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Abstract 

Fungal secondary metabolites are small bioactive compounds that are encoded in biosynthetic 

gene clusters in the fungal genome. These gene clusters are a source of undiscovered treasures, 

considering the bioactivities of the resulting metabolite. The metabolites from these clusters are 

mainly used as treatment in medical applications but also for food- and textile coloring in our 

modern world. Many of these clusters often remain silent under standard laboratory conditions 

and the organism only activates them when it needs to perform a certain task. Hence the 

metabolites often remain undiscovered. A major task in modern biotechnology is therefore to 

activate these silent gene clusters, identify the resulting secondary metabolite or derivate and 

utilize them. 

In this project, bioinformatic analyses on Trichoderma reesei QM6a’s genome was performed 

and 91 biosynthetic gene cluster were discovered. Four were chosen for activation according to 

their organization and potential metabolite. Five synthetic transcription factor cassettes (syn) 

were designed, bearing a truncated DNA binding domain fused to the transactivating domain 

of another gene. Classic cloning approaches paved the way to transform these cassettes into 

T. reesei and additionally T. reesei strains were generated with overexpression cassettes (OE), 

which inherited the native transcription factor. After cultivation on glucose as sole carbon 

source, transcript analyses were performed via qPCR by targeting key core biosynthetic genes 

of each cluster. We were able to activate three out of four BGCs: One cluster was activated in 

both types of transformants (OE and syn), one cluster only in syn-transformants and the third 

cluster only in OE-transformants. Furthermore, we determined co-expression behavior of 

predicted genes in these three activated clusters. All analyzed core biosynthetic genes were 

highly co-expressed in the activated clusters. 

Future steps to come consist of identifying the produced secondary metabolites, isolate them 

and test them for their biochemical properties.  
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Zusammenfassung 

Sekundärmetabolite aus Pilzen sind bioaktive Verbindungen, die in biosynthetischen 

Genclustern im Pilzgenom kodiert sind. Diese Gencluster stellen eine Quelle versteckter 

Schätze dar, wenn man die Vielfalt der Bioaktivitäten der entstehenden Metaboliten bedenkt. 

Die aus diesen Clustern stammenden Metabolite werden in unserer modernen Welt 

hauptsächlich in der Medizin, aber auch zur Färbung von Lebensmitteln und Textilien 

verwendet. Viele dieser Cluster bleiben unter Standardlaborbedingungen oft stumm und werden 

nur aktiviert, wenn der Pilz sie braucht. Der Organismus aktiviert sie nur, wenn er eine 

bestimmte Aufgabe zu erfüllen hat, daher bleiben die Metaboliten oft unentdeckt. Eine wichtige 

Aufgabe der modernen Biotechnologie besteht daher darin, diese stillen Gencluster zu 

aktivieren und die daraus entstehenden Sekundärmetaboliten oder Derivate zu identifizieren 

und sie zu nutzen. 

In diesem Projekt wurden bioinformatische Analysen am Genom von Trichoderma reesei 

QM6a durchgeführt und 91 biosynthetische Gencluster entdeckt. Vier davon wurden aufgrund 

ihres Aufbaus und ihres potenziellen Metaboliten zur Aktivierung ausgewählt. Es wurden fünf 

synthetische Transkriptionsfaktorkassetten (syn) entworfen, die eine verkürzte DNA-

Bindungsdomäne enthalten, welche mit der transaktivierenden Domäne eines anderen Gens 

fusioniert ist. Klassische Klonierungsansätze ebneten den Weg zur Transformation dieser 

Kassetten in T. reesei und zusätzlich wurden T. reesei Stämme mit Überexpressionskassetten 

(OE) transformiert, die den nativen Transkriptionsfaktor enthielten. Nach der Kultivierung mit 

Glukose als einziger Kohlenstoffquelle wurden Transkriptionsanalysen mittels qPCR 

durchgeführt und die wichtigsten biosynthetischen Schlüsselgene jedes Clusters analysiert. Es 

gelang uns drei von vier BGCs zu aktivieren: Ein Cluster wurde in beiden Arten von 

Transformanten (OE und syn) aktiviert, ein Cluster nur in syn-Transformanten und der dritte 

Cluster nur in OE-Transformanten. Darüber hinaus haben wir das Co-expressionsverhalten von 

bestimmten Genen in diesen drei aktivierten Clustern analysiert. Alle, als wichtig für die Cluster 

vorhergesagten Gene, die analysiert wurden waren stark co-exprimiert.  

Zukünftige Aufgaben bestehen darin, die produzierten Sekundärmetaboliten zu identifizieren, 

zu isolieren und auf ihre biochemischen Eigenschaften zu testen.  
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1. Introduction 

1.1. Secondary metabolites – pioneers of a modern 

world 

Secondary metabolism is coarsely defined as metabolism that is not necessary for growth, 

maintaining or reproduction of the organism1. Its counterpart is primary metabolism which 

fulfills the formerly mentioned vital tasks in each living organism. Both have in common that 

they use the same substrates (e.g. acetyl-CoA or amino acids) but different enzymes1. While 

primary metabolism enzymes are ubiquitous and highly conserved across nearly all kingdoms 

of life2–4, secondary metabolism enzymes remain specialized in terms for task and host5. 

Furthermore, secondary metabolism has some unique characteristics: The resulting metabolites 

are normally only built under specific circumstances or to perform a certain task like defense6,7, 

predatorious8 or to gain the edge when competing for space and resources9. Secondary 

metabolites (SMs) are often small active molecules that are used by mankind for different 

purposes10. The most important application of SMs is their use in medicine as antibiotics. 

Prominent examples are penicillin11, cephalosporin12 or erythromycin13. Although there are 

countless substances and different classes of antibiotics, antibiotic resistance14–16 is on the rise 

and poses a great threat to humanity. This is one of the main reasons to intensify research on 

novel substance classes and until this day hidden SMs. Other medical applications of SMs 

include chemotherapeutic drugs17, immune suppressants18 and  anti-cancer drugs18. Industrially 

used SMs include food coloring pigments22 and coloring of textiles23. Fungi are further used as 

biocontrol agents, thereby their SMs exhibit antifungal19, antimicrobial20 and cytotoxic21 

properties. Agriculturally, fungi are also applied to enhance the yield and growth of crops and 

to fend off parasites18. 

The focus of this project is centered around fungal SMs because fungi pose an enormous source 

of useful yet undiscovered SMs24. Fungal SMs can be grouped into three major groups, although 

being chemically unbelievably diverse and heterogenous: polyketides, non-ribosomal peptides 

and terpenes24. There are also hybrids of the former mentioned ones that display characteristics 

from either of these24. An overview of the three main classes of fungal SMs is given in Figure 

1. 
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Figure 1. Overview of fungal secondary metabolites. 
Polyketides as well as terpenes are derived from acyl-CoA building blocks whereas non-ribosomal peptides are derived 
from amino acids. DMAPP … dimethylallyl diphosphate; 4-DMAT … dimethylallyl tryptophan; GPP … geranyl 
diphosphate (C10) ; GGPP … geranylgeranyl diphosphate (C15); Adapted with permission from REF24, Springer 
Nature Limited. 

 

Polyketides got their name from their basal chemical structure consisting of multiple 

condensed ketones and are built from acetyl-CoA or malonyl-CoA as substrates by polyketide-

synthases (PKSs) via condensation24. Generally, PKSs can be grouped in three main groups: 

type I, type II or type III25. Type I comprise PKSs where functional domains are covalently 

linked on one large poly-peptide chain25. Type I PKSs are typically organized in several 

modules of similar domains25. Type II refers to PKSs where some functional domains are not 

covalently linked but extra-standing in modules25 and are mainly found in bacteria26. Type III 

are distinguishable from type I and II by their structural simplicity, acting generally as 

homodimers of identical keto-synthases27 and being able to use a wider variety of different 

starter substrates27,28. The domains that most type I PKSs are minimally comprised of are a 
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keto-(acyl)synthase (K(A)S), a (malonyl)-acyltransferase ((M)AT) and an acyl-carrier protein 

(ACP)25. Furthermore the following domains can  be part of PKSs: a ketoreductase (KR), a 

dehydratase (DH), a enoyl reductase (ER), a C-methyltransferase (CMeT) and a thioesterase 

(TE)25. Each domain asserts a specific function and is crucial for the building of the basal 

chemical scaffold. Thereby, the task of each domain is similar to their homologs in the fatty 

acid synthases (FASs)29. The KS domain catalyzes the condensation of two acyl substrates25. 

The (M)AT domain transfers either acetyl or malonyl-CoA to ACP25. KR reduces keto groups25. 

DH removes water thereby creating a double or triple bond25. ER reduces the former created 

double or triple bond and TE splits the product from the PKSs25. Some domains appear more 

than once in type I PKSs30. Type I PKSs can either act modular like in Aspergillus terreus’s 

biosynthesis of lovastatin31 or iterative like in Penicillium patulum’s biosynthesis of 6-

methylsaliclyic acid32,33. Thereby modular means that each module consists of several domains 

and acts only once per resulting product. Contrary to that, iterative means that each module acts 

more than once per resulting product, except for the AT domain34. Modular acting type 1 PKSs 

product backbones are mainly dependent on number and order of the modules, whereas it’s 

tricky to unravel the backbone of products derived from iterative acting type 1 PKSs only from 

number and order of the modules34. 

Type II PKSs are mainly composed of the “minimal core subunits” which are the ACP and the 

KS, lacking an AT domain27. Other domains are either substrate or reaction-specific like in the 

case of actinorhodin biosynthesized by Streptomyces coelicolor32,35. This specific type II PKS 

inherits three reaction-specific subunits, a KR, a cyclase (CYC) and an aromatase (ARO)32,35. 

Type III PKSs were first found in plants36 and believed to be exclusively expressed in them but 

recently discovered in fungi37, bacteria38 and actinobacteria39. Type III PKSs core structure are 

mainly homodimers with catalytic condensation domain KSs28. The various type III PKSs differ 

significantly from each other by their starting substrate and reaction mechanisms, leading to a 

wide variety of different products28. 

The second group of fungal SMs are synthesized by non-ribosomal peptide synthetases 

(NRPSs) via the condensation of amino acids to peptides. Generally, NRPSs can be grouped 

into three types40: 

Type I NRPSs are organized on a single polypeptide chain in modules and are mainly found in 

fungi41. Thereby each module acts once per product and consist of several domains40. A 

prominent example for type I NRP is penicillin G biosynthesized by 

Penicillium chrysogenium42. Type II NRPSs are organized in several stand-alone proteins with 

several domains that interact more than once (iterative) in the building of the product40. Type 
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II NRPSs are mainly found in bacteria43. A prominent example for type II NRP is vancomycin 

biosynthesized by Amycolatopsis orientalis44. Vancomycin was applied in medicine as 

antibiotic, especially since the rise of methicillin-resistant Staphylococcus aureus (MRSA) and 

penicillin-resistant Streptococcus pneumoniae45. Type III NRPSs present themselves as mix of 

type I and type II NRPSs and inherit modules organized in one polypeptides as well as stand-

alone units of other modules that act either modular or iterative40. An example for a type III 

NRP is vibriobactin biosynthesized by the bacterium Vibrio cholerae46.  

The basic units each NRPS modules inherits are a adenylation domain (A), a peptidyl carrier 

protein domain (PCP) and a condensation domain (C) with exception from the first module in 

each NRPS which lacks a C domain40. Generally,  the PCP domain fixates the peptides that will 

be condensed by the C domain while the A domain recognize and activates the peptides priory 

by formation of a adenylate intermediate40. Furthermore, modules can contain an epimerase 

(E), a thioesterase (TE), a methyltransferase (MT) or oxidation (Ox) and cyclisation (Cyc) 

domain40. 

The third group of fungal SMs are synthesized by terpene synthases (TSs)47. Terpenes are 

natural products that were isolated from plants and other microbial organisms47. Fungal 

terpenoids are all derived from isopentenyl diphosphate (IPP) or its isomer dimethylallyl 

diphosphate (DMAPP)47. These building blocks are resulting from the mevalonate pathway, 

which requires acetyl-CoA as starter substrate and leads to the production of cholesterol48. 

Thereby, two coarse classes of terpenes are distinguished: Terpenes that are derived solely from 

isoprenyl units (class I) and those terpenes that are derived from mixed building blocks (class 

II), namely isoprenyl units and polyketide or indol precursor47. An example for class I 

terpenoids are mono-, sesqui-, di- or triterpenoids, namely trichothecenes biosynthesized by 

Fusarium and other fungal species47. This terpenoid is a mycotoxin which poses a health threat 

to mankind by poising cereal crops47. An example for class II terpenoids are meroterpenoids, 

namely pyripyropene A biosynthesized by Aspergillus fumigatus49. Thereby, an iterative type I 

PKS utilizes nicotinyl-CoA and condenses it with two malonyl-CoA units49. The following 

steps in the biosynthesis include the prenyltransfer by a prenyltransferase and epoxidation as 

well as cyclization by a terpene cyclase leading to pyripyropene A50. Pyripyropene A is a 

potential candidate for application as acyl-coenzyme A:cholesterol acyltransferase (ACAT) 

inhibitor, resulting in lowered cholesterol levels51. 

Although many metabolites in all three major classes of SMs are already discovered there 

is still many more to unravel. Especially when it comes to the organizational structure these 

metabolites originate from: biosynthetic gene clusters. 
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1.1.1. Biosynthetic gene clusters – immense dormant 

potential for novel substance classes 

The term biosynthetic gene cluster (BGC) comprises several genes that are in a close distance 

to each other which play a part in the formation of a SM. Most of these clusters consist of at 

least one core biosynthetic gene that encodes either a PKS, a NRPS, a hybrid enzyme of former 

mentioned (PKS-NRPS) or a TS24. These enzymes execute the primary formation of the basal 

chemical scaffold of the corresponding SM24. They are supported by additional biosynthetic 

enzymes, often referred as auxiliary or tailoring enzymes, that modify the chemical scaffold24. 

Examples for additional biosynthetic enzymes are oxidoreductases, transferases, hydrolases, or 

epimerases and more24. Sometimes transport related genes are also of part these clusters24. 

BGCs are found in all kingdom of lives and were extensively studied in bacteria52–54, fungi55,56 

and plants57–59. Thereby, the vast potential of silent BGCs was just recently unraveled when 

genomic data became widely available for public with the advent of the genomics era in the 

early 2000s. Prior to the prediction of BGCs based on genomic data, High-throughput screening 

of synthetic compound libraries60 or fragment based design61 was conducted. Drawbacks of 

these methods included the inefficiency of developed assays in vivo, the limited number of 

heterocyclic aromatic scaffolds in former mentioned libraries and the approaches being 

generally time-consuming, labor-intensive and expensive in costs60-62. These days the journey 

for the discovery of new SMs starts with a thorough in silico analysis of sequencing data of the 

organism of interest, with sophisticated bioinformatic tools. antiSMASH63, PRISM64, 

SMURF65  and BAGEL366 are just few examples of today’s publicly available tools.  

Two different strategical approaches are applied for the activation of BGC: The first strategy 

can be summarized as pleiotropic approaches and the second as pathway-specific approaches. 

In pleiotropic approaches the main idea is that by modifying global influences like variation of 

culturing conditions67, tampering with the transcriptional and translational machinery54, 

overexpressing or deleting global known regulators52 or epigenetic disturbances68 the induction 

of a former silent BGCs can be achieved. Pathway-specific approaches comprise manipulating 

pathway-specific regulators69, reporter-guided mutant selection70, refactoring71 or heterologous 

expression72. All the mentioned strategies have been applied successfully in different organisms 

to induce the expression of secondary metabolites. 

In this project the focus is directed to Trichoderma reesei’s silent BGCs. In Trichoderma 

species generally, the potential of BGCs is varying widely: While genome mining of T. virens, 

T. atroviride and T. reesei revealed that T. virens and T. atroviride have more putative PKSs 
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(18 vs. 11) and NRPSs (28, 16 vs. 10)73 which are located in putative BGCs than T. reesei, there 

are still interesting and valuable insights to be gained when studying T. reesei’s BGCs. An 

example is the elucidated and well understood sorbicillinoid BGC. Sorbicillin was originally 

isolated and identified in P. notatum by Cram et al74,75. It was identified as disturbing yellow 

pigment in the production of penicillin from the genera Penicillium75. Nearly 50 years later, 

Abe et al. described the isolation of demethylsorbicillin and oxosorbicillinol after cultivation 

of Trichoderma sp. USF-2690, laying open that at least one genera of Trichoderma is able to 

produce sorbicillinoid compounds76. Derntl et. al, identified the main regulator responsible for 

the yellow pigment production in T. reesei77. They showed that the BGC, which is responsible 

for sorbicillinoid production, consists of two PKS adjacent to each other and that in the near 

distance (< 30 kilo bases) the main regulator, the yellow pigment regulator (ypr1), of this cluster 

was present77. A knockout of ypr1 lead to the loss of yellow pigment formation in T. reesei 

QM6a and was regained after complementation of this gene77. This study demonstrated how 

first light can be shed into BGCs and their regulation with techniques like Reverse Transcriptase 

quantitative PCR (qPCR) by also showing that seven of the nine genes of this cluster, including 

the two PKSs, were upregulated while two were not in the knockout strain (Δypr1)77. It was 

also demonstrated that the second transcription factor (ypr2) of this gene cluster was repressing 

most other genes of the cluster and proposed that this occurs via repression of ypr177. In a 

second study regarding the sorbicillinoid cluster the same authors elucidated the sorbicillinoid 

cluster even further showing that the main product formed by this cluster is sorbicillinol and 

that sorbicillinol was the main building block for the formation of other sorbicillinoids78. These 

two studies demonstrated the pathway from identifying a BGCs up to characterization of the 

products and even proposing a reaction mechanism for the formation of these SMs.  

These discoveries are motivating for imitators which follow the trails of elucidating putative 

BGCs. While the sorbicillinoid cluster does not inherit a SM or derivate that is actively utilized, 

this example shows why the elucidation of BGCs is important: The so gained knowledge about 

the sorbicillinoid gene cluster could be used to optimize downstream processes by directly 

targeting and deleting ypr1, which might lead to a more cost-efficient production of enzymes 

because the need for removal of the sorbicillinoids in the downstream processing would be 

diminished. 
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1.2. Transcription factors and their role in gene 

regulation 

Transcription factors (TFs) are proteins that regulate gene expression by either binding to the 

DNA and recruiting other enzymes to induce gene expression80 or by binding to the DNA and 

blocking other enzymes from transcribing DNA81. If gene expression is induced the TF is 

labelled as activator and if gene expression is suppressed the TF is labeled as repressor. 

