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Abstract 

Trichoderma reesei is a highly significant producer of various enzymes used in industry and 
agriculture. Due to its relatively high secretion efficiency, it holds potential for a wide range of 
applications. However, the complexity of its gene expression mechanisms and the unpredictable 
behavior of newly developed genetically modified strains have made it a subject of extensive 
research. A particularly important method for gene expression analysis is the RT-qPCR, which 
requires stably expressed reference genes to ensure reliable results. The absence of properly 
evaluated reference genes, assessed using modern techniques, poses a significant challenge in 
qPCR-based research on Trichoderma reesei. In this study, potential new reference genes for 
gene expression analysis via RT-qPCR were evaluated against the currently used reference 
genes, act1 and sar1. Candidate genes were identified in silico by analyzing publicly available 
RNA-Seq datasets. Five potential reference genes with promising expression stability were 
validated by RT-qPCR analysis of biological samples collected under a wide range of 
experimental conditions. Both in silico and RT-qPCR analysis ranked the novel gene, bzip, 
which appears to play a role in histone methylation, as the most stable in terms of expression. 
Additionally, all five novel genes exhibited higher expression stability compared to act1 and 
sar1. As a result of these findings, we propose using the gene pair bzip/traff instead of act1/sar1 
for RT-qPCR analysis in Trichoderma reesei. 
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1 Introduction 

1.1 Trichoderma 

The genus Trichoderma is a well-studied group of filamentous fungi of the phylum Ascomycota 
with currently more than 300 species being identified (1). The classification and taxonomy of 
filamentous fungi and Trichoderma specifically have been very challenging since some of them 
can be found in their asexual (anamorph) and sexual varieties (teleomorphs) with distinct 
morphologies (2) (Figure 1). There are multiple historical miss-attributions of teleomorph 
forms of Trichoderma to the genus Hypocrea that presently are only of a historical nature and 
not used anymore (3). With the rise of bioinformatics and genome sequencing techniques, more 
and more species are being reassigned correctly to the genus Trichoderma (1). 

 

Figure 1: Example of very different morphologies of anamorph (asexual, filamentous) form of Trichoderma 
reesei (left) and its teleomorph analog that used to be referred to as Hypocrea jecorina (right)(4) 
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Trichoderma can be characterized as a genus of opportunistic, avirulent plant symbionts (5). 
Additionally, many members of the genus are known for their mycoparasitic behavior (6), and 
have huge potential to be used as biocontrol agents (7). They can serve as an alternative to 
conventional pest control, which is nowadays still dominated by chemicals with adverse 
additional effects on the environment and soil. Two important mechanisms that can be 
beneficial for agriculture are the antibiosis of possible agricultural pests and nutrient 
competitiveness of Trichoderma with other fungi, bacteria, or nematodes (8). Several 
Trichoderma species are additionally also showing positive effects on plant growth through 
symbiosis (9). Figure 2 provides an overview of the main plant beneficial mechanisms of 
Trichoderma species. 

 

Figure 2: Overview of the plant-beneficial processes that Trichoderma is involved in (7) 

The list of plant diseases and agricultural pests that Trichoderma is able to antagonize is long, 
but some prominent ones are presented in this paragraph (8). T. harzianum is a very versatile 
Trichoderma species with a wide range of fungal targets that may cause harm to plants, such as 
Rhizoctonia solani (10) and several Fusarium (11,12) species, among others. T. asperellum, 
T. virens, and T. viride are three other examples of organisms that can be used as a biocontrol 
against plant pathogens like Pythium ultimum (13), Sclerotium rolfsii (14) and Botrytis cinerea 
(15) amongst others. Most of these pathogens are responsible for plant rot, mold, and other 
general plant diseases, causing tremendous damage to agriculture. 
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1.1.1 Trichoderma reesei 

The most investigated species of the genus Trichoderma is Trichoderma reesei (T. reesei). The 
fungus was first isolated during World War II on the Solomon Islands by the US Army. The 
stationed soldiers back then encountered the problem of their tents being degraded by fungi 
which led to the collection of multiple strains in that area for further investigation. One of the 
isolated strains was falsely identified as Trichoderma virens and named QM6a, as an 
abbreviation for the quartermaster who was assigned for this process (16–18). Years later, the 
strain was investigated by E. Reese and M. Mandels for its ability of cellulose degradation and, 
therefore, potential in biofuel production (18,19). They could show that the strain QM6a can be 
taxonomically distinguished from T. virens and after a temporal synonymizing with 
Trichoderma longibrachiatum in the 1980s (20), the strain QM6a could be identified and 
classified as its own taxon T. reesei. Furthermore, in the 1990s a connection between T. reesei 
and its teleomorph form Hypocrea jecorina could be proven (21). Since then, the name 
H. jecorina was used preferably for a while, until in 2013 it was decided to use Trichoderma as 
the only correct name for all holomorph species of both genera (3).  

In the meantime, while the strain was still not correctly classified, research on QM6a was 
initiated which led to mutant strains that are still used in industry today. The first attempts 
resulted in the strain QM9414 that was received by mutations via two-step irradiation by a 
linear accelerator (22,23). A different attempt to screen for hyperproducing and enhanced 
T. reesei strains was conducted at Rutgers University, New Jersey. The strain QM6a was 
radiated by UV light and screened for strains not affected by catabolite repression, resulting in 
strain M7. In the next step that strain was genetically modified by contact with 
N-nitroguanidine, which resulted in the strain NG17 characterized by increased enzyme 
secretion and activity. Finally, this strain was again altered by another round of UV light and 
screened for high cellulase activity and resistance to 2-deoxyglucose, resulting in the strain 
Rut-C30 (24,25). 

Rut-C30 shows a productivity of around 20 mg secreted protein per mL under controlled 
conditions which is roughly 15-20 times more than the wildtype strain QM6a (26). 
Additionally, Rut-C30 is unlike its parent strains, catabolite derepressed, and shows similar 
cellulase activities as in cellulose as in 5 % glycerin or 5 % glucose (24–26). 

The strain Rut-C30 has become a major producing strain in the industry, is a target in research 
and is also used as a reference (27–29).  Further optimization and screening of Rut-C30 are still 
leading to the isolation of new promising hyperproducing strains (30,31). 
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1.1.2 T. reesei as an industrial enzyme producer 

Due to its saprophytic lifecycle, T. reesei is natively a producer of a wide palette of cellulases 
and other plant-biomass degrading enzymes. A big portion of the total secreted enzymes is three 
groups of cellulases: endoglucanases, exoglucanases, and β-glucosidases (32). 

The application of cellulases produced by T. reesei in detergents has been practiced since the 
1970s. With the addition of endoglucanases, loose cotton fibers in denim fabrics are degraded 
to some extent, leading to the loss of indigo dye enclosed in the fabrics. Subsequently, the denim 
textile gets a stone-washed appearance, without the actual use of pumice stones. This enzymatic 
method is often referred to as “bio-stoning” and its main benefit is a gentler treatment of the 
material and also energy efficiency. Another desired effect of using cellulases in detergents is 
generally a softening effect on the textiles after washing (33,34). T. reesei cellulases are also 
used in the food and feed industry. For example, in malting of grain (35) and other processes in 
beer brewing. Here a reduced content of glucans in the barley can be beneficial for the brewing 
process (36). Another significant application of enzymes produced by Trichoderma is the paper 
and pulp industry. Cellulases and hemicellulases produced by T. reesei and other filamentous 
fungi hold great potential as aids in paper production processes (37,38). Due to the versatility 
of the enzyme mix secreted by Trichoderma and the complexity of their interactions, specific 
enzymes offer distinct advantages and limitations. For instance, the use of purified 
cellobiohydrolase I (CBH1) has been shown to significantly reduce energy consumption, 
whereas similar benefits were not observed when the raw material was treated with the entire 
cellulase mix (39). 

T. reesei also produces and secretes other types of plant biomass-degrading enzymes like 
hemicellulases (40) and lytic monooxygenases (41). Hemicellulases, such as xylanase from 
T. reesei, are particularly useful for lignin extraction and bio-bleaching of kraft pulp (42). 
Digestive enzyme supplements, often derived from filamentous fungi such as Trichoderma 
species, serve multiple purposes, including the elimination of anti-nutritional factors, the 
degradation of specific components to enhance nutritional value, and acting as supplemental 
enzymes to aid in the animals’ digestive systems (35). Specifically, enzymes like glucanases, 
cellulases, and xylanases from Trichoderma are utilized in livestock feed to improve fiber 
digestibility (43). 

All these enzymes act synergistically to degrade macromolecules like cellulose and 
hemicellulose that are present in plant biomass. A schematic overview of those reactions is 
presented in Figure 3. Possessing a broad repertoire of plant biomass-degrading enzymes 
coupled with a high productivity of up to 100 g/L of total secreted enzymes in hyperproducing 
strains (44), T. reesei has already been an industrial working horse for many decades.  
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Figure 3: Enzymatic degradation of cellulose chain via synergistic interaction of cellulases (endoglucanase, 
exoglucanase, and β-glucosidase) and LPMO enzymes (45) 

1.1.3 Heterologous protein production 

Due to its high enzyme productivity and efficient secretion capabilities, T. reesei holds 
significant potential as a producer of non-native enzymes introduced into the organism via 
transformation. 

The primary focus of heterologous protein expression in T. reesei has been to further enhance 
its plant biomass-degrading abilities. For instance, laccase from Trametes sp. (46) and 
xylanase B from Dictyoglomus thermophilum (47) have been introduced to improve xylan 
degradability. 

Other examples of heterologous gene expression in T. reesei include lipase B (CalB) from 
Candida antarctica (48), chicken egg protein ovalbumin (49), and bovine chymosin, which was 
among the first non-native proteins expressed in T. reesei (50). 

The most prominent transformation methods for T. reesei include polyethylene-glycol mediated 
transformation of protoplasts (51), transformation via Agrobacterium tumefaciens system (52), 
and electroporation (53). Additionally, CRISPR/Cas9 (54), a gene-editing system that has 
emerged over the past decade, is also used for gene deletions and insertions in T. reesei (55). 
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1.1.4 Potential in biofuel production 

Due to its potent mix of plant biomass-degrading enzymes, T. reesei is especially interesting 
for bioethanol and biofuel production. The fungus not only produces these enzymes but also 
possesses the basic biochemical pathway to ferment biomass sugars into ethanol, albeit at low 
rates and yields (56). 

