T. aurantiacus. Upon 

pinpointing the mutation in an F-Box protein encoding gene, that is not present in the Eurotiales 

clade to which T. aurantiacus belongs, it became apparent that this enzyme hypersecretion 

phenotype cannot be engineered as for N. crassa. Nevertheless, this highly interesting 

phenotype was further characterized and finally, the exo-1 phenotype was successfully 

reversely engineered into a different thermophilic fungus, M. thermophila, by our collaborators 

Dr. Chaoguang Tian, Dr. Qian Liu and Fangya Li (Supplementary Figure 6).   
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3.3.1.  Induction of protein secretion of the exo-1 mutant   

Increased secretion of amylase, invertase, pectinase and trehalase by the exo-1 mutant has 

already been found on maltose, D-galactose and pectin related substrates (68, 69, 96–100). This 

phenotype is highly desirable for industrial applications and to our knowledge it has not been 

reported if other types of enzymes such as cellulases or xylanases are affected as well. It was 

tested if the protein hypersecretion phenotype of exo-1, Δexo-1 and WT was also observed on 

the lignocellulosic substrates filter paper, pulverized dried hay and granular starch, Lindner 

(Figure 3. 32). As a result, the exo-1 mutant secreted higher amounts of enzymes in all media 

tested with hay medium leading to highest production. The WT secreted consistently less 

protein and the highest titers were reached in hay medium as well. Notably, exo-1 appeared to 

secrete a certain subset of proteins in a highly elevated manner compared to the WT. The 

dominant bands of exo-1 appeared to run at different heights compared to WT profile and the 

band at 50 kDa of all exo-1 profiles seemed to have no corresponding band in the WT profile. 

Together these observations indicated, that the elevated protein secretion of exo-1 also 

happened on complex C sources.  

 

3.3.2.  Expression of the exo-1 mutant allele in the N. crassa wild type did not lead to 

altered amylase and enzyme secretion  

The previous experiment strongly suggested that the exo-1 enzyme hypersecretion phenotype 

was due to a loss of function of the exo-1 gene, since this phenotype was observed in the Δexo-

1 strain and exo-1. To exclude any possibility that the allele also mediates a gain of function 

resulting in increased protein secretion, the full length exo-1 mutant allele was inserted, 

carrying the pre-mature stop codon (Figure 3. 34 A), into the his3 locus of the N. crassa his3- 

strain. This led to the isolation of RG1.5 (exo-1/his3+::exo-1*R208). For evaluating their 

enzyme secretion phenotypes, RG1.5, exo-1 and the WT were grown in Vogel’s medium 

containing Avicel cellulose as a carbon source (Figure 3. 33). Amylase activity and protein 

secretion were used as markers for assaying the exo-1 hypersecretion phenotype. As seen in 

previous experiments, the exo-1 mutant secreted higher amounts of protein compared to WT. 

RG1.5 displayed close to identical protein secretion to the WT and thus confirms that insertion 

of the exo-1 gene from the exo-1 mutant did not cause higher protein secretion as long as an 

intact gene copy is present in the genome. Interestingly, the exo-1 mutant secretes elevated 

starch degrading enzymes when grown on cellulose, which did not happen in both other strains. 

This revealed that the thick band in the protein profile of exo-1 at ~70 kDa could in fact be a 
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combination of the 75 kDa CBH-1 and the 69 kDa glucoamylase gla-1. It was recently found, 

that exo-1 hypersecretes GLA-1 (81, 101). The high amylase activity of exo-1, when grown in 

lignocellulosic substrate, is therefore a good marker for screening for the respective phenotype.  

 

   

Figure 3. 32: Secreted protein profile of the N. crassa exo-1 mutant and wild type grown in liquid media 

on various C sources in Vogel`s minimal medium after 3 days of incubation. Marker: PageRuler 

Unstained Protein Ladder, sizes are displayed on the right side (kDa). W = wild type, E = exo-1; 

Substrates: S = starch, H = pulverized hay, G = D-glucose only, F = Whatman filter paper. Each bar 

represents one biological replicate.  
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Figure 3. 33: Scatter plot of protein secretion and amylase activity of N. crassa exo-1 and RG1.5 (exo-

1,  his3+::exo-1*R208) and wild type (WT) grown in Avicel liquid medium for 72 h. Each point 

represents plotted measurements the Bradford Protein Assay against amylase activity from three 

biological culture replicates of the respective strains shown in the legend.    

 

 

3.3.3.  Genome resequencing of the exo-1 mutant revealed truncation of the exo-1 gene, 

which causes CAZyme hypersecretion 

The idiosyncratic feature of exo-1 enzyme secretion phenotype has been described as 

hyperproduction of α-amylase, β-amylase, glucoamylase, invertase, pectinases, and slightly 

elevated trehalase (68, 69, 96–100). The putative single mutation was reported to be linked to 

and left of mat (7%).  

Another goal was to assess whether the Δexo-1 mutant displays the same phenotype as exo-1 

on cellulosic substrate and if the high amount of protein secretion is also reflected by a higher 

cellulolytic activity. To this end exo-1, Δexo-1 and WT were cultured in liquid media with 

either Avicel cellulose PH-101 or pulverized dried hay (Figure 3. 35). The similarity in protein 

secretion and enzyme activity among the exo-1 and Δexo-1 mutants was apparent, indicating 

again that that the mutation in the exo-1 gene is the cause of the hypersecretion phenotype 

(Figure 3. 35 A-E). The banding pattern in the protein profile displayed the same trend that 

certain proteins were secreted in an elevated manner, while others match the band intensity of 

the WT. Strikingly, the roughly 3 times higher protein titers of the mutants are not 

proportionally reflected by the CMCase activity and Xylanase activity (Figure 3. 35 C, D). 

Both mutants display only a small increase in CMCase activity compared to the WT when 
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grown on hay, while this trend could not be seen when grown on Avicel. This suggests that 

different proteins are secreted in large amounts, which do not participate in lignocellulose 

deconstruction.  

 

 

 

Figure 3. 34: (A) The exo-1 (NCU09899) gene and protein model and (B) exo-1 orthologue phylogeny.  

 

 

Based on the findings of the exo-1 truncation in the exo-1 strain genome re-sequencing and that 

deletion of the exo-1  gene cause hypersecretion of amylases, the intact WT N. crassa exo-1 

gene was inserted at the his-3 locus of the his-3-, exo-1 strain to assess if curing of the exo-1 

phenotype is facilitated. To this end, the amylase activity of the WT, the exo-1 mutant and the 

his3+::WTexo-1, exo-1 strain was compared. It was found that the exo-1 mutant displayed 

highly elevated amylase activity compared to both WT and the his3+::WTexo-1, exo-1 strain 

(Figure 3. 36 A). This indicated that the point mutation in the exo-1 gene of the exo-1 mutant 

caused the hypersecretion phenotype, which could be reverted by the insertion of the intact 

exo-1 copy. 

The next step was to investigate the exo-1 phenotype under different growth conditions and 

regarding different enzyme activities (Figure 3. 36 B-F). Moreover, since exo-1 displayed 
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similar features of a carbon catabolite de-repressed Δcre-1 strain, in which the highly conserved 

major carbon catabolite repressor gene cre-1 is deleted, the latter one was included as well for 

further comparison (62). The cre-1 orthologues are highly conserved in Ascomycetes and 

represses production of various CAZyme when grown on an easy available carbon source 

(102). Secretion of enzymes requires relieve from carbon catabolite repression and also the 

presence of CAZyme specific inducers, which are often soluble sugars related to break down 

of cellulose, hemicellulose, starch, pectin or other polysaccharides. However, efficient 

secretion of CAZyme was reported to still require CAZyme inducers in the Δcre-1 strain (62). 