Thereby, TFs are in general structured in a modular fashion with several domains82. A key 

domain thereby is the DNA binding domain (DBD)82. This domain identifies and binds 

regulatory sequences of the gene to be transcribed82. In eukaryotes these sequences can be 

adjacent to the to-be-transcribed-gene or in distance to it82. The second important domain is the 

transactivating domain (TAD) of the TF82. The TAD initiates transcription via interaction with 

the RNA-polymerase or associated proteins after the TF has bound the DNA82. Another domain 

that TF can be comprised of are regulatory domains, that hinders the TF of binding DNA under 

certain circumstances82. 

TFs can be classified via their structure, resulting in different DNA binding approaches83. Well 

studied examples for common eukaryotic DBD structures are homeo-, basic-leucine zipper- or 

zinc-finger domains, although several more are known83. Homeodomain-DBD proteins form 

either heterodimeric structures which identify asymmetric DNA sequences and one helix of 

each the helix-turn-helix motifs interacts with the major groove of the DNA83. Basic-leucine 

zipper DBD-proteins consist of two helices in which opposite parts of the helices are composed 

of the hydrophobe amino acid leucine83. These leucine residues on opposite side interact with 

each other and form a “zipper” structure83 similar to a zipper of a jacket or jean. The other parts 

of the helices are composed of basic amino acids that interact with the DNA83. The last example 

that will be elaborated are zinc finger TF83. They are categorized according to their zinc-binding 

motifs. A famous and often occurring motif thereby is the Cys2His2 (C2H2) motif, where two 

cysteines and two histidine residues interact with one zinc ion (Zn2+)84, thereby forming a 

“finger-like structure” that consist of one α-helix and two antiparallel β-strands85. Several of 

these micro units can be linear arranged and interact with the DNA’s major groove83.  

In fungi, the Gal4 TF which regulates the galactose metabolism in S. cerevisiae, was 

intensively studied since its discovery in 197486. The Gal4 TF of S. cerevisiae thereby inherits 

six cysteines (C6) that bind two zinc ions, thereby being labelled as zinc binuclear cluster- or 

Zn2C6 proteins. Generally, Zn2C6
 are able to interact with DNA as monomers87, homodimers88 
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or heterodimers and are strictly related to the fungal kingdom84. Zn2C6 TFs can be divided in 

three sections, the DBD, the TAD and the regulatory regions as mentioned above82,84. The DBD 

is furthermore dissected into the zinc finger domain, the linker region and the dimerization 

domain84. The cysteine rich zinc finger domain (Zn2C6) is located at the N-terminus of the TF89. 

Zn2C6 recognizes two CGG triplets as either inverted or directed repeats and bind these triplets 

as homodimers while interacting with the major groove of the DNA84. The linker region 

between DBD and TAD is located C-terminal to the Zn2C6 motif and is widely diverse and non-

conserved across fungal species84. The Gal4 TF linker region interacts with the phosphate 

backbone of the DNA and paves the way for the interaction of the dimerized TF with the major 

groove90. The dimerization region is positioned at the C-terminus of the linker and is highly 

conserved across Zn2C6 TFs84. This region forms coiled-coils with heptad repeats which is 

dimerizing and furthermore suggested to play a role in protein-protein interaction89. The 

regulatory domain is not conserved across fungal Zn2C6 TF and separates the DBD from the 

TAD84. The role of this region is not finally resolved but studies suggest that this regulatory 

domain exerts inhibition influence on TF91,92. Finally, the third section of zinc binuclear cluster 

TFs is the TAD, also referred to as acidic region and located at the C-terminus of the TF84,89. 

Its sequence is often not conserved and function as well as structure not well understood in zinc 

binuclear cluster TFs84. However, the observed modularity of the Gal4 TF lead to the 

development of the yeast-two-hybrid system where protein-protein interactions were 

observable when fusing the DBD to a protein of interest (DBD-A) and the TAD to another 

protein (TAD-B) which was expected to interact with protein A93. If this was the case then the 

Gal4 TF was reconstituted by bringing both domains “into the necessary distance” to activate 

gene expression and thus being observable93. The modularity and their manipulation of Gal4 

TFs was again demonstrated when the TAD of the original Gal4 protein was fused to the LexA-

DBD and shown to induce a reporter gene (lacZ) if the lexA operator is present near the 

transcription start site in E. coli94. 

There are several other examples where the Gal4 TF modularity was exploited95–97, and the 

mentioned modularity of TFs is a promising lead to open up new regulation approaches, 

especially in silent BGCs. 
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1.2.1. Synthetic transcription factors – pathway specific 

modification that leads to unprecedented 

possibilities   

Synthetic transcription factors (synTFs) make us of the modularity of native TFs. SynTFs are 

constructs, where the TF is modified in either its DBD or TAD or one of these two is swapped 

with the corresponding domain of another gene. Furthermore, the promotor of the construct can 

be swapped with the corresponding element from another gene for either permanent expression 

(constitutive promotor) or inducible expression (inducible promotor). The terminator can also 

be swapped from the initial gene for strong terminator to prevent leakiness. 

The mentioned example of the sorbicillinoid cluster (see 1.1.1) described a BGCs that is already 

activated in T. reesei without any further necessary effort. However, most of the other BGCs 

remain silent under laboratory conditions and must be activated. Some strategies for the 

activation have already been shortly addressed in the previous abstract. 

One project demonstrating the vast opportunities of synthetic TFs as novel regulation approach 

in activating silent BGCs, was published by Grau et al in 201898. The group fused the DBD of 

the putative TF of the targeted cluster alnR, to the TAD of afoA (AN1029), a transcription factor 

shown to induce the expression of the asperfuranone cluster69. The authors exchanged the native 

promoter of alnR with the constitutive promotor of alcA, an alcohol dehydrogenase, and 

transformed this construct into an Aspergillus nidulans strain (LO9577) which lacked key genes 

necessary for the induction of other highly expressed BGCs (see 99; e.g. asperfuranone 

cluster)98. In this genetic background the identification of the product of the targeted BGC was 

presumed to be easier98. Lastly, they demonstrated that with this approach and a following 

RNAseq analysis, they were  not only able to induce the expression of the targeted BGC, 

resulting in the expression of (+)-Asperlin, but also defined the genes (alnI, alnH, alnR, alnG, 

alnF, alnE, alnD, alnC, alnB, and the PKS alnA ) that were an actual part of this cluster98 and 

co-expressed. Another interesting outcome of this study was that the mere replacement of the 

native promotor of alnR with the promoter of the alcohol dehydrogenase alcA did not result in 

an activation of the targeted BGC98. To reach this goal it was utterly necessary to replace the 

native TAD (alnR)98 with a more potent one (afoA69).  

Another modified pathway-specific approach to activate silent BGCs in which the promotor of 

a TF was swapped, was the study of Chiang et al. in which an Aspergillus strain was created 

that produced asperfuranone69. The approach included the direct insertion of the constitutive 
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alcohol dehydrogenase promotor (alcA), replacing the original promotor of the TF, via fusion 

PCR100 into an non homologous end-joining (NHEJ) deficient Aspergillus strain (ΔnkuA)69. The 

authors reported that this cluster remained silent under laboratory conditions but could be 

activated after the promotor-swap approach69. Although this activation wasn’t carried out with 

a direct modification of the open reading frame (ORF) of the TF, it still showed that targeting 

TFs located in such clusters can be the key when aiming for activating silent BGCs.  

Another modified pathway-specific approach was conducted when Laureti et al. were 

overexpressing a synTF in Streptomyces ambofaciens which led to the production of 

stambomycins A-D101. In this study the promotor of the putative TF (samR0484) was also 

exchanged for a constitutive promotor (ermE) but was not inserted at the original locus of the 

gene101. Laureti et al. designed an overexpression- cassette (OE) and integrated it into the attB 

site of the S. ambofaciens chromosome, making this approach slightly different than the one for 

the activation of (+)-Asperlin cluster, again showing that modulation of regulators in those 

clusters can be a successful strategy101.  

Another example for a hybrid/synthetic transcription factor and its application in T. reesei was 

demonstrated by Derntl et. al when they fused the DBD of the main cellulase regulator Xyr1 to 

the TAD of Ypr1 to improve cellulase and xylanase induction102. This was achieved nearly 

carbon source independent (exception lactose) which unraveled the immense potential of such 

constructs102. The development of this synTF expression system was prolonged when Derntl et 

al. added the ligand binding domain of the human estrogen receptor α to the former mentioned 

construct102,103. This new synTF was able to induce the expression of xylanases after addition 

of the inducer 17β-estradiol without the simultaneously noteworthy induction of cellulases103. 

Furthermore, the induction of xylanases was once again demonstrated to be nearly carbon 

source independent and in this case was also fine-tunable by addition of different concentrations 

of the inducer103.  

The next example where a synTF was applied in the context of a heterologous expression 

system in T. reesei, was the light-induced synthetic expression system from Zhang et al, where 

the author constructed chimeric TFs which dimerized light-induced, bind 5’ upstream of the 

promotor in the second synthetic cassette with the gene of interest and induce the expression of 

the inserted gene of this cassette104. 

All these examples showed that there are various ways of making knowledge about 

regulatory mechanism count, in the relatively new scientific field of synthetic biology. The 

following project will be another step towards activating BGCs. 
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2. Research aim 

The motivation to carry out this project was to activate, under standard condition silent or 

weakly expressed, BGCs and pave the road to the discovery of a new substance class. T. reesei 

was therefore the perfect model organism, regarding its potential of silent BGCs. The other 

advantages of this fungus were its GRAS-status, vast experience in handling, easy maintenance 

and accessibility.  

To achieve the research, aim a thorough in silico analysis was performed. It was decided to 

design synthetic transcription factors which were presumed to active the in silico analyzed 

clusters after incubation on glucose as sole carbon source. Furthermore, the focus laid on 

determine if and which of the associated predicted genes of these clusters were also co-

expressed with the core biosynthetic genes. 

With this knowledge future experiments will include to screen the metabolome of the most 

promising transformants with the goal of identifying the newly expressed SM(s) in the end. 
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3. Results 

3.1. In silico analysis yields 91 putative biosynthetic 

gene clusters – 4 selected 

The in silico analysis, performed with antiSMASH63, with the genomic data105 of 

T. reesei’s QM6a yielded 91 putative biosynthetic gene clusters. Some of these clusters were 

assigned one or more core biosynthetic genes. These were either encoding a polyketide synthase 

(PKS), non-ribosomal peptide synthetase (NRPS), hybrids of the former mentioned enzymes 

(PKS-NRPS) or other similar biosynthetic core enzyme, like terpene synthases (TS). Some 

clusters were even assigned two or more of the former mentioned core biosynthetic enzymes.  

On the other hand, there were clusters that were identified as such but did not inherit any of the 

mentioned enzymes (see Table 1/Cluster 85). Few of these cluster’s core biosynthetic genes 

inherited one conserved domain that is also part of PKSs, NRPSs or TSs but were missing 

several other crucial domains and were therefore not identified as PKS, NRPSs or TS (see Table 

1/Cluster 3) by the algorithm. Table 1 summarizes the chosen BGCs, the core biosynthetic 

enzymes of these clusters and illustrates three examples of non-chosen BGCs. 

Table 1. Selection of BGCs after antiSMASH analysis. Some clusters contained PKSs, NRPSs, TSs or none of the 
mentioned ones; put … putative  

Cluster Biosynthetic core enzyme(s) Chosen 

21 PKS-NRPS: 58285 YES 
22 PKS: 105804 & PKS-NRPS: 59315 YES 
52 PKS: 65172 YES 
78 PKS: 81964 YES 
3 put. condensation domain containing protein: 38640 NO 
23 put. TS: 59597 NO 
85 put. cytochrome P450: 70339 & put. dehydrogenase/reductase: 70334 NO 

 

It was decided to focus on clusters 21, 22, 52 and 78 because two of them inherited a type I-

PKS (52 and 78), one a hybrid type I-PKS-NRPS (21) and one both (22). It was assumed that 

the chances of actually expressing and finding a new secondary metabolite or derivate after 

activation of these clusters was higher compared to other clusters that had not been clearly 

assigned a PKS, PKS-NRPS or NRPS. Other criteria for these four clusters were that they all 

inherited at least one putative transcription factor and that the predicted products by the 

antiSMASH analysis were all labelled putatively non-hazardous. 
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Three examples of clusters that were not chosen were nonetheless displayed in Table 1 to 

demonstrate the reasoning behind our choices: 

The first example of a non-chosen cluster was cluster 3. Cluster 3 was assigned a core 

biosynthetic gene (38640) with a condensation domain but this gene lacked any other conserved 

domain necessary for being identified as PKS, NRPS or TS. The second example of the non-

chosen BGC was cluster 23 which was not chosen for activation because although inheriting a 

putative TS (59597), there was no putative TF in this cluster. The last exemplary displayed 

cluster, which was not chosen, was cluster 85 because it did not inherit a biosynthetic core gene 

which is known to form a secondary metabolite but the only two core biosynthetic genes in it 

were a putative cytochrome P450 (70339) and a putative dehydrogenase/reductase (70334).  

The organization of the chosen clusters can be seen in Figure 2.  

 

 
Figure 2. Cluster organization of chosen BGCs. 
Numbers indicate the gene numbers/protein IDs assigned to these sequences after gene prediction by the Joint Genome 
Institute106; Grey arrow… other genes; Blue arrows … transport related genes; Red arrows … core biosynthetic genes; 
Pink arrows … additional biosynthetic genes; Grey boxes … putative transcription factors of corresponding cluster; 
Blue/greenish bar … ClusterFinder107 association of genes that are predicted to be an actual part of the cluster 
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The genes that were associated with each cluster were either already annotated, assigned a 

putative function or had no assigned functions. Each cluster showed more than one core (red 

arrow - Figure 2) and additional biosynthetic gene (pink arrow - Figure 2), which indicated that 

the core chemical structure of the secondary metabolite will be modified24. Blue marked genes 

(blue arrows - Figure 2) indicated that this gene was most likely to perform a transport function 

and grey genes (grey arrows - Figure 2) were genes that have been identified as genes but 

couldn’t be assigned a specific function by the antiSMASH algorithm. The blue/greenish bars 

(blue/greenish bar - Figure 2) over certain genes of each cluster indicated that the associated 

genes are an actual part of the cluster.  

Cluster 21 was assigned two core (58285 and 58953) and two additional biosynthetic genes 

(58289 and 76204) and several other genes with no annotated function. Gene 58601 was 

excluded by the ClusterFinder algorithm to be an actual part of this BGC. Cluster 22 was 

assigned seven core (59771, 105787, 36882, 59337, 59690 and 105804) and one additional 

biosynthetic gene (3262). In this cluster three genes were excluded by ClusterFinder algorithm 

from being an actual part of this BGCs (46818, 46819 and 73110). Cluster 52 was assigned two 

core (65036 and 65172) and five additional biosynthetic genes (65067, 65097, 64956, 64996 

and 65190). Cluster 78 was assigned three core (123946, 81964 and 69652) and three additional 

biosynthetic genes (69650, 69625 and 69605). ClusterFinder did include all genes to be part of 

the cluster 52 and 78. 

PANNZER2108 (Protein ANNotation with Z-scorE) analysis identified the putative TFs of each 

cluster that were suspected to regulate the expression of the corresponding PKS or PKS-NRPS. 

This bioinformatic tool, generally predicts functions and/or biological processes in which 

putative genes might be involved108. The PANNZER2 algorithm thereby executes homology 

sequence comparisons with mass-annotation based on sequence similarity using 

SANSparallel109. An overview of the identified TFs is prepared in Table 2.



 
 

Table 2. PANNZER2 identification of transcription factors in the chosen clusters.  
Est. … Estimated; CR … cluster regulator; TR … transcription regulator; TF … transcription factor; apdR … aspyridone cluster regulator; nscR … neosartoricin regulator 
  

Cluster Transcription factor Est. Description Est. Biological process Est. Molecular function 

21 72993 Aspyridone CR apdR (0.76) Transcription (0.65) Zinc ion binding (0.63) 
DNA binding (0.56) 

22 105805 Zn2Cys6 TR (0.45)   

52 

79725 C6 domain TF nscR (0.40) Transcription (0.64) 
Zinc ion binding (0.63) 

DNA binding (0.55) 
DNA- binding transcription factor activity (0.70) 

122783 Zn2Cys6 TR (0.41) Transcription (0.69) Zinc ion binding (0.63) 
DNA- binding transcription factor activity (0.72) 

78 111742 Zn2Cys6 TR (0.44) Transcription (0.51) 
Zinc ion binding (0.63) 

DNA binding (0.56) 
DNA- binding transcription factor activity (0.72)  
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One TF was identified in cluster 21, 22 and 78 and two TFs were identified in cluster 52. All 

of them inherited a GAL4-like Zn2Cys6 zinc finger motif which made it likely that these were 

in fact regulatory proteins. The estimated biological processes (transcription) and molecular 

function (zinc ion binding, DNA binding and DNA- binding transcription factor activity) did 

also fit well, having predicted probability numbers of at least 51 %. These numbers after each 

prediction are an indicator for how likely it is that the prediction was likely and is ranging 

between zero and one. The closer to zero the unlikelier the prediction and vice versa.  

The final length of the truncated TFs was chosen according to a BLASTX110 analysis for four 

of the five TFs (72993, 105805, 79725, 111742). The final length of truncated TF 122783 was 

chosen after analysis with BLASTP110 because analysis with BLASTX didn’t reveal the zinc 

finger motif. The results are displayed in Figure 3.  

 

 
Figure 3. BLASTX and BLASTP analysis of TFs.  
All five TFs showed a GAL4-like zinc finger domain at the N-terminus of their sequences. 

The lengths of the truncated TFs were chosen for each TF in order to comprise the conserved 

Gal4-like domain and the conserved areas up to the fungal transcription factor middle homology 

region (FTFMHR) where applicable. An extensive explanation on how these areas have been 

chosen is provided in the original publication where this strategy was applied firstly by Derntl 

et al102. Three of the four TFs (72993, 79725 and 122783) did have the conserved FTFMHR 
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domain which is suggested to play a regulatory role84 and was therefore strengthening the 

correctness of the gene prediction. An overview of the lengths of the DBD’ is given in Table 3. 

 
Table 3. Chosen length of the TFs after in silico analysis 

TF DBD’ - length (bp) 

72993 807 

105805 553 

79724 377 

122783 454 

111742 401 

 

3.2. Generation of synthetic transcription factor 

strains and characterization 

The generation of the strains bearing the synthetic transcription factor cassettes (synTF) ranged 

from cloning over transforming up to the characterization of the obtained strains via genotyping. 