Recent research has been focusing on enhancing T. reesei's ethanol production capabilities 
through genetic engineering. By expressing genes from Saccharomyces cerevisiae coding for 
ethanol production enzymes, researchers have, for instance, achieved significant increases in 
ethanol yield and decreases in the formation of unwanted byproducts (56). 

While T. reesei remains the industry standard, alternatives such as Penicillium and Acremonium 
species are being explored for their competitive enzyme production and hydrolytic performance 
(57). Ongoing research aims to optimize T. reesei strains and explore new isolates, to further 
improve bioethanol production efficiency (58,59). 

1.2 Gene expression analysis 

Gene expression analysis refers to the study of transcription levels of specific genes or entire 
genomes, as well as the evaluation of differences between samples. This type of analysis is 
crucial in biochemical sciences, particularly for investigating metabolomic mechanisms. The 
methods employed in gene expression analysis are designed to detect and quantify RNA, either 
directly or indirectly, in biological samples (60,61). 

Early methods for RNA detection included Northern blot and RNase protection assay (62,63). 
However, these techniques have largely been superseded due to their time-consuming nature 
and the use of problematic chemicals. 

DNA hybridization arrays, also known as DNA microarrays, offer an alternative approach that 
allows for the relative quantification of whole transcriptomes (60,64). This method is based on 
fluorescent-dye-stained RNA binding specifically to single-stranded DNA immobilized on 
commercially produced arrays. The primary advantage of this technique is its ability to evaluate 
thousands of genes simultaneously. However, it is limited by the number of available organisms 
that can be investigated and the relatively high cost (60). 

In the 1990s, quantitative PCR (covered in detail in 1.3.2) emerged as a more cost-efficient 
method with the ability to analyze also novel organisms. This technique has largely replaced 
earlier methods due to its significant advantages (60). 

With notable progress in nucleotide sequencing over recent decades and the rise of 
bioinformatics methods, a completely different approach to gene expression analysis became 
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available: RNA sequencing (RNA-Seq). RNA-Seq has revolutionized gene expression analysis 
by leveraging second-generation sequencing technologies and relatively low costs. This 
approach enables comprehensive exploration of transcription levels across entire 
transcriptomes. In addition to quantifying gene expression, RNA-Seq allows researchers to 
identify stably expressed genes, which are crucial for normalization in qPCR experiments 
(65,66). 

Modern bioinformatical tools play a pivotal role in RNA-Seq analysis. These tools allow for 
the acquisition, processing, and extraction of gene counts from RNA-Seq files, followed by 
statistical analysis to identify significant patterns and differences. Commonly used 
bioinformatics pipelines include steps such as quality control, alignment of sequencing reads to 
a reference genome, transcript quantification, and differential expression analysis. Additionally, 
advanced algorithms can be applied to assess alternative splicing, detect novel transcripts, and 
integrate data into broader biological contexts (67). 

The integration of bioinformatics into gene expression analysis has not only improved the 
accuracy and scope of research but also facilitated the study of previously inaccessible 
organisms and systems. As these technologies continue to evolve, the field of gene expression 
analysis is expected to provide even greater insights into the complex regulatory mechanisms 
underlying biological processes. 

 

1.3 Polymerase chain reaction 

1.3.1 Conventional PCR 

Since the first description of the polymerase chain reaction (PCR) in the 1980s (68), it has 
become one of the most commonly used techniques in biomedical and biochemical research. 
Because of its simplicity and also the possibility to detect even trace amounts of DNA in 
samples, PCR has become an indispensable technique in research, clinical diagnostics and 
forensics. 

In general, the method is used to amplify a specific DNA section in a thermal cycler. PCR 
usually requires forward and reverse primers that are specific to the DNA section of interest, a 
dNTP mix, a heat-resistant DNA polymerase, and a suitable buffer. The main stages in the 
thermal cycle consist of denaturation, annealing, and extension steps, where after each cycle 
the number of copies of the DNA template is theoretically doubled (69). Figure 4 depicts an 
overview of the main steps of a PCR cycle.  
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Figure 4: Schematic drawing of the PCR cycle (70) 

The denaturation step requires relatively high temperatures of 94-96 °C to loosen the bonds 
between both strands of the DNA. In the second step, which is conducted at around 68 °C, both 
forward and reverse primers anneal to the template DNA. The exact temperature in this step 
can vary depending on the length and composition of the primers. In the third step of elongation 
which is performed at around 72 °C, the DNA polymerase assembles the complementary DNA 
strand. After the elongation, the cycle is repeated 30-40 times depending on the PCR application 
(69). 

When the principle of PCR was invented, the DNA polymerase had to be added freshly after 
each denaturation step, since it was deactivated at high temperatures. This process was 
significantly simplified by the discovery of the first thermally stable polymerase from the 
extreme thermophile Thermus aquaticus (71). The DNA polymerase (Taq) isolated from this 
microorganism is nowadays still the most commonly used polymerase in PCR. The Taq-
polymerase has exonuclease activity in 5’ to 3’ direction and an activity optimum at 72 °C, 
which explains the temperature used in the elongation step. At optimum temperature, Taq 
polymerizes around 150 base pairs per second (72). 

Over time, more thermally stable DNA polymerases were discovered which can be used 
optionally instead of Taq, depending on their advantages. One of them is the DNA polymerase 
Pfu, that was isolated from Pyrococcus furiosus and is special because of its 3’ to 5’ exonuclease 
function. This additional proofreading function makes this polymerase less error-prone 
compared to Taq, but the amplification is slower as a downside (73). 

Yet another example of a different DNA polymerase that can be used in PCR is Vent, isolated 
from the archaeal thermophile Thermococcus litoralis. This polymerase is characterized by its 
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extreme thermostability and also possesses a 3’ to 5’ exonuclease activity, making it like Pfu, 
another high-fidelity DNA polymerase (74). Because of its longevity in extreme conditions, it 
can be used for amplification of especially long DNA fragments (75). 

Another very important aspect of the PCR process is the concentration of Mg2+ ions. 
Magnesium ions are usually brought into the reaction mix in the form of MgCl2 salt and fulfill 
several functions. On one hand, Mg2+ is a cofactor for the DNA polymerase and is required for 
the polymerization reaction. Furthermore, Mg2+ ions act as stabilizers of the single-stranded 
DNA molecules and contribute to an easier attachment of the primers. The concentration of 
Mg2+ is one of the main adjusting parameters in PCR, because higher concentrations lead to a 
higher yield, but are making the process more error-prone. A much too high Mg2+ concentration 
even causes stabilization of the double-stranded DNA and non-functionality of the whole 
process (76).  

To be able to detect specific RNA sequences in samples, the so-called reverse transcription 
polymerase chain reaction (RT-PCR) was developed. Here, a reverse transcriptase that 
originates from viruses is introduced along with either specific primers or oligo-T primers to 
attach to the poly-adenylated tails of all mRNA molecules (77). In this first step, complementary 
DNA (cDNA) is synthesized, which can then be analyzed like in the conventional PCR. 

1.3.2 Quantitative PCR 

The common PCR can, however, not be used for precise quantitative analysis of DNA in the 
samples. Only clues of abundance differences across samples can be gained by loading stained 
PCR products on agarose gels and comparing the intensity levels. To analyze relative or even 
absolute quantity of template DNA or RNA in biochemical samples, quantitative polymerase 
chain reaction (qPCR) or real-time PCR was developed (78).  

Unlike conventional PCR, qPCR monitors the amplification of DNA throughout the entire 
process. The main mechanism in this method is the measurement of fluorescent light that 
increases after each amplification cycle. This increase in fluorescence can be used to determine 
either the relative abundance of a specific DNA sequence by comparing it to a reference gene 
(sometimes also referred to as internal control gene or housekeeping gene), or the absolute 
quantity, if using a reference of exactly known number of template copies (79).  

Figure 5 illustrates a usual recording of fluorescence during a qPCR run. Fluorescence 
measurements of the samples are plotted against the cycle number, resulting in a characteristic 
amplification curve. At the beginning of the reaction, fluorescence cannot be distinguished from 
background noise, but at a specific point, known as the threshold, the signal becomes 
sufficiently intense and begins to increase exponentially. This phase continues until the reaction 
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reaches the saturation phase, where at least one of the components is depleted, leading to the 
termination of the chain reaction and a plateau in fluorescence (80). 

 

Figure 5: Fluorescence progression in a usual qPCR run. Colored curves represent samples with present 
specific cDNA that is amplified over time resulting in an amplification curve with an exponential part and 
saturation phase. The grey curves represent blind samples containing water instead of biological samples 

A crucial parameter for qPCR calculations is the threshold cycle (Ct) value, which represents 
the cycle number at which the signal enters the exponential phase. Additionally, the slope of 
the amplification curve during this phase provides a measure of the practical amplification 
efficiency, an important factor for assessing the reliability of the qPCR results (78). 

To quantify nucleotides via qPCR, at least one reference gene is required. Reference genes 
(covered in more detail in section 0) are considered to be stably expressed across all 
experimental conditions. By assuming a constant relative concentration of mRNA for these 
genes in all samples, the abundance of mRNA for genes of interest can be reliably compared 
across different samples (81). 

The two main methods to implement fluorescence in qPCR are non-specific dyes that attach to 
any kind of double-stranded DNA and the use of specific reporter probes (82). The non-specific 
method (for example, SYBR® Green) uses fluorescent dyes that intercalate into any double-
stranded DNA, thereby gaining their fluorescent properties. The fluorescence is measured at 
the end of each extension step, before the denaturation step in each cycle (78). 