exo-1 and Δexo-1 secrete high amounts of CAZyme when grown in medium containing Avicel 

cellulose, starch and NoC or upon depletion of D-glucose (Figure 3. 36). The amount of enzyme 

secretion after 4 days on D-glucose in both strains is almost as high as on starch and Avicel and 

thus no inducer seemed to be required. This was very different from the Δcre-1 mutant, which 

displayed generally higher enzyme secretion than the WT, however secreted comparably low 

enzyme amounts in D-glucose medium when no inducers were present. Strikingly, Δexo-1 and 

exo-1 displayed high amounts of enzyme secretion and amylase, invertase and pectinase 

activity regardless of carbon source present. Their SDS-PAGE protein profile appears to be 

identical and yet very different from WT and Δcre-1 (Figure 3. 36 B). Virtually all enzyme 

activities in the culture filtrate of Δexo-1 and exo-1 were found to be higher than the ones of 

WT and Δcre-1 as well. This revealed the intriguing feature of exo-1 and Δexo-1 in which many 

enzymes exhibit elevated secretion compared to WT. However certain enzymes such as 

invertase and amylase were secreted in much higher amounts than all other enzymes, as 

inferred by high enzymes activities. This also matched the SDS-PAGE banding pattern of exo-

1 and Δexo-1 compared to WT, where several thick bands that were not present in the WT 

profile indicate that a few enzymes are actually hypersecreted, while other enzymes seem to be 

only slightly higher secreted. This showed that deletion of the F-box protein-encoding gene 

exo-1 in N. crassa caused inducer-independent hyper-secretion of amylases, invertase and 

pectinases. This is an intriguing feature for industrial applications, especially since the high 

secretion happened in CAZyme inducer free D-glucose medium after four days.  

 

3.3.4.  Deletion of glucoamylase gene gla-1 did not reduce the overall protein secretion in 

Δexo-1  

The intriguing feature of the exo-1 phenotype was the high secretion of specific enzymes in the 

absence of inducers. This raised the question if the enzyme secretion pathway might be 



 

86 
 

saturated in these strains and if deletion of one of the hypersecreted enzymes might open 

capacities for other enzymes?  

 

 

Figure 3. 35: Growth of N. crassa exo-1 mutant, Δexo-1 and, WT on lignocellulosic substrates supplied 

with 1% D-glucose: (A) Avicel liquid cultures (n = 1), (B) pulverized hay liquid cultures after 96h (n = 

3). The cellulolytic activity was measured with the (C) CMCase assay and (D) Xylanase assay. (E) The 

protein production of the hay cultures was measured with the Bradford assay. Each bar with an error 

bar represent the standard deviation of 3 biological replicates, bars without error bar represent one 

biological replicate.  

 

 

The exo-1 mutant secretes elevated amounts of the ~70 kDa glucoamylase GLA-1 (101). GLA-

1 appeared to be among the most highly secreted enzymes and this band was always present 

regardless of the carbon source added to medium on SDS-PAGE gels. It was confirmed that 

GLA-1 is indeed one of the hypersecreted enzymes via deletion of gla-1 in the Δexo-1 

background through crossing Δexo-1 with Δgla-1. The protein secretion and amylase, invertase 

and CMCase activity of Δexo-1, Δexo-1/Δgla-1 and WT strains grown on Avicel cellulose and 

switchgrass was assessed (Figure 3. 37). Switchgrass was used as an enzyme inducing carbon 

source since it contains the full repertoire of plant polysaccharides. It was found that the total 

amount of secreted proteins of Δexo-1/Δgla-1 was not reduced compared to Δexo-1, indicating 

that other enzymes were secreted in higher amounts. In accordance with this observation, 
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invertase and CMCase activity was very high in the double knock out strain, while the amylase 

activity was as low as in the WT background (Figure 3. 37 A). Deletion of the gla-1 gene via 

crossing the Δgla-1 strain with Δexo-1 lead to disappearing of the prominent 70 kDa band when 

grown on D-glucose (Figure 3. 37 B). This confirmed that mainly gla-1 hypersecretion was 

responsible for the elevated amylase activity in Δexo-1. The SDS-PAGE profile of these 3 

strains again indicated that several enzymes in the mutant strains besides gla-1 are 

hypersecreted compared to the WT. 

 

 

Figure 3. 36: Comparison of enzyme secretion and enzyme activities of N. crassa wild type (WT), 

Δexo-1 (Δe), exo-1 (Ex), his3+::WTexo-1, exo-1 (Ex+) and Δcre-1 (Δc). (A) Amylase assay of stains 

directly inoculated in D-glucose medium for 4 days without shifting. (B-F) All strains were grown in 

Vogel’s minimal medium with D-glucose for 48 h and then shifted to media containing either D-glucose 

or Avicel cellulose and soluble starch for 4 days. Enzyme secretion phenotypes were surveyed with (B) 

SDS PAGE, (C) Bradford Assay and different assays using the DNS method: (D) Amylase assay with 

1 % soluble starch, (E) Invertase assay with 0.1 M sucrose and (F) CMCase assay with 1 % CMC. All 

assays were performed with three culture replicates.  
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These finding indicated that the protein secretion pathway in Δexo-1 and the exo-1 mutant 

might be saturated and that deletion of hypersecreted enzymes can lead to higher secretion of 

other hypersecreted enzymes. This finding is very interesting from an industrial point of view 

by highly increasing production of specific enzymes.  

 

3.3.5.  Deletion of exo-1 did not cause carbon source utilization defects as reported 

previously for other fungi  

Previously, the exo-1 ortholog frp-1 has been found to be involved in the ability of Fusarium 

oxysporum and Fusarium graminearum to utilize different carbon sources (103–105). The 

deletion of this gene in F. oxysporum caused growth defects on certain organic acids, amino 

acids, polysaccharides, sugar alcohols and ethanol, however not on oligosaccharides (103). 

 

 

Figure 3. 37: Comparison of enzyme secretion capacity of N. crassa wild type (WT), Δexo-1 (Δe), and 

Δexo-1/Δgla-1 (Δeg).  All strains were grown in Vogel’s minimal medium with D-glucose for 48 h and 

then shifted to media containing either Avicel cellulose or non-pretreated switch grass for 4 days. 

Enzyme secretion phenotypes were surveyed with (A) SDS-PAGE, (B) Bradford Assay and different 

assays using the DNS method: (C) Amylase assay with 1 % soluble starch, (D) Invertase assay with 0.1 

M sucrose and (E) CMCase assay with 1 % CMC. All assays were performed with three culture 

replicates. 
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The F. graminearum frp-1 displayed reduced growth on several mono- and polysugars and on 

a few amino acids and carboxylic acids and enhanced growth was observed on two sugar 

alcohols and two polysugars (104). In the same study, the deletion of frp-1 in Botrytis cinerea 

did not lead to any growth defects or reduction in growth on all tested carbon sources, but grow 

improvements on mono-, di- and trisaccharides, two sugar alcohols. The difference of the 

effects of this deletion raised the question which effect the loss of this gene in N. crassa has on 

growth on different carbon sources and whether exo-1, Δexo-1 and WT display differences in 

grow among each other. In order to answer these questions, the 3 strains were grown on race 

tubes containing either sucrose or maltose as a carbon source and the growth was assessed 

during a time span of 3 days. Intriguingly, both mutants had highly similar growth like the WT 

and did not display any kinds of growth defects (Figure 3. 38 A). Furthermore, the growth of 

the Δexo-1 mutant was compared to the WT as has been done in the mentioned studies before. 

Unlike the Fusarium strains, N. crassa Δexo-1 did not display any growth reduction on agar 

plates with complex carbon sources, soluble sugars, organic acids, amino acids and sugar 

alcohols. Higher growth of Δexo-1 has been found on soluble starch, which is not surprising 

due to the reported higher amylase activity of this strain. Also, higher growth was found on 

sorbitol and glutamate (Figure 3. 38 B, C). In summary, the exo-1 and Δexo-1 strain behaved 

indistinguishable when grown on sucrose and maltose. Also, no growth defects have been 

found on the carbon sources tested among Δexo-1 and the WT.  