3.2.1. Cloning 

The cloning procedure comprised three steps: 

Firstly, the truncated TFs (DBD’) were amplified via PCR and the resulting PCR products were 

cloned into the vector pJET1.2. The strategy behind this step was on the one hand to send this 

plasmid to our sequencing collaborator and on the other hand to excise the DBD’ in the next 

step with a higher accuracy.  

In the following step, the excised DBD’ was cloned into vector pCD_pXY1 to assemble the 

DBD’ with the truncated transactivation domain (TAD’) from Ypr1. This TAD’ was already in 

pCD_pXY1 in its original design only with a different DBD’, namely a truncated version of the 

DBD of Xyr1. The sequence of pCD_pXY1 is provided in section 7.1. 

In the last step the excised synthetic transcription factor (DBD’ + TAD’) was cloned into vector 

pRP4_TX with the purpose to reintegrate these vectors into the pyr4 locus. 

A schematic overview of the cloning strategy that was applied is given in Figure 4. This figure 

was created with Biorender.com 
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Figure 4. Schematic representation of cloning strategy.  
5’/3’ flank – 5’/3’ homologous flank of pyr4 locus; Ptef1 – promotor of tef1; DBD’ – DNA-binding domain of truncated 
TF; TAD’ – truncated transactivation domain of Ypr1 (Yellow pigment repressor 1); Tcbh2 – terminator cbh2; pyr4; 
pyr4 – pyr4 gene; Figure created with biorender.com 
 

The sequence result of the PCR products of the DBD’ of each TF was compared to the genomic 

sequence of the TFs with MAFFT111 algorithm and visualized in benchling112. Figure 5 shows 

the comparison. 
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Figure 5. Sequence comparison of genomic sequences of the TFs with DBD’ sequences of the TFs.  
Seq_Result … sequencing result; Dark-grey vertical bars: consensus sequences, brown arrows: amplification primers, 
orange arrows: intron, purple arrows: exons, red vertical bars (circle): mismatch 

The dark-grey vertical bars on top of each transcription factor sequence indicated consensus 

sequences. The absence of these bars (white space between grey bars) indicated different bases 

and/or failed measurement. Four truncated TFs (105805, 79725, 122783, 111742) were 

amplified completely correct and the fifth (72993) showed one single mismatch at position 690 

in exon 2 (red circle). The mismatch was incorporated in the codon CGG where the third 

position was cytosine instead of guanine. This mismatch resulted in a silent mutation and 

furthermore was not located in the conserved sequence Gal4-like motif of the DBD’. We 

therefore decided to presume with this mismatch. 

Verification of successful cloning was carried out for all five TFs after cloning the DBD’ into 

pCD_pXY1 and for three synTFs (105805, 79725, 111742) after cloning the synTFs into the 

final construct pRP4_TX. Figure 6 displays the Colony PCR results. Figure 7 displays the test 

restriction results. The lengths of the final constructs are shown in Table 4.



 
 

 

Figure 6. Colony-PCRs of synTFs-cassettes in E. coli single colonies after transformation of the final vector pRP4_TX. 
Neg. C. … negative control of PCR (= water); Primers from Table 14 have been used for amplification: Primer Ptef was 
used to bind inside the promotor of tef1 and reverse primers corresponding to the DBD’ were used to bind 3’ end of the 
DBD’. At least two colonies from each synTF show the expected bands (inserts). 

At least two E. coli colonies for each synTF showed the expected signals in the Colony-PCR 

(see Figure 6) and the vectors thereof were subsequently used for transformation into T. reesei. 
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Figure 7. Test restriction digests of vectors pCD and pRP4 bearing either the truncated DBD (DBD’ in pCD_pXY1) or 
the complete synTF-cassette; DBD’ … truncated DNA-binding domain; pCD_pXY1 … intermediate vector 2; 
pRP4_TX … final vector;  
 

Test restriction digests (Figure 7) showed that all the DBD’ had the correct length (DBD’ in 

pCD). Three of the assembled synTFs (105805, 111742 and 79725) were also demonstrated to 

have the expected length in the final vector (synTF in pRP4 - Figure 7 - see Table 4). synTFs 

122783 and 72993 weren’t analyzed via test restriction due to lack of time. 

Table 4. Overview - synTFs and vectors 

synTF (DBD’+TAD’) length [bp] vectors vector lengths [bp] 

72993 2197 

pCD 
pRP4 

~ 4100 
~ 11000 

105805 2027 

79724 1847 

122783 1827 

111742 1867 
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3.2.2. Transformation 

The synTF-expression cassettes were reintegrated into the pyr4 locus of 

T. reesei QM6a Δtmus53 Δpyr4 via transformation. This strain was chosen because it was 

shown that the knockout of the tmus53 gene led to a lack of efficient Non-homologous end 

joining (NHEJ) mechanism which massively elevates the chances of integrating an insert into 

the favored locus by homologous recombination113. The pyr4 gene encodes the orotidine 5-

monophosphate decarboxylase114. This enzyme is vital in the pyrimidine synthesis of the 

organism and therefore a pyr4 knockout-strain can be used in selection for prototrophy102. The 

parental strain is not able to grow on media without the external addition of uridine because 

pyr4 is missing. By retransforming the syn-cassettes into the pyr4 locus the transformants will 

gain back a copy of the pyr4 gene and would therefore again able to grow on minimal medium 

without the addition of uridine. 

The transformation process consisting of transforming, colony picking, homokaryon streaking 

and single colony picking is exemplary shown for one transformant, with the synTF-cassette of 

72993 inserted, in Figure 8 and was carried out for all transformants listed in  Table 5. 

Table 5. 

 

Figure 8. Transformation process by example of T. reesei QM6a Δtmus53 synTF-72993 (pyr4).  
A …Transformed T. reesei colonies after 4-5 days; B … homokaryon streaking and single colony picking; C … 
Transformant after single colony picking after 2-3 days; Selection pressure was kept up throughout all stages by using 
minimal medium (MA) without the addition of a uridine source. 
 

3.2.3. Genotyping 

The promising syn-TF transformed candidates were subject to cultivation on liquid MEX 

medium at 30 °C. DNA was extracted after 2 days and subsequently analyzed via PCR. At least 

three transformants per synTF-cassette were screened for the correct genotype. Additionally, at 

least three transformants with overexpression-cassettes (OE) were screened. The OE-cassettes 



25 
 

were constructed and transformed by colleagues in this research group but analyzed 

subsequently (see 6.2). The aim of reinsertion into the pyr4 locus was so confirmed in both 

types of transformants (OE and syn). The primer pairs were designed to confirm pyr4 locus 

specific integration with the following strategy: 

The first pair was designed so that the forward primer would bind outside the 5’ 

transformed flank and the reverse primer was designed to bind in the tef1 promotor. The second 

pair was designed so that the forward primer would bind inside pyr4 gene and the reverse primer 

was designed to bind outside the 3’ transformed flank. With this strategy it was possible to 

screen all generated strains rapidly and simultaneously. Figure 9 shows the genotyping results. 

The used primers are shown in Table 15. 



 
 

 

Figure 9. Genotyping of generated OE and synTFs strains via PCR.   
5’/3’ flank … amplification outside transformed flank and inside respective construct; NTC … No Template Control (water); Neg. C. … Negative Control – T. reesei QM6a Δtmus53 Δpyr4; 
OE … overexpression transformants; syn … synTF transformants; kB … kilo bases; Signals that were strong and different compared to the negative control for the 5’ and 3’ flank, were 
judged as successfully transformed.



 
 

In Figure 9/A/B/C/D/E all no template controls (NTC - water) showed no amplicons, which 

was expected. The negative controls (Neg. C – T. reesei QM6a Δtmus53 Δpyr4) yielded none 

or not the correct signal at the 5’ and 3’ flank in all PCRs. This was also expected because the 

reverse primer of the 5’ flank and the forward primer of the 3’ flank were designed to not bind 

in the parental strains pyr4 locus. 

Some transformants did not show the expected band at either the 3’ or 5’ flank. The signal was 

either missing completely (e.g. missing 3’ flank - 72993-OE-3; missing 5’ flank – 122783-OE-

3 or 79725-OE-3) or did show a weak signal (e.g. 72993-syn-2). Interestingly, in some of these 

transformants one flank did show the expected signal whereas the other flank did not. All the 

transformants where such results were obtained did not integrate the cassette correctly and were 

therefore discarded. 

For all other shown transformants the expected signals at the 5’ and the 3’ flank were obtained 

correctly. At least two transformants per OE and syn-cassette were processed further and 

analyzed with Reverse-Transcriptase quantitative PCR (qPCR). An overview of these strains is 

given in Table 5. 

Table 5. Summary synTF and OE strains that were analyzed via qPCR for cluster activation. 

Strains Transformants Abbreviation Cluster 
T. reesei Δtmus53 synTF-72993 (pyr4) 2 72993-syn-2 

21 72993-syn-6 

T. reesei Δtmus53 OE-72993 (pyr4) 2 72993-OE-1 
72993-OE-2 

T. reesei Δtmus53 synTF-105805 (pyr4) 2 105805-syn-2 

22 105805-syn-2 

T. reesei Δtmus53 OE-105805 (pyr4) 2 105805-OE-2 
105805-OE-3 

T. reesei Δtmus53 synTF-79725 (pyr4) 4 

79725-syn-3 

52 

79725-syn-9a 
79725-syn-9b 
79725-syn-12a 

T. reesei Δtmus53 OE-79725 (pyr4) 2 79725-OE-1 
79725-OE-3 

T. reesei Δtmus53 synTF-122783 (pyr4) 2 122783-syn-2 
122783-syn-9 

T. reesei Δtmus53 OE-122783 (pyr4) 2 122783-OE-1 
122783-OE-3 

T. reesei Δtmus53 synTF-111742 (pyr4) 3 
111742-syn-2 

78 

111742-syn-5 
111742-syn-6 

T. reesei Δtmus53 OE-111742 (pyr4) 4 

111742-OE-1 
111742-OE-2 
111742-OE-3 
111742-OE-4 
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3.3. Three out of four clusters successfully activated 

The generated T. reesei transformants from Table 5 and the WT (T. reesei QM6a Δtmus53)   

have been cultivated on minimal medium (MA without citric acid or peptone – see Table 17) 

with glucose as sole carbon source for 72 hours to estimate the transcript levels of the targeted 

PKS and PKS-NRPS genes. This medium did not contain any other carbon source except 

glucose. This was achieved by modifying the recipe of the MA buffer with adjusting the pH to 

5 with HCl instead of citric acid. With this setup it was made sure that the only carbons that 

would be metabolized by the fungus would be the ones deriving from D-glucose and in the 

following project, the search for the putative newly expressed SM(s) will be easier (see tracer 

derived approach – section 7.5).  RNA was extracted, reverse transcribed to cDNA and 

subsequently analyzed with qPCR. The results of this transcript level estimation are displayed 

Figure 10. 

 

 

Figure 10.Transcript level estimation of PKS, NRPS/PKS of each cluster. 
WT … T. reesei QM6a Δtmus53; OE … overexpression transformants; syn … synTFs transformants; Transformants 
and WT have been cultivated on glucose as sole carbon source. Samples have been taken after 72 hours. Relative 
transcript levels of the indicated genes have been normalized to the WT samples using the reference genes act1 & sar1. 
Mean values of two technical replicates are given. 
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The transcript levels of PKS-NRPS hybrid enzyme 58285 of cluster 21 were between 2.45 and 

2.85 log10-fold higher in both tested OE and syn strains (72993-OE-1/2 and 72993-syn-2/6) 

compared to its parental strain (WT - see Figure 10/A). We therefore considered this cluster 

activated.  

The transcript levels of PKS 105804 of cluster 22 were slightly lower in both OE transformants 

(105805-OE-2/3) and showed mixed regulation signals in the syn transformants (105805-syn-

2/6) compared to the parental strain (see Figure 10/B). In 105805-syn-2, PKS 105804 transcript 

level was 0.5 log10-fold higher, whereas the transcript levels of 105804 were slightly 

lower (- 0.07 log10-fold) in 105805-syn-6 compared to the parental strain. Cluster 22 would 

have been considered not activated judging from these results, if this was the only PKS but 

there is a second core biosynthetic enzyme a few genes besides 105804, namely the hybrid 

PKS-NRPS 59315. While there were slightly lower transcript levels in both OE transformants 

(105805-OE-2/3) regarding 59315, higher transcript levels of 59315 were detected in both syn 

transformants (105805-syn-2/6), ranging between 1.35 and 1.55 log10-fold compared to the 

parental strain. Cluster 22 was therefore, considered activated in the syn transformants 

regarding PKS-NRPS 59315.  

The transcript levels of PKS 81964 in cluster 78 were between 0.77 and 1.44 log10-fold higher 

in all four OE transformants (111742-OE-1/2/3/4) but lower in all three tested syn transformants 

(111742-syn-2/5/6 – see Figure 10/D) compared to the parental strain. Cluster 78   was therefore 

considered activated in the OE transformants. 

The only cluster that that wasn’t considered activated was cluster 52 in both OE and syn 

transformants. The OE transformants of both TFs (79725-OE-1/3 and 122783-OE-1/3) showed 

mixed or no sufficiently different log-fold change of the PKS 65172 compared to the previous 

described transformants of the other three clusters (see Figure 10/C). In 79725-OE-1, the 

transcript level of 65172 was slightly higher (0.03 log10-fold) and in 79725-OE-3 it was slightly 

lower (- 0.03 log10-fold) compared to the parental strain. In 122783-OE-1/3, the transcript levels 

of 65172 were both moderately higher (0.62 and 0.70 log10-fold) but not sufficient enough to 

our judgement (see section 6.6.2 for explanation). In the synTF transformants of 79725 (79725-

syn-3/9a/9b/12a), the transcript levels of 65172 were all ranging between 0.25 and 0.55 log10-

fold higher compared to the parental strain but were again judged as insufficient to declare the 

cluster activated in these strains. The synTF transformants of 122783 (122783-syn-2/9) showed 

mixed regulation signals: While the transcript levels of 65172 were slightly lower (- 0.16 log10-

fold) in 122783-syn-2, they were moderately higher (0.98 log10-fold) in 122783-syn-9 

compared to the parental strain. Cluster 52 was considered not activated in these strains due to 
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the mixed regulation signals in 122783-syn transformants and only a small regulation difference 

in 122783-OE transformants. The same was stated for this cluster in the 79725 transformants 

of both types (syn and OE).  

The explanation why most results were considered sufficient and a few not, for a clear statement 

regarding the activation of a cluster is prepared in the discussion part of this thesis (see section 

4.2 and 6.6.2).  

 

3.3.1. Co-expression analysis within the activated BGCs 

Having three clusters activated, we were interested to investigate the prediction of the 

biosynthetic core enzymes and additional biosynthetic enzymes in those clusters (21, 22, 78) 

given by antiSMASH analysis. One of the reasons to shed light into the activated clusters was 

to confirm co-expression of other putatively necessary genes, namely the core and additional 

biosynthetic genes. If the activation, in form of higher transcript levels of the PKS, PKS-NRPS, 

was sincere and the predicted clusters are in fact BGCs, then we can assume that the other 

biosynthetic genes or additional biosynthetic genes are co-expressed too.  

We decided to add another layer of bioinformatic analysis before deciding on which genes to 

focus. This bioinformatic tool is named FunORDER115 and was designed to identify essential 

genes, that belong to the same BGC, based on computational molecular co-evolution. It yields 

heat maps, principal component analyses (PCA) and dendrograms calculated with ward’s 

methods that aims at predicting co-evolution between genes in a putative BGC115. The tool 

thereby declares genes as co-evolved if their pairwise calculated strict and evolutionary distance 

was below or equal to the value of 0.7 and the combined distance of both was below or equal 

to the value of 0.6115. These calculations were performed by the TreeKO algorithm and the 

difference between both distances is that the strict distance is penalizing dissimilarities in 

evolution, such as gene duplication and gene loss events, whereas the evolutionary distance 

does that not116. It is therefore proposed by the authors of the TreeKo algorithm that the strict 

distance is more suitable in detecting co-evolution116. This was taken into account and therefore, 

this work only displayed the plots and heatmaps in the supplementary section (see 7.3), in which 

the strict distances were calculated (see Figure 23/Figure 24/Figure 25), although all resulting 

plots (e.g. evolutionary distance and combined) were analyzed and regarded before the final 

decision which genes were chosen for qPCR analysis. 
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3.3.1.1. Cluster 21 

The co-expression analysis started for each cluster with the comparison of the prediction results 

from the antiSMASH and the FunORDER algorithm. Therefore, cluster 21 is schematically 

displayed in Figure 11 with the predictions of the antiSMASH algorithm. The antiSMASH 

algorithm predicted the type of gene in this cluster. The types ranged from core biosynthetic 

genes (red -Figure 11) over additional biosynthetic genes (pink - Figure 11) up to transport 

related genes (blue – not displayed here) and other genes (grey - Figure 11) with no assigned 

function.  

 
Figure 11. Cluster overview of cluster 21.  
Numbers indicate the gene numbers/protein IDs assigned to these sequences after gene prediction by the Joint Genome 
Institute106; Grey arrow… other genes; Red arrows … core biosynthetic genes; Pink arrows … additional biosynthetic 
genes; Grey box … putative transcription factors of corresponding cluster; Blue/greenish bar … ClusterFinder107 
association of genes that are predicted to be an actual part of the cluster; 
 

Table 6 gives an overview of the predictions both applied algorithms made and the genes that 

were finally chosen for subsequent qPCR analysis. 
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Table 6. Overview of gene predictions by antiSMASH, clustering by FunORDER analysis and chosen target genes.  
Gene-IDs were derived from after gene prediction by the Joint Genome Institute106; Functions were assigned after 
BLASTP and PANNZER2 analysis; put … putative; DUF … domain of unknown function; hyp. … hypothetical 
protein; PKS … Polyketide synthase; TF … Transcription Factor; Green and Blue clustered groups refer to the analysis 
results of the FunORDER tool displayed in section 7.3. 