For the specific detection method, a more sophisticated approach is used (for example 
TaqMan®). The fluorescent agent is added along with a quencher on the ends of specific probes. 
As long as the quencher is in the proximity of the fluorescent part of the probe, all fluorescent 
properties are suppressed. Only after attachment to the template and subsequent degradation of 
the probe by the 5’-3’ exonuclease activity of Taq polymerase does the marker gain its 
fluorescent properties. This way, fluorescence increases after each extension step (83). Figure 
6 depicts a graphical comparison of both methods with the examples of SYBR® Green and 
TaqMan®. 
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While the non-specific method is the cheaper option, there is the possibility of background 
noise, since the non-specific dye can also bind to non-target DNA sequences such as primer 
dimers. The main disadvantage of the TaqMan system is the additional time and financial cost 
to design specific probes, but is rewarded by more precise and specific results (78). 

 

Figure 6: Comparison of non-specific and specific probe detection in qPCR (84) 

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) is a powerful 
technique that combines reverse transcription (RT) of RNA into complementary DNA (cDNA) 
with quantitative PCR (qPCR) to allow detection and quantification of specific RNA targets. 
This method has become the most important technique for gene expression analysis due to its 
high sensitivity, specificity, and wide dynamic range. RT-qPCR allows researchers to measure 
the abundance of gene-specific transcripts and monitor changes in gene expression under 
various experimental conditions (82). 
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1.3.3 Reference genes in qPCR 

As mentioned above, the choice of one or multiple appropriate reference genes is crucial for 
the representativeness and credibility of RT-qPCR results. When RT-qPCR was developed in 
the 1990s, methods for evaluating expression stability were limited. At that time, reference 
genes were selected based on the assumption that their functions remained active under all 
experimental conditions (81). The term housekeeping gene was commonly used in this context, 
as these genes typically encode products involved in fundamental cellular functions. Common 
examples include actin, GAPDH, ubiquitin, and ribosomal RNAs (85). 

However, with continuous advancements in gene expression analysis and the development of 
improved methods for evaluating expression stability, these "classical" housekeeping genes 
have been shown to be not always suitable as reference genes (86). Even though they are 
involved in essential cellular processes, their expression can still be influenced by specific 
experimental conditions (87). 

Significant progress in selecting appropriate reference genes for qPCR began with the 1st 
International qPCR Symposium in Germany (March 2004) and was further reinforced by the 
publication of the MIQE Guidelines (Minimum Information for Publication of Quantitative 
Real-Time PCR Experiments) in 2009 (81). These guidelines emphasize the key requirements 
for reliable reference genes: most importantly, stable expression across a wide range of 
experimental conditions, a relatively high expression level, and expression levels comparable 
to those of the genes of interest. Additionally, the use of multiple reference genes is 
recommended (81,86,88). 

Since the establishment of these guidelines and, in particular, with advancements in 
computational performance, various methods for evaluating gene expression stability have been 
developed. Notable examples include the M-value method (89), the comparative ΔCt-method 
(90), BestKeeper (91), NormFinder (92) and GeNorm (93). Tools such as RefFinder (94), which 
integrate multiple methods and calculate the most stable genes based on Ct values alone, have 
further simplified the evaluation process. 

Another increasingly important approach in reference gene evaluation involves bioinformatics. 
By analyzing RNA-Seq data, researchers can now identify previously unrecognized genes 
across the entire transcriptome that have the potential to serve as reference genes for qPCR (95). 

In recent decades, numerous studies on filamentous fungi and yeasts have demonstrated that 
some classical housekeeping genes do not meet the stability requirements needed for reference 
genes, and better alternatives have been identified. For instance, Tao et al. (96) found that 
previously used reference genes were unsuitable for Volvariella volvacea and identified novel 
candidates with superior performance. Similar studies on Amylostereum areolatum (97) and 
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Komagataella phaffii (Pichia pastoris) (98,99) also led to the discovery of new reference genes 
for qPCR. In 2010, a study on T. reesei identified sar1 as the most stable gene among those 
investigated. However, this study considered only a limited number of candidate genes that had 
performed well in other filamentous fungi (100). With the advent of modern bioinformatics 
methods, the pool of potential reference genes has expanded, offering better-suited candidates 
for future research. 
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2 Aims of the thesis 

Since the exact mechanisms and regulation of enzyme production in T. reesei are not yet fully 
understood or well-documented, further research is needed. RT-qPCR is currently a widely 
used method for investigating gene expression, including in T. reesei. However, under extreme 
conditions and in newly developed industrial strains, the commonly used reference genes act1 
and sar1 may not always be the most suitable choices. 

The primary objectives of this thesis are to characterize the stability of act1 and sar1 expression 
and to verify whether they are suitable reference genes for qPCR. Simultaneously, the study 
aims to identify alternative genes that remain stable under various conditions. These objectives 
arise from the lack of gene expression stability analyses using bioinformatics methods in recent 
studies on T. reesei. 

To achieve these goals, a bioinformatics approach will be employed to identify suitable 
candidate genes from the entire T. reesei transcriptome. Once identified, these candidate genes 
will be validated through qPCR analysis using samples from a broad range of conditions. 
Ideally, the newly identified candidates will outperform the established reference genes act1 
and sar1, making them promising alternatives for future T. reesei research. 

Another key question is whether the bioinformatics predictions align with the RT-qPCR results. 
If the two approaches yield consistent findings, it would significantly simplify future reference 
gene selection for other organisms as well. 
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3 Materials and methods 

3.1 Bioinformatics 

Several publicly available RNA-seq datasets of the T. reesei strains QM6a and Rut-C30 were 
found on the SRA page of NCBI and the compressed files were retrieved from the EBI FTP 
database (101). An overview of the experimental conditions and technical specifics of the RNA-
Seq data can be found in the annex (sections 9.1 and 9.2).  

The raw reads were processed on the Unix-based Debian 12 operating system using HISAT2 
(v2.2.1) (102), SAMtools (v1.16.1) (103,104) and featureCounts (v2.0.3) (105,106) to obtain 
raw counts for the RNA-seq data. This process required respective genomes and annotations. 
Exemplary scripts for these steps are provided in the annex (section 9.3).  

The raw counts were normalized using the package DESeq2 (v1.14.0) (107) in RStudio 
(v2024.04.2 Build 764.) and subsequently exported as Excel files. Exemplary scripts for this 
process are included in the annex (section 9.4).  

Since the genome annotations for QM6a (GenBank GCA_000167675.2) and Rut-C30 
(GenBank GCA_000513815.1) differed, a list of orthologous genes was generated in Debian 
using gffread (v0.12.7) (108) and BLAST (v2.15.0) (109), both installed via the Bioconda 
package manager (v3.3.1). This step was necessary to enable direct comparison of gene 
expression between the two strains. 

To compare gene stability in both strains, the coefficient of variation (CV) was calculated for 
each gene present in both datasets. Additionally, raw RNA counts from a third T. reesei strain, 
GEN-3A, were analyzed in the same manner. GEN-3A is an industrial strain developed by 
Genencor® (CA, USA) and derived from the T. reesei strain RL-P37.  

In total, 31 raw gene count datasets obtained from the cultivation of GEN-3A under induced 
and non-induced conditions at multiple time points were processed in Excel to calculate CVs 
for all charted genes. However, many genes in GEN-3A were not properly annotated, limiting 
the ability to assess their expression stability. Nevertheless, using the available information, 
potential candidate genes were identified or excluded if their CVs were too high in GEN-3A. 

The selection of candidate genes was further refined by filtering out lowly expressed genes, as 
they are not suitable for the use as control genes in qPCR. This was performed manually in 
Excel by calculating the average gene count in each condition, and using this value as reference. 
The idea was, that for a gene to be used as a reference gene, it should at least have an above 
average expression level. 
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3.2 Cultivations 

For the experiments, the T. reesei strains QM6a, Rut-C30, RL-P37, and GEN-3A were used. 
The strains were cultured in a Mandels-Andreotti minimal medium with a 1 % carbon source. 
Additionally, an industrial-inducing medium and two stress conditions were applied. 

 

Figure 7: Cultivation in MA minimal medium of different T. reesei strains resulting in different coloring of the 
media 

3.2.1 Minimal media 

Glucose, lactose, xylan, glycerin, and cellulose were used as different carbon sources. The 
media were composed of a phosphate-citrate buffer, a mineral salt solution, a trace element 
solution, and a 1 % carbon source.  Table 1 shows the composition of the three main components 
of the Mandels-Andreotti media. For the phosphate-citrate buffer, di-sodium hydrogen 
phosphate was dissolved in 500 mL of water, the pH was adjusted to 5 with citric acid, and the 
volume was brought up to 1 L. 

Table 1: Composition of the main components of Mandels-Andreotti media 

Phosphate-citrate buffer (1 L)  
Na2HPO4 · 2H2O 17,8 g 

 

Mineral salt solution (1 L)  
(NH4)2SO4 5,6 g 
KH2PO4 8 g 

MgSO4 · 7H2O 1,2 g 
CaCl2 · 2H2O 1,6 g 
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Trace element solution (1 L)  
FeSO4 · 7H2O 250 mg 
MnSO4 · H2O 85 mg 
ZnSO4 · 7H2O 70 mg 
CoCl2 · 6H2O 100 mg 

 

Table 2 summarizes the composition of the media components. Sterile urea was added after 
autoclaving. 

Table 2: Composition of the Mandels-Andreotti media 

Component in 1 L 
Carbon source 10 g 

Phosphate-citrate buffer 500 mL 
Mineral salt solution 250 mL 

Trace element solution 20 mL 
Urea (5M) 1 mL 

Peptone 1 g 
 

3.2.2 Induction medium 

An inducing medium provided by the company Genencor® was also used in the experiment. 
The exact composition of this medium is confident, but it contains sophorose to induce enzyme 
production in T. reesei. 

3.2.3 Dithiothreitol 

To simulate endoplasmic reticulum (ER) stress, dithiothreitol (DTT) was added after 72 hours 
of growth in 1 % lactose minimal medium, to a final concentration of 20 mM.   

3.2.4 Osmotic stress 

To simulate osmotic stress, a concentrated NaCl solution was added after 48 hours to a 1 % 
glucose minimal medium, bringing the final concentration to 1 M. 