 

 

3.3.6.  Proteomics reveals novel aspects of the exo-1 phenotype in transcriptional 

regulation, cellular carbon and nitrogen metabolism and ubiquitination  

A better understanding of the mechanism behind CAZyme regulation mediated through EXO-

1 was needed to identify potential target proteins that are bound by EXO-1 and tagged for 

degradation and uncover secondary proteome changes in the Δexo-1 strain. WT and Δexo-1 

were grown for a proteomics experiment in a D-glucose pre-culture and shifted to CAZyme 

repressing D-glucose medium and CAZyme de-repressing no carbohydrate medium to identify 

the protein targets of EXO-1. In NoC medium, potential EXO-1 targets were expected to be 

present in higher amounts in Δexo-1 compared to the WT, since these target proteins cannot be 

degraded by the F-box protein in the mutant. In the D-glucose medium, no accumulation of 

EXO-1 target proteins related to CAZyme secretion was expected, since CCR was found to 
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still suppress enzyme secretion in Δexo-1 in high D-glucose medium. However, the D-glucose 

condition was included to shed new light on changes in the cellular metabolisms of the mutant 

strain.  

 

 

Figure 3. 38: Growth comparison of N. crassa wild type (WT), exo-1 and Δexo-1. (A) Race tube assay 

on 2% sucrose and maltose agar. (B) Plate growth assay on various carbon sources (1% w/v). All assays 

were performed with three culture replicates (error bars represent standard deviations). (D) Culture 

morphology of WT, exo-1 and Δexo-1 grown on different carbon sources.  

 

 

In order to gain a comprehensive view of the anticipated proteome changes, an early (1 h after 

shifting) and later (16 h after shifting) time point for both strains grown in D-glucose or NoC 

medium was included. The early time point was included for uncovering the EXO-1 target 

proteins. The overall proteome changes induced by the NoC medium were expected to be minor 

at this time point, since secondary proteome changes often take longer to manifest. The second 

time point after 16 h was introduced to capture these secondary changes of the proteome that 

ultimately are the basis of the CAZyme hypersecretion phenotype. The full extent of exo-1 

deletion was thought to be visible at this time point.  
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Since often transcriptional regulators are specific targets of ubiquitination and proteasomal 

degradation (106, 107), changes in protein abundance of N. crassa transcription factors was 

investigated first. Of the 253 TFs described in N. crassa, 47 were identified in at least one in 

the 16-hour NoC condition and 6 displayed significant abundance changes (p < 0.05). 

NCU02724 NCU02957, NCU04673 and NCU05891 exhibited strongly reduced abundance in 

Δexo-1 (log2FC < -1.5) compared to the WT while NCU05285 displayed a slightly higher 

abundance (log2FC 0.47) and NCU02173 was only measured in the mutant. TF NCU05285, 

the respiration factor 2 (rsf2) homolog of yeast, which is required for growth on glycerol and 

respiration, was on average higher in ∆exo-1 during all time points in and conditions and 

significantly higher in the 1-hour D-D-glucose and 16-hour NoC condition (Figure 3. 39 A). 

Contrariwise, in the 1-hour NoC condition, NCU04022 (TF-27) and NCU06145 (RING-6) 

displayed lower and NCU06205 (RCO-1) and NCU07788 (COL-26) higher abundance in the 

mutant compared to the WT. It was found that COL-26 was on average more abundant in all 

time points and conditions during proteomics, but only significantly higher at the 1-hour NoC 

time point, corroborating a possible link between COL-26 and EXO-1. CRE-1 was not 

significantly different under NoC and D-glucose conditions in ∆exo-1 with the given threshold. 

However, the abundance of this protein was more than 3.6-fold higher in the mutant in the 1-

hour D-glucose condition (pval = 0.075) and 2.5-fold higher in the 16-hour NoC condition, 

indicating a miss-regulation of CRE-1 in ∆exo-1.  

In the following, proteins with a positive or negative fold-change of at least 2 in ∆exo-1 

compared to the WT strain were used for a FunCat analysis (Figure 3. 39 B). This analysis shed 

new light on the exo-1 phenotype. In the 16-hour D-glucose conditions, mostly categories 

related to nitrogen and amino acid metabolism were significantly upregulated (p < 0.05) in 

∆exo-1 such as metabolism and biosynthesis of specific amino acids [01.01.09] such as 

histidine, cysteine and glycine. Furthermore, polysaccharide metabolism [01.05.03] and 

metabolism of vitamins, cofactors, and prosthetic groups [01.07] was enriched as well. 

Functional categories that were significantly down-regulated appeared to be diverse and rather 

unspecific. On NoC, several categories were enriched in the mutant dealing with RNA 

processing [11.04], but also starch [01.05.03.04] and polysaccharide [01.05.03] metabolism. 

Intriguingly, mostly carbon metabolism categories were significantly down-regulated in 

mutant on NoC, such as C-compound and carbohydrate metabolism [01.05], lipid, fatty acid 

and isoprenoid metabolism [01.06], amino acid metabolism [01.01] and proteasomal 

degradation (ubiquitin/proteasomal pathway) [14.13.01.01]. In this category, the ubiquitin 

transferases NCU00272 (cul4), NCU03947, NCU06372, NCU01225 (uce-13) and NCU10477 
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(uce-5). Thus, the FunCat Analysis indicated the involvement of EXO-1 in regulation of 

broader cellular carbon and nitrogen metabolism, where amino acid metabolism was strongly 

affected.    

 

3.3.6.  Comparison of the proteomics data with a previously performed RNA-Seq 

experiment revealed miss-regulation of carbon catabolite repression under 

starvation conditions 

In addition to comparing the proteome of Δexo-1 and WT, a further goal was to identify genes 

and proteins that were differently expressed or abundant in the mutant strain. This might 

highlight specific genes and proteins that were strongly affected by deletion of exo-1 and thus 

help to obtain a better understanding the exo-1 phenotype. For this work, a previous RNA-Seq 

study was conducted by the graduate student Nils Thieme from TU Munich. The transcriptome 

changes of WT and Δexo-1 grown in modified Vogel’s D-glucose minimal medium for 16 h, 

that were then shifted to either D-glucose, Avicel cellulose or no carbon medium for further 16 

hours were compared (data shown in the respective dissertation, Thieme 2019). RNA was 

extracted at the end of cultivation. There, considerable differences among WT and Δexo-1 were 

found, indicating that at this time point, the fungi adapted to the new medium after being 

shifted. Amino acid metabolism and anabolism was highly up-regulated in D-glucose medium, 

revealing that there are no-carbon catabolite repressible effects of exo-1 deletion. Additionally, 

it was found by Nils Thieme, that deletion of col-26 in the Δexo-1 background lead to no further 

hypersecretion of amylases and invertase, while pectinase activity in the culture of the mutant 

was still very high (data not shown). To better understand the exo-1 phenotype, the common 

NCUs in the RNA-Seq and Proteomics data sets from the 16 h D-glucose and NoC conditions 

with a log 2-fold change higher than 1 or smaller than -1 were compared. On D-glucose, only 

7 NCUs with a positive fold change in ∆exo-1 were common in both data sets, while 50 NCUs 

displayed lower abundance in the mutant grown in high D-glucose medium in the RNA-Seq 

and Proteomics data sets. None of these NCUs suggested any obvious involvement in ∆exo-1 

specific pathways phenotype. It was found that in NoC medium, 24 NCUs were higher 

abundant in ∆exo-1 compared to the WT. Among these NCUs were the glucoamylase 

NCU01517 (gla-1), the alpha-glucosidase NCU04674, the high affinity D-glucose transporter 

NCU05627 (ght-1), the neutral amino acid permease NCU06619 (mtr) that was found to be 

part of the COL-26 regulon, the not yet described F-box domain-containing protein 

NCU07257, the MFS phosphate transporter NCU07375 and most strikingly, cre-1 as well. For 
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NCUs with negative fold change in the mutant in the NoC condition in both data sets, 

NCU03753 (ccg-1) was found. This was surprising, since this gene is known to be highly 

expressed under conditions of starvation (108). Another clock controlled gene, NCU07787 

(ccg-14), was found here which displayed significantly improved growth on pectin (65). These 

data suggested miss-regulation of Cre-1 in ∆exo-1, especially since gla-1 and alpha-

glucosidase transcription and translation were not affected by the higher levels of CRE-1 

present.  

 

 

Figure 3. 39: Proteome comparison of ∆exo-1 and WT shifted from a D-glucose pre-culture to D-glucose 

(Glc) and no carbon (NoC) medium for 1 h and 16 h. (A) Abundance trends of three proteins that were 

found partially more abundant and significantly enriched in ∆exo-1 (* = pval < 0.1, ** = pval < 0.05). 