Gene-ID Function  
FunORDER – 

clustered groups 

antiSMASH – 

type 

Chosen for qPCR 

analysis 

105220 hyp. protein – DUF3328 - other No 

105221 hyp. protein – DUF3328 - other Yes 

105222 hyp. protein - other Yes 

105223 put. peptidase S41 fam Green other Yes 

105224 hyp. protein Green other No 

120872 put. GCN5-acetlytransferase Green other Yes 

58285 PKS Blue core biosyn. already analyzed 

58289 put. reductase Blue additional biosyn. Yes 

76204 put. oxidoreductase Green additional biosyn. Yes 

58953 put. P450 monooxygenase Blue core biosyn. Yes 

72993 put. TF - other No 

120873 glycoside hydrolase - other No 

 

The antiSMASH tool yielded 12 genes as part of the gene cluster and assigned two genes as 

core biosynthetic genes (58285 and 58953) as well as two genes as additional biosynthetic genes 

(58289 and 76204). 

FunORDER analysis predicted evolutionary background between 10 genes in this BGC. Four 

genes (105223, 76204, 120872 and 105224) clustered together in the PCA as well as in the 

wards minimum distance dendrogram and sub summarized as “Green clustered” in Table 6 and 

Figure 23. Another three genes (58285, 58953 and 58289) were also clustered together in the 

PCA and wards minimum distance dendrogram and sub summarized as “Blue clustered” (see 

Table 6 and Figure 23). The three genes where no relationship with the FunORDER tool has 

been established were 58601, 120873 and 105222. The assignment of colors (Green and Blue) 

to the clustered genes of the FunORDER analysis were based on the figures presented in the 

supplementary that are prepared in section 7.3. 

Gene 58601was already excluded to be an actual part of cluster 21 by ClusterFinder within the 

antiSMASH analysis (see Figure 2/Cluster 21).  The other two excluded ones were 120873 and 

105222. Furthermore, 58601 as well as 105222 were classified by BLASTP analysis as 

hypothetical proteins with a domain of unknown function 3328 (DUF_3328) and 120873 as 
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glycoside hydrolase. There are several reasons for the FunORDER tool to not cluster genes that 

were associated with the BGC by other bioinformatic tools, ranging from identifying these 

genes as pseudogenes, or these genes having no known homologs in the searched database or 

not being able to calculate the phylogenetic tree115. For a detailed explanation please refer to 

the original publication115. The FunORDER tool predicted two likely co-evolved clades of 

genes (strict distance ≤ 0.7 – “Green and Blue” clustered). The clustered genes, that are sub 

summarized as “Blue” in Table 6, consisted of the genes 58285 PKS-NRPS, 58289 and 58953. 

58953 was assigned as core biosynthetic gene by antiSMASH and BLASTP as well a 

PANNZER2 analysis revealed that its most likely a P450 cytochrome like enzyme. 58289 was 

assigned as additional biosynthetic gene by antiSMASH and PANNZER2/BLASTP analysis 

suggested that this protein was most likely an enoyl-reductase. These three genes were chosen 

for transcript analysis because of their possible importance for the formation and modification 

of the resulting metabolite and their predicted clustering. 

The other clustered genes by FunORDER, that are sub summarized as “Green” in Table 6,  

consisted of genes 105223, 105224, 120872 and 76204. 76204 was identified by BLASTP 

analysis as putative FMN/NADPH-oxidoreductase and antiSMASH assigned this gene to be an 

additional biosynthetic gene. The other three (105223, 105224 and 120872) weren’t assigned 

specific tasks by antiSMASH analysis but BLASTP analysis revealed that 105223 might be a 

peptidase (S41 family), 105224 a putative PTH11-GPCR (membrane integrated protein with 

G-protein coupled receptor117) and 120872 a putative acetyl transferase. 105221, which wasn’t 

clustered with the previous described genes by FunORDER and 105222, a putative hypothetical 

protein, which also wasn’t clustered by FunORDER, were still chosen to be analyzed by qPCR 

together with 105223, 76204 and 120872. 105221 contains a DUF-3328 domain (domain of 

unknown function) which was interesting because proteins with these domains appear in the 

regulation of the long known118 but only recently standardized119 classes of RIPPs120. 105223, 

the peptidase and 120872, an acetyltransferase, were speculated to be potentially involved in 

post formational modification of the derived SM and therefore also selected. 58601 and 120873 

were not considered in the following qPCR analysis due to them both being non-clustered by 

FunORDER analysis.  

The chosen genes were measured via qPCR from the same cDNAs samples that were generated 

for the estimation of the PKS of this cluster (see 3.3) Figure 12 shows the transcript level 

estimations from these selected genes in both types of transformants (OE and syn). 
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Figure 12. Co-expression analysis - BGC 21 
WT … T. reesei QM6a Δtmus53; OE … overexpression cassette transformants; syn … synTFs-cassette transformants; 
PKS … Polyketide Synthase; OR … Oxidoreductase; DUF … domain of unknown function; hyp. prot … hypothetical 
protein; ACT … acetyl transferase; 
Transformants and WT have been cultivated on glucose as sole carbon source. Samples have been taken after 72 hours. 
Relative transcript levels of the indicated genes have been normalized to the WT samples using the reference genes act1 
& sar1. Mean values of two replicates are given. 
 

The putative oxidoreductase (76204) transcript levels were as similarly high in both 

transformant types (OE & syn), as the PKS (58285) of this cluster, ranging from 2.07 to 2.49 

log10-fold compared to the parental strain (WT). This makes sense because the predicted 

functions of these genes suggest that they must play an important role in the formation of the 

SM(s) of this cluster. The other core - (58953 – putative oxidoreductase) and additional 

biosynthetic gene (58289 – putative P45 like cytochrome) transcript levels were measured but 

the relative expression could not be calculated. An explanation why that was the case is 

following: Before calculating the relative transcript levels, one must inspect the raw data of the 

transcript measurements of the putative P450 like cytochrome. This data is prepared in the 

supplementary section (see 7.4) of this work in Table 18.   

While on the first look the raw data seems solid there was a seemingly minor, yet big problem 

with it: The measured Ct-values of the technical replicates of 58289s transcript levels in the 

transformants (both OE and syn) were close to each other (e.g. 21.5/21.4). This was similarly 

good for the average Ct-values (21.5/20 and 22.6/22.2), efficiencies (1.71/1.72) and the no 

template control (NTC - water) did not yield a measurable quantitative fluorescence signal at 

all, which was expected (see efficiencies Table 18). 
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On the other hand, when taking a closer look on the WT-sample, one technical replicate with 

expectable signals for Ct-value and the efficiency (31.5/1.78) was measured and one technical 

replicate with non-utilizable Ct-value and efficiency (red data in Table 18- 11.1/0). Because 

there was no third technical replicate, it wouldn’t be serious to perform the transcript level 

calculation with only the one plausible measured WT sample (31.5/1.78). If now though the 

raw Ct-values from 58289 in both transformants (OE and syn) and only the plausible WT Ct-

value were compared to each other (20/22.2 vs. 31.5), then it was clearly visible that the putative 

oxidoreductases 58289 transcript levels were higher in the transformant and the data suggested 

that this gene played a part in the biosynthesis of this cluster’s metabolite. Furthermore, if 

theoretically the ΔΔCt-value would have been calculated from these values then the log10-fold 

change would be ranging between 2.19 and 2.67. These log10-fold changes would fit and made 

sense in the perspective of the prediction that this gene was assigned as additional biosynthetic 

genes and should be highly co-expressed too in the activated cluster. Another completely 

different possibility would be that the WT transcript levels of 58289 were generally 

undetectable in the qPCR with good efficiencies. Although, this is a theoretical possibility, the 

WT sample with the Ct-value of 31.5 with an efficiency of 1.78 suggests that this was not the 

likeliest explanation here. This occurred also for gene 58953, the putative oxidoreductase, with 

similarly different Ct-value differences between the transformants and the WT sample. 

However, these relative transcript level calculations were not conducted and displayed to obtain 

the integrity of the other results of this study.  

The other analyzed genes (105221, 105222, 105223 and 120872) showed a different picture:  

Gene 105221 transcript levels were lower in both OE transformants and in 72993-syn-2 but 

slightly higher in 72993-syn-6 compared to the WTs transcripts of 105221, which indicated that 

this gene was not co-expressed in this BGC. 

The transcript levels for the hypothetical protein 105222 were higher in both transformant types 

(OE & syn) but in three transformants only minorly (< 1.0 log10-fold) compared to the WT. 

Although showing higher transcript levels (1.66 log10-fold) in one syn transformant (72993-

syn-6) compared to the WT, no assumptions regarding co-expression of this gene were made 

due to the high deviation between both syn transformants (1.66 vs. 0.99 log10-fold) and even 

smaller regulation difference in the OE transformants (0.75 vs. 0.44 log10-fold).  

105223 transcript levels showed mixed regulation signals in the OE and syn transformants. The 

putative peptidases levels were slightly higher in each one OE (72993-OE-2) and syn (72993-

syn-2) and slightly lower in the other two transformants (72993-OE-1 and 72993-syn-6) 

indicating that this gene was not co-expressed, thus suggesting that 105223 has no to little 
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function in the formation or posttranslational processing of the corresponding SM(s) in this 

cluster. 

The last analyzed gene’s (120872) transcript levels showed only minor regulation differences 

in OE and syn transformants ranging from -0.03 to 0.27 log10-fold. The putative function of this 

gene was to code for an acetyltransferase. As there is close to none difference in regulation 

compared to the WT it was, similarly to 105223, considered that 120872 was likely to play no 

active part in the formation or the posttranslational processing of the SM.  An overview of the 

results of the co-expression analysis is given in Table 7. 

 
Table 7. Overview of Co-expression analysis of cluster 21. 
Mixed … transformants with the same expression cassette inserted showed once higher, once lower transcript levels 
than the WT; Not calculated but measured …  transcript levels were measured but relative expression could not be 
calculated due to erroneous raw data of the WT sample 
 

 

Overall the analysis of all the predicted core and additional biosynthetic genes (58285, 58289, 

58953 and 76204) by antiSMASH showed the expected higher transcript levels in both OE and 

syn transformants. FunORDER did cluster 58285, 58289 and 58953 together in the wards 

dendrogram and the PCA as well as in the heatmap indicating strong likelihood of co-evolution 

for these three. As both bioinformatic tools results overlap with the qPCR analysis, this is 

another strong indicator that the tools predictions were correct regarding these three genes. 

The genes that were analyzed but assigned no specific function by antiSMASH were not as 

clearly to interpret: While three (105221, 105223 and 120872) of those did show mixed 

Gene-ID Function 
FunORDER – 

clustered groups 
antiSMASH – type 

Transcript levels 

compared to WT 

105221 hyp. protein – DUF3328 - other Mixed 

105222 hyp. protein - other Strong deviation 

105223 put. peptidase S41 fam Green other Mixed 

76204 put. oxidoreductase Green additional biosyn. Higher 

120872 put. GCN5-acetlytransferase Green other Mixed 

58285 PKS Blue core biosyn. 
already analyzed - 

Higher 

58289 put. reductase Blue additional biosyn. 
Not calculated but 

measured – Higher 

58953 put. P450 Monooxygenase Blue core biosyn. 
Not calculated but 

measured – Higher 
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regulation signals the other one’s (105222) standard deviation was too strong. The results 

pointed out that the prediction of the antiSMASH was correct regarding clusters assignment of 

the core and biosynthetic genes but incorrect by assigning these as “other” labelled genes to be 

an actual part of the BGC by the inbuilt ClusterFinder algorithm. This results were not 

surprising when one considers that not all predicted genes of a cluster by bioinformatic tools 

prove to be an actual part of the cluster or important (refer to methods of the used algorithms 

and results regarding training sets of well understood BGCs63,107,121). In order to verify the 

whole antiSMASH predictions, all genes have to be analyzed by qPCR or RNAseq. 

3.3.1.2. Cluster 22 

The co-expression analysis of Cluster 22 proved to be trickier than 21 because the cluster 

inherited one PKS (105804) and one hybrid PKS-NRPS (59315). The hybrid PKS-NRPS 59315 

transcript levels were higher in the syn-transformants (105805-syn-2/6) while the transcripts of 

105804 showed no mentionable regulation difference in all tested transformants. The cluster is 

schematically shown in  Figure 13.  

 
Figure 13. Cluster overview of cluster 22.  
Numbers indicate the gene numbers/protein IDs assigned to these sequences after gene prediction by the Joint Genome 
Institute106; Grey arrows … other genes; Blue arrows … transport related genes; Red arrows … core biosynthetic genes; 
Pink arrow … additional biosynthetic gene; Grey box … putative transcription factors of corresponding cluster; 
Blue/greenish bar … ClusterFinder107 association of genes that are predicted to be an actual part of the cluster; 
 

Table 8 gives an overview of predictions both applied algorithms made and the genes that were 

finally chosen for subsequent qPCR analysis. The detailed results of the FunORDER analysis 

are given in the supplemental section of this work (see 7.3) 
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Table 8. Overview of gene predictions by antiSMASH, clustering by FunORDER analysis and chosen target genes.  
Gene-IDs were derived from after gene prediction by the Joint Genome Institute106; Functions were assigned after 
BLASTP and PANNZER2 analysis; put … putative; hyp. … hypothetical protein; PKS … Polyketide synthase; unchar 
… uncharacterized; MFS … Major Facilitator Superfamily; Green, Red and Blue clustered groups refer to the analysis 
results of the FunORDER tool displayed in section 7.3. 

Gene-ID Function  
FunORDER – 

clustered groups 

antiSMASH – 

type 

Chosen for qPCR 

analysis 

46816 glycoside hydrolase - other No 

46819 put. substrate transporter Red transport-related No 

73110 acetyltransferase Red other No 

105784 put. TF - other No 

105785 unchar. protein Red other No 

59771 put. prenyltransferase Red & Blue core biosyn. Yes 

105787 put. halogenase Red core biosyn. No 

105788 put. protease Red other No 

59315 put. PKS-NRPS Green core biosyn. already analyzed 

36822 put. hydrolase Green core biosyn. Yes 

59775 put. reductase Blue other Yes 

105798 MFS transporter Green transport-related Yes 

3262 aldehyde dehydrogenase Green additional biosyn. Yes 

59377 put. P450 Monooxygenase Green core biosyn. Yes 

59690 put. oxidoreductase Blue core biosyn. Yes 

105804 PKS Red core biosyn. already analyzed 

105805 put. TF - other No 

105806 put. acetyltransferase - other No 

59655 put. methyltransferase Green other Yes 

105808 unchar. Protein Red other No 

121125 hyp. protein Red other No 

 

antiSMASH analysis yielded 21 genes to be part of this BGC, whereas the FunORDER tool 

clustered 20 genes in this BGC. The one which was missing in FunORDER’s clustering was 

46816, a glycoside hydrolase. ClusterFinder107 analysis did exclude 46816 already from being 

an actual part of this cluster as well as 46819 and 73110. Therefore, it was decided to not 

analyze these three genes by qPCR in respective of limited resources. 

The dendrogram of strict distances (Figure 24/B) revealed that six genes were clustered as likely 

co-evolved by the FunORDER tool (labelled Green in Table 8). 36822 a putative hydrolase, 
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105798 a major facility superfamily transporter, 59315 the PKS-NRPS, 59655 a putative 

methyltransferase, 3262 a succinate semialdehyde dehydrogenase and 59377 a putative 

cytochrome P450 monooxygenase. Three of these were classified by antiSMASH analysis as 

core biosynthetic genes (36822, 59315 and 59377), one as additional biosynthetic gene (3262), 

one as transport related gene (105798) and the last one wasn’t classified in a specific category 

(59655 – other genes) although BLASTP analysis revealed that this gene inherits the amino 

acid sequence of a conserved methyltransferase domain. These six genes were chosen to be 

subsequently analyzed by qPCR because of the expected upregulation regarding their predicted 

role. Notably, the TF-105805, that was chosen for the activation of this cluster, was clustered 

together with the former mentioned genes in the heat map (Green circle in Figure 24/A) but not 

in the Wards plot (see Figure 24/B) nor in the PCA (see Figure 24/C). It was decided to analyze 

the “Blue” clustered genes from Table 8 (59690, 59775 and 59771) because two of these genes 

were predicted by antiSMASH analysis to be core biosynthetic genes (59771, a putative 

prenyltransferase and 59690, a putative oxidoreductase) and the third (59775) by BLASTP 

analysis as putative NADPH-binding protein with a conserved reductase domain. The PCA plot 

of the FunORDER analysis (see Figure 24/C) showed, besides the clustering of the Green 

clustered genes, that additional nine genes could also be sub summarized by a reduction of 

dimensions (Red in Table 8) indicating that this cluster might be in fact two clusters that 

merged. This assumption will be further explained in section 4.3.  

Cluster 22 was elucidated in syn transformants only as they were the only ones in which the 

PKS-NRPS 59315 showed higher transcript levels (see Figure 10/B) compared to the WT. The 

qPCR results of the selected target genes are displayed in Figure 14. 
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Figure 14. Co-expression analysis – BGC 22. 
WT … T. reesei QM6a Δtmus53; syn … synTFs-cassette transformants; PKS … Polyketide synthase; MT … 
methyltransferase; OR … oxidoreductase; P450 … Cytochrome P450 like enzyme; Hyd … hydrolase; PTrans … 
prenyltransferase; N.D … Not Detected 
Transformants and WT have been cultivated on glucose as sole carbon source. Samples have been taken after 72 hours. 
Relative transcript levels of the indicated genes have been normalized to the WT samples using the reference genes act1 
& sar1. Mean values of two replicates are given. 
 

Four of the Green clustered genes (59655, 3262, 59377 and 36822) showed higher transcript 

levels in the syn transformants ranging between 1.03 and 1.91 log10-fold compared to the 

parental strain. This was expected because these four genes were either identified as core or 

additional biosynthetic genes. The only Green clustered gene that couldn’t be analyzed was 

105798, the transport-related one. The transcripts of 105798 were measured and the raw data 

suggested (Ct-values: 21.7/21.0) that this gene transcript levels were higher compared to the 

WT sample (Ct-value: 33.6) but only one WT replicate yielded a utilizable signal and therefore 

the relative transcript levels could not be calculated.  

Furthermore, 59771 - the putative prenyltransferase and 59690 the putative oxidoreductase 

transcript levels were also higher in both the syn transformants compared to the parental strain. 

The putative prenyltransferase 59771 moderately, ranging between 1.01 - 1.25 log10-fold and 

the putative oxidoreductase 59690 between 1.75 - 1.80 log10-fold. 59775, a putative reductase, 

was not detectable (N.D). An overview of the results of the co-expression analysis is given in 

Table 9. 
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Table 9. Overview of Co-expression analysis of cluster 22. 
Not calculated but measured …  transcript levels were measured but relative expression could not be calculated due to 
erroneous raw data of the WT sample; N.D … Not detectable – no measured transcripts 
 

 

The Green clustered genes (36822, 105798, 3262, 59377 and 59655) measured transcripts (see 

Table 9) were all higher in the tested transformants compared to the wildtype sample, which 

agreed with antiSMASH analysis. antiSMASH assigned three genes to be core (36822, 59315 

and 59377), one to be an additional (3262) and one to be a transport-related gene and therefore, 

also essential. Interestingly, 59655 the putative methyltransferase, was clustered together with 

the other core and biosynthetic genes as “Green” in the FunORDER’s PCA and dendrogram 

results but was assigned no core or biosynthetic function by antiSMASH.  