3.2.5 Incubation and harvesting 

All cultivations were initiated at a spore OD600 of 0.05 in total volumes of either 50 mL or 
200 mL, depending on the medium. The cultivations with minimal medium in non-stress 
conditions (glucose, glycerin, cellulose, xylan, and lactose) were conducted in 200 mL medium, 
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the three other conditions in 50 mL. The incubation temperature was 30 °C, with shaking at 180 
rpm. The cultures were incubated in biological duplicates, and samples were taken at two time 
points, which varied depending on the strain and condition. An overview of all harvesting time 
points can be found in Table 3. 

Table 3: Overview of the harvesting timepoints for each condition and strain. The numbers in each cell represent 
the two harvesting timepoints after inoculation or addition of DTT or NaCl 

 QM6a Rut-C30 RL-P37 GEN-3A 
Glucose 36 h / 84 h 24 h / 84 h 24 h / 84 h 24 h / 84 h 
Lactose 72 h / 96 h 48 h / 72 h 48 h / 72 h 48 h / 72 h 
Xylan 24 h / 48 h 24 h / 48 h 24 h / 48 h 24 h / 48 h 

Glycerin 24 h / 84 h 36 h / 84 h 24 h / 84 h 24 h / 84 h 
Cellulose 48 h / 120 h 48 h / 120 h 48 h / 120 h 48 h / 120 h 

Induction medium 48 h / 96 h 48 h / 96 h 48 h / 96 h 48 h / 96 h 
Lactose-DTT 6 h / 48 h 6 h / 48 h 6 h / 48 h 6 h / 48 h 
Glucose-NaCl 6 h / 24 h 6 h / 24 h 6 h / 24 h 6 h / 24 h 

 

3.2.6 Sample collection 

Sample volumes ranged from 2 to 12 mL, depending on the growth stage and mycelium density, 
and the samples were washed with ultra-pure sterile water after filtering on Mira Cloth. The 
mycelium was immediately placed into sterile cryo tubes and frozen in liquid nitrogen. The 
samples were stored in liquid nitrogen until RNA extraction. 

3.3 RNA extraction 

RNA extraction and purification were performed using the RNA extraction kit from Zymo 
Research (Zymo Research, CA, USA), following the manufacturer’s protocol with minor 
modifications. Mycelium was disrupted using a FastPrep®-24 instrument (MP Biomedicals, 
USA). Approximately 100 mg of frozen mycelium were placed in screw-cap tubes containing 
1 mL RNAzol, along with 0.37 g small glass beads (0.1 mm diameter), 0.25 g medium glass 
beads (1 mm diameter), and one large glass bead (5 mm diameter). The tubes were subjected to 
homogenization at intensity level 6 for 30 seconds. After homogenization, the tubes were 
incubated at room temperature for 5 minutes, then centrifuged at 12,000 × g for 5 minutes. 

The aqueous phase (750 µL) was transferred to a fresh nuclease-free tube and mixed with an 
equal volume of 96 % ethanol. The mixture was applied to the RNA-binding columns in 500 µL 
aliquots, centrifuging each time at 16,000 × g for 30 seconds. The bound RNA was washed 
with 400 µL RNA Wash Buffer, followed by treatment with 5 µL DNase and 75 µL DNase 
buffer, incubating for 15 minutes at room temperature. The columns were further washed twice 
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with 400 µL RNA Pre-Wash Buffer and once with 700 µL RNA Wash Buffer, with 30-second 
centrifugation steps after each wash. A final 1-minute centrifugation step was performed to dry 
the columns completely. 

RNA was eluted with 30 µL RNase-free water, and its concentration and purity were assessed 
using a NanoDrop OneC spectrophotometer (Thermo Fisher Scientific, USA). 

3.4 cDNA synthesis 

For cDNA synthesis, the LunaScript® RT SuperMix kit (New England Biolabs, USA) was used. 
RNA samples containing 500 ng total RNA were mixed with 2 µL RT SuperMix and adjusted 
to a final volume of 10 µL with RNase-free water. The cDNA synthesis was performed on a 
T100 Thermal Cycler (Bio-Rad Laboratories, CA, USA) following the program outlined in 
Table 4.  

Table 4: cDNA synthesis program 

25 °C 2 min 
55 °C 10 min 
95 °C 1 min 
4 °C hold infinitely 

 

The resulting cDNA was diluted 1:50 in ultrapure water for use in qPCR and subsequent 
storage. 

3.5 RT-qPCR 

The Luna® Universal (RT)-qPCR kit (New England Biolabs, USA) was used for qPCR. The 
composition of the qPCR master mix is shown in Table 5. The primer pairs for each gene were 
designed in Unipro UGENE v50.0 with standard settings for qPCR (110). The sequences and 
properties of those primers can be found in the annex (Section 9.5). 

Table 5: Composition of the master mix used for qPCR analysis 

 Volume per sample 
Luna® Universal qPCR mix 7.5 µL 

Ultra-pure water 4.75 µL 
Forward primer 0.375 µL 
Reverse primer 0.375 µL 
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Each reaction consisted of 2 µL of diluted cDNA and 13 µL of master mix, and measurements 
were performed in technical duplicates.  

The qPCR was conducted using a Rotor-Gene Q system (QIAGEN, Germany) equipped with 
version 2.3.1 software. Automatic sample mixing was performed by a QIAgility pipetting robot 
(QIAGEN, Germany). The qPCR program is detailed in Table 6. 

Table 6: Program used for qPCR analysis 

Process Temperature Duration 
Initial denaturation 95 °C 1 min 

40x Cycling of denaturation 
and elongation 

95 °C 15 sec 
60 °C 30 sec 

Melting point analysis of the 
products 

60-95 °C 1 °C per 5 sec 

 

3.6 Expression stability analysis 

For further analysis, Ct values from each RT-qPCR run were extracted using the Rotor-Gene Q 
software (version 2.3.1). Amplification efficiency was calculated for each run using the 
software’s internal tools and did not fall below 1.74 in all runs.  

The Ct values of technical duplicates were averaged for each condition and consolidated into a 
single Excel file. To evaluate the stability of all seven genes, RefFinder was utilized (94). In 
addition to generating an overall ranking that encompassed all 128 conditions, various 
subgroups of conditions were also analyzed. The function of GeNorm (93) to identify the most 
stable reference gene pair was also utilized. By grouping of the samples and their resulting Ct-
values according strains, media or harvesting timepoints into distinct subgroups, potential 
differences in these conditions could be uncovered. 
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4 Results and Discussion 

4.1 Evaluation of results from the bioinformatics analysis 

The bioinformatic analysis yielded a list of potential new reference genes for T. reseei. Table 7 
lists the five chosen candidates with very low CV values, which indicates a high gene 
expression stability and shows the potential of that gene to be used as a reference gene. Due to 
the annotation issues in the count data of the strain GEN-3A, not all genes could be accounted 
for in those datasets and do not have CV values in the table. 

Table 7: Gene IDs and descriptions of five chosen candidate reference genes based on the CV values in the three 
T. reesei strains QM6a, Rut-C30 and GEN-3A and the established reference genes act1 and sar1 

Gene ID Description CV in 
QM6a 

CV in 
Rut-C30 

CV in 
GEN-3A 

TRIREDRAFT_50536 bZIP domain containing protein (bzip) 0,1450 0,1038 0,3081 

TRIREDRAFT_49838 Trafficking protein particle complex subunit 1 
(traff) 0,2169 0,0993 0,2545 

TRIREDRAFT_29932 CUE domain containing protein (cue) 0,2743 0,1691 0,2059 

TRIREDRAFT_61945 Ubiquitin-like 1-activating enzyme E1 B 
(ubi1) 0,1367 0,1340 - 

TRIREDRAFT_5916 Histone acetyltransferase (sas3) 0,1787 0,1237 - 

TRIREDRAFT_44504 Actin (act1) 0,3725 0,3534 0,4744 

TRIREDRAFT_61470 Secretion associated Ras related GTPase 
(sar1) 0,9250 0,6846 - 

 

In general, the five new candidate genes were selected based on the lowest coefficient of 
variation (CV) values across all three strains. In this regard, bzip, traff, and cue were the top-
performing genes, as they also met the requirement of having above-average expression levels 
across all datasets. However, due to an annotation issue in the GEN-3A dataset, several genes 
could not be accounted for, meaning many potential candidate genes remained undetected. To 
address this, a separate summation of CV values was performed for the QM6a and Rut-C30 
strains, specifically for genes that were not annotated in the GEN-3A dataset. As a result, the 
genes ubi1 and sas3, which exhibited exceptionally low CV values in QM6a and Rut-C30, were 
identified and added to the list of candidate genes. 
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Since there was little or no information in literature on the genes bzip, traff, and cue on NCBI, 
further investigation was initiated to get an idea of those genes’ functions in T. reesei. 

For bzip, orthologs in multiple filamentous fungi of the subdivision Pezizomycotina (division 
of Ascomycota) could be found through the online resource eggNOG (111). Further search on 
the websites Uniprot.org and String-db.org led to the protein’s predicted structure and clusters 
of other proteins that likely interact with this protein. By investigating multiple orthologs on 
String-db.org, connections to histone H4, several chromatin remodeling proteins, and arginine 
methyltransferase could be found. Furthermore, the ortholog in Fusarium oxysporum f. sp. 
cubense, had already a name that was assigned to it by Guo L. et al. in the course of genome 
sequencing and annotation of this organism (112) and the name “bZIP domain containing 
protein” was adopted for this work. Looking at the clues in regard of the functionality of the 
product of this gene, it is very likely a factor in the process of histone methylation. 

Information about traff regarding its predicted function could be retrieved from NCBI. The gene 
product of traff, according to NCBI, contains the so-called Gryzun domain, which is likely 
responsible for protein trafficking through membranes (113). 

Both cue and ubi1 are involved in the ubiquitination process. The gene product of cue contains 
the so-called CUE domain, which is a conserved sequence found in Ascomycota and exhibits 
weak ubiquitin-binding properties. Proteins containing this domain are reported to be involved 
in intramolecular monoubiquitylation (114). The gene ubi1 is relatively well documented and 
codes for a ubiquitin-activating enzyme (E1) - subunit UBA2 and is responsible for 
ubiquitination and subsequent protein processing (115). 