(B) Venn Diagram Binning of all proteins from the 16 h D-glucose (Glc) and no carbon (NoC) condition 

that were either higher (up) or lower (down) abundant in ∆exo-1 compared to the WT (2-fold higher or 

lower abundance in ∆exo-1, pval < 0.05). Each error bar represents the standard deviation of 3 biological 

replicates. 
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4.  Discussion  

4.1.  Characterization of CAZyme gene induction in T. aurantiacus 

Understanding the induction of genes encoding CAZymes is crucial for improving enzyme 

production for industrial purposes such as the deconstruction of lignocellulosic plant biomass 

into simple sugars for further conversion into biofuels and bio-products. Previously, it was 

reported that cellulases of T. aurantiacus were induced by complex substrates, such as 

cellulose, xylan and plant biomass (32, 40–42). Notably, Kawamori et al. reported that the 

sugars D-xylose, cellobiose and L-arabinose did not induce enzyme secretion in this fungus 

more than D-glucose and thus were thought not to act as inducers (40). However, this work 

showed that if D-xylose is continuously fed to individual shake flasks, this sugar is indeed a 

potent inducer for cellulases and xylanases in T. aurantiacus (32). The reason for this might be 

that simple sugars can cause CCR when present at high amounts, party mediated through the 

carbon catabolite repressor Cre-1/Cre1/CreA (52, 54, 62, 109). Typically, production of 

enzymes for the breakdown of complex sugars, such as polysaccharides, is repressed until all 

simple sugars are sufficiently depleted. However, once the sugars are depleted, there will be 

no further induction in batch media. Complex lignocellulosic substrates, on the other hand, are 

broken down over longer periods of time and the sugar release thus happens more slowly and 

continuously, similar to a fed-batch process. Fed-batch has been found to improve many 

aspects of enzyme production in bioreactors with filamentous fungi compared to batch 

cultivations, indicating the importance of regulated substrate levels (76, 110).  

Cellulase induction was furthermore confirmed at 2 L and 19 L scale through fed-batch 

addition of D-xylose and C5 sugar-rich plant hydrolysate to fungal cultures (32). In this thesis, 

further sugars were tested and it was found that in addition to D-xylose, also cellobiose and L-

arabinose stimulate high cellulase secretion, while cellobiose barely induced xylanase 

secretion. When the same pump set-up was used for N. crassa, it was found that low feed of 

cellobiose induced elevated cellulase and xylanase activity, while D-xylose, L-arabinose and D-

glucose feed did not induce elevated secretion of these enzymes compared to the D-glucose 

batch culture, indicating distinct differences for these two fungi. For N. crassa, it was shown 

that a triple-beta glucosidase deletion mutant was not able to hydrolyze cellobiose added to the 

medium, which caused strong secretion of cellulases, confirming that the presence of this sugar 

strongly induced cellulases (78).  

To our knowledge, this is the first time that an RNA-Seq experiment was coupled to fed-batch 

experiments in shake flasks testing inducer feeds. While successfully extraction of high quality 
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RNA, generation of cDNA libraries and Tag-Seq sequencing (Lexogen) from various cultures 

was performed, the data analysis could not be yet completed. The T. aurantiacus genome first 

needed to be improved due to missing UTRs of the gene models. Most Tag-Seq reads are 

located in the UTRs and could therefore not be assembled to the current genome. However, we 

applied successfully for a grant with JGI to update the T. auratiacus genome through whole 

transcript deep RNA-Seq (Illumina) with pooled RNA used for Tag-Seq. Surprisingly, Tag-

Seq of those RNA samples led to data of substantially higher quality and low rRNA content 

than whole transcript RNA-Seq. This might be due to better discrimination of the Tag-Seq 

procedure (primers, enzymes, etc.) against rRNA than the Illumina method. Nevertheless, 

enough reads were obtained from the deep RNA-Seq runs and the T. aurantiacus model was 

successfully updated. The new genome model contains UTRs, more accurate splice sites, 

information about mRNA splice isoforms and improved gene models. This new model will be 

released soon and will be a great asset for future work with T. aurantiacus. Upon release of 

this model, the Tag-Seq data will be evaluated. This will uncover gene expression patterns of 

CAZymes, sugar transporters and metabolic genes during inducing, repressing and starvation 

conditions and for the first time help to uncover how the T. aurantiacus transcriptome responds 

to these conditions.  

Additionally, maltose and malt extract were identified as strong inducers for amylases in T. 

aurantiacus. Intriguingly, feeding equal amounts of D-xylose and maltose or cellobiose and 

maltose led to high secretion of cellulases and xylanases while only little amylase activity was 

found under these conditions. No secretion of the glucoamylase GlaA was also found for A. 

niger when grown on D-xylose. In A. niger, expression of GlaA was absent when grown on D-

xylose, and strongly reduced on mixtures of D-xylose with D-glucose, maltose or maltodextrins 

compared to not adding D-xylose (111). Conversely, it was reported that a D-xylose-maltose 

mixture did not decrease glucoamylase secretion of A. niger, while D-xylose severely reduced 

secretion of this enzyme in the presence of starch (112). Similarly, it was found that D-xylose 

and maltose were consumed simultaneously by A. niger, while synthesis of GFP driven by the 

glaA Promotor was higher in the presence of maltose compared to D-xylose-maltose (113). 

These finding show the complexity of glucoamylase regulation and more recent findings of the 

role of the TF amyR and xlnR could explain the repression of amylases in the presence of D-

xylose. It was previously reported that amyR in the closely related fungus P. oxalicum acts as 

a switch in CAZyme induction, through suppressing cellulase secretion and promoting amylase 

production (54). It can be hypothesized that other regulators might switch CAZyme induction 

in the opposite way in T. aurantiacus during D-xylose/cellobiose and maltose feeding, which 
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leads to high cellulase-, but little amylase secretion. This could be done by the TF xlnR. In 

Talaromyces versatilis, xlnR was found to act as a repressor and activator of different types of 

CAZyme genes depending on the culture conditions and substrates present (114). Also in N. 

crassa, the TFs COL-26, VIB-1 and CRE-1 were found to regulate repression and de-

repression of cellulase genes, through the former two negatively regulating CRE-1, which 

ultimately represses CAZyme encoding genes (115). Thus, a complex interplay of regulatory 

proteins seems to determine repression and induction of CAZyme genes in the presence of 

breakdown products from different plant polysaccharides.  

Several mono- and disaccharides related to plant polysaccharide deconstruction in this work 

were screened for CAZyme induction, from which some were investigated in other fungi. In 

the T. reesei cellulase hypersecreting mutant CL847, it was found that D-xylose strongly 

induced xylanase activity but very little cellulase activities (EG, CBH and BG), while 

cellobiose and lactose strongly induced cellulase activities (76). Furthermore, feeding a mixture 

of D-xylose and cellobiose or lactose led to reduction in cellulase activities. Contrariwise, 

feeding a mixture of D-xylose, D-Glucose and cellobiose did not decrease cellulase production 

of the T. reesei M3-1 mutant compared to not adding D-xylose to the feed, while xylanase 

secretion was substantially promoted by adding D-xylose (116). This contrary observation 

could be due to the different mutant strains used in the respective studies. The CAZyme 

secretion of T. aurantiacus in this study was different than the one from CL847, where feeding 

D-xylose alone led to high secretion of cellulases. However, feeding a mixture of D-xylose and 

cellobiose led to a reduction in BG activity compared to only feeding cellobiose in T. 

aurantiacus, as observed for CL847. Moreover, it was found that L-arabinose was a potent 

inducer of xylanases of the T. reesei mutants Rut C-30 and and M3-1 (116, 117), which was 

confirmed in this study for T. aurantiacus as well.  

The differences in induction of specific CAZyme activities due to sugar feeding shows that a 

better understanding cellulase induction will be vital for improving bioprocess strategies and 

obtain a better understanding CAZyme regulation in fungi. This will enable higher production 

of CAZymes for industrial purposes.  