On the other hand, genes 59771 and 59690 (Blue clustered group/Table 9) weren’t clustered 

together with the Green group (36822, 105798, 59315, 59655, 3262 and 59377) by FunORDER 

but still had higher transcripts measured than the wildtype. 59690, a putative oxidoreductase 

and 59771, a putative prenyltransferase, were both assigned core biosynthetic functions by 

antiSMASH analysis which matched the qPCR results. These two examples showed why it’s 

always useful to apply more than one bioinformatic analysis and combine their results.  

 

Gene-ID Function 
FunORDER – 

clustered groups 
antiSMASH – type 

Transcript levels 

compared to WT 

59771 put. prenyltransferase Red & Blue core biosyn. Higher 

105804 PKS Red core biosyn. 
already analyzed - 

Mixed 

59775 put. reductase Blue other N.D. 

59690 put. oxidoreductase Blue core biosyn. Higher 

59315 put. PKS-NRPS Green core biosyn. 
already analyzed - 

Higher 

59377 put. P450 Monooxygenase Green core biosyn. Higher 

36822 put. hydrolase Green core biosyn. Higher 

3262 aldehyde dehydrogenase Green additional biosyn. Higher 

105798 MFS transporter Green transport-related 
Not calculated but 

measured – Higher 

59655 put. methyltransferase Green other Higher 
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3.3.1.3. Cluster 78 

The last cluster that was subject to co-expression analysis was cluster 78. Therefore, an 

antiSMASH, FunORDER, BLASTP and PANNZER2 analysis was conducted. The cluster is 

displayed schematically in Figure 15. 

 
Figure 15. Cluster overview of cluster 22.  
Numbers indicate the gene numbers/protein IDs assigned to these sequences after gene prediction by the Joint Genome 
Institute106; Grey arrows … other genes; Red arrows … core biosynthetic genes; Pink arrows … additional biosynthetic 
gene; Grey box … putative transcription factors of corresponding cluster; Blue/greenish bar … ClusterFinder107 
association of genes that are predicted to be an actual part of the cluster; 
 

Table 10 gives an overview of predictions both applied algorithms made and the genes that 

were finally chosen for subsequent qPCR analysis. The detailed results of the FunORDER 

analysis are given in the supplemental section of this work (see 7.3) 
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Table 10. Overview of gene predictions by antiSMASH, clustering by FunORDER analysis and chosen target genes.  
Gene-IDs were derived from after gene prediction by the Joint Genome Institute; Functions were assigned after 
BLASTP and PANNZER2 analysis; put … putative; PKS … Polyketide synthase; unchar … uncharacterized; ER … 
endoplasmic reticulum; Green clustered group refers to the analysis results of the FunORDER tool displayed in section 
7.3. 

Gene-ID Function 
FunORDER – 

clustered group 

antiSMASH – 

type 

Chosen for 

qPCR analysis 

23332 unchar. protein - other  No 

111735 unchar. protein - other No 

111736 unchar. protein - other No 

52222 unchar. protein - other Yes 

69650 put. FAD-binding dehydrogenase/OR Green additional biosyn. Yes 

111739 put. regulatory protein Green other No 

81964 PKS Green core biosyn already analyzed 

69625 put. lactamase/hydrolase Green additional biosyn. Yes 

69652 put. methyltransferase/dehydrogenase Green core biosyn. Yes 

69605 lyase/cystathionine synthase - additional biosyn. No 

41501 unchar. protein - other No 

69537 unchar. protein - other No 

111750 reductase like transmembrane protein - other No 

123951 ER-membrane protein - other No 

123946 dehydrogenase - core biosyn. No 

111742 put. TF - other No 

 

FunORDER predicted co-evolutionary background for 12 genes of this BGC compared to 16 

genes that were assigned to this cluster by antiSMASH analysis. The four genes between which 

FunORDER could not predict co-evolutionary background were 23222, 111735, 111736 and 

123951. 23222, 111735 and 111736 were assigned no function by antiSMASH. 123951 was an 

ER membrane protein. BLASTP analysis revealed that 23222 contained a conserved HET 

domain and the other two 111735 and 111736 did not show any similarity other than 

uncharacterized protein. PANNZER2 analysis yielded the same predictions for these four genes 

and therefore, they were not further analyzed due to the assumed irrelevance for the BGC. 

The heat map of strict distances (see Figure 25/A) showed less and weaker correlated co-

evolved genes compared to cluster 22 (see Figure 24/A). While in cluster 21 only two genes 

(81964 and 69625 – green circle in the left corner of Figure 25/A) were showing a pairwise 

lower strict distance value of < 0.5, this was the case for seven pairs in cluster 22. The genes 
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clustered as “Green” in Table 10 were, 111739 a putative regulatory protein, 69652 a putative 

methyltransferase/dehydrogenase, 69650 a hypothetical protein/putative FAD-binding 

dehydrogenase, 69625 a putative lactamase/metallo- lactamase and 81964 the PKS of this 

cluster. The four last mentioned genes were also clustered together in the PCA (see Figure 

25/C). antiSMASH analysis assigned 69652 to be a core biosynthetic gene and 69650 and 

69625 were assigned to be additional biosynthetic genes. These three genes were chosen to be 

further analyzed by qPCR due the mentioned overlap from FunORDER and antiSMASH 

analysis and their possible importance for this cluster. 111739 wasn’t assigned a specific 

function by antiSMASH and not clustered together with 69652, 69650 and 69625 in the PCA 

of FunORDER and therefore not analyzed. 52222 was chosen for qPCR analysis due to it being 

clustered together with the TF 111742 in the dendrogram (see Figure 25/B) 

The qPCR analysis was performed with two of the four OE-transformants (111742-OE-3/4). 

Figure 16 shows the results. 

 

 
Figure 16. Co-expression analysis – BGC 78 
WT … T. reesei QM6a Δtmus53; OE … overexpression-cassette transformants; PKS … Polyketide Synthase; MT … 
methyltransferase; OR … oxidoreductase; Hyd … Hydrolase; Dhyd … dehydrogenase 
Transformants and WT have been cultivated on glucose as sole carbon source. Samples have been taken after 72 hours. 
Relative transcript levels of the indicated genes have been normalized to the WT samples using the reference genes act1 
& sar1. Mean values of two replicates are given. 
 

The relative transcript levels of the core biosynthetic gene (putative 

methyltransferase/dehydrogenase 69652) were higher in both OE transformants between 2.3 

and 2.4 log10-fold compared to the parental strain. The other two screened genes (69625 and 

69650) were assigned to be additional biosynthetic genes and showed similarly high transcript 

levels as the core biosynthetic genes in both OE transformants. The putative lactamase (69625) 

0

0,5

1

1,5

2

2,5

3

81964 - PKS 69652- MT/Dhyd 69625-Hyd 69650-OR

lo
g 1

0-f
ol

d 
ch

an
ge

 [-
]

Co-expression analysis - Cluster 78
relative transcript level estimation  

WT 111742-OE-3 111742-OE-4



45 
 

as well as the putative dehydrogenase (69650) transcript levels ranged between 1.7 and 2.3 

log10-fold higher compared to the parental strain. This was expected for all three genes (69652, 

69625 and 69650). Another gene that was measured but yielded no quantifiable fluorescence 

signal was gene 52222. This gene was not assigned a function by antiSMASH and PANNZER2 

analysis but BLASTP analysis showed a conserved domain of Ankyrin repeats, which aid in 

signal transduction between membrane proteins and cytoskeletal elements122. 52222 was 

nonetheless chosen for analysis, although it was not clustered in the same clade of the 

dendrogram nor in the PCA with 69652, 69625 and 69650 (see Figure 25), because this gene 

was in a clade together with the TF 111742 and therefore possibly co-regulated due to their 

likely co-evolution. The results suggest otherwise. An overview of the qPCR results is given in 

Table 11. 

 
Table 11. Overview of Co-expression analysis of cluster 78. 
Gene-IDs were derived from after gene prediction by the Joint Genome Institute; Functions were assigned after 
BLASTP and PANNZER2 analysis; put … putative; unchar … uncharacterized; OR … oxidoreductase; N.D … not 
detectable; Green clustered group refers to the analysis results of the FunORDER tool displayed in section 7.3. 

Gene-ID Function 
FunORDER – 

clustered groups 

antiSMASH – 

type 

Transcript levels 

compared to WT 

69650 put. FAD-binding dehydrogenase/OR Green additional biosyn. Higher 

69625 put. lactamase/hydrolase Green additional biosyn. Higher 

69652 put. methyltransferase/dehydrogenase Green core biosyn. Higher 

81964 PKS Green core biosyn 
already analyzed 

- Higher 

52222 unchar. protein - other N.D 

 

Four of the five Green clustered genes transcript levels (69652, 69650, 69625 and the PKS 

81964) were higher in the OE transformants than in the WT sample. 69652 was assigned to be 

a core biosynthetic gene and the other two were assigned to be additional biosynthetic genes 

(69650 and 69625) by antiSMASH analysis. Interestingly, two other genes of possible 

importance (69605, a cystathionine synthase, and 123946, a dehydrogenase) were clustered 

together in the PCA (Figure 25/C) by FunORDER and assigned to be an additional and core 

biosynthetic gene by antiSMASH. They were clustered in the same clade adjacent to the Green 

clustered group (Figure 25/B) and therefore a potential interesting target but due to minor 

interest in this cluster for follow up experiments no resources were spent to elucidate this lead. 

The minor interest in this cluster resulted from the measured Ct-values of the PKS 81964: While 
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the OE transformants (111742-OE-1/2/3/4) Ct-values were ranging between 18.7 and 21.2, the 

WTs Ct-values were 24.3 which meant that there was already a relative moderate amount of 

transcripts of this PKS in the WT. The difference of these Ct-values wouldn’t make it easy to 

find this expressed metabolite when searching through the metabolome in follow up 

experiments. In case of this cluster it would also be more correct to speak about overexpressing 

the cluster PKS than stating that the cluster was activated but for similarity and an easier 

overview, the cluster was declared as “activated”. 
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4. Discussion 

4.1. Remarks about qPCR analysis 

In consideration of uncountable publications with qPCR as method, the reader might notice that 

there is difference in the data communication between this project and the most others. While 

most other publications show standard deviations between at least two (often three) biological 

replicates102,123–127, they were missing here. The reason for that was that the tasks of this project 

were ranging from designing synTFs, over cloning, transforming and finally up to measuring 

the generated regulation differences and were mainly orientated to find out if the concept of 

synTFs that have proven suitable in another context102 as well as in A. nidulans98, would also 

work, in up to this point silent BGCs of Trichoderma reesei QM6a. Therefore and because of 

a strict time table, no biological replicates of the same transformants were measured. Another 

reason for the missing measurements of biological replicates were the considerable costs for 

the underlying goal. The Luna qPCR system from NEB is cost intensive and for our cause of 

finding out if the synthetic transcription factor design works in T. reesei’s silent BGCs, one 

biological sample measured in duplicates was enough. 

Nonetheless the qPCR data and the statements derived from it, can be considered powerful 

when one recapitulates that the transformants with the same cassette inserted (e.g. OE-1 and 

OE-2) can be regarded as “similar-to-biological” replicates although being two separate 

transformants. Of course, one must bear in mind that in order to compare two transformants 

with the same cassette inserted correctly, one would have to make sure that only one copy of 

the cassette was integrated into the genomes of each transformant with a differential method, 

like Southern Blotting128 but for the goal of sheer activation of a cluster that was not necessary 

and therefore not performed. This was also the reason why measurements in which two or more 

OE or syn transformants with the same cassette inserted but different regulation behavior ((e.g. 

one up- (122783-syn-9) and one downregulated (122783-syn-2) regarding the same gene (e.g. 

PKS 65172)) were judged as insufficient for a strong statement, towards cluster activation. 

Furthermore, the Ct-values of the raw data were compared and considered when making 

statements about the activation or non-activation of a cluster as well as the resulting melting 

curves. Samples where only one reliable Ct-value was measured (see 7.4) were therefore ruled 

out for interpretation, although the measured transcripts indicated a clear inclination (see 

Cluster 21; gene: 58289; section 3.3.1.1). These problems would have been preventable by re-
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measuring the corresponding samples in technical duplicate or triplicates, but this was no option 

due to lack of time.  

 

4.2. Cluster activated or not? 

The results of cluster 21 were as clear as possible because the transcript levels of the PKS-

NRPS 58285 were higher in all 4 transformants of both cassettes (OE & syn) and therefore, the 

cluster was judged as activated. 

Cluster 22 yielded a different picture: While PKS 105804 transcript levels were lower 

or only slightly higher in any of the four transformants (105805-OE-2/3 and 105805-syn-2/6), 

the second core biosynthetic genes transcript levels, namely the PKS-NRPS 59315, were higher 

in the syn transformants (105805-syn-2/6) only compared to the WT. Although the transcript 

levels of PKS-NRPS 59315 were only half as high (~1.35 – 1.55 log10-fold/see Figure 10/A/B) 

in transformants 105805-syn-2/6 compared to the PKS-NRPS 58285 in transformants 72993-

OE/syn (~ 2.8 log10-fold) of cluster 21, a glimpse on the raw data revealed the difference in 

transcript level expression was clearly distinguishable in both raw data sets. The measured 

transcripts for the PKS-NRPS 59315 could be interpreted as very weakly basal expressed in the 

WT (Ct-value: 28.6) compared to the transcripts of the PKS-NRPS 58285 in the WT (Ct-value: 

30.8). However, the difference in Ct-values between WT and the syn transformants (105805-

syn-2/6) regarding the PKS-NRPS 59315 was sufficient (WT: 28.6 vs. 22.5/21) and therefore, 

cluster 22 was regarded activated in the syn transformants. Additionally, it was generally 

considered a strong indicator for a statement towards activation, if two different, selected and 

cultivated transformants of the same type (OE or syn) showed the same regulation behavior in 

a close range (both up- or both downregulated).  

There is already one reason prepared in section 3.3 why cluster 52 was not regarded 

activated in the respective transformants (79725- and 122783 OE and syn). Another reason why 

cluster 52 wasn’t regarded activated was that the raw data differed from the raw data of the as 

activated declared clusters (21, 22 and 78). Generally speaking, the earlier the cycle in which 

the fluorescence signal differs significantly from the background fluorescence (Ct-Cycle 

threshold) in an qPCR experiment, the more transcripts are there from the start and the more 

robust is the data in the end. Therefore, the resilience of the statements regarding activation can 

be checked by comparing raw data Ct-values. While the Ct-values for all OE and syn 

transformants of 79725 and 122783 regarding the regulation of the PKS 65172 were between 

28.3 and 32, the WTs Ct-values for the same PKS were 30.7 and 30.8. Although the calculated 
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ΔΔCt’s were still ranging between log10-fold changes of 0.65 – 0.95 these results couldn’t be 

interpreted as strongly as the regulation of PKS 81964 in cluster 21 where the Ct-values were 

ranging between 20.7 and 20.8 in 111742 OE transformants compared to 24.3 in the WT, 

resulting in nearly similar log10-fold changes between 0.77 and 1.44. Without this information 

it might seem peculiar as to for what reason cluster 52 was regarded not activated while 78 was 

declared activated. Another reason why cluster 78 was considered activated while 58 was not, 

was that all four OE transformants (111742-OE-1/2/3/4) showed the same behavior regarding 

their transcript levels, namely they all had higher transcript levels of the PKS 81964 estimated 

compared to the WT, although it was acknowledged that regulation differences < 1.0 log10-fold 

change were ultimately not considered sufficient (111742-OE-1/2 transformants yielded values 

of < 1.0). 79725 and 122783, with the exception of 122783-OE-1/3, showed mixed regulation 

signals compared to 11174-OE. To underline the importance of the analysis of the raw data, the 

Ct-values of the other transformants (72993-OE/syn and 105805-syn) regarding their 

corresponding PKS-NRPS were all between 19.1 and 21.9, while the WTs PKS-NRPS Ct-

values were between 30.8 and 28.6. The aim of this project was to activate clusters in the 

transformants with the synTF or OE-cassettes in order to express an SM that should be able to 

be found in follow-up experiments. The search for the SM(s) would be comparable to finding 

a needle in hay if small regulation differences would have been considered too. 

Another aspect of cluster activation was that interestingly, cluster 21 was activated in 

both transformant types (OE and syn) while cluster 22 was only activated in syn transformants 

and to further complicate the story, cluster 78 only in OE transformants. The explanation for 

that is maybe because of the nature of the expression-cassettes. While the plain overexpressing 

of a transcription factor was not sufficient for target upregulation (111742-syn transformants), 

Derntl et. al102 and Grau et. al98 showed that the usage of a xenomorphic TAD (ypr1’ and afoA) 

can be necessary for upregulation of a target. This could be the explanation why only syn-

cassettes carrying transformants (105805-syn-2/6) in cluster 22 were able to upregulate the 

target PKS-NRPS 59315 while OE transformants weren’t. On the other hand, this would not 

explain, yet even contradict the result obtained for 111742 transformants carrying the 

overexpression-cassette: The results on this end showed that this cluster was only activated in 

the OE transformants.  Therefore, we speculate that the presence of the TAD of the native 

transcription factor 111742 is utmost necessary for target regulation. This would explain why 

there was no upregulation of the PKS 81964 in the syn transformants. In this case the 

constitutive expression of the native transcription factor through the expression cassette, was 

key for the activation of this cluster.  
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4.3. Comparison of homologous gene clusters 

All three clusters that were activated, have known homologous gene clusters in other organisms. 

The homologous clusters are documented in the MIBIG129 database. This database allows to 

deposit the Minimum Information about a Biosynthetic Gene cluster. Each gene cluster is 

assigned a unique identification code and provides data like the annotation of the involved 

genes, the resulting product of that cluster, the publications in which these knowledges were 

gained and many more. These information are particularly interesting if one tries to find out 

what the possible product of an unknown gene cluster might look like and to roughly estimate 

if the following lab work is worth the effort. Cluster 21 and cluster 22 were chosen for follow-

up experiments in this research group and the homologous cluster will therefore be elaborated 

extensively. 