The histone acetyltransferase (sas3) contains the conserved MYST domain and is involved in 
the activation of gene transcription (116). 

All five chosen potential reference genes show in general significantly lower CV values than 
act1 and sar1, which is demonstrated graphically in Figure 8. 
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Figure 8: CV values of all seven candidate reference genes in the strains QM6a and Rut-C30 

To rank all seven genes according expression stability CV values of the strains QM6a and 
Rut-C30 were summed and sorted from lowest to highest. Table 8 shows the sum and ranking 
of the genes in the strains QM6a and Rut-C30. 

Table 8: Sum of CV values of both QM6a and Rut-C30 strains, resulting in a ranking of stability 

Rank Gene Summed CV 
1 bzip 0,2488 
2 ubi1 0,2707 
3 sas3 0,3024 
4 traff 0,3162 
5 cue 0,4434 
6 act1 0,7259 
7 sar1 1,6096 
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4.2 RT-qPCR and RefFinder 

4.2.1 Analysis of the gene stability ranking in all tested cultivation conditions 

Figure 9 shows the overall ranking of the five novel candidates as well the established genes 
act1 and sar1 across all 128 samples. The tool RefFinder identified bzip as the most stable and 
act1 as the least stable gene.  

 

Figure 9: Expression stability ranking of the seven investigated reference genes throughout all conditions (94) 

Additionally, GeNorm suggests the genes bzip and traff to be used as a pair of reference genes 
which is visualized in Figure 10. 

 

Figure 10: Expression stability ranking of the seven investigated reference genes throughout all conditions 
conducted only by GeNorm. A lower M-value represents a higher expression stability (93,94) 
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Since the expression stability analysis via RT-qPCR and RefFinder included an additional strain 
and covered in general different cultivation conditions than those of the available RNA-Seq 
files, this resulting ranking should not be directly compared to the bioinformatics results. 
Nevertheless, obvious similarities, like bzip being the most stable and the pair act1 / sar1 the 
least stable genes, can be highlighted. 

4.2.2 Gene stability ranking in specific cultivation conditions or strains 

Figure 11 shows the gene expression stability ranking considering only the strains QM6a and 
Rut-C30, while Figure 12 depicts the ranking for the strains QM6a, Rut-C30 and GEN-3A. The 
main idea behind these subgroups, was to check if there is a better matching with the ranking 
of combined CV values (Table 8), since they include only the strains that were analyzed in the 
bioinformatics approach. However, no differences in the ranking (Figure 11) or only the 
swapping of ubi1 and cue (Figure 12) could be seen. This shows that there are minor changes 
to the results from the bioinformatics part. Nevertheless, bzip is always identified as the most 
stably expressed gene, and act1 and sar1 rank in the last places. A possible reason for not 
completely matching results is that the conditions that were used in the bioinformatics part, 
differ from the ones used for RT-qPCR analysis. Although the conditions were very diverse, 
there is still the possibility of a certain bias in those data sets. 

 

Figure 11: Expression stability ranking of the seven investigated reference genes in the strains QM6a and 
Rut-C30 (94) 
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Figure 12: Expression stability ranking of the seven investigated reference genes in the strains QM6a, Rut-C30 
and GEN-3A (94) 

Figure 13 depicts gene expression stability ranking of all four strains under stress conditions 
(addition of DTT and NaCl) and non-stress conditions. Compared to the overall ranking, there 
are not many differences in these cases. The most striking one is the lower stability of traff in 
the stress conditions, nevertheless it is more stable than the genes act1 and sar1. Looking at the 
subgroup of non-stress conditions, there are no differences to the overall expression stability 
ranking.  

 

Figure 13: Expression stability ranking of the seven investigated reference genes of all four strains in stress 
conditions (left) and non-stress conditions (right) (94) 
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The next two subgroups focus of the type of carbon source (Figure 14).  The subgroup of simple 
carbon sources only includes the conditions with glucose, lactose and glycerin, while complex 
carbon sources cover the conditions with xylan and cellulose. In the simple carbon source 
conditions, act1 and sar1 swap places in the ranking, but are still the two least stable genes. In 
the complex carbon source conditions traff is less stable than cue.  

 

Figure 14: Expression stability ranking of the seven investigated reference genes of all four strains in media with 
simple carbon sources (left) and complex carbon sources (right) (94) 

Figure 15 shows the gene expression stability in the four T. reesei strains if separated in 
subgroups. The ranking in the wildtype QM6a shows a lower stability of traff compared to the 
overall ranking, but does not have any other significant differences. In Rut-C30 and RL-P37, 
sar1 moved up in the stability ranking, while sas3 and ubi1 respectively, are less stable. In 
RL-P37 cue was identified as the most stable gene, while bzip is ranked second. The gene 
stability ranking in GEN-3A shows no significant differences to the overall ranking, except cue 
being less stable. 
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Figure 15: Expression stability ranking of the seven investigated reference genes of all four strains in separated 
subgroups (94) 

Figure 16  depicts the gene expression stability ranking for early and late harvesting time points. 
The ranking in the early time points shows minimal changes compared to the overall ranking, 
whereas some notable changes are observed in the late time points. The genes sas3 and sar1 
appear to be more stably expressed at later time points, although sar1 still remains the second 
least stable gene in the ranking.  
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Figure 16: Expression stability ranking of the seven investigated reference genes of all four strains harvested at 
early (left) and late timepoints (right) (94) 
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5 Conclusion and outlook 

The findings from the bioinformatics analysis led to the identification of five genes with high 
expression stability across three different strains of T. reesei under various cultivation 
conditions. These genes exhibited significantly more stable expression compared to the 
established reference genes act1 and sar1. The results were validated through RT-qPCR, which 
revealed a highly similar ranking of these genes in terms of expression stability. 

The bZIP-domain-containing protein (bzip) was identified as the most stable gene in both the 
bioinformatics analysis and RT-qPCR experiments. Its exceptional expression stability placed 
it first in the overall ranking, as well as in most subgroup rankings. Although the stability 
rankings of the other four genes did not perfectly align with the bioinformatics results, all four 
genes demonstrated greater stability than act1 and sar1 in nearly all subgroups and especially 
in the overall ranking. 

These results are highly promising, and the next logical step would be to test these new 
reference genes in practical expression analyses using RT-qPCR, for example, by quantifying 
the expression of a known gene. It would be particularly interesting to compare differences in 
relative quantification when using act1/sar1 versus bzip/traff as reference genes. 

Another valuable experiment would involve investigating the orthologous genes in other 
organisms. Establishing the expression stability of these genes across different species would 
strengthen their potential as universal reference genes. Since all five newly identified genes 
have orthologs in at least the Pezizomycotina subgroup (filamentous fungi), their expression 
stability could be evaluated using the same approach applied in this study. 

As a next step, the expression stability of these genes could be examined in species closely 
related to T. reesei. For organisms with publicly available RNA-Seq data, such as Trichoderma 
virens, Trichoderma harzianum, or Trichoderma asperellum, a preliminary assessment of 
expression stability could be performed relatively easily using bioinformatics methods. 
Additionally, it would be particularly interesting to evaluate the orthologs of these genes in 
industrially significant filamentous fungi, such as Aspergillus niger and Penicillium 
chrysogenum, as well as in agriculturally important pathogens, such as Fusarium oxysporum, 
which are active areas of contemporary research. 

Since the bioinformatics results closely aligned with those from RT-qPCR, future research 
could potentially reduce or even eliminate the time- and resource-intensive cultivation steps, 
thereby streamlining the investigation of expression stability in other organisms. 
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9 Annex 

9.1 RNA-seq data of T. reesei QM6a 

Table 9: Specifics of RNA-Seq data of the strain QM6a used in the bioinformatics analysis 

Run SRA Study Bases Size Platform Condition Reference 
SRR23952272 SRP429031 7,6 G 2,1 Gb Illumina NovaSeq 6000 growth on glucose repl. 1  (117) 
SRR23952273 SRP429031 6,8 G 1,9 Gb Illumina NovaSeq 6000 growth on glucose repl. 2   
SRR8698740 SRP187914 7 G 2,9 Gb Illumina HiSeq 2000 2 % lactose (transfer after 12 h) - repl. 1 (118) 
SRR8698741 SRP187914 7,8 G 3,2 Gb Illumina HiSeq 2000 2 % lactose (transfer after 12 h) - repl. 2  
SRR5765024 SRP110683 2,9 G 2 Gb Illumina HiSeq 2500 1 % sugarcane bagasse 48 h - repl.1 (119) 
SRR5765025 SRP110683 3 G 2 Gb Illumina HiSeq 2500 1 % sugarcane bagasse 48 h - repl.2  
SRR5765030 SRP110683 3,2 G 2,1 Gb Illumina HiSeq 2500 1 % sugarcane bagasse (transfer from 1 % glycerol) - repl.1  
SRR5765031 SRP110683 4 G 2,7 Gb Illumina HiSeq 2500 1 % sugarcane bagasse (transfer from 1 % glycerol) - repl.2  
SRR7761289 SRP159003 2,8 G 1,8 Gb Illumina HiSeq 2000 Mandels Andreotti + 1 % cellulose in constant light - repl.1 (120) 
SRR7761290 SRP159003 2,7 G 1,7 Gb Illumina HiSeq 2000 Mandels Andreotti + 1 % cellulose in constant light - repl.2  
SRR7761293 SRP159003 2,7 G 1,7 Gb Illumina HiSeq 2000 Mandels Andreotti + 1 % cellulose in constant dark - repl.1  
SRR7761294 SRP159003 2,6 G 1,6 Gb Illumina HiSeq 2000 Mandels Andreotti + 1 % cellulose in constant dark - repl.2  
SRR8329346 SRP173612 7,5 G 2,7 Gb Illumina HiSeq X Ten MM with 1 % Avicell 48 h - repl.1 (121) 
SRR8329347 SRP173612 6,9 G 2,4 Gb Illumina HiSeq X Ten MM with 1 % Avicell 48 h - repl.2  
SRR8329344 SRP173612 7,6 G 2,7 Gb Illumina HiSeq X Ten MM with 1 % Avicell + 1 % DMF 48 h - repl.1  
SRR8329345 SRP173612 7,1 G 2,5 Gb Illumina HiSeq X Ten MM with 1 % Avicell + 1 % DMF 48 h - repl.2  