 

 

4.2.  Minimal media improvement for cultivation of filamentous fungi 

In addition to studying the induction of CAZyme secretion and gene expression patterns, a 

fungal minimal medium modification was discovered that improved growth, morphology and 
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protein secretion of filamentous fungi through the addition of sodium citrate and AmSO4. This 

was based on the observation that the lack of growth and protein secretion and a strong drop in 

pH during growth of T. aurantiacus in liquid minimal media could be overcome by addition of 

organic acids when grown on AmSO4. Addition of citrate led to better growth and less 

reduction of culture pH. The reduced growth of T. aurantiacus in minimal medium was 

attributed to the observed strong drop in pH when grown in McClendon’s medium with AmSO4 

or AmNO3 as a nitrogen source. The same was observed for N. crassa and A. niger when grown 

in Vogel’s medium and Aspergillus minimal medium supplemented with D-glucose. For A. 

niger, the industrially most important citric acid producer, the medium acidification response 

has been thoroughly studied, since low culture pH is vital for high citrate production (118). It 

has been reported that this fungus strongly acidifies the medium when grown on simple sugars, 

especially on excess D-glucose (119). Citrate is secreted via symport with protons, which 

strongly acidifies the medium (120). Additionally, it was reported that germinating fungal 

spores release protons when taking up ammonium from the culture medium, which again leads 

to acidification of the medium (121). Both routes of proton secretion explain the strong drop 

of pH of the investigated fungi when grown in D-glucose AmSO4 medium. However, why does 

addition of citrate prevent the observed drop in pH? It was found that A. niger can also grow 

on citrate as a carbon source and the uptake system was found to be proton symport-based 

(120). Thus, growth on citrate might remove protons from the medium, which thereby raises 

the culture pH. The data support this finding for T. aurantiacus, where it was found that the pH 

rose from 5 (after autoclaving) to roughly 7.5 when the fungus was shifted to NoC medium 

containing only citrate as a carbon source, suggesting removal of protons from the liquid 

medium (Figure 3.14). Additionally, adding twice the amount of phosphoric acid buffer of pH 

5 to D-glucose citrate free medium did not improve growth of the fungus and still caused a 

strong drop in pH despite increase the buffering capacity (Figure 3.12). This supports the idea, 

that stabilization of pH due do citrate addition is a physiological effect, for instance through 

active proton-citrate uptake from the culture broth. One way to examine this hypothesis would 

be to grow T. aurantiacus in minimal medium in a bioreactor with and without pH control and 

to compare fungal biomass production, culture pH trends and growth through respiration. 

Previously, strongly reduced enzyme secretion and growth of T. aurantiacus under acidic 

conditions in bioreactors at pH 4 was found, while higher secretion was found for a medium 

with pH 5 and pH 6. Therefore, the final culture pH of roughly 3, when grown in D-glucose 

minimal medium, clearly caused acidity-related stress for this organism. These data suggest, 
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that T. aurantiacus is not as acid tolerant as A. niger, which is grown at pH 2 and lower for 

citric acid production (118).  

Improvement of growth, growth morphology and protein secretion was found for N. crassa and 

A. niger when cultivated in Vogel’s medium or Aspergillus minimal medium with the original 

nitrogen source replaced against AmSO4 with 25 mM sodium citrate added. While fungi were 

often found to be able to tolerate low pH, it was reported that N. crassa for instance displayed 

the highest growth rate and protein secretion and lowest protease activity during bioreactor 

cultivations around pH 6 (81). The growth physiology and spore germination of filamentous 

fungi is strongly affected by pH. It was found that A. niger spores germinated significantly 

slower at low pH (122). Similarly, strong reduction in germination rates were observed for 

Phanarochaete crysosporium spores in medium with pH 2 - 3 and culture morphology differed 

considerably between lower and higher pH (110). Spore walls were found to show changes in 

surface charge depending on the ambient culture pH, leading to aggregation and subsequent 

pellet formation (123). Lastly, it is well established, that low pH leads to highly increased 

secretion of proteases in industrially-used fungi. This leads to degradation of other secreted 

enzymes, which makes maintaining of culture conditions associated with low protease activity 

or systematic deletion of secreted protease genes vital strategies for enabling high native or 

heterologous protein production (101, 110, 124, 125). Since protease activity was often found 

to increase with cultivation at low pH, the increased enzyme production in the modified 

minimal media discussed above might be due to maintenance of a higher culture pH, better 

growth or a combination of both. It is therefore not surprising that a drop in pH during 

cultivation might lead to unfavorable conditions for growth and protein production. Thus, being 

able to prevent strong changes in pH during fungal cultivations might be of great importance 

for increasing reproducibility among experiments and being able to control culture morphology 

and potentially protease secretion.  

Finally, a minimal medium modification was found that can be of great utility for fungal 

cultivations in general and significantly improved the cultivation of T. aurantiacus.  

 

 

4.3.  Development of genetic tools for T. aurantiacus  

In this thesis, an ATMT-based genetic transformation system was successfully developed from 

a similar method used for R. toruloides (73) and optimized for performing genetic tests and 

strain engineering of T. aurantiacus. ATMT is a time-consuming method compared to 
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protoplastation and electroporation, while no special equipment is needed as in the case of 

biolistics (82). Also, ATMT has a higher risk of contamination due to several transfer steps of 

the filters harboring the bacteria and spores. At the same time, this procedure enabled the 

transformation of many fungal species so far and often is the method that often enables to 

access difficult to transform species (87). This holds true for T. aurantiacus, which could 

previously not be transformed with protoplastation and electroporation (personal 

communication with Steven Singer and Timo Schürg). To our knowledge, no transformation 

successes were previously reported for T. aurantiacus. ATMT only allows DNA-based 

transformations, while protoplastation and electroporation can also be used to transform the 

cell through using proteins and RNA (e.g. transformation of pre-mixed Cas9-gRNA 

complexes). Nevertheless, ATMT now allows to effectively edit the T. aurantiacus genome, 

which opens up a wide variety of applications of industrial and academic interest. Ultimately, 

the establishment of more time-efficient strain engineering procedures than ATMT will be of 

interest (83). Increased transformation rates with ATMT can still be of high utility due to the 

possibility to perform functional genomics through random T-DNA integration and subsequent 

strain screening (87, 105, 126). Verification of the integration sites can then be used to uncover 

new target genes for scientific studies or industrial applications. 

With ATMT, it was possible to establish the hygromycin B phosphotransferase hph as a 

selectable marker for isolating transformants. This protocol was optimized for co-incubation 

membranes, fungal spore production medium, acetosyringone concentration, co-incubation 

temperature, pH and time. With optimized conditions (cellulose acetate membrane, Teknova 

PDA for spore production, 300 uM AS, induction medium pH of 5 and 28 °C incubation 

temperature for 2 days) the transformation efficiency was increased roughly 3 fold to 11 

transformants per 108 spores. ATMT was previously established for condiospores of the 

thermophilic fungus M. thermophila (127). The optimal parameters found were 2 days of 

coincubation of bacteria with spores and an AS concentration of 200 uM that generated up to 

145 transformants per 105 spores. Thus, transformation rates seem to be lower for T. 

aurantiacus ascospores.  

Establishing more markers allows to perform several genetic modifications in one strain and 

can be especially interesting for crossing experiments to rapidly combine mutations. T. 

aurantiacus does not have any natural resistance against G418, nourseothricin, phleomycin and 

5-FOA, while the WT was highly resistant to gulfosinate ammonium. Therefore, markers that 

confer resistance to antibiotics that prevent growth of this fungus need to be tested in the future. 

Trying to establish new markers, 5-FOA-resistant colonies through UV mutagenesis on 5-FOA 
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uracil D-glucose medium were isolated. Through sequencing of their pyrE and pyrG genes, a 

frame shift was detected in pyrE. Thus, it was found that pyrE deletion in T. aurantiacus leads 

to 5-FOA resistance and uracil auxotrophy as described for closely related fungi (93, 128). 