For cluster 21 five homologous clusters were found in the MIBIG database. A 

visualization of these homologous clusters is prepared in Figure 17. 

 

 
Figure 17. Overview of homologous BGCs to cluster 21.  
58285 … PKS-NRPS in T. reesei; 58289 … put. reductase T. reesei; 58953 … put. P450 Monooxygenase T. reesei; 
BGCxxx … homologous clusters from MIBIG website. Desmethylbassianin, tenellin, fumosorinone, aspyridone A and 
chaetoglobosin A are the BGCs products.  
 

Four of the five homologous cluster (BGC0001136, BGC0001049; BGC0001218 and 

BGC0000959) inherit a homolog to the PKS 58285, the putative reductase 58953 and to the 

putative P450 monooxygenase 58953 of the BGC 21 from T. reesei. Thereby, 60 % of the genes 

showed similarity with the genes in the homologous BGCs. The fifth known homologous BGC 

(BGC0000968) inherited a homolog to the PKS 58285 and to the putative P450 monooxygenase 

58953. 40 % of genes showed similarity with the genes in the homologous BGC0000968. The 

biosynthetic gene clusters which yielded desmethylbassianin and tenellin as products have been 
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described in Beauveria bassiana130. Both BGCs consist of four genes: The desmethylbassianin 

gene cluster comprises of dmbA, which codes for a P450 monooxygenase, dmbB, which codes 

for a second P450 monooxygenase, dmbC which codes for a reductase/dehydrogenase and 

dmbC which codes for the PKS-NRPS131. The tenellin gene cluster comprises of tenS, which 

codes for the PKS-NRPS, tenA which codes for a P450 monooxygenase, tenB which codes for 

a second P450 monooxygenase and tenC, which codes for a reductase132. The fumosorinone 

BGC (BGC0001218) was described in Isaria fumosorosea and consists of six genes133. Four of 

which could be attributed importance for the formation and synthesis of fumosorinone, namely 

fumoA which codes for a P450 monooxygenase, fumoB which codes for the second P450 

monooxygenase, fumoC which codes for a reductase and fumoS which codes for the PKS-NRPS 

of this cluster133. The aspyridone A BGC was described in Aspergillus nidulans134. It consists 

of eight genes: apdA which codes for PKS-NRPS, apdB which codes for a P450 

monooxygenase, apdC which codes for a reductase, apdD which codes for a FAD-dependent 

monooxygenase, apdE which codes for a second P450 monooxygenase, apdF which codes for 

an exporter, apdR which codes for a putative Gal4-like Zn2Cys6 TF and apdG which codes for 

a dehydrogenase134. All four metabolites are 2-pyridone derivates, chemically very similar and 

differ only by methylation pattern and chain length. The fifth homologous gene cluster yields 

chaetoglobosin A and only has two homologous genes to T. reesei’s cluster 21 genes, the PKS-

NRPS encoding gene cheA and one putative P450 monooxygenase encoding gene cheG135. The 

chaetoglobosin cluster inherits another six genes, two of which code for putative TFs (cheC and 

cheF), another two coding for putative monooxygenases (cheD and cheE) and the last one 

coding for a enoyl reductase (cheB)135. An overview of all metabolites from the homologous 

clusters is provided in Figure 18. 
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Figure 18. Metabolites of homologous gene clusters to T. reesei’s cluster 21. 

Interestingly, gene 76204, coding for a putative oxidoreductase in T. reesei’s cluster 21, was 

not matched by the algorithms as homologous to the second P450 monooxygenases in the 

tenellin, desmethylbassianin, fumosorinone and aspyridone A cluster. However, it might play 

the role of the second P450 monooxygenase, like dmbB, tenB, fumoB and apdD do in their 

respective clusters. The PKS 58285, the putative reductase 58289, the putative P450 

monooxygenase 58953 and the putative oxidoreductase 76204 transcript levels were all higher 

in the transformants than in the WT sample (see Figure 12 and Table 7). Considering this and 

the homology of the PKS 58285, the reductase 58289 and the P450 monooxygenase 58953 to 

their respective genes in the homologous clusters, we speculate that the product of the BGC 21 

in T. reesei will most likely yield a 2-pyridone derivate. We furthermore, conclude that the 

resulting metabolite of T. reesei’s cluster 21 will most likely not be similar to chaetoglobosin 

A, as the chaetoglobosin A cluster inherits several more additional biosynthetic enzymes (in 

total three monooxygenases and one enoyl reductase) compared to the other four homologous 

BGCs and only the PKS 58285 and the P450 monooxygenase 58953 are homologous to two 

genes in this cluster. However, these assumptions represent a coarse idea about the resulting 

metabolite of cluster 21, as cluster 21 remains not completely investigated.  

 Two homologous clusters were found in the MIBIG database for cluster 22. These 

homologous clusters are displayed in Figure 19. 
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Figure 19. Overview of homologous BGCs to cluster 22.  
59771 … put. prenyltransferase (PTrans) in T. reesei; 59315 … PKS/NRPS in T. reesei; 36822 … put. putative hydrolase 
(Hyd) in T. reesei; 105798 … put transporter (Trans) in T. reesei; 59690 … put. oxidoreductase (OR) in T. reesei; 105804 
… PKS in T. reesei; BGCxxx … homologous clusters from MIBIG website: LL-Z1272beta and NG-391 are the BGCs 
products.  
 

The first homologous cluster BGC0001390 has three homologous genes to T. reesei’s cluster 

22. The PKS-NRPS 105804, the putative oxidoreductase 59690 and the putative 

prenyltransferase 59771. The  resulting metabolite of the homologous cluster,  LL-Z1272-beta 

was firstly isolated from unclassified Fusarium spp136. Its biosynthesis was described by Li et. 

al in 2016 in Stachybotrys bisbyi PYH05-7137. The cluster consists of three genes: stbA, the 

PKS, stbB a NRPS enzyme-like encoding gene and stbC a prenyltransferase137. The transcript 

analysis of PKS 105804 revealed that the transcription of PKS 105804 could not be enforced 

in either tested transformant (see Figure 10) and we therefore assume that the resulting 

metabolite of cluster 22 will more likely be similar to the metabolite of the second homologous 

gene cluster, BGC0001026. This second homologous gene cluster inherited five genes in which 

three were homologous to T. reesei’s cluster 22 genes. The PKS-NRPS 59315, the putative 

hydrolase 36822 and the putative transporter 105798. The metabolite of the homologous cluster 

is NG-391, a metabolite firstly isolated in Fusarium spp138 then Metarhizium anisopliae139. The 

cluster was investigated in 2010 by Donzelli et. al in M. robertsii (formerly M. anisopliae), 

yielding six genes to be part of it140. The PKS-NRPS ngs1 (ORF 4) was shown to be vital for 

the production of biosynthesis of NG-391140. The other five genes that were part of this BGC 

were identified by sequencing of an M. robertsii BAAC clone and bioinformatically assessed140. 

ORF3, a putative hydrolase and homologous to 36822 and ORF6, a putative MFS transporter 

homologous to 105798, were identified this way. All three homologous genes (59315, 36822 

and 105798) transcript levels were higher in the transformants where cluster 22 was activated 

(see Figure 10 and Figure 12). We therefore assume that the core chemical scaffold might point 

towards the direction of NG-391. However, there were several more important core and 

tailoring genes were co-expressed in cluster 22 (see Figure 14 and Table 9) and therefore, this 

assumption only displays a coarse idea of the resulting metabolite rather than a solid prediction. 

Interestingly, both homologous genes (59771 and 59690) to the LL-Z1272-beta cluster genes, 
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were also highly co-expressed in cluster 22 too, underlining the vague outlook for the cluster 

product. 

Another outcome of the co-expression analysis of cluster 22 was that the other clearly identified 

PKS 105804 was not showing higher transcript levels in any of the transformants compared to 

the WT, independently from the inserted expression-cassette (OE or syn). This led to the 

speculation that the inserted modified TF (105805) was not the one necessary to induce the 

expression of PKS 105804. Furthermore, there is a second TF in cluster 22, namely 105784, 

which also has a Gal4-like Zn2Cys6 binuclear conserved motif. It is possible that TF 105784 is 

the one that regulates the PKS 105804 and we therefore, speculated that cluster 22 could be two 

merged biosynthetic gene clusters in which PKS 105804 forms a different SM than the one 

resulting from PKS-NRPS 59315. That assumption was underlined by the fact that the first 

homologous gene cluster BGC0001390, did not only yield a completely different product than 

BGC0001026 but also that three different genes were homologous to each cluster 

(BGC0001390 – 59771, 105804 and 59690; BGC0001026 – 59315, 105798 and 36822). 

Another hint pointing towards the “two-submerged cluster” assumption, is that the three genes 

(59771, 59690 and 105804) that were 100% homologous to the genes that were described to 

produce LL-Z1272-beta, were clustered together as Blue group in FunORDER’s PCA (see 

Figure 24/C). The other three genes (59315, 105798 and 36822) that were 100% homologous 

to the genes that were described to produce NG-391 were clustered as Green in FunORDER’s 

PCA.  

An approach to clarify this puzzle would be to generate an OE & syn-cassette with putative TF 

105784 and run the whole procedure of this project with transformants carrying these cassettes. 

It would be interesting to find out if the assigned core biosynthetic genes that were now co-

expressed in the 105805-syn transformants would also be co-expressed in the 105784-OE or 

syn transformants. Of course, only if the PKS 105804 would be expressed at all in these 

transformants. Furthermore, all assigned cluster genes could be screened, in then all four types 

of OE and syn transformants (105805 and 105784) to gain the biggest picture possible of this 

cluster. 

 The MIBIG database yielded four homologous gene clusters for cluster 78. An overview 

is given in Figure 20. 
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Figure 20. Overview of homologous BGCs to cluster 78.  
81964 … PKS in T. reesei; 59315 … PKS/NRPS in T. reesei; 69625 … put. lactamase; BGCxxx … homologous clusters 
from MIBIG website: alternariol, TAN-1612, asperthecin and neosartoricin are the products of the homologous 
clusters. 
 

All four homologous cluster had the same two homologous genes to cluster 78 namely, the PKS 

81964 and the putative lactamase 69625. The BGC000013 that resulted alternariol in 

A. nidulans is shown in Figure 20141. The authors replaced the original promotor of the PKS 

with an inducible (alcaA) and this resulted in the expression and detection of alternariol141. 

They didn’t investigate this locus further because their hypothesis focused on unexplored PKS 

in general in this Aspergillus strain141. Therefore, and because cluster 78 in T. reesei is 

comprised of several more core and additional biosynthetic genes that were co-expressed 

(69650, 69625 and 69652) we assumed that the cluster metabolite from cluster 78 will most 

likely be severe differently to alternariol. In general, the cluster co-expression analysis for 

cluster 78 was only performed for three genes (69650, 69625 and 69652) additionally to the 

PKS 81964. Although all three genes showed higher transcript levels in the tested 

transformants, there was still one more core (123946) and one more additional biosynthetic 

(69605) gene that wasn’t screened due to lack of time and resources. It would be too speculative 

to assume the coarse chemical scaffold based on only two homologous genes in each known 

homologous cluster without the information of these two genes (123946 and 69605) regarding 

their co-expression behavior. 
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5. Conclusion and Outlook 

In this project we demonstrated that synthetic transcription factors (synTFs), in which the 

modularity of TF is exploited by fusing the DBD of the gene of interest to the TAD of a different 

TF, can be constructed and used to activate silent or induce formerly weakly expressed 

biosynthetic gene clusters in the ascomycete fungus T. reesei. Apart from activating three 

clusters, the biggest achievement, especially in the light of future projects, was that these cluster 

activations were achieved after cultivation on a cost-efficient carbon source (D-glucose) on 

minimal medium (see 6.6.1). Future groups that will make use of this approach will not have to 

experiment with several substrates and incubation durations or methods in order to induce silent 

BGCs. This will lead to more time-efficient research as well as cost-limiting factor in several 

research groups and therefore, enable researchers to focus on more important aspects in their 

projects.  

The co-expression analyses revealed that the activated clusters were in fact induced and showed 

that the most bioinformatic predictions were useful and accurate. However, additional 

experiments will have to be performed, to determine the boundaries of each activated BGC and 

to suggest the biosynthesis pathway. More steps to come include the identification of the 

expressed SM(s), the isolation and the characterization. A glimpse of one these approaches will 

be presented in 7.5. 

Future prospects include the potentially useful properties of the, then identified, SM(s) and the 

possible utilization of this product. 
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6. Material and Methods 

6.1. In silico analyses 

Genomic data of T. reesei QM6a105 was used to identify BGCs with antiSMASH analyses in 

its web server version 4.3. Four out of 91 clusters have been chosen to be further examined. In 

these four clusters the putative TFs were identified using the BLASTP search tool and 

PANNZER2 analysis. In activated clusters all genes were subject to PANNZER2 and BLASTP 

analysis. The numbers that were used to described the genes (e.g. 105805 - TF), were the gene-

IDs/protein-IDs, assigned to these genes by the Joint Genome Institute (JGI; 

https://mycocosm.jgi.doe.gov/Trire2/Trire2.home.html; Department of Energy, USA) after 

gene prediction106. Furthermore, the activated clusters were subject to analysis with FunOrder 

tool115. 

6.2. Design of synthetic transcription factors 

Table 12 displays the chosen clusters and corresponding putative TFs with the respective length 

of the truncated DBD (DBD’). 

Table 12. Overview of chosen clusters and corresponding transcription factors. 

Cluster putative Transcription factor DBD’ Length (bp) 

21 72993 1-N242 807 

22 105805 1-E184 553 

52 
122783 1-A119 454 

79725 1-R125 377 

78 111742 1-Q133 401 

 

Figure 21 shows how the synthetic transcription factors (synTFs) were designed: 

 
Figure 21. Construction of the synthetic transcription factors (synTFs).  
5’pyr4 – 5’ homologous flank of pyr4 locus; Ptef1 – promotor of tef1; DBD – DNA-binding domain of truncated TF; 
Ypr1’ – truncated Yellow pigment repressor; Tcbh2 – terminator cbh2; Ppyr4 – promotor pyr4; pyr4 – gene;  
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The aim was to reinsert the synTF-cassettes into the pyr4 locus from T. reesei. Therefore a 

homologous recombination strategy113 was pursued by constructing approximately 1000 bp 

homologous flank regions 5’-upstream from the synTF and 3’-downstream of the reinserted 

pyr4 gene. The promotor of tef1 (translation elongation factor 1-alpha) was chosen for strong 

constitutive expression and the terminator from cbh2 (cellobiohydrolase II) for strong 

termination. The synTFs were constructed as a truncated version of the TF, mainly the truncated 

DNA-binding domain fused to a truncated transactivation domain from the Yellow pigment 

repressor (Ypr1) from T. reesei. This TAD’ was chosen because of its ability to activate genes 

nearly carbon source independently102 and the plasmid pRP4_TX that inherited all the above-

mentioned inserts, only lacking the synTF, was constructed prior to this work in this research 

group102.  

Furthermore, overexpression-cassettes (OE) have been constructed additionally to the synthetic 

transcription factor cassettes. The structure is identical to the synTFs except that the whole gene 

of the transcription factors and not a truncated version of it, was inserted between the tef1 

promotor and the cbh2 terminator. The design is displayed in Figure 22. 

 

 
Figure 22. Overexpression-cassette (OE) design. 
5’pyr4 – 5’ homologous flank of pyr4 locus; Ptef1 – promotor of tef1; TF – transcription factor; Tcbh2 – terminator 
cbh2; Ppyr4 – promotor pyr4; pyr4 – gene;  
 

These OE-cassettes have been designed and generated previously by colleagues in this research 

group but were analyzed in this project. 

6.3. Cloning 

The truncated versions of the transcription factors were amplified using Q5®-High Fidelity-

Polymerase (NEB, Ipswich, MA, USA, #M0491L) in a 50 µl standard protocol approach 

according to the manufacturer. The primers that were used are listed in Table 13. PCR-products 

were then ligated into pJET1.2 (Thermo Fisher Scientific Inc., Waltham, MA, United States; 

CloneJET PCR Cloning Kit #K1231,) with a ratio of 1:2, applying 200 U T4 DNA ligase. 

Ligated pJET1.2 was transformed into E. coli Top10 (Thermo Fisher Scientific Inc.) competent 

cells and selected on Lsyogeny Broth medium142 (LB - see Table 17) plates with 0.1 % (v/v) of 
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0.1 g/L  ampicillin as selection pressure. Plasmids were isolated after incubation of transformed 

E. coli cells at 37 °C overnight (O/N) with QIAGEN® Plasmid Mini Kit 25 (Hilden, Germany). 

Isolated plasmid was then sequenced at Microsynth AG (Balgach, Switzerland).  

The transformation protocol into E. coli’s Top 10 cells consisted of the following steps and was 

performed for transformations of vectors pJET1.2, pCD_pXY1 and pRP4_TX.  

1. Incubate ligation reaction for 10 minutes at room temperature (RT) after mixing the 

ligase with the digested plasmid and respective DNA. 

2. Addition of 100 µl E. coli Top 10 cells and immediate transfer of reaction tubes on ice 

for 40 minutes. 

3. Heat shock application to the reaction tube at 42 °C for 2 minutes 

4. Addition of 500 µl LB medium and transfer of reaction tube to 37 °C oven for 

40 minutes. 

5. Plating of 200 µl reaction suspension onto LB plates with respective selection pressure 

and incubation of plates for 1-2 days at 37 °C. 

After verification of correct amplification, 30 µg of pJET1.2 were subject to 2 hours restriction 

digestion at 30 °C with 10 U of AflII & MunI separation on an 1.5 % agarose gel (solved in 1X 

TAE) for 50 minutes at 100 V, followed by gel elution (NEB Monarch® Gel Extraction Kit 

#T1020L). The DBD’ were cloned into AflII and SpeI-digested pCD_pXY1 (see 7.1)  plasmid 

with a 3:1 ratio (synTF:vector), using 200 U T4 DNA Ligase. Ligated pCD_pXY1 was then 

transformed into E. coli Top 10 competent cells and selected on LB-plates with 0.1 % (v/v) of 

0.1 g/L spectinomycin as selection pressure. Transformed E. coli colonies were subject to 

verification of the correct insert with Colony-PCR and test restriction digest.  