SRR8756161 SRP188940 882,3 M 368 Mb Illumina NextSeq 500 24 h on Mandels Andreotti with glucose - transfer for 3 h to 1 % D-Mannitol 
- repl.1 (122) 

SRR8756162 SRP188940 738,7 M 306,6 Mb Illumina NextSeq 500 24 h on Mandels Andreotti with glucose - transfer for 3 h to 1 % D-Mannitol 
- repl.2  

SRR25252694 SRP448956 2,7 G 908,6 Mb Illumina NovaSeq 6000 1x MA with 1 % corn stover – 4 h transfer - repl.1 (123) 
SRR25252695 SRP448955 2,7 G 908 Mb Illumina NovaSeq 6000 1x MA with 1 % corn stover – 4 h transfer - repl.2  
SRR19551435 SRP378722 5,9 G 1,7 Gb Illumina NovaSeq 6000 1x MA + 25 mM D-glucuronic acid – 4 h transfer - repl.1  
SRR19551437 SRP378720 4,5 G 1,3 Gb Illumina NovaSeq 6000 1x MA + 25 mM D-glucuronic acid – 4 h transfer - repl.2  
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SRR19551421 SRP378737 6,7 G 2 Gb Illumina NovaSeq 6000 1x MA + 25 mM L-arabinose – 4 h transfer - repl.1  
SRR19551434 SRP378723 6,9 G 2,1 Gb Illumina NovaSeq 6000 1x MA + 25 mM L-arabinose – 4 h transfer - repl.2  
SRR19551432 SRP378725 5,3 G 1,6 Gb Illumina NovaSeq 6000 1x MA + 25 mM L-rhamnose – 4 h transfer - repl.1  
SRR19551433 SRP378724 4,9 G 1,5 Gb Illumina NovaSeq 6000 1x MA + 25 mM L-rhamnose – 4 h transfer - repl.2  
SRR19551429 SRP378728 6,8 G 2 Gb Illumina NovaSeq 6000 1x MA + 25 mM D-galacturonic acid – 4 h transfer - repl.1  
SRR19551431 SRP378726 6,9 G 2 Gb Illumina NovaSeq 6000 1x MA + 25 mM D-galacturonic acid – 4 h transfer - repl.2  
SRR19551420 SRP378736 6,1 G 1,8 Gb Illumina NovaSeq 6000 1x MA + 25 mM D-xylose – 4 h transfer - repl.1  
SRR19551428 SRP378729 7,4 G 2,2 Gb Illumina NovaSeq 6000 1x MA + 25 mM D-xylose – 4 h transfer - repl.2  
SRR19551424 SRP378733 5,1 G 1,5 Gb Illumina NovaSeq 6000 1x MA + 25 mM D-mannose – 4 h transfer - repl.1  
SRR19551425 SRP378732 3,9 G 1,1 Gb Illumina NovaSeq 6000 1x MA + 25 mM D-mannose – 4 h transfer - repl.2  
SRR19551413 SRP378744 4,5 G 1,2 Gb Illumina NovaSeq 6000 1x MA + 25 mM D-galactose – 4 h transfer - repl.1  
SRR19551423 SRP378734 4,8 G 1,4 Gb Illumina NovaSeq 6000 1x MA + 25 mM D-galactose – 4 h transfer - repl.2  
SRR19551416 SRP378741 4,2 G 1,2 Gb Illumina NovaSeq 6000 1x MA + 25 mM D-fructose – 4 h transfer - repl.1  
SRR19551418 SRP378739 4,2 G 1,2 Gb Illumina NovaSeq 6000 1x MA + 25 mM D-fructose – 4 h transfer - repl.2  
SRR19551414 SRP378743 5,2 G 1,5 Gb Illumina NovaSeq 6000 1x MA + 25 mM D-glucose – 4 h transfer - repl.1  
SRR19551415 SRP378742 6,6 G 1,8 Gb Illumina NovaSeq 6000 1x MA + 25 mM D-glucose – 4 h transfer - repl.2  
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9.2 RNA-seq data of T. reesei Rut-C30 

 

Table 10: Specifics of RNA-Seq data of the strain Rut-C30 used in the bioinformatics analysis 

Run SRA Study Bases Size Platform Condition Reference 
SRR24768099 SRP440257 6,3 G 2 Gb Illumina NextSeq 2000 Fed-batch with lactose + 10 mM DTT for 2 h - repl.1 (124,125) 
SRR24768104 SRP440257 5,9 G 1,9 Gb Illumina NextSeq 2000 Fed-batch with lactose + 10 mM DTT for 2 h - repl.2  
SRR24768100 SRP440257 4,6 G 1,4 Gb Illumina NextSeq 2000 Fed-batch with lactose - repl.1  
SRR24768103 SRP440257 5,2 G 1,6 Gb Illumina NextSeq 2000 Fed-batch with lactose - repl.2  
SRR24768101 SRP440257 5,3 G 1,6 Gb Illumina NextSeq 2000 Fed-batch with glucose + 10 mM DTT for 2 h - repl.1  
SRR24768102 SRP440257 5,7 G 1,7 Gb Illumina NextSeq 2000 Fed-batch with glucose + 10 mM DTT for 2 h - repl.2  
SRR24768105 SRP440257 4,7 G 1,4 Gb Illumina NextSeq 2000 Fed-batch with glucose - repl.1  
SRR24768106 SRP440257 4,5 G 1,3 Gb Illumina NextSeq 2000 Fed-batch with glucose - repl.2  
SRR4446960 SRP091982 2,4 G 1,6 Gb Illumina HiSeq 2000 BCM with 1 % fructose 48 h + 24 h - rep.1 (126,127) 
SRR4446961 SRP091982 2,5 G 1,7 Gb Illumina HiSeq 2000 BCM with 1 % fructose 48 h + 24 h - rep.2  
SRR4446958 SRP091982 2,5 G 1,7 Gb Illumina HiSeq 2000 BCM with 1 % fructose 48 h - transfer to 0,5 % SEB 24 h - rep.1  
SRR4446959 SRP091982 2,5 G 1,7 Gb Illumina HiSeq 2000 BCM with 1 % fructose 48 h - transfer to 0,5 % SEB 24 h - rep.2  
SRR4446955 SRP091982 2,3 G 1,6 Gb Illumina HiSeq 2000 BCM with 1 % fructose 48 h - transfer to 0,5 % SEB 12 h - rep.1  
SRR4446956 SRP091982 2,7 G 1,8 Gb Illumina HiSeq 2000 BCM with 1 % fructose 48 h - transfer to 0,5 % SEB 12 h - rep.2  
SRR4446953 SRP091982 2,5 G 1,7 Gb Illumina HiSeq 2000 BCM with 1 % fructose 48 h - transfer to 0,5 % SEB 6 h - rep.1  
SRR4446954 SRP091982 2,4 G 1,7 Gb Illumina HiSeq 2000 BCM with 1 % fructose 48 h - transfer to 0,5 % SEB 6 h - rep.2  

SRR23088649 SRP417642 6,6 G 1,9 Gb Illumina NovaSeq 6000 1 % Avicell 48 h - repl.1 (128) 
SRR23088650 SRP417642 7,2 G 2,1 Gb Illumina NovaSeq 6000 1 % Avicell 48 h - repl.2  
SRR23088646 SRP417642 8,3 G 2,4 Gb Illumina NovaSeq 6000 1 % Avicell 48 h + 3 mM Zn2+ - repl.1  
SRR23088647 SRP417642 7,1 G 2 Gb Illumina NovaSeq 6000 1 % Avicell 48 h + 3 mM Zn2+ - repl.2  
SRR28595945 SRP500486 7,9 G 2,4 Gb Illumina HiSeq 4000 high-melanin necromass from Hyaloscypha bicolor - repl.1 (129) 
SRR28595946 SRP500486 8,5 G 2,6 Gb Illumina HiSeq 4000 high-melanin necromass from Hyaloscypha bicolor - repl.2  
SRR28595948 SRP500486 8 G 2,5 Gb Illumina HiSeq 4000 low-melanin necromass from Hyaloscypha bicolor - repl.1  
SRR28595949 SRP500486 8,5 G 2,6 Gb Illumina HiSeq 4000 low-melanin necromass from Hyaloscypha bicolor - repl.2  
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9.3 Code used for extraction of count data 

This section contains exemplary commands used in the Terminal of Debian 12 to extract count 
information from the RNA-seq files. 

Indexing of genomes for further use in HISAT2: 

hisat2-build genome.fa genome 

 

Writing a SAM file from paired end RNA-seq files: 

hisat2 -x genome -1 sample_R1.fastq.gz -2 sample_R2.fastq.gz -S 
output.sam 

Writing a SAM file from single-end RNA-seq file: 

hisat2 -x genome_index -U sample.fastq.gz -S output.sam 

 

Conversion from SAM to BAM format via SAMtools: 

samtools sort -l 9 -o output.bam -@ 4 output.sam 

 

Extraction of raw counts from the SAM file: 

featureCounts -p -t exon -g gene_id -a annotation.gtf -o output.txt 
output.bam 
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9.4 Code used in DESeq2 

This chapter contains an exemplary code used in R to receive normalized counts from raw 
counts with the help of the package DESeq2. This code is reduced to only two conditions in 
duplicates and output folder information is not displayed. 