Thus, pyrE could be used as a recyclable marker for 5-FOA selection of ΔpyrE strains and 

subsequent re-introduction of a functional pyrE copy for overexpressions and deletions of 

genes of interest (92). Similarly, other resistances could be generated that way using FAA 

(selects for acetamide auxotrophy) or 2-Amino-5-fluorobenzoic acid (selects for tryptophan 

auxotrophy), that can be used as recyclable markers as well. Nevertheless, targeted deletions 

of the respective genes are clearly preferred to prevent accumulation of undesired random 

background mutations in the genome from classical mutagenesis.  

While no targeted integrations were achieved so far in T. aurantiacus, the ATMT procedure 

was vital to overexpress the transcriptional regulators xlnR (Theau_38177), clr1 

(Theau_37408) and clr2 (Theau_50720). The generated findings indicate that xlnR is a 

xylanase activator in T. aurantiacus, while it might also regulate cellulases. Based on the xlnR-

overexpression data generated in this thesis, T. aurantiacus xlnR regulation appears to be 

similar to the function of its homologs in the closely related Aspergillus spp. and P. oxalicum, 

regulating both cellulases and xylanases. For the clr2 overexpression strains, increased 

xylanase activities were found for all strains, while CMCase was not significantly higher in 

any mutant. This indicates that Clr2 might be only a xylanase regulator, although further 

confirmation is needed. This is different from P. oxalicum and N. crassa, where the clr2 

homolog clrB was clearly vital for cellulase production (54, 79). For clr1 overexpression 

strains, a high variability was found for xylanase and CMCase activity and no conclusion can 

be made at this point.  

The established ATMT transformation protocol allows genetic tests. For further future studies 

however, targeted integrations or deletion of those regulators will be vital to assess the function 

of this regulator in more detail through enzyme assays, growth assays and systems biology. 

Random integrations of xlnR and clr1 clearly led to high variability of enzyme secretion in T. 

aurantiacus, which is often caused by random integrations of the overexpression cassettes in 

unknown genomic regions and variable amount of genetic copies inserted into the genome. 

Targeted integrations can be either achieved by screening a large amount of transformants, 

until strains are isolated where homologous recombination led to integration of a DNA cassette 

into the desired genomic location. Another possibility is to delete genes of the NHEJ pathway 

that competes with homologous recombination and leads to integration of DNA cassettes into 

random genomic locations. Deletion of homologs of NHEJ genes ku70, ku80 or ligD  led to 
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drastically increased rates of homologous recombination and facilitated improved isolation of 

deletion strains (83, 129–131). Notably, deletion of NHEJ genes also increases genomic 

instabilities, since that pathway is vital for repairing DNA damage. Therefore, re-integration 

of these genes through crossing or transformation is vital for long-term genomic stability of the 

mutant strains. Establishment of targeted integrations can additionally be improved through 

using auxotrophies, such as targeted integration into the pyrG locus of Aspergillus spp., where 

transformants can be screened with 5-FOA (132). Also, the his3-locus of N. crassa strains 

carrying a histidine auxotrophy (his3-) is often used for targeted integration and expression of 

genes of interest (81). This greatly helps to increase reproducibility among experiments. 

Finally, the recently discovered CRIPSR/Cas9 system was successfully established in a 

Aspergillus carbonarius (133) and Cordyceps militaris (134) and could be used to perform 

gene deletions with higher efficiency and also in a multiplexed manner. This system is 

compatible with ATMT and can be used to delete NHEJ genes to further employ conventional 

transformation with high efficiency without integration of CRISPR/Cas9 into the fungal 

genome. Therefore, using a combination of CRISPR/Cas9, NHEJ mutant strains and 

complementation of auxotrophic strains or recyclable markers will enable to efficiently modify 

other well-known regulators, such as such as creA, clrA, clrB, cblR and amyR to further uncover 

cellulase and xylanase regulation in T. aurantiacus (54, 57, 62, 84, 135). Also other genes 

related to CCR and secretion of other CAZymes might be vital targets for understanding and 

engineering CAZyme secretion in T. aurantiacus (66, 136).  

Furthermore, using different constitutive or inducible promotors might yield a better 

understanding of the role of cellulase and xylanase regulators in T. aurantiacus and ultimately 

could be used for engineering potent CAZyme producing strains. These promotors can be 

identified through RNA-Seq data, such as the data set generated in this thesis (chapter 3.1.9.). 

The CBH1 promotor for instance is commonly used in T. reesei (137) and could be a valuable 

inducible promotor in T. aurantiacus as well due to the large secreted amounts of this enzyme 

during D-xylose feed. The glucoamylase promotor, which is often used in Aspergillus spp. 

together with GLA-1 as a carrier protein for heterologous protein production (122), could also 

be interesting for overexpressing genes of interest under maltose or malt extract feed. The 

respective gene however needs to be first identified with proteomics (chapter 3.1.5.).  

Current efforts focused on establishing a sexual crossing protocol for T. aurantiacus. Crossing 

is a valuable genetic tool, which is available for the model fungi like N. crassa, A. nidulans and 

rather recently also T. reesei (138). However, breeding methods are lacking for several 

industrially-relevant fungi with unknown teleomorphs such as A. niger and A. oryzae, which 
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are presumed to be asexual species (139, 140). Notably, T. aurantiacus is a homothallic fungus, 

which means that this fungus crosses with itself and produces ascospores. No conidiospores 

are produced by this fungus (26). T. aurantiacus ascospore production started after 4 days, 

when fungal cultures were incubated for 2 days at 50 °C and then shifted to 45 °C to prevent 

plate desiccation. The germination rate tests indicated a narrow window, with a peak of roughly 

40% germination at day 5 and 6 under the conditions described above, with a sharp drop before 

and after. Therefore, sexually crossed progeny from parent strains carrying different antibiotic 

resistances could be isolated on plates containing two antibiotics in as little as 7 days. 

Ascospores are homokaryotic, which would allow rapid combination of genes of interest in T. 

aurantiacus. Since crossing methods are lacking for many industrial fungi and since crossing 

can take long time spans, using fast crossing homothallic fungi like T. aurantiacus could be 

very interesting for biotechnological purposes. However, ascospore production of this fungus 

seemed to be highly affected by the medium, ranging from more than 108 to close to none on 

different PDAs or even batches. It has been found that fungal sexual crossing is highly affected 

by environmental conditions and the growth medium composition (86).  

In summary, the developments generated in this thesis will enable rapid stacking of genetic 

modifications into new strains for subsequent strain tests. We expect these developments and 

further improvements of the genetic transformation procedure will turn T. aurantiacus into a 

novel host for studying plant cell deconstruction, sexual biology and cell biology.  

 

 

4.4.  Reverse engineering CAZyme hypersecretion in filamentous fungi 

In this study, the genetic mutations underlying the long-known amylase, invertase and 

pectinase hypersecretion phenotypes of the classical N. crassa mutants exo-1, inl and dgr-2 

were uncovered through DNA-sequencing and genetic tests and were shown to be point 

mutations in the F-box protein gene exo-1 (NCU09899). While F-box proteins have been found 

to modulate CCR and xylanase secretion in A. nidulans (141), it has not been reported before 

that their deletion caused hypersecretion of specific enzymes in the complete absence of 

CAZyme secretion inducers. This is a highly desirable trait for enzyme production. 

Deletion of the entire exo-1 gene led to similarly high secretion of amylase and invertase, while 

re-integration of the WT version complemented this phenotype. The comparison of exo-1 and 

Δexo-1 with the carbon catabolite de-repressed strain Δcre-1 revealed major differences 

regarding the secretion response: Δcre-1 displayed high cellulase secretion in the presence of 
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cellulose but only milder production of amylase and invertase on D-glucose and starch, while 

Δexo-1 and exo-1 displayed inducer-independent hypersecretion of amylase and invertase. 

While CCR in Δexo-1 was found to be impaired in presence of 2-DG, corroborating the data 

from Allen et al. (1989) (70) for dgr-2, hyper-secretion was only observed after depletion of 

available carbon sources (such as D-glucose, starch or galactose).  

The transcriptome data generated by the graduate student Nils Thieme suggested that EXO-1 

is involved in the orchestration of the metabolism after switch to starvation as a new metabolic 

state, including the correct adjustment of starch, pectin and hemicellulose metabolism as well 

as the regulation of amino acid, organic acid, and alcohol metabolism. The exo-1 proteome 

displayed differences in functional categories to the WT in carbon and nitrogen metabolism. 