In the following 30 µg pCD_pXY1 were digested with 10 U AflII & SpeI, releasing the 

assembled synTFs (DBD’ + Ypr1’) for the final ligation into pRP4_TX. The synTFs were 

ligated with a 3:1 ratio (synTF:vector) using 200 U T4 DNA Ligase (NEB) and transformed 

into E. coli Top10 cells. Colonies were checked for the correct insert via Colony-PCR and test 

restriction digest. Both were carried out as described in the following (also for previously 

mentioned steps): 

Colony-PCR was carried out with one colony each and OneTaq-DNA Polymerase (NEB, 

#M0509L) in a 25 µl standard protocol approach according to the manufacturers protocol. Test 

restrictions were carried out by digesting 1 µg plasmid with 5 U AflII & SpeI for 90 minutes at 

37 °C. Colony-PCR products and test restriction digests were separated on an 1.5 % agarose 
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gel (solved in 1X TAE and 100X SybrSafe™ stain, Thermo Fisher Scientific Inc.) at 100 V for 

30 minutes. Bands were highlighted with BioRad® Gel Doc XR with Image Lab Software. 

All primer sequences that were used in this project are summarized in the supplementary section 

(see 7.1). All restriction digestions in this project have been performed with enzymes from New 

England Biolabs® (NEB Ipswich, MA, USA). 

 

6.4. Fungal Transformation 

6.4.1. Fungal strain and cultivation  

Trichoderma reesei QM6a Δtmus53 Δpyr4 was used in this project143. The strain was kept on 

malt extract (MEX) plates and 5 mM uridine were added where applicable. From these plates a 

light green spore suspension was prepared in 1 ml 0.8 % (w/v) NaCl / 0.05 % (v/v) Tween80 

and thereof, 100 µl were incubated on plates containing MEX and 5 mM uridine for around 15 

hours at 30 °C. The plates were prepared prior to incubating with cellophane discs, to ease the 

harvest of the mycelium for the following protoplast generation. 

6.4.2. Transformation and selection 

150 mg of lysing enzymes from T. harzianum (Glucanex® Merck; L1412-5G) and 60 mg β-

glucanase were dissolved in 15 ml transformation buffer A (see Table 17) and protoplasts were 

generated by incubating mycelium in this solution at 30 °C and 60 rounds per minute (rpm) in 

an rotary shaker for approximately four hours. 

Protoplasts were identified with a microscope and approximately 107 were further processed 

per approach. Protoplasts were filtrated and washed with 1.2 M D-sorbitol before suspending 

them in 1 ml transformation buffer B (see Table 17). 

20 µg of pRP4_TX plasmids (see 6.3), were linearized O/N with 30 U of either SpeI or AflII in 

10 X CutSmart buffer (NEB®) at 37 °C. Linearized DNA was precipitated in 96 % ethanol and 

after washing with 70 % ethanol, dissolved in 15 µl double distilled water (ddH20). This 

solution was mixed with 100 µl protoplast suspension, 135 µl transformation buffer B and 

100 µl 20 % polyethylene-glycol (PEG - see Table 17). This mixture was incubated on ice for 

30 minutes and afterwards 750 µl 60 % PEG was added subsequently. After 20 minutes of 

incubation at room temperature, 4.1 ml of transformation buffer C (see Table 17)  were added 

and different amounts (100 µl, 300 µl, 1 ml and the rest) of this mixture were poured into petri 
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dishes with 15 ml of 50 °C warm molten Mandels-Andreotti (MA)144 agar without peptone but 

1 M D-sorbitol . The plates were incubated at 30 °C in steady light for several days until 

colonies were visible. 

Colonies were transferred to plates containing MA agar without peptone and after another two 

to three days transferred to MA plates containing 0,1 % (w/v) IGEPAL® (Merck, 18896-50ML) 

for homokaryon streaking. After one to two days single colonies were picked and transferred 

to MA plates without peptone and left to grow at 30 °C until sporulation. All buffers and media 

that were used in this project are summarized in section 7.2 Table 17. 

 

6.5. Genotyping 

The genotyping procedure included polymerase chain reaction (PCR) amplification, gel 

electrophoresis and visualization on the BioRad® Gel Doc XR with Image Lab Software. 

6.5.1. DNA Extraction 

Spores from the T. reesei transformants, with either synTF or OE-cassettes, were incubated in 

1.5 ml MEX medium for two to three days and the mycelium was subsequently processed for 

DNA extraction with the phenol-chloroform method. In short: approximately 50 mg of 

mycelium was homogenized in 1 ml CTAB buffer (Table 17) with glass beads of different sizes 

(0.37 g - 0.1 mm diameter; 0.25 g - 0.25 mm diameter and 1 bead with 5 mm diameter) using 

the MP Biomedical™ FastPrep -24™ Classic device at level 6 for 30 seconds. The 

homogenizate was incubated for 20 minutes at 65 °C and 800 µl of supernatant was mixed with 

800 µl phenol:chloroform:isoamylalcohol mixture (25:24:1). Aqueous top phase was 

transferred to a new tube and mixed with chloroform. After 10 minutes incubation at RT 

samples were centrifuged for 10 min at 4 °C. Aqueous top phase was transferred to a new tube 

and RNA was degraded with 50 U RNase A at 37 °C for 45 minutes. Genomic DNA was 

precipitated in 350 µl isopropanol. The resulting pellet was washed with 70 % ethanol and 

dissolved in 50 µl TE-buffer (pH = 8). Concentration and purity were determined via 

measurement on the NanoDrop™ ONE device (Thermo Fisher Scientific Inc.). 
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6.5.2. Primer design and PCR protocol 

The primers for genotyping were designed according to the following characteristics: 

1. Length between 20 and 22 base pairs 

2. Approximately 50 % GC-content 

3. No A or T stretch at the 3’ ending 

4. Few to none secondary structures or primer dimers forming  

PCR was carried out with 10 ng/µl genomic DNA in a 25 µl standard reaction with OneTaq® 

DNA polymerase (NEB, #M0509L) according to the manufacturer protocol and separated as 

well as visualized as described previously (see 6.4). 

 

6.6. Quantitative PCR (qPCR) 

6.6.1. Cultivation and cDNA synthesis 

Transformants that were suitable for qPCR analysis (see Figure 9) were incubated in MA 

medium with 1% D-glucose as sole carbon source without peptone (see Table 17). Instead of 

citrate the pH was adjusted using 5 M HCl. Spore suspensions were added to the medium to 

maintain an equal starting optical density (OD) of 0.05 and the incubation trays were incubated 

at 30 °C. After 72 hours mycelium was harvested and flash frozen in liquid nitrogen. 

Cultivations were carried out in biological triplicates but only one sample per transformant was 

measured. The other mycelia were stored in -80 °C freezer. 

Following, approximately 100 mg fungal mycelium was homogenized with the Fast Prep device 

as prescribed previously (6.5.1). Total RNA was isolated using the Direct-zol™ RNA Miniprep 

Kit (Zymo Research, #R2050) according to the manufacturers protocol. DNA was digested 

during the extraction process with 360 U DNAse I at RT for 15 minutes. RNA concentration 

and purity were measured with NanoDrop™ ONE device and the integrity of the extracted 

RNA was measured once, for evaluation of the extraction process, with the 5200 Fragment 

Analyzer system (Agilent, Santa Clara, CA, USA). RNA purities in samples was accepted at a 

A260/A280 ratio of at least 2.0 and A260/A230 ratio of at least 2.25. RNA integrity had an RQN of 

7.8 for one WT extraction and an RQN of 6.8 for one 105805-syn-6 extraction. This was 

regarded enough for qPCR analysis. 
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500 ng RNA were subsequently reverse transcribed into complementary DNA (cDNA) with 

LunaScript™ RT SuperMix (NEB, #E3010) according to the manufacturers protocol. cDNA 

was stored in -20 °C freezer. 

6.6.2. qPCR and transcript level estimation 

cDNA was diluted 1:50 and 2 µl of the dilution were used as template in a 20 µl reaction. The 

pipetting was carried out with the QIAgility robot (QIAGEN, Hilden, Germany, ID:9001903) 

to minimize errors. qPCR was performed with Luna Universal qPCR Master Mix (NEB, 

#M3003L) and measurements were carried out as duplicates with no template controls (NTC – 

water) carried out in triplicates. The measurements were carried out on a Rotor-Gene® Q 5plex 

platform (Qiagen) and the qPCR protocol was set up as following: 

1. Initial Denaturation 95 °C - 60 seconds 

2. Denaturation  95 °C - 15 seconds 

3. Extension  60 °C - 30 seconds (+ plate read) 

4. Melt Curve   60-95 °C – 1 °C/minute 

Steps two and three were repeated for 40 cycles. Step one and four were carried out once. 

Fluorescence was measured at 510 nm (SYBR® Green I). Data was primary analyzed with the 

inbuilt software of Qiagens Rotor Gene (Rotor-Gene Q Series Software) and relative expression 

levels were calculated using Pfaffl et. al’s method145. Selected genes of each cluster were 

normalized to the wildtype samples (WT – T. reesei QM6a Δtmus53) and act1 (encoding actin) 

and sar1 (encoding a small GTPase) were chosen as reference genes146. Quantitative 

fluorescence signals in negative controls were either not measured at all (Efficiency = 0) or 

beyond what was considered impactful (Ct > 35). Ct-values above 30 were considered less 

impactful, especially when WT and sample strains had similar results in this range. Generally, 

regulation differences lower than 0.5 log10-fold were not considered impactful as biological and 

methodical deviations range in this area but were nonetheless mentioned to underline the 

difference to strongly elevated transcript levels (1.5 - 3.0 log10-fold change). Efficiencies were 

ranging between 1.75 and 1.95 and were averaged genewise. Raw data of all performed qPCR 

is provided in an extra file and can be requested at the author. 
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7. Supplementary Material 

7.1. Primer- and plasmid sequences 

In this section of the supplementary all used primer sequences and the sequence of the plasmid 

pCD_TXY will be displayed. 

pCD_TXY sequence: 

CTAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTA
ACCAATAGGCCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGT
GGCCGCTACAGGGCGCTCCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGTTTCGGTGC
GGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAA
CGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAGCGCGACGTAATACGACTCA
CTATAGGGCGAATTGAGTGAAGGCCGTCAAGGCCTAGGCGCGCCAGCGGCCGCCGTTCCGGAACC
CCTAGGCTCGAGATAACGGTGAGACTAGCGGCCGGTCCCTTATCCAGCTGTCCACGTTGGCCTGCC
CTCAGTTAGCGCTCAACTCATGCCCTCACTGGCGAGGCGAGGGCAAGGATGGAGGGGCAGCATCG
CCTGAGTTGGAGCAAAGCGCCGCCATGGGAGCAGCGAACCAACGGAGGGATGCCGTGCTTTGTCG
TGGCTGCTGTGGCCAATCCGGGCCCTTGGTTGGCTCACAGAGCGTTGCTGTGAGACCATGAGCTAT
TATTGCTAGGTACAGTATAGAGAGAGGAGAGAGAGAGAGAGAGTGTGAGAGGGAAAAGGTGAGG
TTGAAGTGAGGTAGTAAGTGAAAAAAAAAAAAAAATCAACACTGACGGCTGCCGTCTGCCACCCT
CCTCCACCCAGCCACCTGCACACTCAGCGCGCAGCATCACCTAATCTTGGCTCGCCTTCCGCAGCTC
AGGTTGTTTTTTTTTTTTCTCTCTCCTCGTCGAAGCCGCCCTTGTTCCCTTATTTATTTCCCTCTCCTA
CCTTGTCTGCCTTTGGTCCATCTGCCCCTTTGTCTGCATCTCTTTTGCACGCATCGCCTTATCGTCGT
CTCTTTTTTCACTCACGGGAGCTTGACGAAGACCTGACTCGTGAGCCTCACCTGCTGATTTCTCTCC
CCCCCTCCCGACCGGCTTGACTTTTGTTTCTCCTCCAGTACCTTATCGCGAAGCCGGAAGAACCCTC
TTAACCTCTAGACTTAAGATCCATATGTTGTCCAATCCTCTCCGTCGCTATTCTGCCTACCCCGACA
TCTCCTCGGCGTCATTTGACCCGAACTACCATGGCTCACAGTCGCATCTCCACTCGATCAACGTCAA
CACATTCGGCAACAGCCACCCCTATCCCATGCAGCACCTCGCACAGCATGCGGAGCTTTCGAGTTC
ACGCATGATAAGGGCCAGTCCGGTGCAGCCAAAGCAGCGCCAGGGCTCTCTTATTGCTGCCAGGA
AGAATTCAACGGGTACTGCTGGGCCCATTCGGCGGAGGATCAGTCGCGCTTGTGACCAGTGCAACC
AGCTTCGTACCAAGTGCGATGGCTTACACCCATGTGCCCATTGTATAGAATTCGGCCTTGGATGCG
AATATGTCCGAGAGAGAAAGAAGCGTGGCAAAGCTTCGCGCAAGGATATTGCTGCCCAGCAAGCC
GCGGCGGCTGCAGCACAACACTCCGGCCAGGTCCAGGATGGTCCAGAGGATCAACATCGCAAACT
CTCACGCCAGCAAAGCGAATCTTCGCGTGGCAGCGCTGAGCTTGCCCAGCCTGCCCACGACCCGCC
TCATGGCCACATTGAGGGCTCTGTCAGCTCCTTCAGCGACAATGGCCTTTCCCAGCATGCTGCCATG
GGCGGCATGGATGGCCTGGAAGATCACCATGGCCACGTCGGAGTTGATCCTGCCCTGGGCCGAACT
CAGCTGGAAGCGTCATCAGCAATGGGCCTGGGCGCATACGGTGAAGTCCACCCCGGCTATGAGAG
CCCCGGCATGAATGGCCATGTGATGGTGCCCCCGTCGTATGGCGCGCAGACCACCATGGCCGGGTA
TTCCGGTATCTCGTATGCTGCGCAAGCCCCGAGTCCGGCTACGTATAGCAGCGACGGTAACTTTCG  
ACTCACCGGTCACATCCATGATTACCCGCTGGCAAATGGGAGCTCGCCCTCATGGGGAGTCTCGCT
GGCCTCGCCTTCGAACCAGTTCCAGCTTCAGCTCTCGCAGCCCATTAATGGCGACGTCGGAGCAAT
TGTTCTTACTCCACAGTCGACAACGGCCCCGAGCCGCATGCCGTCCATATCACTTGCTGCTGCGGAC
CCAATCATGCCCGACGTGGTATTGATGGAACTCGATCTACTATACTTTGAGAGAGTCCATCCCTTTG
CGCCCATGGTCCACAAGAGGCGGTACTATGCCTGGGCCAGCGACCCAAACGCCTCGCCGGCCCGTA
CCGCTCTGCGCTCCGCCATGAGGACCATTGCGTCGGCCATGTCGCCTCAATTCTGCGATATAGGAC
ACGTCATGTATGCTTCCACGCGACGCATGCTCGAGACACAGGACGCATGCCCGGAAACCGGCCTCC
CCTGGATGACGAGGCTCAAGCCACCTCATGAGCAGCGGAAGATGCACCACGAGCGCATACAGGCT
TGGCTCTTGCTGGCGTACTATGATGTCTTGCGTAAATCAGAGCATCAGGCCTTTATCACCGCCCGCC
GAGCATTTCGCCTTCTCCGCCTCTCTGGCCTGTGCGAGATGGACATAGACGCCTACAGCGGCAGAC
AGGGCGATGTCGCGACATGCACTCCGCCTGCTGAGACAACGTGGAATATGCAGATGTGTTCGTCAG
AGAATGGTGCAGATGAGGCTGTTTTGCAGCAGGATTGGATCTCCGTGGAGGAGAGGAGGCGGACT
GTCTGGAGCGCCTTTCTCCTCGACCGCCTCTCGACAATGGTCAACGACCAGCCCACGATGCTGATG
GAAGAAGCGTTCTACACACGACTTCCCATGTCAGAGGCCGAGTTCCAGAGCGGTACCCAAGAGCC
CGTCTCGCAGATGGGCTTCCTGATCGAGGCAACAGACGGGATCAAAGCCTCCAACAGCATCCAACC
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ATTGCCCCCATTCGCCCATTGCGTCGTCGTGGCCAACCTCTTTGCACGCTGCATGACACACTGCAAG
ATGGCCATGCAATCACCGCCCATGTCTGCACCTGAGGCCCACGACTTTTGGATACGACATCAGTGG
CTGGCATCCGCGGCTGCAAACGCCTGCGAGTCTACGGAGACGCGATGTGACCCCATGCTGGTCTTC
ACGCGCATATTGGCTTACAGCGCGAGCTTGTCACTGTGCAGTACGGCAAATGCTACGTCGTGGCAG
ACGCTGGACCACCACTTGATGGCGATGGCTTGTAAGCCGGCTGCGCATCAGGCCGCTTCCGAGGTG
GTGCGCATCATCAAGACGGCCCCGCGAATTGCCTTCTTCAAGATGCACCCCTTCTTCCCTAATGCCA
TCGCACTCGTTACCAGTTTCCTCAACGCCGACGTGCCTTATCTGCCTTCGACACGAGGTGGCAATGC
CATGGACGCCATTCAGGAGAGACAGGATGCTGTGAATGAATTGCTTGCGGCGCTGCGAAGATCAA
GTCAGGTGAACAACTTGGCTGCAGAGCTATTGTGCAAGCTGGAACTGGACATTGGACAGGCGGCG
AGCGATGGGAGCATTTACGGCTAGACTAGTTGATAAGCTATTAACTGGCCTCATGGGCCTTCACTT
CACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAACATGGTCATAGCTGTTTCCT
TGCGTATTGGGCGCTCTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGGTAAAGCCT
GGGGTGCCTAATGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCG
TTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGA
AACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTT
CCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAT  
AGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAA
CCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGAC
ACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGT
GCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGC
GCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACC
GCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAA
GATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGG
TCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAAT
CTAAAGTATATATGAGTAAACTTGGTCTGACAGTTATTATTTACCCACCACTTTGGTAATTTCGCCT
TTCACGTAATGCACAAATTCTTCCAGCTGATCCGCACGGCTGGCCAGACGATCTTCTTCCTGGCCCA
GATACGCCTGACGCGCTTCCAGAATCACCGGCTGATACTGCGCCGGCAGACGTTCCATGGCCCAAT
CCGCCGCCACATCTTTCGGCGCAATTTTGCCGGTCACCGCGCTATACCAAATACGGCTCAGGGTCA
GCACCACGTTGCGTTCATCACCCGCCCAATCCGGCGGGCTGTTCCACAGGGTCAGGGTTTCGTTCA
GCGCTTCAAACAGGTCCTGTTCCGGCACCGGATCAAACAGTTCTTCCGCTGCCGGACCAACCAGCG
CCACGCTATGTTCACGCGCTTTGGTCAGCAGAATGGCCAGATCGATATCAATGGTCGCCGGTTCAA
AAATGCCGGCCAGAATATCGTTACGCTGCCATTCGCCAAACTGCAGCTCACGTTTCGCCGGATAAC
GCCACGGAATAATGTCATCATGCACCACGATGGTCACTTCCACCGCACGCAGAATTTCGCTTTCAC
CCGGGCTCGCGCTGGTTTCCAGCAGATCGTTAATCAGCGCACGACGGGTGGTTTCATCCAGACGCA
CGGTCACGGTCACCAGCAGATCAATATCGCTATGCGGTTTCAGGCCGCCATCCACCGCGCTGCCAT
ACAGATGCACGGCCAGCAGGGTCGGTTCCAGATGACGTTCAATCACGCCCACCACTTCAGACAGCT
GGGTGCTCACTTCCGCAATCACCGCTTCACGCATAATGTTCAGTTTGGTTTTCGGACGGCTGCCCTG
CTGGGTCACATCGTTGCTGCTCCACAGCATCAGGCAACGGCCCACCGCATAACGCGCCTGCTGTTT
GCTCGCACGCGGCATGCTCTGCACGCCAAAAAAGCAATCATAGCACGCCATAAACACCGCCACCG
CACCATTACCGCCGCTACGTTCGGTCAGGGTACGGCTCCAATTACGGCTACGCATACTCTTCCTTTT
TCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAG
AAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCAC  
 
 
Table 13. Primers used for the generation of the truncated DBD. 