 

if (!requireNamespace("BiocManager", quietly = TRUE)) { 
  install.packages("BiocManager") 
} 
BiocManager::install("DESeq2") 
BiocManager::install("EnhancedVolcano") 
 
install.packages("writexl") 
 
library(writexl) 
library(DESeq2) 
library(EnhancedVolcano) 
 
cond1_1 <- read.table("C:/---/cond1_1.txt", header = TRUE, sep = 
"\t", stringsAsFactors = FALSE) 
cond1_2 <- read.table("C:/---/cond1_2.txt", header = TRUE, sep = 
"\t", stringsAsFactors = FALSE) 
cond2_1 <- read.table("C:/---/cond2_1.txt", header = TRUE, sep = 
"\t", stringsAsFactors = FALSE) 
cond2_2 <- read.table("C:/---/cond2_2.txt", header = TRUE, sep = 
"\t", stringsAsFactors = FALSE) 
 
countData1_cond1_1 <- cond1_1[, 7:ncol(cond1_2)] 
countData1_cond1_2 <- cond1_2[, 7:ncol(cond1_2)] 
countData2_cond2_1 <- cond2_1[, 7:ncol(cond2_1)] 
countData2_cond2_2 <- cond2_1[, 7:ncol(cond2_2)] 
 
countData1_cond1_1 <- as.data.frame(countData1_cond1_1) 
countData1_cond1_2 <- as.data.frame(countData1_cond1_2) 
countData2_cond2_1 <- as.data.frame(countData2_cond2_1) 
countData2_cond2_2 <- as.data.frame(countData2_cond2_2) 
 
rownames(countData1_cond1_1) <- cond1_1$Geneid 
rownames(countData1_cond1_2) <- cond1_2$Geneid 
rownames(countData2_cond2_1) <- cond2_1$Geneid 
rownames(countData2_cond2_2) <- cond2_2$Geneid 
 
countData <- cbind(countData1_cond1_1, countData1_cond1_2, 
countData2_cond2_1, countData2_cond2_2) 
colnames(countData) <- c("Condition1 1", "Condition1 2") 
 
ncol(countData) 
 
sampleInfo <- data.frame( 
  row.names = colnames(countData), 
  condition = factor(rep(c("Condition1", "Condition2"), each = 2)), 
  replicate = factor(rep(c("Rep1", "Rep2"), 2)) 
) 



52 
 

 
dds <- DESeqDataSetFromMatrix(countData = countData, colData = 
sampleInfo, design = ~ condition) 
dds <- estimateSizeFactors(dds) 
normalized_counts <- counts(dds, normalized=TRUE) 
normalized_counts_df <- as.data.frame(normalized_counts) 
normalized_counts_df$GeneID <- rownames(normalized_counts_df) 
normalized_counts_df <- normalized_counts_df[, 
c(ncol(normalized_counts_df), 1:(ncol(normalized_counts_df) - 1))] 
 
write_xlsx(normalized_counts_df, "C:/---/normalized_counts.xlsx") 
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9.5 Primer sequences 

Table 11 contains all seven sets of primers used in the qPCR analysis with all four strains of 
T. reesei. 

Table 11: Primers used in the qPCR. 

Primer Sequence (5' → 3') Product 
length [bp] 

Melting temperature 
Tm [°C] 

act1 forward TGAGAGCGGTGGTATCCACG 103 55.9 
act1 reverse GGTACCACCAGACATGACAATGTTG 57.7 
sar1 forward TGGATCGTCAACTGGTTCTACGA 115 55.3 
sar1 reverse GCATGTGTAGCAACGTGGTCTTT 55.3 
Bzip forward GGCCTTTCTTTGAGCAGTGATG 92 54.8 
Bzip reverse AGCTGCCCTTTGTTGTTGTC 51.8 
traff forward TATGCGAATGAGCCGATTCC 78 51.8 
traff reverse AACGTCCAGCTTCACATTGG 51.8 

CUE forward GCGTAATCAAGGCGGTTCTG 108 53.8 
CUE reverse TGTTTTGCGGCTCGTTCTTG 51.8 
Ubi1 forward TCAAATGCGGGCGACAAAAG 112 51.8 
Ubi1 reverse TGTTGACCGGATGTTTGCAC 51.8 
SAS3 forward ATCGCGTGCTGTACATTTGC 91 51.8 
SAS3 reverse TGTTTCGCAGCGCATTTGAG 51.8 
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9.6 Ct-values from RT-qPCR analysis 

Table 12: Ct-values obtained via RT-qPCR analysis 

    Ct-values 

Strain C-source Time-
point 

Dupli-
cate sar1 act1 bzip traff cue ubi1 sas3 

QM6a Cellulose 120 1 19,80 19,56 18,50 19,55 18,83 19,48 20,59 
QM6a Cellulose 120 2 21,45 21,80 18,51 19,60 19,83 19,81 21,29 
QM6a Cellulose 48 1 18,46 17,35 19,26 20,74 19,57 20,59 22,09 
QM6a Cellulose 48 2 18,78 18,04 18,59 19,79 18,91 19,83 21,01 
QM6a DTT 6 1 19,84 22,19 19,97 22,40 19,60 21,08 21,66 
QM6a DTT 6 2 20,51 21,92 19,60 21,75 19,69 19,97 21,04 
QM6a DTT 48 1 21,38 23,29 18,35 19,05 18,97 18,51 19,37 
QM6a DTT 48 2 21,90 24,03 18,51 19,34 19,66 18,63 19,77 
QM6a Glucose 36 1 23,96 22,87 17,18 18,04 17,38 17,36 18,40 
QM6a Glucose 36 2 23,95 22,68 17,27 17,97 17,45 17,42 18,45 
QM6a Glucose 84 1 23,44 22,54 18,41 19,24 18,89 19,10 20,35 
QM6a Glucose 84 2 24,87 24,10 18,58 19,61 19,75 19,62 21,09 
QM6a Glycerin 84 1 23,83 24,88 21,37 21,98 22,19 20,77 22,01 
QM6a Glycerin 84 2 24,10 25,60 20,07 20,96 21,28 19,59 21,09 
QM6a Glycerin 24 1 17,08 16,81 18,72 19,52 17,93 19,26 20,89 
QM6a Glycerin 24 2 17,26 16,08 19,02 19,69 17,97 19,26 20,87 
QM6a Induced 96 1 21,90 21,94 20,88 22,17 21,98 21,46 22,97 
QM6a Induced 96 2 22,97 23,23 20,83 21,93 22,22 21,25 22,53 
QM6a Induced 48 1 19,44 18,40 19,08 20,11 19,42 18,67 20,00 
QM6a Induced 48 2 20,19 19,13 19,47 20,66 19,60 18,67 19,91 
QM6a Lactose 96 2 20,81 20,13 19,03 20,06 19,99 18,63 19,68 
QM6a Lactose 96 1 21,55 20,33 17,26 18,30 18,19 16,47 17,73 
QM6a Lactose 72 1 19,10 21,37 17,93 18,77 18,82 17,88 18,98 
QM6a Lactose 72 2 19,67 20,73 17,88 19,15 19,25 18,20 19,37 
QM6a NaCl 6 1 21,08 21,01 18,55 19,80 19,12 18,87 19,71 
QM6a NaCl 6 2 19,90 19,99 18,22 19,49 18,72 18,67 19,68 
QM6a NaCl 24 1 19,16 19,24 17,88 19,13 18,06 19,02 20,22 
QM6a NaCl 24 2 19,77 20,30 18,88 20,46 19,20 20,13 21,48 
QM6a Xylan 48 1 21,62 22,38 18,82 20,26 20,54 19,18 20,65 
QM6a Xylan 48 2 21,08 21,80 21,31 23,02 22,52 21,77 23,26 
QM6a Xylan 24 1 18,89 18,75 17,93 18,98 18,65 18,13 19,39 
QM6a Xylan 24 2 18,12 18,03 19,02 19,95 19,11 19,41 20,37 