Strong enrichment was found in amino acid metabolism and biosynthesis, while 

polysaccharide, lipid / isoprenoid and sugar, glucoside, polyol and carboxylate metabolism was 

affected as well.  

Also in Fusarium oxysporum, a loss-of-function of the exo-1 ortholog, frp1, had broad 

metabolic effects (103). FoΔfrp-1 had compromised growth on pectin, sugar alcohols, amino 

acids and organic acids. Intriguingly, no growth defects were observed in NcΔexo-1 on those 

carbon sources, and even better growth was found on starch, sorbitol and glutamate. Our 

experiments therefore strongly suggest that exo-1 deletion in N. crassa and F. oxysporum 

affects similar cellular pathways, while the de-repression of those seems oppositely affected in 

both exo-1 mutants. The dissimilarity might lie in the different lifestyle of these fungi. F. 

oxysporum being a plant pathogen and N. crassa being predominantly a saprotroph. Notably, 

several defects observed in FoΔfrp-1 were weaker in F. graminearum and absent in B. cinerea. 

Thus, exo-1-dependent CAZyme and amino/organic acid metabolism de-repression defects 

appear to be very species-specific and might be strongly dependent on the environmental 

niches.  

Since exo-1 was classified as an F-box protein, it is thought to regulate cellular metabolism by 

tagging specific proteins for ubiquitin-mediated degradation through the SCF complex, 

although also other functions are feasible, such as directly binding to DNA or interacting with 

proteins without the SCF complex (142). F-box proteins have been found to control vital 

processes in fungi such as D-glucose sensing, pathogenicity and cellular metabolism (107, 142–

144). A recent study identified the F-box proteins fbx23 and fbx47 in Aspergillus nidulans 

being involved in CCR and xylanase secretion (144).  

Aiming to identify potential targets of EXO-1-mediated degradation, the starch degradation 

regulator COL-26 (145) was identified to be a possible candidate. Previously, COL-26 was 
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found to fine-tune expression of cellulases together with CRE-1 and VIB-1 (115). Intriguingly, 

col-26 was also identified to likely harbor the causative mutation of the classical strain dgr-1 

(personal communication; Scott Baker & Kevin McCluskey), which is phenotypically highly 

related to the exo-1 allele dgr-2 (70), further corroborating the genetic link of both factors. 

However, further experiments have to be undertaken to verify whether a direct interaction 

indeed exists.  

It was recently found that COL-26 and CRE-1 are both regulated by VIB-1, which is thought 

to be involved in fine-tuning enzyme secretion through regulating CCR and derepression. 

Moreover, it was found that an exo-1/Δvib-1 strain exhibited strongly reduced enzyme 

secretion in maltose medium compared to exo-1, while exo-1/Δvib-1 displayed better growth 

and glucoamylase secretion in maltose medium compared to Δvib-1 (81). This indicated that 

EXO-1 affects different pathways. PDR-1, the main regulator of the only endo-

polygalacturonase gene in N. crassa might be a further protein affected by EXO-1, since this 

TF was found to be essential for pectin deconstruction and metabolism (146).  

Based on the abundance changes of COL-26 in ∆exo-1, further significantly differently 

abundant proteins (pval < 0.05) in ∆exo-1 in the 1 h conditions were determined, which led to 

the identification of several proteins in this data set, which are regulated by the azole stress 

responsive TF CCG-8 (147). When comparing the RNA-Seq data set generated by Sun et al. 

(147) where the regulon of ccg-8 was uncovered, several NCUs with higher fold-changes in 

the ∆exo-1 proteome or transcriptome were found that also showed differential gene expression 

upon deletion of ccg-8 azole stress: NCU01302 (hydrolase), NCU01633 (hxt-13), NCU04923 

(gcy-1) and NCU06666 (ino-1). Notably, ccg-8 itself was found highly up-regulated during 

RNA-Seq in Avicel medium (log2FC 1.25) in ∆exo-1. When comparing commonly up-

regulated genes in ∆exo-1 and ∆ccg-8, it was found that NCU01517 (gla-1) and NCU07788 

(col-26) were up-regulated in ∆ccg-8 as well as NCU04947, an unknown protein that displayed 

the highest fold-change compared to WT, having a proposed function in starch and sucrose 

metabolism, suggesting potential overlaps of EXO-1 and CCG-8 regulation.  

Based on the gathered information, we propose a model where the F-box protein EXO-1 

removes COL-26 or a putative regulator through SFC-mediated ubiquitination. This leads to 

removal from the proteome or deactivation of COL-26 under CCR conditions, which is to a 

great extend regulated through CRE-1 in the presence of D-glucose (Figure 4. 1). Conversely, 

EXO-1 regulates the abundance of COL-26 or the putative COL-26 activator during starvation 

and inducing (presence of starch) conditions to fine tune appropriate amounts of enzyme 

secretion. CCR appears to be another layer above the regulation of EXO-1 and can prevent 
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enzyme hypersecretion upon deletion of the exo-1 gene. The increased regulatory influence of 

COL-26 could also explain the observed down-regulation of most CAZymes, especially 

cellulases, since it was found that col-26 and its homolog amyR are repressors of cellulases 

while they are activators of amylases (54). The role of VIB-1 for the Δexo-1 hypersecretion 

phenotype needs further investigation. It was reported to repress both, COL-26 and CRE-1 

(115). However, it was found that the functional vib-1 is required for high enzyme secretion in 

the exo-1 mutant and WT under inducing conditions (81), which potentially places the 

regulatory role of VIB-1 above EXO-1 mediated regulation of enzyme secretion.  

F-box proteins might be intriguing targets for regulation of enzyme secretion and CCR, as was 

reported for fbx23 and fbx24 of A. nidulans (141) and grr1 in S. cerevisiae, that regulates sugar 

transporters among other functions (142). Screening the FGSC N. crassa Deletion Collection 

might uncover further F-box protein mutants that display differences in enzyme secretion and 

CCR. This could lead to the identification of further mutations that enable high enzyme 

production with filamentous fungi and improve the understanding of enzyme secretion in fungi.  

Finally, the group of our collaborator Choaguang Tian was able to reversely engineer the exo-

1 CAZyme gene hypersecretion phenotype into the industrially relevant fungus M. thermophila 

via deletion of exo-1 through CRISPR/Cas9, which led to increased amylase activity and 

protein secretion. This suggests that the function of EXO-1 is sufficiently conserved to allow 

strain engineering purposes to generate hyper-depressed production strains. Previously, exo-1 

of N. crassa has been genetically optimized to enable production of the HT186-D11 antibody 

fragment with the strongly induced glucoamylase (GLA-1) promoter (101). Since exo-1 is 

conserved in most Ascomycete lineages containing the industrially employed fungi M. 

thermophila and T. reesei and was found to be involved in plant pathogenesis, uncovering the 

full potential and mechanism of the exo-1 phenotype will thus be of great academic and applied 

interest.  
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Figure 4. 1: The model of EXO-1 function: The F-box protein EXO-1 binds either the amylase and 

invertase regulator COL-26 directly or a putative COL-26 regulator(s) for degradation, which leads to 

moderate levels of amylase and invertase under non-induced, de-repressing conditions (starvation). The 

deletion of EXO-1 causes hypersecretion of amylases and invertases. Carbon catabolite repression, 

mediated through CRE-1, is able to counteract enzyme hypersecretion caused by exo-1 deletion in high-

glucose conditions, while removal of cre-1 causes substantial enzyme secretion also in the presence of 

D-glucose. (The initial version of this model was generated by Raphael Gabriel and was further 

modified by Nils Thieme).  