Primersequences for truncated DBD 
TF  Sequence 5’ → 3’ Name Number 

72993 forward CTTAAGCGCAAGAGCATCCACAAATGG 72993_fwd-AflII 962 
reverse TCGACTGTGGAGTAAGAACAATTGCGTTGACAGATGGATCGAGG 72993_N242r-ypr1 B181 

105805 forward CTTAAGATGCTGCTGTTCGGTGGC 105805_fwd_AflII 956 
reverse TCGACTGTGGAGTAAGAACAATTGCCTCGTCATGATAGTTGTTGC 105805_E181r-ypr1 B173 

122783 forward CTTAAGCAGACTTTGGCCTAGAAGATATG 122783_fw_AlfII 989 
reverse TCGACTGTGGAGTAAGAACAATTGGAGCATCTTGGCCGATCATTG 44995_A119r-ypr1 B177 

79725 forward CTTAAGAATGGAAACCAAGGCACCC 79725_fwd_AflII 958 
reverse TCGACTGTGGAGTAAGAACAATTGGTCTGCTTGTCAGTAGGTGGC 79725_R125r-ypr1 B175 

111742 forward CTTAAGCATGGCGTCCTCTTACGGCAC 111742_fwd_AflII 960 
reverse TCGACTGTGGAGTAAGAACAATTGCTTGGCAAGATGGTGGTACAG 111742_Q133r-ypr1 B179 
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Table 14. Primers used for colony-PCR 

Primersequences for colony-PCR 
TF  Sequences 5’ → 3’ Name Number 

Ptef forward TCCGGAGAGTTGGGCAAAATCAGGC Ptef_fwd_BspEI 135 
72993 reverse TCGACTGTGGAGTAAGAACAATTGCGTTGACAGATGGATCGAGG 72993_N242r-ypr1 B181 
105805 reverse TCGACTGTGGAGTAAGAACAATTGCCTCGTCATGATAGTTGTTGC 105805_E181r-ypr1 B173 
122783 reverse TCGACTGTGGAGTAAGAACAATTGGAGCATCTTGGCCGATCATTG 44995_A119r-ypr1 B177 
79725 reverse TCGACTGTGGAGTAAGAACAATTGGTCTGCTTGTCAGTAGGTGGC 79725_R125r-ypr1 B175 
111742 reverse TCGACTGTGGAGTAAGAACAATTGCTTGGCAAGATGGTGGTACAG 111742_Q133r-ypr1 B179 

 

Table 15. Primers used for genotyping. 

Primersequences for genotyping 
 Sequences 5’ → 3’ Name Number 

5’ flank forward CCAGACGGTGATTCACATATACG 5_pyr4_fwd3 338 
reverse CTTAAGTGTGATGTAGCGTGAGAGCTG Ptef_rev_BspTI 136 

3’ flank forward TGCCTTTATCCACATGACGC pyr4_3fwd3 B911 
reverse CAGGAAGCTCAGCGTCGAG Tpyr4_rev2 379 

 

Table 16. Primers used for qPCR analysis. 

Primersequences for qPCR 
 Sequences 5’ → 3’ Name Number 

Reference genes     

act1 forward TGAGAGCGGTGGTATCCACG act1f A774 
reverse GGTACCACCAGACATGACAATGTTG act1r A775 

sar1 forward TGGATCGTCAACTGGTTCTACGA sar1fw A772 
reverse GCATGTGTAGCAACGTGGTCTTT sar1rev A773 

Cluster 21 

Genes   Name Number 

58285 forward GCTGAACATGATGACCAAAGAG 58285_q1f A318 
reverse TTCGTTTTCAGGGAGTAGATGC 58285_q1r A319 

58289 forward AGCAGAAGCCTGGTTTGACTAC 58289_q1f B956 
reverse GCTTTGCCGAACTGTGTAGG 58289_q1r B957 

76204 forward CCGGAAATTCTCGTTGATAGG 76204_q1f B958 
reverse ATTGAGCAGGCTCCATTTGTC 76204_q1r B959 

58953 forward CGTCAGAGATGAGGAGGAACTG 58953_q1f B960 
reverse GGAATCGTTGAGGCAAGCAC 58953_q1r B961 

105221 forward TCTTTCATCAGCTTCACTGCC 105221_q1f B962 
reverse GAGCCCACTCGACAATCTTG 105221_q1r B963 

105222 forward GACTCTTCCGAGGTTGCAGC 105222_q1f B964 
reverse CGGAGGCGTCTGTTTGATAG 105222_q1r B965 

105223 forward TTTCCACACTGTCGTCACGTC 105223_q1f B966 
reverse GTTGGCAAGAAATACACAGCTAC 105223_q1r B967 

120872 forward TTCACGTATCCAAACCAGACTG 120872_q1f B968 
reverse CACTCTATGACCCTGCTTTGG 120872_q1r B969 
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Table 16. Primers used for qPCR analysis (continued) 

Cluster 22 
Genes   Name Number 

105804 forward TTGCCCATTAGCCTAGACTATCG 105804_q1f 314 
reverse CCAAAGGAGGAGGCAAACC 105804_q1r 315 

105798 forward GGACGTTTTTGCGCAATCTG 105798_q1f B970 
reverse AGCACGACACCAAAGGAGGC 105798_q1r B971 

59655 forward TATGCCGGCCTTGTGGATGC 59655_q1f B972 
reverse ATCGCGAATGCTGTCCGTCG 59655_q1r B973 

3262 forward GGGATACGCGATGGGGAG 3262_q1f B974 
reverse TCCTGGCAATGTCTTCGGC 3262_q1r B975 

59377 forward GCCTCACGCAACCGAATTC 59377_q1f B976 
reverse GCGCAACCCGAAACACTG 59377_q1r B977 

59775 forward AACATCGTCGGGCAATCATC 59775_q1f B978 
reverse GAGAGTGTCGTCGGCAAAGAT 59775_q1r B979 

59771 forward TTTCTTGCCAACGACCTGC 59771_q1f B980 
reverse TGCAACGGACAAGCCAAAG 59771_q1r B981 

36822 forward TAAGACACCCGAGTTCCTGG 36822_q1f B982 
reverse AGCCATTTCTCGACAACTCC 36822_q1r B983 

59690 forward ACTGTTTCCTGGATCCCGG 59690_q1f B984 
reverse TTTCGGCCGTTGATGTGAC 59690_q1r B985 

Cluster 52 
Gene   Name Number 

65172 forward TAGCCAGGCGAATTATGCG 65172_q1f 305 
reverse GGTCCTGGGTATCGCCTATC 65172_q1r 306 

Cluster 78 
Genes   Name Number 

81964 forward TACCAACTCTTCGCAAACGTG 81964_q1f 324 
reverse CCAGGAGTGATCCAGAAGAAGTC 81964_q1r 325 

69652 forward CAGTATTCGTGGACATTGGC 69652_q1f B986 
reverse CCCAATTGTGAAGAATAGCG 69652_q1r B987 

52222 forward CAAATGGGCTCGACCGTC 52222_q1f B988 
reverse GCCAAGCAGCTCGCAATAG 52222_q1r B989 

69625 forward GCTTGGGATGTGCTATTGG 69625_q1f B990 
reverse TGATGTCCGTCGTCGAGAG 69625_q1r B991 

69650 forward TCTCAAAGGTCGAAGGGCTC 69650_q1f B992 
reverse TGAGGTAGATGAAGTCGACAAGG 69650_q1r B993 
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7.2. Media and buffers 

Table 17. Media & buffers  

Medium/buffer Composition Solved in 

Malt extract (MEX) 
3 % (w/v) malt extract (Merck, CAS 8002-48-0) 

Tap water 0.1 % (w/v) peptone (Merck, CAS 91079-40-2) 
1.5 % (w/v) agar (Merck, CAS 9002-18-0) 

Mandels Andreotti (MA) 

modified 

2 % (v/v) trace elements solution 

ddH20 
25 % (v/v) mineral salt solution 
50 % (v/v) 0.1 M phosphate citrate buffer 
0.1 % 5 M urea 
1 % D-glucose 
0.1 % peptone (if applicable) 

trace element solution 

0.025 % (w/v) FeSO4*7 H20 

ddH20 

adjust pH to 2.0 with 
1M HCl 

0.0085 % (w/v) MnSO4*H20 
0.007 % (w/v) ZnSO4*7 H20 
0.01 % (w/v) CoCl2*6 H20 
0.01 % (w/v) CuSO4*5 H20 
0.005 % (w/v) Na2SO4*2 H20 

mineral salt solution 
0.56 % (w/v) (NH4)2SO4 

ddH20 0.80 % (w/v) KH2PO4 
0.12 % (w/v) MgSO4*7 H20 
0.16 % (w/v) CaCl2*2 H20 

0.1M phosphate citrate buffer 1.78 % (w/v) Na2HPO4*2 H20 

ddH20 

adjust pH to 5.0 (5.7 for 
protoplasts) with 1 M 
citrate 

Transformation buffer A 1.36 % (w/v) KH2P04 ddH20 
adjust pH to 5.6 with 1 

M KOH 21.86 % (w/v) D-sorbitol 

Transformation buffer B 
18.22 % (w/v) D-sorbitol 

ddH20 0.156 % (w/v) Tris.Cl (pH = 7.5) 
0.278 % (w/v) CaCl2 

Transformation buffer C 18.22 % (w/v) D-sorbitol ddH20 0.156 % (w/v) Tris.Cl (pH = 7.5) 

60 % PEG solution 
60 % (w/v) PEG 4000 (Merck, CAS 25322-68-
3|817006) ddH20 
1 % (v/v) 1 M Tris.Cl (pH = 7.5) 
1 % (v/v) 1 M CaCl2 

20 % PEG solution 33.66 % (v/v) 60 % PEG - 
66.66 % (v/v) transformation buffer B 

Lysogeny Broth (LB) 
0.5 % (w/v) yeast extract (Merck, CAS 8013-01-2) 

dH20 1 % (w/v) NaCl 
1 % (w/v) peptone (Merck, CAS 91079-40-2) 

CTAB 
(cetyltrimethylammonium 

bromide) buffer 

8.12 % (w/v) NaCl 

ddH20 0.156 % (w/v) Tris.Cl (pH = 8.0) 
2.0 % (w/v) CTAB (Merck, CAS-57-09-0) 
1% (w/v) poly vinyl pyrrolidone 

 

 



69 
 

7.3. FunORDER results 

The results of the FunORDER analyses are gathered in this section.  

 

 
Figure 23. FunORDER analysis of cluster 21.  
A … heatmap with strict distance as parameter; B … Ward’s plot clustering calculated with strict distance; C … Score 
plot of Principal component analysis (PCA) of strict distances;  
Green circle includes genes: 105223, 105224, 120872 and 76204; Blue circle includes genes: 58285, 58289 and 58953; 
Yellow circle: transcription factor 72993; Green and blue circles indicate likely co-evolution of included genes.   
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Figure 24. FunORDER analysis of cluster 22. 
A … heatmap with strict distance as parameter; B … Ward’s plot clustering calculated with strict distance; C … Score 
plot of Principal component analysis (PCA) of strict distances;  
Green circle includes genes: 36822, 105798, 59315 (PKS-NRPS), 59655, 3262 and 59377; Blue circles include genes: 
59690, 59775 and 59771; Yellow circle includes TF 105805; Red circle includes genes 105787, 105788, 73110, 59771, 
46819, 105808, 105785, 105804 (PKS) and 121125; Green circle indicated likely co-evolution of included genes.   
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Figure 25. FunORDER analysis of cluster 78.  
A … heatmap with strict distance as parameter; B … Ward’s plot clustering calculated with strict distance; C … Score 
plot of Principal component analysis (PCA) of strict distances;  
Green circle includes genes: 111739, 69652, 69650, 69625, 81964-PKS; Yellow circle includes TF 111742; Green circle 
indicated likely co-evolution of included genes.   
 

7.4. Exemplary flawed raw data - qPCR 

The following Table shows exemplary what was described as “flawed data” in 3.3.1. 

Table 18. Example of flawed qPCR raw data. 
Av … Average; Rep … Replication; WT … Wildtype – T. reesei QM6a Δtmus53; NTC … No Template Control; Ct … 
Cycle threshold 
 

Sample Gene Ct Av. Ct Efficiency (EFF) Rep. EFF Average 
EFF 

72993-OE-1 58289 21.5 21.5 1.71 1.71 

1.73 

72993-OE-1 58289 21.4 1.72 
72993-OE-2 58289 19.9 20 1.74 1.73 72993-OE-2 58289 20.1 1.71 
72993-syn-2 58289 22.6 22.6 1.72 1.73 72993-syn-2 58289 22.6 1.74 
72993-syn-6 58289 22.2 22.2 1.74 1.74 72993-syn-6 58289 22.2 1.73 
WT 58289 11.1 21.3 0 0.89  
WT 58289 31.5 1.78  
NTC 58289 18.5 -0.16 0.28 0.06  
NTC 58289 11 -0.16  
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7.5. Outlook on follow-up experiments 

In this section of the supplementary material a follow-up experiments based on the knowledge 

gained in this project will be presented shortly: 

Two of the most promising transformants (72293-OE-1 and 105805-syn-2) were analyzed via 

untargeted tracer-derived metabolome approach147.  

The method comprises the transformants to be cultivated with 13C-labbeled glucose 

(tracer) as sole carbon source on minimal medium and subsequent analysis with LC-ESI-

HRMS. The principle behind this method is coarsely speaking that the 13C carbons get 

metabolized by the organism to an equal extent as native 12C carbons148 and sophisticated 

algorithms compare tracer-derived chromatograms and spectra with those of the native ones 

and compare both between the transformants and WT to get a decent overview of the 

metabolome. Metabolites that are expressed only by the transformants and WT can be found 

this way. A small part of the results is summarized and displayed in Figure 26. 
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Figure 26. Venn diagram and volcano plots of 72993-OE and 105805-syn transformants compared to the WT.  
A … Feature groups correspond to a combination of features found in either positive of negative ionization mode in the 
mass spectrometry and the corresponding peak in the liquid chromatography and stand for a distinct metabolite147. FC 
stands for fold change and the cutoff for the Venn diagrams and the volcano plots was chosen > ± 4; B … Volcano plot 
of all measured feature pairs detected in 72993-OE and 105805-syn compared to the WT. p-value cutoff was chosen 
< 0.01; Grey dots were insignificantly different feature pairs that were also insufficiently different regarding their fold-
change compared to the WT. Blue dots indicated significantly different feature pairs but insufficiently difference in 
fold-change. Green dots indicated sufficiently different fold change of the feature pairs but insignificant statistical 
difference. Red dots indicate strong statistically significance and strong difference in fold change.  
 

Figure 26/A shows that 12 distinct metabolites were only formed in 72993-OE while 655 were 

formed by both, 72993-OE and the WT. 28 distinct metabolites were only formed in 105805-

syn, and 824 by both 105805-syn and the WT. The fold change was set to > ± 4 to increase the 

clarity in the distinction and elaborate actual different metabolites formed only by the 

transformants. Figure 26/B shows the volcano plots of both transformants compared to the WT. 

Every dot stands for a feature pair detected in the LC-ESI-HRMS and was sorted by the used 

algorithms (A thorough description of how these algorithms  work can be reviewed in the 

original publication147). Grey dots were insignificant and insufficiently different (-log10-p < 2 

and log2-fold change < ±4) feature pairs between WT and transformants. Blue dots were 

statistically significant, but the log fold change was insufficiently different (-log10-p > 2 and 

log2-fold change < ±4) feature pairs between WT and transformants. Green dots were 
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insignificant, but the log fold change was sufficiently different (-log10-p < 2 and log2-fold 

change > ±4) feature pairs between WT and transformants. And finally, red dots were 

significant and sufficiently different feature pairs between WT and transformants (-log10-p > 

0.01 and log2-fold change > ±4). The volcano plot of 72993-OE vs WT has several feature pairs 

(red dots) which pointed towards the significantly different expression of metabolites. The same 

can be stated for 105805-syn vs WT. Furthermore, the latter mentioned had over 20 feature 

pairs which were highly significant and different (-log10-p > 7 and log2-fold change > ±4) 

between 105805-syn and WT. This points towards many metabolites that 105805-syn builds 

exclusively and to a massively different amount. 

Please note that the results which were presented here lastly (Figure 26), were obtained 

by collaborators of the research group after the main project and the author did not have any 

part in performing the experiment nor data analysis but only in interpreting of the diagrams. 

The data was kindly left to the author by the research group afterwards and are only shown for 

readers to get a better grasp of the work which awaits. The cultivation was performed by the 

author. Sampling was performed by Univ. Ass. Dr.rer.nat. Mag.rer.nat. Christian Derntl and the 

analytical measurements and data analyses were performed by our collaborators from the plant-

microbe metabolomics research group of the IFA (Tulln, Austria). These results represented 

only a small fraction of the metabolome analysis. The full outcome, like the search for specific 

metabolites, carbon enrichment, glucose uptake and more will be published elsewhere. 
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