RUT-C30 Cellulose 120 1 20,66 20,73 18,80 19,76 19,23 19,65 20,87 
RUT-C30 Cellulose 120 2 20,32 21,33 17,61 18,34 17,84 18,24 19,26 
RUT-C30 Cellulose 48 1 17,77 17,36 18,60 19,68 18,88 19,85 21,13 
RUT-C30 Cellulose 48 2 17,69 17,36 18,38 19,40 18,61 19,46 20,56 
RUT-C30 DTT 6 1 23,88 22,19 19,67 21,70 21,20 20,22 21,43 
RUT-C30 DTT 6 2 25,49 25,82 19,11 21,24 20,32 18,49 19,45 
RUT-C30 DTT 48 1 20,53 19,97 20,81 22,24 20,11 21,38 22,54 
RUT-C30 DTT 48 2 20,96 20,73 16,79 17,86 17,63 17,31 18,56 
RUT-C30 Glucose 84 1 23,04 23,98 18,54 19,39 19,08 19,24 20,59 
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RUT-C30 Glucose 84 2 23,84 24,92 18,76 19,82 19,93 19,20 20,50 
RUT-C30 Glucose 24 1 18,62 18,82 18,53 19,33 18,91 19,37 20,43 
RUT-C30 Glucose 24 2 18,58 18,39 19,56 20,64 20,07 20,54 22,19 
RUT-C30 Glycerin 36 1 20,50 19,42 17,84 18,60 18,13 17,10 17,99 
RUT-C30 Glycerin 36 2 21,53 20,69 17,11 18,17 18,00 16,78 17,80 
RUT-C30 Glycerin 84 1 18,87 20,41 18,36 19,58 19,02 19,29 20,40 
RUT-C30 Glycerin 84 2 18,02 19,29 18,41 19,50 19,17 18,78 20,07 
RUT-C30 Induced 96 1 23,87 23,57 23,27 24,17 23,71 21,46 22,97 
RUT-C30 Induced 96 2 23,77 23,85 20,15 21,16 20,93 21,25 22,53 
RUT-C30 Induced 48 1 19,92 20,05 20,18 21,39 21,40 18,67 21,46 
RUT-C30 Induced 48 2 18,42 18,03 18,48 19,61 19,28 18,67 21,25 
RUT-C30 Lactose 48 1 19,96 20,20 21,54 22,46 21,24 21,55 23,05 
RUT-C30 Lactose 48 2 19,68 20,86 20,21 21,25 21,03 20,33 21,88 
RUT-C30 Lactose 72 1 21,74 22,29 18,18 19,11 19,37 18,23 19,39 
RUT-C30 Lactose 72 2 20,01 22,33 18,75 20,07 19,98 18,87 20,17 
RUT-C30 NaCl 6 1 20,38 19,90 17,73 19,20 18,14 18,77 19,73 
RUT-C30 NaCl 6 2 19,95 19,28 17,31 18,60 17,53 18,09 18,92 
RUT-C30 NaCl 24 1 20,13 19,27 18,10 19,34 18,44 18,56 19,35 
RUT-C30 NaCl 24 2 21,28 20,47 18,29 18,94 18,74 18,26 19,11 
RUT-C30 Xylan 48 1 21,95 21,70 17,57 18,67 18,59 17,65 18,80 
RUT-C30 Xylan 48 2 21,50 21,31 22,20 24,18 22,84 21,93 23,46 
RUT-C30 Xylan 24 1 20,05 18,94 20,10 21,32 20,61 19,67 21,04 
RUT-C30 Xylan 24 2 19,82 19,01 19,50 20,59 20,14 19,16 20,34 
RL-P37 Cellulose 120 1 20,70 20,78 18,23 19,41 19,11 20,76 20,46 
RL-P37 Cellulose 120 2 20,19 20,95 18,84 21,76 19,16 19,68 20,74 
RL-P37 Cellulose 48 1 18,43 18,31 20,16 21,37 19,66 21,57 19,33 
RL-P37 Cellulose 48 2 20,38 20,18 20,69 21,68 20,96 21,79 19,68 
RL-P37 DTT 6 1 20,44 24,89 20,03 21,12 19,86 20,08 21,27 
RL-P37 DTT 6 2 20,02 24,72 20,04 21,37 20,57 19,65 20,68 
RL-P37 DTT 48 1 19,78 19,72 18,18 19,65 18,02 22,83 20,38 
RL-P37 DTT 48 2 20,43 19,88 20,31 22,57 19,19 21,90 22,89 
RL-P37 Glucose 24 1 19,19 18,96 18,67 19,70 19,32 19,60 20,86 
RL-P37 Glucose 24 2 19,50 19,63 17,47 18,32 18,64 18,17 19,57 
RL-P37 Glucose 84 1 19,90 21,85 18,26 19,30 19,38 19,22 20,43 
RL-P37 Glucose 84 2 20,54 21,82 19,15 20,42 20,55 20,83 22,22 
RL-P37 Glycerin 24 1 18,85 18,24 18,04 19,24 18,91 18,48 20,06 
RL-P37 Glycerin 24 2 19,93 19,35 17,99 18,96 18,85 18,04 19,33 
RL-P37 Glycerin 84 1 18,33 18,95 17,30 18,16 17,46 17,72 18,54 
RL-P37 Glycerin 84 2 19,14 20,01 17,95 18,88 18,25 18,34 19,31 
RL-P37 Induced 96 1 23,06 24,04 23,51 24,07 22,76 25,30 24,06 
RL-P37 Induced 96 2 24,24 24,80 25,15 25,68 24,48 24,60 25,21 
RL-P37 Induced 48 1 19,59 19,86 20,19 21,48 20,28 19,90 22,87 
RL-P37 Induced 48 2 18,96 18,98 19,54 20,59 19,54 19,10 24,60 
RL-P37 Lactose 72 1 21,86 22,25 18,41 19,47 18,79 18,46 19,68 
RL-P37 Lactose 72 2 22,71 23,07 17,99 18,93 18,22 17,94 19,14 
RL-P37 Lactose 48 1 19,42 19,69 17,44 18,25 17,94 17,96 19,09 
RL-P37 Lactose 48 2 18,90 19,31 18,26 19,17 18,60 18,75 20,02 
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RL-P37 NaCl 6 1 18,65 18,72 17,40 19,12 17,35 19,03 19,31 
RL-P37 NaCl 6 2 18,99 19,58 18,45 20,52 18,73 20,24 19,06 
RL-P37 NaCl 24 1 20,41 20,26 19,01 20,44 19,86 20,59 20,88 
RL-P37 NaCl 24 2 20,52 20,62 18,80 20,17 19,60 19,06 20,42 
RL-P37 Xylan 48 1 21,61 21,61 19,76 21,06 21,12 19,03 20,49 
RL-P37 Xylan 48 2 22,10 22,46 20,32 21,71 21,89 19,65 21,18 
RL-P37 Xylan 24 1 18,51 19,46 19,45 20,80 20,26 19,86 21,67 
RL-P37 Xylan 24 2 17,96 19,67 18,47 19,43 18,89 18,57 19,79 
GEN-3A Cellulose 120 1 21,18 21,19 19,97 20,89 20,37 20,45 21,61 
GEN-3A Cellulose 120 2 21,90 22,90 19,63 20,95 20,84 20,14 21,57 
GEN-3A Cellulose 48 1 19,48 18,22 18,95 20,04 19,09 19,21 20,36 
GEN-3A Cellulose 48 2 19,12 17,74 19,85 20,88 19,47 20,26 21,43 
GEN-3A DTT 6 1 19,19 25,27 19,92 21,34 19,95 20,42 21,53 
GEN-3A DTT 6 2 19,44 24,90 21,55 24,67 20,92 23,77 22,82 
GEN-3A DTT 48 1 21,70 27,03 18,42 19,22 19,41 18,27 19,26 
GEN-3A DTT 48 2 22,69 29,21 21,53 22,49 23,02 21,86 23,19 
GEN-3A Glucose 24 1 23,51 22,47 19,86 20,98 21,43 20,13 21,42 
GEN-3A Glucose 24 2 22,68 21,55 17,01 17,99 17,32 17,20 18,30 
GEN-3A Glucose 84 1 18,65 20,86 19,09 20,36 20,34 20,18 21,52 
GEN-3A Glucose 84 2 20,92 23,31 17,71 18,86 19,42 18,79 20,26 
GEN-3A Glycerin 24 1 20,07 21,12 17,99 19,28 19,49 18,58 20,05 
GEN-3A Glycerin 24 2 19,34 19,91 17,82 18,86 18,70 17,85 19,11 
GEN-3A Glycerin 84 1 18,67 19,24 17,81 18,87 18,02 18,08 19,14 
GEN-3A Glycerin 84 2 20,15 20,95 17,62 18,55 18,42 17,54 18,93 
GEN-3A Induced 96 1 25,56 25,49 22,14 22,83 23,98 21,81 23,04 
GEN-3A Induced 96 2 24,69 25,41 20,01 20,96 22,03 19,80 21,16 
GEN-3A Induced 48 1 23,37 23,33 21,62 22,32 22,80 21,50 22,58 
GEN-3A Induced 48 2 19,15 19,33 19,22 20,44 19,29 18,86 20,16 
GEN-3A Lactose 48 1 22,42 22,49 19,07 19,96 19,78 19,06 20,41 
GEN-3A Lactose 48 2 23,69 23,99 19,32 20,24 20,19 18,73 19,97 
GEN-3A Lactose 72 1 20,16 22,60 21,49 22,45 22,21 22,37 23,51 
GEN-3A Lactose 72 2 19,89 21,89 16,53 17,34 16,64 16,80 17,88 
GEN-3A NaCl 6 1 19,57 19,98 17,34 18,52 18,06 18,30 19,26 
GEN-3A NaCl 6 2 19,17 19,49 17,84 19,22 19,20 18,98 20,07 
GEN-3A NaCl 24 1 22,04 22,01 18,53 19,59 19,74 18,39 19,44 
GEN-3A NaCl 24 2 21,33 21,10 19,18 20,45 23,88 19,36 20,66 
GEN-3A Xylan 48 1 20,82 21,09 17,95 18,55 18,84 17,21 18,37 
GEN-3A Xylan 48 2 20,32 20,61 18,62 19,35 19,39 18,02 19,12 
GEN-3A Xylan 24 1 19,22 19,81 19,12 20,57 20,46 19,55 21,01 
GEN-3A Xylan 24 2 17,50 17,78 19,03 20,41 19,44 19,56 21,23 
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9.7 List of chemicals 

Table 13: Chemicals used during the experiments 

Chemical Chemical formula Manufacturer Grade 

Ammonium sulphate (NH4)2SO4 ROTH ≥ 99.5 % 

Calcium chloride dihydrate CaCl2 · 2H2O Merck extra pure 
Cellulose microcrystalline  

ca. 0.05 mm (C6H10O5)n SERVA research grade 

Citric acid monohydrate C₆H₈O₇ · H₂O Merck for analysis EMSURE® 
ACS, ISO, Reag. Ph Eur 

Cobalt chloride hexahydrate CoCl2 · 6H2O Merck ACS,Reag. Ph Eur 

di-Sodium hydrogen phosphate Na₂HPO₄ · 2H₂O Merck for analysis EMSURE® 

Dithiothreitol (DTT) C4H10O2S2 Thermo 
Fisher 98% 

Ethanol 96 % C2H6O Merck EMSURE® Reag. Ph Eur 

Glucose monohydrate C6H12O6 · H2O ROTH ≥99,5 %, Ph. Eur., USP 

Glycerol C₃H₈O₃ Merck Ph 
Eur,BP,ChP,JP,USP,ACS 

Iron sulphate heptahydrate FeSO4 · 7H2O Merch ACS,ISO,Reag. Ph Eur 

Lactose monohydrate C₁₂H₂₂O₁₁ · H₂O Merck for microbiology 

Magnesium sulphate heptahydrate MgSO4 · 7H2O ROTH ≥ 99 % 

Manganese sulphate monohydrate MnSO4 · H2O Sigma-
Aldrich ACS reagent, ≥98% 

Peptone / tryptone from casein - ROTH microbiology grade 

Potassium dihydrogen phosphate KH2PO4 ROTH ≥ 98 % 

RNAzol® RT - Sigma-
Aldrich - 

Sodium chloride NaCl Merck Ph Eur,BP,JP,USP 

Tween® 80 C64H124O26 Merck for synthesis 

Urea CH₄N₂O Merck GR for analysis 
ACS,Reag. Ph Eur 

Xylan (C5H8O4)n ROTH from beechwood 

Zinc sulphate heptahydrate ZnSO4 · 7H2O Merck ACS reagent, ≥98% 

 