 

 

This study revealed that F-box proteins are intriguing targets for improving enzyme secretion 

in filamentous fungi and to date, little is known about their function in these organisms. High 

secretion of CAZyme is an intriguing feature that could be used to produce endogenous or 

heterologous proteins in a batch process, removing the need of expensive CAZyme inducers 

and restrictive media compositions. The exo-1 strain has successfully been used to produce 

HT186-D11 antibody fragments with GLA-1 as a carrier protein (101). Synergies with deletion 

of CAZyme repressors or overexpression of positive regulators need to be determined to make 

further improvement possible. Combining genome re-sequencing of classical mutants with 

genetic studies and systems biology appears to be a powerful approach to uncover novel 

regulators of interest, especially by taking advantage of the FGSC Neurospora Deletion 

Collection. Additional bioprocess engineering efforts will be vital for scaling up enzyme 

production with strains of the Δexo-1 background since a combination of strain engineering 

and bioprocess engineering is vital to successfully improve enzyme production.  



 

107 
 

5.  Outlook   

A better understanding of the factors that allow high enzyme secretion with filamentous fungi 

is important for various industrial applications, such as the conversion of plant biomass to 

biofuels and bio-based products. For this endeavor, a combination of systems biology, strain 

engineering, bioprocess engineering and development of high throughput methods is needed. 

Several methods were generated in the context of this dissertation that will enable to 

substantially expand the use of T. aurantiacus for industrial and academic purposes. T. 

aurantiacus is an intriguing host for cellulase production due to the extraordinary 

thermostability of its cellulases, the high enzyme titers secreted by the WT and, since it is a 

homothallic fungus, the possibility to rapidly cross strains carrying different mutations into 

homokaryotic progeny in substantially shorter time frames than currently used industrial fungi, 

which enhances strain engineering.  

This work laid the foundation for further optimizing T. aurantiacus into a potent cellulase 

producer through generation of bioprocess engineering methods to screen for CAZyme 

inducers that were used for scaling up bioreactor fermentations, the first RNA-Seq data under 

CAZyme inducing conditions, a genetic engineering procedure and first high-throughput 

developments with this organism. Through the updated T. aurantiacus genome, it is now 

possible to explore the genome of this organism for a wide variety of purposes and applications. 

All of these methods and resources will soon be available for scientific community.  

With further development regarding the transformation system, CRISPR/Cas9 and the crossing 

protocol, it will be possible to generate genetically modified strains that can be crossed to 

combine desired mutations. This will enable high CAZyme production with T. aurantiacus 

through deleting or overexpressing regulators and other genes known to impact CAZyme 

production in related filamentous fungi. High-throughput screening of the respective CAZyme 

production phenotypes will reveal potential combination for strain crossings and further 

enhance strain engineering. Enzyme production with these novel strains will then be scaled up 

in bioreactors. Several optimizations can be performed already at smaller scale with higher 

throughput, such as fed-batch optimizations at shake flask scale developed in this thesis. 

Finally, the enzyme purification, concentration and storage needs to be further investigated 

together with identifying optimal reaction conditions for plant biomass saccharifications. 

Enzyme formulations need to be investigated to uncover limiting enzyme activities, which 

could be supplemented through adding in external enzymes or expressing those heterologous 

in T. aurantiacus or engineering native enzymes to become more active through protein 
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engineering strategies. Tests with design of experiment (DoE) software coupled to liquid 

handling robots can be envisioned to rapidly optimize multiple reaction conditions and enzyme 

formulations and their respective interactions and synergies.  

The developments performed in this work together with the proposed future developments will 

add T. aurantiacus, a potent thermophilic cellulase producer, to the arsenal of organisms that 

can be used to tackle one of our greatest challenges: generating carbon neutral products from 

renewable plant biomass to combat climate change and help grow the global bioeconomy.  

 

 

Figure 5. 1: Scheme of potential future developments for rendering T. aurantiacus into an industrial 

platform for commercial CAZyme production for further conversion of plant biomass into biofuels and 

bioproducts.  
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SUPPLEMENTARY MATERIAL  

 

Supplementary Figure 1: The ATMT plasmid pTS57 was designed for efficient insertion of genes of 

interest and screening through Golden Gate Cloning and upon replacement with a GFP-drop-out 

cassette. The Geneious Prime software was used for generation of this plasmid map. 

 

 

Supplementary Figure 2: ATMT compatible plasmid that contains a histone-GFP fusion protein and a 

hygromycin B resistance. The Geneious Prime software was used for generation of this plasmid map 
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Supplementary Figure 3: ATMT compatible plasmid that was derived from pTS57 and constitutively 

expresses the transcriptional regulator xlnR from T. aurantiacus. The Geneious Prime software was 

used for generation of this plasmid map. 

 

Supplementary Figure 4: ATMT compatible plasmid that was derived from pTS57 and constitutively 

expresses the transcriptional regulator clr1 from T. aurantiacus. The Geneious Prime software was used 

for generation of this plasmid map 
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Supplementary Figure 5: ATMT compatible plasmid that was derived from pTS57 and constitutively 

expresses the transcriptional regulator clr2 from T. aurantiacus. The geneious prime software was used 

for generation of this plasmid map. 

 

 

Supplementary Figure 6: (A) Schematic of homologous recombination of the target gene exo-1 

mediated by CRISPR-Cas9 in Myceliophthora thermophila. (B). SDS-PAGE of secreted protein of 

ΔMtexo-1 and wild-type strain MtWT pre-grown on 2% D-glucose medium for 48 h and then shifted to 

2% starch (Lane 1-2), 2% D-glucose (Lane 3-4), and 2% Avicel (Lane 5-6) for 4 days incubating, 

respectively. (C−D). Assays for protein concentration and amylase activities of culture supernatants 

from ∆Mtexo-1 and MtWT pre-grown on 2% D-glucose medium for 48 h and then shifted to 2% Avicel, 

2% D-glucose and 2% starch for 4 days incubating, respectively. This figure was generated, and the 

related experiments were performed by the group of Dr. Choaguang Tian, Dr. Qian Liu and Fangya. Li 

based on correspondence with the author of this work.  
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LIST OF ABBREVIATIONS   

Abbreviation Full Name 

5-FOA 5-fluoroorotic acid 

aa amino acid 

AmNO3 ammonium nitrate 

AmSO4 ammonium sulfate 

Ara arabinose 

ATCC American Type Culture collection  

ATMT Agrobacterium tumefaciens mediates transformation  

B batch 

BCA bicinchoninic acid 

BG beta-glucosidase 

BGG bovine gamma-globulin 

bp  base pair 

CAZyme carbohydrate active enzymes 

CBH cellobiohydrolase 

CBM cellulose binding modules 

CCR carbon catabolite repression 

CDS coding sequence 

Cel cellobiose 

Citr citrate 

CMC carboxymethylcellulose 

CRISPR Clustered regularly interspersed short palindromic repeats 

CSM complete supplement mixture 

dH2O distilled water 

DNA Deoxyribonucleic acid  

DNS dinitrosalicylic acid 

EG endoglucanase 

FAA Fluoroacetamide 

FB fed-batch 

FGSC Fungal Genetics Stock Center  

GH glycoside hydrolase 

GLA glucoamylase 

Glc glucose 

h hour 

hyg hygromycin B 

IL ionic liquid  

JBEI Joint BioEnergy Institute 

JGI Joint Genome Institute 

kb  kilobase  

kDa kilodalton 

KO knock out 

L liter 

LB Luria-Bertani 

LBNL Lawrence Berkeley National Laboratory  

log(2) logarithm to the base of 2 
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LPMO lytic polysaccharide monooxygenase 

M molar 

mg milligram 

min minute 

ml milliliter 

MM minimal medium 

MXP methyl β-D-xylopyranoside  

NaNO3 sodium nitrate 

NH4 ammonia 

nm nanometers 

NO3 nitrate 

NoC no carbohydrate  

OD600 optical density measured at 600 nm 

PCR Polymerase chain reaction 

PDA potato dextrose agar 

RNA Ribonucleic Acid  

RNA-Seq RNA Sequencing 

rpm rotations per minute 

SDS-PAGE SDS Polyacrylamid-Gelelectrophoresis 

SMP soy meal peptone 

TFs transcription factors 

ug  microgram  

ul microliter 

uM micromolar 

UTRs untranslated regions 

UV  ultraviolet 

v/v volume per volume 

w/v weight per volume 

WT wild type 

Xyl xylose 

YNB yeast nitrogen base 

YPD yeast extract peptone dextrose 

λ  wavelength 
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